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Abstract  

The building production process has begun with the transition to settled life. The first examples of tall buildings were built for 
religious purposes. Later tall buildings were built for defense and surveillance. The construction of tall buildings in accordance with 
the actual definition depends on the developments during Industrial Revolution.  

Every constructed building has physical effects on the natural environment. However, the physical effects of tall buildings are quietly 
higher than the other structure types. Especially in today’s society where climate consciousness is developing, tall buildingsphysical 
environment interaction is an important research subject. The wind is one of the most important factors that arise in the close 
surroundings around tall buildings. Wind changes are limited where tall buildings are built individually. But wind changes affect 
urban climate where tall buildings are built intensely.   

The aim of this study is to create a prediction for other tall buildings to be built in the future by virtual testing the wind changes 
around tall buildings that are already built in İzmir New City Center.   

The results of the study show that the natural wind flow started to change at a level that will affect the city users in the selected 
research zone. It is necessary to make regulation by the designers and administrators in the zones that will selected for tall buildings 
construction as it can be understood from the result of the study. Only by this way it will be possible to have the least physical effect 
changes on the natural environment.  

Keywords: Wind Effects, Tall Buildings, Public Space.  

Introduction  

Tall buildings are often built in today’s metropolises. There are tall buildings with different uses built before the definition of tall 
building became known today. The practice of designing and producing structures has also started with the transition of mankind 
to settled life. The construction of religious buildings has also started in addition to the construction of buildings for shelter and 
protection. The first examples of tall buildings appeared with religious buildings that increasingly raising height for being closer 
and showing respect to the power of God.  It is also the construction of tall buildings has been in question for sheltering and 
protection depending on the political and social process after the transition of settled life. The rapidly increasing construction of 
tall buildings in city centers were enabled with the social, economical, political and technological developments of Industrial 
Revolution. The definition of the “tall building” reached the actual meaning in the time that passed through today from Industrial 
Revolution.   

The first tall building construction with the known definition was at the end of the 19.th Century. Tall buildings, the first of which 
appeared on the American continent are a common structure type that built all over the world. The height of the first tall buildings 
were around 100 meters but today the height of the tall buildings planned to be completed in 2020 is expected to be around 1000 
meters.   

North America, traditionally the leading region, is increasingly losing ist dominant position as far as building height is concerned. 
By 2010, the vast majority of tallest skyscrapers will be located in Asia and the Middle East. Note the rather modest position of 
Europe represented  by only three tall buildings (Hoogendoorn, 2008).   

Every constructed building creates physical effects on the natural environment. The effects of the constructed buildings on the 
environment have been started to search as a result of the development of natural environment awareness. The physical effects 
of tall buildings on the environment appear as a new research subject along with the tall building construction process. The study 
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of tall buildings with large volumes compared to other building types has a different importance in the researches on the 
structureclimate relationship.   

Extraordinary climate events are expected to be observed in the future due to global climate change, which is considered as the 
biggest common problem in the world. It has been demonstrated that many unusual natural phenomena are associated with 
climate change such as warming trend, extreme temperature, drying trend, extreme precipitation, damaging cyclone, flooding, 
storm surge, ocean acidification and carbon dioxide fertilization in the 2014 report published by the IPCC (intergovernmental  
panel on climate change) which continues its studies on the climate within the United Nations (Fig. 1).  

  

  
Figure 1. Climate Related Phenomena Reported by IPCC   

The climate defined as; generally stated that the situation caused bey meteorological events such as temperature, wind, humidity, 
pressure and precipitation in the atmosphere by the TDK (Türk Dil Kurumu-Turkish Language Association). In the definitions of 
climate science three climate elements mentioned. These are two main elements (temperature and wind) and a relative element 
(humidity). There are many studies examining the relationship between tall buildings and temperature-wind changes. Tall building-
wind relationship is questioned over the mass form of tall building and comfort of the outdoor environment (public space) while 
the tall building-temperature relationship is generally investigated over building envelope and indoor comfort. There are many 
sources in the literature that investigate the interaction of tall building mass forms and wind. It is not possible to have exact results 
although these studies give an idea about the tall building mass form and wind relationship. For this reason, the relationship 
between tall building and the wind should be examined through the data of the space where building will construct. Thus, it may 
be possible to foresee wind changes nearby the tall building that will built in the future.  

  

Tall Buildings-Wind Relationship  

It is necessary to give information about the concept and definition of tall buildings in general before researching the relationship 
between tall buildings and wind. It is possible to find lots of tall building definitions in the literature. “tall” defined as “has long 
distance between own bottom and top” and “higher than a certain location” by TDK. Again according TDK “building” defined as 
“every architectural product built to shelter or any other uses”. When both definitions combined together it can be easily define 
“tall building” as “every architectural structures has long distance between own bottom and top, built for sheltering or any other 
uses”.   

The notion in Turkish using as “tall building” is also used as “high rise” in English and “hochhaus” in German. These notions are 
often use as the same meaning with skyscraper despite they have different definitions. The definition of tall building and skyscraper 
also appear in a different way in the legislation of countries. Skyscraper defined as “buildings have 20 or 30 stories or more” 
according to TDK. The word skyscraper is using as “wolkenkratzer” in German.   

The definition of tall building in the dictionary is “modern high-rise building” in England (Cambridge, 2020). The criteria sought in 
the definition of tall building are to offer its users mechanical vertical circulation such as an elevator, to have more than the high 
that can interfere with firefighting equipment to have 7-10 floors or 23-30 meters high (Designbuilding, 2020). German standarts 
defines tall building as a building with a high between 35-100 meters (Emporis, 2020). The structures with 12 floors and above are 
also included in the tall building class if the height of the buildings in unknown. The upper limit for tall building is 39 floors. Buildings 
with a height of more than 100 meters, or buildings with more than 39 floors defines as “skyscraper” if the height of the building 
is unknown. Definitions in United States differ according to the states. However, the general acceptance is that low-rise buildings 
have 1-6 floors, medium-rise buildings have 7-12 floors and multi-story buildings have 13 and higher floors (Planning, 2020). In 
Japan tall buildings defined as structures higher than 31 meters and inaccessible to fire escape stairs.  

“Council on Buildings and Urban Habitat (CTBUH)”, which was established in 1969 to gather information about tall buildings, to 
guide the design decisions and shed light on the cities of the future, is recognized worldwide for its non-profit academic studies 
set criteria. These criteria cannot be defines mathematically with the phenomenon of “height”. CTBUH defines tall buildings under 
three main headings: height, ratio-proportion and high structure compatible technology.   
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CTBUH accepts that buildings that have at least one of the 3 main criteria will be defines as tall buildings. It is needed to classify 
tall buildings with different definitions based on height since the construction of buildings with a height of 100 meters has started 
to be used. Today buildings with a height of 300 meters (about 1000 feet) and above are called “supertall”, height of 600 meters 
(about 200 feet) and above are called “megatall” (Fig. 2).  

  
Figure 2. Tall Buildings Classification on Height by CTBUH   

  

The relationship of tall buildings with the wind has been studied for many years. The effects of wind on the building were 
investigated through the structure system and internal comfort in the first days when tall buildings were started to be built. 
Researches mostly known the subject of engineering how the wind will impact to the structural system of the building and how 
the comfort of the user will be affected due to the wind’s oscillation. In some studies it has been questioned whether the wind 
effecting the structure can be used for energy supply. However, it has been observed that climatic changes due to the wind in the 
examinations made in the areas where tall buildings are built. Wind anomalies have been identified that change the comfort of 
public spaces where tall buildings are heavily built. The first examples of tall building’s masses are square or rectangular prism. 
Different mass forms have emerged, depending on the technologies developing in tall buildings. That’s why, today tall 
buildingwind relationship is explored over mass forms.   
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Tall Buildings and Mass Forms  

It is seen that they are designed with different mass forms depending on the height of the buildings built in the process. The three 
main factors that determine the mass forms of tall buildings are the function of the building, the choice of the structure system 
and the geometric shapes to be used in plan and section. There are three main structural parts accepted in the literature while 
examining the mass forms of tall buildings. These are base, middle and top.  

The base which taking up more space horizontally than the overall structure is also the part of the building that contacts with the 
ground surface. It is also the part of the building that increases public interaction. The base is can be used to support the structure 
system of tall building. There are lots of different tall building examples that are built with base or without. The middle part is the 
main part that determines the height of the building. It has an important role defining the general mass form of the building. The 
middle part can be designed in a variety of forms with plan and sectional decisions. The top part is the end point of the tall building. 
It can be used to emphasize the termination of the tall building form at one point depending on the chosen mass form. There are 
many tall buildings that do not have a top part for increasing the sense of building’s height (Fig. 3).  

  
Figure 3. Tallest Buildings and Structure Parts by Author  

  

There are examples in which the basic geometric forms and their various combinations are used in the plan and section plane for 
designing the mass forms of tall buildings. Paltun (2015), showed these combinations as seen as in figure 4.   
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Figure 4. Combinations of basic geometric forms for designing mass  

  
If it is necessary to discuss the issue through examples, the highest 50 buildings that completed as of January 2020 have been 
examined and the following data regarding the mass forms of the buildings have been obtained as in table 1.  

  

Table 1. Structural Parts of Highest 50 Buildings  

  

Structure Parts (Base) 

 

Structure Parts (Top) 

 

Source: Created by Author  

It can be seen that the base and the top were used in half oft he 50 buildings that were built until 2020. In most of the buildings 
square plan scheme was used (25/50 ratio). After square form, it has been observed that triangle (6/50), octagon (3/50), 
rectangular (3/50) and ellipse (3/50) forms are also used in the plan scheme. Apart from these basic geometries, polygons such as 
pentagons and hexagons; 3 and 8-pointed star form, parallel edge, trapezoid, arc and amorphous forms were also preferred as 
plan forms in the design.  It is seen that rectangular sections are mostly used (31/50) fort all buildings. For this reason it can be 
mentioned that mass decisions oft all buildings dominated by prismatic effects. Apart from the rectangular section shape, 

29 

21 

With base Without base 

22 

28 

With top Without top 
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trapezoid and triangular sections are also used. It was determined that triangular sections were preferred more, especially when 
the height oft he building increased.   

The data obtained from these examinations were used to test the relationship between mass form and wind in computational 
fluid design program (CFD).   

  

Mass Forms-Wind Interactions   

Wind flow around a tall building results in a complex flow field. The interaction of the flow with the structure leads tot he formation 
of flow seperation, reattachment, and unsteady vortex formaion in the wake region. These interactions of flow with structers lead 
to along-wind, across-wind and tortional structural responses (Bekele, 2005).    

Structural and climatic data are included in the results of the studies examining the mass forms of tall buildings. Structurally, it is 
wanted that the resistance of the buildings mass form to the wind should be known in advance. By the wind hitting tall building 
surface and moving away form the building, vibration will decrease and load calculations will be solved more easily. For this reason 
it is accepted that mass forms with angular plan scheme are better than mass forms with a curved plan scheme. However, when 
searching at the relationship between tall building and wind in terms of maintaining natural environmental conditions, it is 
necessary to think about the opposite situation.  Mass forms depend on angular schemes constitute an obstacle in front of the 
wind and cause a serious change in the direction of the wind. This situation changes the natural wind flow. But in mass forms with 
curvilinear plan scheme, the wind continues its way behind the structure by scraping the surface of the structure. Although this 
situation creates a turbulence effect in the area behind the building, it does not harm the continuity of the wind (Fig. 5).   

  

  
Figure 5. How wind flows around the building by Peter Irwin.  

However there are also some effects of wind that can make it a friend. In hot climates the increased winds around tower’s base 
can, in conjunction with shading, provide opportunities to improve the termal comfort around the building (Irwin, 2008).  

It cannot be said that only the plan scheme is effective in examining the wind effect of a tall building. The scheme to be selected 
in the section also directly changes the wind interaction of the building. At this point, the wind interactions of different mass forms 
with a triangular, rectangular, octagonal and elliptical plan scheme are as follows; 
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        a- Tests of triangular plan scheme (Fig. 6).  

 
Figure 6. Cfd test results created by author  

b- Tests of rectangular plan scheme (Fig. 7).  

 
Figure 7. Cfd test results created by author  

c- Tests of octagonal plan scheme (Fig 8).  

 
Figure 8. Cfd test results created by author  
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d- Tests of the elliptical plan scheme (Fig. 9).   
 

 
Figure 9. Cfd test results created by author  

All test results show that forms with diagonal plan scheme have a negative effect on wind continuity. It is possible fort he wind to 
go behind the building and continue on ist way as curvilinear forms are selected in the plan scheme. It has been determined that 
the triangular and rectangular forms have different effects in sectional diagrams when considered independently from the plan 
scheme. It is easier fort he wind to pass tot he back area oft he structure if the mass gets narrower as it rises.   

Field Study and Evaluations  

With the rapid development of urbanization, more and more high-rise buildings appeared, leading to a series of problems such as 
light pollution, wind problem and rubbish problem. Due to the canyon effect between high-rise buildings, local wind speed 
increases, causing staff feel uncomfortable during outdoor activities (Li, 2012).  

The tall buildings in the İzmir new city center, whose numbers have increased rapidly were determined for the field study. After 
2000, tall buildings construction has started to accelerate in İzmir. In 2001, İzmir Metropolitan Municipality opened an 
international urban design idea competition to rehabilitate the Alsancak-Bayraklı-Turan coastline with the idea of moving Alsancak 
Port to Çandarlı. The studies for the master zoning plan arrangements, which enable tall buildings construction in the Bayraklı 
Region have started as a result of the contest. Also as a result of the studies, the borders of the New City Center were determined 
in 2003. The tall building construction process on a regional scale has started in Bayraklı Region with this decision. Today, it is seen 
that tall buildings that are completed in the New City Center are located within certain limits. The reason for this situation is that 
the problems of ownership rights of the zoning plans changed on the zones can be resolved in time. The field study region is 
bordered by Haydar Aliyev Boulevard in the north, Ankara Street in the south, Manan Boulevard in the east and Ozan Abay Street 
in the west (Fig. 10).   

 

                               
Figure 10. New city center borders and study field, created by author  
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In this region, there are 8 tall buildings built by one or two blocks with different section and plan typologies. There are 54 zones 
eligible zones to built tall buildings in the study field. It is seen that tall building construction is completed %14 level in the field.  

The boundaries determined within the scope of this research cover the region where tall building construction is completed. Tall 
buildings (Tepekule, Sunucu Plaza, Megapol Tower, My Plaza, Folkart Towers, Ege Perla, Mistral Towers and Novus ventus) which 
relevant to the Turkey’s zoning regulations were examined in the selected study field. These buildings are modeled as masses with 
computational programs (Fig. 11). After modeling tall buildings, models were placed to exact locations. Then the final model tested 
on wind with CFD. The wind datas are taken from general directorate of meteorology.   
 

 

Figure 11. Models of tall buildings that exist int the study field  

It is possible to mention about the wind data from the meteorology has 2 different wind directions, depending on the seasons. In 
the figure 12 shows the total number of winds flowing in certain time intervals and from which direction they flow. Winds flowing 
from south-southeast and west-northwest directions have a dominant role in İzmir climate. For this reason, tests were carried out 
in both wind directions for tall buildings in the new city center.   

  
Figure 12. Wind directions and numbers taken from meteorology for İzmir  
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In the figure 13, it can be seen the results of the wind tests that winds flow from south-southeast. It has been determined that 
wind effects change in areas where tall buildings are located close to each other. Wind continuity is interrupted depend on the tall 
buildings mass position against wind direction.   

  
Figure 13. South-southeast wind test result   

  

  

  

  

  
Figure 14. West-northwest wind test result   

  

In the figure 14, it can be seen the results of the wind tests that winds flow from west-northwest. It has been determined that 
wind effects change in areas where tall buildings are located on the wind flowing direction. Wind continuity is interrupted depend 
on the tall buildings mass position against wind direction.   
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Conclusions  

The test results shows us the importance oft all building’s position according to he wind. One building does not create dominant 
wind changes. But when tall buildings constructed intensely in an field, wind flows changes deeply. These wind tests are made 
regardless of other structures in the area. But tall buildings placed their actual positions in the field. So it is possible to match 
results with the actual field (Fig. 15).  

  
Figure 15. West-northwest and south-southeast wind test result on actual field  

  

As shown in the figure, it is seen that wind continuity is impaired in many public areas. Recreation areas, parks and landscape 
zones, gathering areas, public transportation areas are just some of them. According to the season wind comfort in the public 
space can be different. On hot days the cooling feature of the wind can be important for public users. However on cold days, wind 
can reduce people’s thermal comfort.   

Today, construction is completed in only %14 of the area. In the future much more wind changes can be expected in the area. It 
also seen that wind effects are not only within the boundaries of the working area. Other buildings and public open spaces located 
around the study field are also exposed to wind effects caused by tall buildings.   

Designers and the local authorities should be aware of irreversible changes in the future that may occur in the study field and its 
surroundings. It may be possible to preserve natural climate data in the future by designing tall buildings where the climate data 
of the region will be least affected.  
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Abstract 

The retrofit processes for buildings necessitates long-term planning and costly operations and requires a collaborative approach 
where a high number of alternative solutions should be explored by stakeholders. However, the evaluation of a range of retrofit 
solutions is a complex process wherein various design parameters and objectives are involved. The identification of the most effective 
solutions requires a collaborative evaluation in order to satisfy all stakeholders‘ expectations; however, during the decision-making 
process, stakeholders may generally have conflicting objectives. This paper discusses different user preference-based decision-
making approaches for building retrofit that involves the collaborative evaluation of multiple design parameters and objectives 
simultaneously. For this purpose, we demonstrate a simulation-based approach for performative exploration for building retrofits, 
which may allow a broader consideration of alternative retrofit solutions to increase stakeholders’ involvement over design decisions 
for improved building performance. In this regard, a hypothetical office building was selected, and a list of possible retrofit scenarios 
focusing on multiple objectives was determined. Following, energy simulations for each scenario combination were conducted. The 
simulation results were presented with a Parallel Coordinate Plot (PCP), which visualizes the entire solution set and allows 
stakeholders to filter the results gradually based on various preferences. The presented approach has the potential for well-informed 
retrofit decision-making through the visualization of two different but interrelated design and performance spaces simultaneously, 
where the relationship between these two spaces can be explicitly visualized. Using these visualizations, different means of evaluation 
were discussed according to various stakeholder types.  

Keywords: Building retrofits, decision-making, performance-informed design visualization, multi-objective performative design, 
exploratory research. 

 

Introduction and Literature Review 

Rapid industrial and technological progress have adverse effects on the earth’s climate system. The climate system is under threat 
than any point in human civilization history, and change in the climate is seen as the most significant global and longterm problem 
of the 21st century (Barros et al., 2014). Greenhouse gas emissions in the atmosphere have the most impactful factor in climate 
change (Intergovernmental Panel on Climate Change, 2014). The need for the implementation of effective mitigation strategies 
plays a critical role in reducing the harmful effects of climate change caused by greenhouse gas emissions.  

The construction sector is responsible for 30% of carbon emissions and has more than 30% of the total energy consumption globally 
(International Energy Agency (IEA), 2018). These emissions are largely due to the existing building stock rather than the new 
constructions, which have a small share of the emissions per annum (Durmus-pedini & Ashuri, 2010). Besides, the operational CO2 
release in a building is almost 80% of its total life cycle carbon emissions (Ramesh, Prakash, & Shukla, 2010). Therefore, improving 
the performance of existing buildings in terms of energy and environmental impact is necessary to achieve low energy demand and 
low carbon emissions towards climate change mitigation and adaptation.  

 

Building Retrofits 

Building retrofits comprise of the refurbishment of building elements and systems with better performing alternatives (Güçyeter & 
Günaydin, 2012). Improvements in the existing buildings’ performance can be achieved with well-planned retrofit actions, which 
are practical solutions to improve the buildings’ as-is performance and reduce the energy demand and greenhouse gas emissions 
(Jagarajan et al., 2017). Various studies have highlighted the issue of building retrofits’ significance in achieving four main 
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performance criteria: (1) Energy efficiency (Paiho, Seppä, & Jimenez, 2015), (2) Environmental impact – life cycle assessment (Huang 
et al., 2017; Walker, Lowery, & Theobald, 2014), (3) Occupant comfort (Berardi & Manca, 2017; Park et al., 2020), (4) Architectural 
and functional quality (Mora, Cappelletti, Peron, Romagnoni, & Bauman, 2015).  

Buildings are made up of various complex systems, and the application of retrofits in any single system affects the overall 
performance of buildings (Giebeler et al., 2013). In retrofits, systems in a building can be intervened separately or at the same time 
to improve a building’s performance, e.g., thermal comfort, visual comfort, acoustic comfort, environmental impact, energy 
efficiency, and indoor air quality through various interventions, depending on passive and active system renewals (Bernier, Fenner, 
& Ainger, 2010). Interventions may differ in scale according to the planned renovation rate and are classified in the literature as 
small, medium, and large scale retrofits (Hyde et al., 2019). For instance, while roof insulation material replacement from outside 
is considered as small; the interventions that make a huge impact in the outer shell, such as replacement of fenestration 
components or installment of air conditioning systems are accepted as medium scale; and lastly, the heating system and material 
replacement of an entire building are considered as large scale retrofits. 

The prospective retrofit actions should be carried out within a planned process by focusing on more than one factor (Danny Harvey, 
2012). Even though building retrofits directly aim at improving buildings’ energy performance or environmental impact in general, 
there are other constraints related to economic (i.e., project delivery or management costs), cultural (i.e., heritage value, 
conservation concern),  social (i.e., adaptation of users), legal (i.e., building regulations), functional ( i.e., usability or maintenance), 
aesthetical and technology dimensions as well (Shen, Braham, Yi, & Eaton, 2019). Every constraint represents a performance 
objective to consider during the decision-making processes. These objectives’ performances can change depending mainly on the 
use of different building parameters (e.g., changing exterior shading elements’ dimensions, increasing the number of surrounding 
trees or insulation material thicknesses for the exterior walls).  

 

Decision-Making in Retrofit Processes 

According to Michalos et al., there is not a single solution to the design problems; instead, there is a set of solution clusters (Michalos 
& Simon, 1970). According to Akin (Akin, 2001), rather than focusing on a single solution in the design processes, finding a final 
solution by the repeated evaluation of the design alternatives in an extensive solution set is one of the most important factors that 
show the expertise of a designer. The larger the set with alternative solutions, the more likely it is that design problems can be 
solved effectively by eliminating other alternatives and achieving the final solution. There are many alternative approaches to meet 
with a particular performance objective or solving a design problem over different building parameters. Some building parameters 
may help decision-makers to reach similar performance objectives. For instance, in order to improve summertime indoor occupant 
comfort in a building, decision-makers can mount exterior shading elements, or they can achieve a similar solution by installing an 
air conditioning unit. Also, there might be conflicting interests between the impacts of building parameters on the performance 
objectives (Mora et al., 2015). Even though both of the solutions focus on occupant comfort, the use of air conditioning systems 
has more adverse effects on the energy consumption of a building compared to the exterior shading element installment. Therefore, 
the identification of possible building parameters and analysis of the parameters’ performance are critical to preventing unexpected 
outcomes in retrofit processes.  

There are several challenges in the decision-making process for retrofit actions. The application and planning phase of building 
retrofits are expertise required complex processes (Novikova et al., 2011), where designers, engineers, and many people from other 
professions have to work together (Gultekin, Anumba, & Leicht, 2013).  Each stakeholder’s involvement in retrofit processes adds 
a new layer to the design, making it increasingly difficult to complete the already complex decision-making process. Moreover, the 
selection of the most effective design parameters and identification of performance objectives among a vast amount of similarly 
performing alternatives and many parameter combinations is accepted as a confusing and labor-intensive process for decision-
makers (Ruparathna, Hewage, & Sadiq, 2016) because each different building parameter and performance objective increases the 
number of possible solutions exponentially (Tresidder, Zhang, & Forrester, 2011). The conflict between stakeholders on their 
preferences for the identification of parameters and performance objectives is a commonly faced problem in retrofit processes 
since there is often a trade-off between the objectives (Radford & Gero, 1980). These kinds of challenges in decision-making 
processes between stakeholders may cause serious consequences, leading to prolongation or even cancellation of retrofit actions 
(Tuominen, Klobut, Tolman, Adjei, & De Best-Waldhober, 2012). These challenges can be overcome effectively for decision-makers 
to reach retrofit solutions reviewing many different design alternatives collaboratively. The success of retrofit actions is directly 
proportional to the designers, engineers, and customers’ collaborative exploration of the most effective retrofit options (Liang, 
Peng, & Shen, 2016). These options should satisfy and be accepted by all involved stakeholders in retrofit processes for achieving a 
successful solution (Woo & Menassa, 2014). 
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Building Performance Simulation for Retrofits 

Building performance simulation (BPS) provides effective results in quantifying the effect of planned refurbishment actions in 
existing buildings and in predicting the new buildings’ performances before they are built (Hong, Langevin, & Sun, 2018). In order 
to facilitate the decision-making process, exploration, and evaluation of design alternatives, BPS is frequently used in the 
construction sector and academia (Crawley, Hand, Kummert, & Griffith, 2008). BPS facilitates decision-making processes by 
presenting an integrated approach for a better understanding of design parameters and their effects on performance objectives 
(Hensen & Lamberts, 2012). The discovery of relationships between building parameters can be achieved to meet particular 
performance objectives in the solution set (Dino, 2012). In BPS, depending on the size of the building, many parameters and 
objectives can be tested, and finding an effective solution from a vast amount of alternatives can be challenging (Wright, Nikolaidou, 
& Hopfe, 2016). However, evaluation and conduction of many design alternatives in a solution set require meticulous focus and 
plenty of time during the retrofit planning processes (Giannakis, Kontes, Korolija, & Rovas, 2017). 

For facilitating the decision-making process even further, in recent years, various optimization techniques were introduced in BPS 
(Nguyen, Reiter, & Rigo, 2014). Optimization techniques in BPS help designers to manage large solution sets and reduce a vast 
amount of design alternatives to a more manageable size by eliminating the least favored alternatives according to the selected 
objectives. Optimization can help decision-makers in finding the optimum building parameter values for meeting a particular 
objective or an optimum solution between multiple or single objectives. According to Evins (Evins, 2013), the algorithms used in 
optimization techniques are divided into three groups: namely, hybrid algorithms, direct search algorithms, and heuristic 
algorithms. Evolutionary algorithms are the most often used algorithms with the BPS simulations that have a share of about 60% (Si 
et al., 2018). The most common types of evolutionary algorithms include the genetic algorithms (GA) (Michalos & Simon, 1970) and 
its derivatives, e.g., non-dominated sorting genetic algorithm II (NSGA-II) (Deb, Pratap, Agarwal, & Meyarivan, 2002).  

On the other hand, the optimization results are presented in Pareto-based charts and diagrams in point-based solutions, where the 
relationship between design parameters and performance objectives cannot be established easily. Moreover, optimization 
algorithms cannot guarantee that the optimal solution will be delivered to the decision-makers. Selection and elimination processes 
in optimizations may omit several good alternatives that could have been preferred by some decision-makers. Even though the 
optimal solution could be found in the optimization studies, there is no assurance that the final optimum solution will satisfy 
stakeholders’ preferences on performance objectives. According to Bradner (Bradner, Iorio, & Davis, 2014), the computed optimum 
solution generally serves as a starting point for the design instead of the final solution. Stouffs et al. (Stouffs & Rafiq, 2015) assert 
that the exploration in design processes should be aimed, and designers should not directly apply the solutions delivered by 
optimizations. The computational optimization algorithms are helpful to guide decision-makers in finding effective design solutions 
and can change one’s way of thinking. However, their results should not be accepted as the ultimate or the best design solution 
because the delivered results might be limiting and generally miss several good alternatives. 

An integrated evaluation of design alternatives, their performances, and relationships between each other is still required. These 
should be presented to decision-makers for retrofit planning processes in a collaborative environment that can facilitate the 
decision-making processes by allowing exploration and selection of useful solutions together. In this study, a user preference-based 
decision-making approach for building retrofit processes, and the benefits of the processing of multiple design parameters and 
objectives simultaneously for alternative retrofit solutions from multiple points of view are discussed. In this regard, a hypothetical 
office building is selected, and an energy model is developed with various design parameters and objectives. All possible design 
combinations’ simulations were conducted and visualized in a single diagram in an interactive and integrated way. The diagram was 
divided into interrelated two spaces, design and performance space, for a broader exploration of alternative retrofit solutions to 
increase stakeholders’ control over design decisions for improved building performance. 
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Methodology 

Exploratory Decision-Making Process 

 

 
Figure 1. The boundaries of the study 

During the planning phase of retrofit processes, decision-makers are autonomous agents in design exploration when they are 
provided with a well-ordered solution set. In exploratory decision-making processes, the broader the solution set is higher the 
chance of finding an effective design solution. In this regard, seeing and evaluating all of the design solutions may lead to giving 
better decisions. The instrumentalization of BPS in retrofit processes can be reached its full potential by collaborative design 
exploration conducted by decision-makers from different professions with as many alternatives possible.   

This study points out the necessity of the involvement of different decision-makers in the building parameter and performance 
objective exploration during retrofit processes informed by BPS. Consequently, a hypothetical exploratory decision-making process 
is presented and discussed over a case study building. In the discussed approach, an energy model was first generated by employing 
different building parameters (i.e., infiltration rate, thermal properties of building envelope elements), and recorded data (i.e., 
occupancy profiles, schedules). The generated energy model, along with its parameter combinations, were simulated. Then the 
whole solution set was visualized in an interactive diagram. The diagram was divided into two parts, including parameter-based 
design space and objective-based performance space. Over the diagram, different means of evaluations were discussed according 
to the stakeholders’ priorities. 

Hypothetical Digital Energy Modelling Process 

In order to discuss the exploratory decision-making process, several retrofit simulations were performed over a case study, which 
is a hypothetical office building (Figure 2-a). The main aim of the model is the presentation of the algorithmic process for decision-
makers. All of the recorded energy modeling data inputs (i.e., occupant profiles, schedules) were defined in the analysis model. 
Various building parameters that have the potential to expand the solution set by complex relationships (i.e., parameters that may 
work similarly or oppositely) with each other or the performance objectives were added to the analysis model to test the discussed 
decision-making process. The total simulated area is equal to 300 m2. The simulation model consists of 3 thermal zones, including 
open office, conference, and corridor (e.g., entrance) spaces. The location is selected as Ankara, which has a dry continental climate 
with hot-dry summers and cold winters. Also, occupancy, heating, and lighting period schedules are different for each zone to 
represent ideal daily occupant activity in the analysis model. Ideal loads that are representative of a theoretical HVAC system are 
calculated (US Department of Energy, 2010). For the building energy simulations, EnergyPlus (US Department of Energy, 2010) was 
selected. Due to the computational capacity and the algorithmic model design, Honeybee/Ladybug building energy assessment 
tools (Roudsari & Pak, 2013), which have a visual-coding interface, were used.  
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Figure 2. (a) Digital Building Model; (b) Analysis types in the thermal zones 

Table 1 shows the building parameters and performance objectives of the analysis model. All parameters were selected as discrete 
values to reduce the computational cost. Several different building parameters that focus on building envelope, its landscape, 
indoor zone characteristics were defined in the analysis model (Figure 3). Besides, there are five different objectives for the 
simulation process. The zone-based objectives consist of heating, overheating hours, and useful daylight illumination (UDI) 
demands, and the building-related objectives are defined as overheating hours, environmental impact, and investment cost (Figure 
2-b). UDI consist of the total percentage of the annual values between 100 – 2000 lux, which measures sufficient daylight for indoor 
activities. 

Table 1. Design parameters and objectives defined in the analysis model 
 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 

Selected 
Retrofit 

Scenarios 

Lighting 
Density 

Ventilation 
per Person 

Infiltration 
Rate 

Glazing 
Opening 

Ratio 

Glazing 
Type 

Shading 
Types, 
Interior 

Roof Insulation Wall 
Insulation 

Floor 
Insulation 

Surroundi
ng Trees 

Unit W/m2 m3/s-
person 

m3/s per 
m2 facade 

% U value, 
SHGC 

Reflectance, 
Transmittan

ce 

w/m2K w/m2K w/m2K % Density 

Range Discrete 
 

 Y1 Y2 Y3 Y4 Y5 

Selected 
Objective 

CO2 (ppm) Heating Energy Demand 
(kWh/m2) 

Useful Daylight 
Illumination 100 lux to 

2000 lux (UDI) 

Cost ($) Overheating Degree-Hours according to 
ASHRAE (ASHRAE, 2004) 

The simulations were run for four weeks for different seasons. Relatedly, the design parameter value range discretized to reduce 
the size of the solution space. The overheating degree hours objective calculation is the cumulative summation of all the indoor 
temperature values passes the 28°C threshold value. This objective is essential to calculate the design parameters’ impact in the 
summer period when the heating system is not actively used. As an environmental impact indicator, CO2 emissions are implemented 
in the analysis model. The calculation method of the C02 objective comprises the cumulative calculation of the indoor zone’s CO2 

particles, which are higher than 1000 per million, as suggested in ASHRAE (ANSI, 2007). The cost objective is calculated by assigning 
each design parameter a monetary value. It is important to state that the cost for the existing conditions of the building is assumed 
as equal to zero, and the cost objective for the design alternatives are calculated by aggregating the monetary values. 

 

 
Figure 3. Design parameter example 
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Visualization of the Simulation Results 

Interactive and integrated data visualization transforms crude information or complex data sets into a more apprehensible form as 
decision support for decision-makers (Janvrin, Raschke, & Dilla, 2014). With a clear understanding of the variation between all 
design options and their impact on building performance, the complex relationship between design goals, constraints, and effective 
design solutions can be revealed through effective visualizations in exploratory design. In this way, stakeholders can be more 
engaged in a dynamic decision-making process and contribute to it with their points of view. 

In this study, Parallel Coordinate Plot (PCP) is selected as the primary visualization method. PCP was generated by using Design 
Explorer 2.0, a web-based interactive visualization tool to visualize and label all the simulation results (Thornton Tomasetti, 2020). 
Stakeholders can use this interactive visualization technique and can explore a vast amount of alternative design solutions that were 
not easy to be spotted in conventional visualization methods, e.g., bar or line based charts. PCP may allow stakeholders, including 
designers, engineers, users, and building owners, to observe all design alternatives in a single diagram. The employed PCP 
visualization can offer to filter the solution set in order to focus on some areas on the diagram and can provide direct feedback to 
decision-makers. However, using the whole diagram with many stakeholders may still cause problems and lead to conflicts in the 
selection of effective solutions. In this regard, two different but interrelated spaces, e.g., objective-based performance and 
parameter-based design spaces (Figure 4), are recommended to be focused by decision-makers according to their priorities.  

 

 
Figure 4. PCP representation of the simulation results  

 

A distinct space for parameter exploration, namely, design space, can be accessed by all stakeholders. These stakeholders can 
simultaneously switch between these parameters and observe the changes in the performance space. In this way, the connection 
between parameters and performance can be established more visibly. In this study, the design space consists of different variables 
for building parameters (i.e., U-values for envelope materials or ventilation rates), including the values specific to the existing 
building’s current condition (baseline scenario). According to the preferences of these stakeholders in the design space, satisfying 
design solutions can be re-evaluated in the performance space. 

On the other hand, the performance space comprises of different objectives, criteria, and targets of stakeholders. It is presumed 
that owners, occupants, and administrative stakeholders may tend to focus on performance space rather than the technical aspects 
of the design parameters. These stakeholders can focus on the final results which arise from the implementation of various design 
parameters. In this study, heating demands, overheating hours, investment costs, useful daylighting illumination, and operational 
CO2 were defined as the primary performance objectives. These stakeholders can define the maximum and minimum limits in the 
defined objective values and can evaluate the various retrofit solutions which satisfy their criteria. 

Results and Discussion 

An exploratory research process with performative simulations was completed with 2048 design alternatives, which consist of 10 
design parameters and their combinations. Five performance objectives were defined to evaluate the parameters’ impact on the 
overall building performance. All of the simulation results were visualized by using PCP. The exploratory multi-objective retrofit 
decision-making process discussed in this paper focuses on the alternative ways of evaluation using the results of the case study. 

The discussed approach in this study can be evaluated by stakeholders in three alternative ways, including the design parameter-
based, performance objective-based, and the hybrid evaluation process. Figure 5 shows an example that points out the parameter-
based evaluation processes. In the upper part of Figure 5, a group of technical designers/engineers may apply filtering for a design-
parameter, which is the indoor shading design of the building. The corresponding parameter is discrete and has two options. The 
stakeholder group can select a variable among them and can see all alternative solutions where the selected variable is involved. 
However, most of the retrofit applications focus on multiple objectives and design parameters, and filtering for one design 
parameter does not yield a clear solution set to evaluate. In this regard, the stakeholders can apply filtering for multiple design 
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parameters as well, as it is seen at the bottom of Figure 5. The implementation of filtering for multiple design-parameters decreases 
the number of alternative solutions in the performance space. Then, the remaining design solutions can be re-evaluated according 
to their performances in the selected objectives and the priorities of all stakeholders. For instance, the remaining alternatives can 
be ranked according to the amount of the total CO2 emissions if it has a high priority for stakeholders; then, they may select the 
best performing retrofit solutions accordingly. 

 

 
Figure 5. Design-parameter based interpretation of the results 

 

As an alternative way to parameter-based alternative evaluation processes,  the performance objective-based process can also be 
used in the presented approach. This evaluation process is assumed to be more common in non-technical stakeholders because 
they are more concerned with the final results rather than the used products, systems, or design parameters. In the scope of the 
study, several objectives that can reflect the different stakeholders’ concerns were defined in the analysis model. For instance, 
monetary values of the planned retrofit actions are one of the top concerns of building owners or administrative staff who generally 
aim to decrease the cost of investment and maintenance of buildings. As another example, building’s comfort performance more 
typically related to the occupants because the other objectives, such as cost or heating energy performance, may not directly 
affecting them. Also, there are several mandatory standards to be met for the application of retrofit processes in terms of 
operational carbon emissions. In Figure 6, the case study’s solution set was evaluated by following a performative objective-based 
process. In the above part of Figure 6, filtering was applied for the heating demand of the building. This filtering on a single objective 
decreases the number of solutions, but still, it does not propose a clear explanation for the alternative comparisons. At the bottom 
part,  filtering was applied for each performance objective by selecting the areas where the best performing alternatives are 
populated. Then the remaining results can be re-evaluated by checking the design space. According to the stakeholders’ priority on 
the performance objectives, design parameters can be selected. However, there might be some uncertainties for some design-
parameters. For instance, even though filtering was applied, there are similarly performing alternatives for the surface U-values. In 
this case, technical stakeholders can involve the process for helping to achieve a final decision. 

 
Figure 6. Performance-objective based interpretation of the results 
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Apart from the previous evaluation processes, the solution set can be evaluated by employing a hybrid way where both parameters 
and objectives can be used in filtering. In this case, while technical stakeholders can apply filtering for a few parameters that they 
consider necessary to them, likewise, non-technical stakeholders can also select their desired values among several high priority 
objectives. Then the remaining alternatives can be eliminated with all the stakeholders until reaching a satisfactory retrofit solution. 

Consequently, in all of the discussed means of evaluation, there should be a compromise between all stakeholders for effective 
performance-based decision-making processes. The communication between stakeholders is an essential part of these complex 
processes, and it can be enhanced by effective and integrated visualization techniques. The discussed visualization method may 
prevent stakeholder conflicts by leaving a space where all stakeholders can review all results in light of their expertise and consult 
each other to reach a final retrofit solution. At the same time, these interrelated spaces, namely performance and design space, 
can promote collaboration between stakeholders by understanding each other’s concerns and aims. Stakeholders can come 
together to decide several performance targets and try to reach their specific goals by selecting the related design parameters 
(Figure 6). Alternatively, they can choose design parameters first and then try to select the best performing design options by 
checking the performance space (Figure 5). Also, they can focus on both of the spaces and try to approach the selection process by 
reviewing the whole diagram. Finding a solution that redresses the balance between performance space and design space may 
satisfy all stakeholders and lead to achieving the most robust retrofit solutions for their buildings.  

Conclusion 

In this study, a decision-making approach is discussed, which may allow stakeholders to explore the parameters and objectives to 
be used in retrofit studies according to their priorities and expertise. Within the scope of this study, a typical office building was 
modeled with various design parameters and multiple performance objectives in a BPS tool; for the exploratory design process, 
simulations with different parameters and all possible combinations were conducted and visualized via a PCP in an interactive and 
integrated way. The discussed approach in this study can be evaluated by stakeholders in three different but similar ways, including 
the design parameter-based, performance objective-based, and the hybrid evaluation process. With PCP visualization, both design 
space with all the involved design parameters and performance space with all the employed multi-objective performance criteria 
can be presented to the decision-makers. The study points out that during retrofit planning processes, decision-makers can reach 
effective retrofit decisions by narrowing the alternative solution set through exploring these two different spaces. With an 
interactive PCP, sub-optimal design alternatives can be filtered interactively, and all stakeholders can take an active role in retrofit 
planning processes by evaluating the simulation results simultaneously. All stakeholders can declare their concerns or requirements, 
and the possible retrofit solutions can be decided over the interactive PCP by collaborative decision-making. For a better 
understanding of the suggested approach’s limitations and potentials in decision-making processes, it is suggested as further studies 
are undertaken, where stakeholders actively engage in the decision-making of retrofit actions in an actual setup. 
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Abstract 

The purpose of benefiting from daylight has always played an active role in the architectural design process. This study was carried 
out to understand the quality of daylight in wide classroom with skylight. The educational structure is located in the university 
campus which belongs to İzmir Institute of Technology in Urla-İzmir/Turkey. Depending on the form and the choice of solid material 
which is white concrete block or single roof window that is not opened used for the skylights of the classroom. According to the 
European standards EN12464-1. The other goal is to determine how the materials used on the skylight surfaces affect daylight 
trying to get inside. Each calculation model was determined in the first stage according to 4 different skylight forms. For each form 
glass , solid or sun shading that is made from wood with the dimension of  2x2 cm on the ceiling surface of the skylight was analysed 
in the Relux software. In order to adapt the results to the skylight proportions, the optical properties of surfaces – reflectance, 
reflection and transmittance – are considered invariable. Each surface has different reflectance values in the interior. Surface 
reflectance values are determined as 70% for the walls, 55% for floor and 80% for ceiling. Transmittance surface for skylight is 
determined as 90%. 
Daylight calculations were run using raytracing method under CIE clear sky conditions. Measurements were taken with illuminance 
meter on 21st March 2020 at 12.30 by local time. Reference planes are divided to three part for steps, sitting units and entrance 
floor. According to the measured values, the use of solid materials causes most of the area to fall below the appropriate range 
determined by the standard. On the other hand, using glass material decreases the areas less than 300 lx significantly but increases 
the areas larger than 500 lx. As a third option, With the help of shading elements, spaces with illuminance level lower than 300 lx 
are defined. However, this created area is much less than that is for the solid top. Also, with the help of shading, there are proper 
illuminance areas close to glass material in terms of percentage. Solid material at the top of skylight creates considerable areas 
having proper illuminance areas according to the standard. 

Keywords: daylight, skylight, education building 

 

Introduction 

The purpose of benefiting from daylight has always played an active role in the architectural design process. Although artificial 
lighting tools have freed architects in the design process, efforts to reduce energy consumption are one of the essential study 
subjects of architecture today. It is possible to increase the visual quality of the spaces, reduce the need for artificial lighting, and 
thus to save energy by proper evaluation of daylight for lighting purposes. For this purpose, various methods have been developed 
to make good use of daylight. 
Since the ancient Roman architecture, it is in the example of Pantheon, the skylight, which is one of these methods is an 
architectural solution widely used in interior spaces to allow daylight to enter. Because it provides only sufficient and controlled 
natural light by not providing external vision, it offers homogeneous illumination on the horizontal plane. In addition to the 
technical and energy-efficient use of roof windows in the modern sense, it is also used to eliminate aesthetic concerns. The most 
common skylight forms are rectangular, circular, oval, diamond, triangle, multilateral and tubular.  
Lighting quality does not mean high brightness. Even in environments where the lighting level is sufficient, it is observed that 
people complain of headaches and eye complaints caused by glare and different levels of glare in the background. In addition to 
comfort conditions, working efficiency increases by responding to the emotional and psychological needs of individuals (Yener, 
2007). Studies show that daylight in schools can increase students' achievements by 7-18% and encourage physical development 
(Plympton et al., 2000).  
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Drawings or models can preview the sufficiency of daylight for the designed space. However, it can only be evaluated when it is 
increased to the third dimension. For this reason, the prepared model should be tested under similar conditions, and different 
phases of daylight should be evaluated (Neufert, 2013). Most researchers in this field based their studies on computer simulations. 
Bouchet conducted a study on the dimensions of the light wells used to provide the desired natural light in underground spaces. 
In the first stage, the efficiency of light wells was calculated using CIE clear sky condition. Later, various types of light collectors 
were tested, and their efficiency in comparison with their light wells was compared. With the specular reflectors, the light is 
enabled to be 10 times wider and 15 times deeper with reflective surfaces. It was concluded that any sun protection on the well 
significantly reduced the amount of scattered light (Bouchet & Fontoynont, 1996). 
To conclude the correct design of light tunnels used in different areas and lengths, Baglivo and Bonomolo continued their work 
over a room (4x4x3m) of a windowless building in the south of Italy. They compared their results with traditional roof window 
systems. Simulations have been performed using the software Daysim. It can be noted that more solar tunnels than skylight are 
generally required if we look at the number of devices (Baglivo et al., 2017). 
Acosta et al. conducted a study to determine the most suitable aspect ratios for the light scoop skylight placed to provide maximum 
brightness in the study area. They compare their results using the Lighscape 3.2 and Daysim 3.1 software to perform their 
simulations. They conclude that the 4/3 height/width ratio is appropriate to provide the highest levels of sunlight, according to 
the analysis conducted under the conditions of the overcast sky (Acosta Ignacio, Navarro Jaime, Sendra Juan Jose, 2017). 
The primary purpose of this study is to compare the effects of different forms of skylights to provide a range of light levels specified 
in the standards on the work plane of the seminar room that is located in the educational building in İzmir/Turkey. The other goal 
is to determine how the materials used on the skylight surfaces affect daylight trying to get inside. 
 

Methodology 

The basic model, as seen in Figure 1 used for the analysis, is considered as the seminar room of an education structure in İzmir. 
Typical dimensions of 12m width and 12m length, 5m height. Inside the room, there are seven platforms on which table chairs are 
fixed. A 4m long and 4m wide light container was placed in the middle of the roof. The height of at least one corner of the skylights 
for each model is modelled as 1 m. 

 

 
Figure 1 The view from interior of the model 

 

Each calculation model was determined in the first stage according to 4 different skylight forms as seen in Figure 2. For each form, 
scenarios shown in Figure 3 were created according to the use of glass, solid or sun shading on the ceiling surface of the skylight, 
and all other surfaces of the skylight were accepted as glass for all scenarios. 
In order to adapt the results to the skylight proportions, the optical properties of surfaces – reflectance, reflection and 
transmittance – are considered invariable. Each surface has different reflectance values in the interior. Surface reflectance values 
are determined as 70% for the walls, 55% for floor and 80% for ceiling. Transmittance surface for skylight is determined as 90%. 
Relux that is a free software for both artificial and daylight simulations, which is a frequently preferred program in lighting and 
sensor planning for all analyses. Daylight calculations are run using raytracing method under CIE clear sky conditions. The earth 
illuminance levels measured in these conditions can vary from 50 000 lux to 120 000 lux. 
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Measurements were taken with illuminance meter on 21st March 2020 at 12.30 by local time. Reference planes are divided to 
three part for steps, sitting units and entrance floor. The spacing of measurement points is set as 0.6 m in both x and y direction 
to generate 384 measurement points. 
According to the European standards EN12464-1, the horizontal illuminance range should be provided from 300 lx to 500 lx in 
educational buildings (Ulusan & Fitöz, 2012). In the simulation results, it is aimed to reach the result by taking the reference at the 
interval values determined in the standard. 
 

 
Figure 2 Form of the calculation models 

 
 

 
Figure 3 Longitudinal section of the calculation models 
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Results and Discussions 

In a skylight selected for effective daylight use for a seminar room, four different models were prepared primarily to see the effect 
of the form on lighting. According to the simulation results made considering the conditions specified in the methodology, the 
effectiveness of the illuminance values measured at the measurement points for each model in obtaining the 300-500 lx range 
has been calculated. 

Figure 4 shows the numerical distribution according to the data received from each measurement points as a result of simulations 
on skylights in different forms which all surfaces are designed as glass. Among the four different models compared Model-1 with 
the rectangular form is determined as the form that provides the least 300-500 lx interval with 27.9%, and it emerges as the form 
with the highest gloss with a value of 30.4% over 500 lx. Model-4, on the other hand, provides 33.6% of the room that is desired 
to be illuminated compared to other models rising above the same square form, while 42.7% remained below 300 lux. 

 
Figure 4 Illuminance distribution values according to form of skylight model 

 

Similarly, Figure 5 shows the illumination distribution when the upper surfaces of four different models are designed as solid. In 
this case, in models 1 and 2, it is seen that the whole area is well below 300 lx illumination value, and even it is dark. However, for 
Model-4, the illumination range following the standard was 27%, whereas the illuminance value of more than 500 lx was not 
achieved. Only model-3 exceeded 500 lx in an area of 2.1%. 

MODEL 1 MODEL 2 MODEL 3 MODEL 4
<300 41.70% 45.10% 48.70% 42.70%
suitable 27.90% 31.70% 29.40% 33.60%
500< 30.40% 23.20% 21.90% 23.80%

0%
5%

10%
15%
20%
25%
30%
35%
40%
45%
50%

Ill
um

in
an

ce
 

di
st

rib
ut

io
n 

(%
)

Model

Glass

<300 suitable 500<



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

  30  

 
Figure 5 Illuminance distribution values according to form of skylight model for solid top material 

 

 
Figure 6 Illuminance distribution values according to form of skylight model for shading top material 

 

Lighting distributions are shown in Figure 6 for the same models designed with sun shading. According to this graph, close results 
were obtained between the models. Values between 300-500 lx, specified as the appropriate lighting range, were analyzed at the 
levels of 26.5% for model-1, 2 and 4, and 23% for model-3. However, areas with more than 500 lx illumination were 2.6% for 
models 1,2 and 3, while this value was measured as 9% for Model-4. 

Also Figure 7-10 show us the effect of material used for the top of skylight for each model separately. 

Model 1 Model 2 Model 3 Model 4

<300 100.0% 100.0% 74.5% 73.0%

suitable 0.0% 0.0% 23.4% 27.0%

500< 0.0% 0.0% 2.1% 0.0%
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Figure 7 Illuminance distribution values according to material of skylight for Model 1 

 
Figure 8 Illuminance distribution values according to material of skylight for Model 2 

 

 
Figure 9 Illuminance distribution values according to material of skylight for Model 3 
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Figure 10 Illuminance distribution values according to material of skylight for Model 4 

 

For model 1 and 2 there is a similar tendency among the distributions of illuminance values. When solid material is used at the 
top, illuminance of all the area is below 300 lx. Furthermore, there is much area which has illuminance less than 300 lx for the 
shading case than glass case. On the other hand, there is similar area which has suitable illuminance for glass and shading cases. 
In addition, there is a significant difference between glass and shading for the case of illuminance greater than 500 lx as seen in 
the figure 7 and 8. 

Similarly, model 3 and 4 have almost same tendency between the illuminance distributions except for a small difference for the 
case illuminance is larger than 500 lx. 
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Figure 10 Renders from interior of the models 

Conclusion 

This study was carried out to understand the effect of daylight, which can enter the interior space in an educational structure, 
depending on the skylight form and the choice of solid or transparent materials used on the surfaces of the skylights. When we 
look at the measured values, the use of solid materials causes most of the area to fall below the appropriate range determined by 
the standard. On the other hand, using glass material decreases the areas less than 300 lx significantly but increases the areas 
larger than 500 lx. As a third option, shading material creates areas less than 300 lx. However, this created area is much less than 
that is for solid top. Also, with the help of shading there are suitable illuminance areas close to glass material in terms of 
percentage. Last but not least, solid material at the top of skylight creates considerable areas having suitable illuminance areas 
according to the standard. 
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Abstract 

The irregular reflection and transmission properties of innovative fenestration components allow to redirect, and to selectively 
admit or block solar irradiation based on its incident direction. Compared to e.g. systems that implement adaptivity to external 
conditions by mechanical transformations, such tailored light scattering properties promise to reduce the complexity of installation, 
operation and maintenance as well as the impact on outward view and the aesthetical appearance of buildings. Examples of such 
innovative fenestration techniques, e.g. light redirecting films and Venetian blinds featuring irregular reflection properties, are 
presented with their gonio-photometrically measured light scattering properties. Techniques to model such innovative, optically 
complex fenestration in building simulation software to support product development and planning are presented. The effects on 
daylight availability, glare and solar gains are demonstrated for exemplary cases. Preliminary results indicate the potential of such 
innovative fenestration technology to control and modulate rather than to block solar irradiation with minimal interventions in the 
design of buildings aiming at high performance in terms of comfort and energy efficiency. 

Keywords: Complex fenestration, solar control, glare, daylight redirection. 

 

Introduction 

Optically complex fenestration in high performance building 

The quest for solutions to utilise daylight as a natural, energy-efficient resource for lighting uildings that provide a pleasant, and 
comfortable, environment to their occupants (Konis & Selkowitz, 2017; Leslie, 2003; Shishegar & Boubekri, 2017), has driven the 
development and refinement of fenestration techniques over past decades. Better insulation, mandatory in face of energy targets, 
increased coverage of transparent façade areas, as well as the increasing frequency of extreme weather events lead to an 
increased sensitivity of buildings to solar gains, and therefore the need for solar shading (Bellia et al., 2013; Brembilla et al., 2020; 
Laouadi et al., 2020; Lomanowski & Wright, 2012). 

An abundant variety of fenestration techniques exist (Konis & Selkowitz, 2017; Kuhn, 2017; Tsangrassoulis, 2016) that, with 
different prioritisation, aim to not only protect buildings from overheating and thermal discomfort, but to balance the positive 
and negative effects of daylight in buildings for improved visual comfort, formalised just recently in a European standard of the 
same name (CEN, 2018). The latter distinguishes the needs for supply and protection, and thereby reveals the ambivalent effect 
of solar irradiation on buildings. In particular requirements for the supply and even distribution of daylight, and a visual connection 
to the outside often collide with the needed protection from sunlight and glare, when solar shading devices such as Venetian 
blinds and roller shades are employed. 

The shortcoming of either supply or protection by conventional fenestration motivated the emergence of fenestration systems 
that are capable to not only block or attenuate solar irradiation, but modulate its spatial distribution. In its most general meaning, 
the term optically Complex Fenestration System (CFS) refers to “any window product that incorporates a non-clear (non-specular) 
layer in the glazing assembly or in its attachments” (Laouadi & Parekh, 2007) and diffusing devices. It is, however, the directionally 
selective admission of incident irradiation, and its controlled deflection and distribution in the attached space, that allows for the 
deliberate engineering of solar transmission through the building skin (Lars Oliver Grobe, 2019a; Ruck et al., 2000). Directional 
selectivity and deflection are caused by the formation of geometries, often periodical, into macro-structures that are visible from 
a typical viewing distance, or micro-structures that are perceived as a homogenous surface property due to their small dimensions 
(Klammt et al., 2012). 
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The effects of conventional fenestration depend on geometrical variables, such as the size, position and orientation of apertures, 
and are commonly addressed by design guides such as the daylight factor and the window-to-wall ratio. Contrarywise the irregular 
optical properties of CFS introduce effects that are often counter-intuitive. Yet, these effects should be qualitatively understood 
by architects and engineers, and need to be quantitatively considered in building design and the selection of technologies since 
they effect energy efficiency and comfort, and the load on building systems. Simulation software can inform and guide such 
decisions, but requires reliable models and therefore the accurate characterisation of CFSs. 

The Bidirectional Scattering Distribution Function as a description of irregular light scattering by fenestration 

At the scale of the fenestration layer, any selectivity and redirection represent cases of irregular light scattering, e.g. directional 
reflection to other than the mirrored incident direction, or directional transmission beyond the line of sight. Light scattering is 
described by the Bidirectional Scattering Distribution Function (BSDF) as a continuous function of incident and outgoing, scattered 
directions typically in an angular notation 𝜃𝜃𝑖𝑖, 𝜙𝜙𝑖𝑖 , 𝜃𝜃𝑠𝑠, 𝜙𝜙𝑠𝑠 (Stover, 2012). The data-driven BSDF model in RADIANCE provides a general 
means to model CFS by their effect rather their complex internal composition (Lars Oliver Grobe, 2019a; Ward et al., 2014). 

As an average optical property of a defined region on a specimen, the sampling aperture 𝐴𝐴, the BSDF can be computed e.g. by ray-
tracing (A. Kostro et al., 2016; Molina et al., 2015), if the underlying geometric structures are known, or gonio-photometrically 
measured by sampling at given directional resolution. This sampling is commonly implemented by two classes of instruments. 
Image-based, or parallel, gonio-photometers capture the distribution of scattered light instantaneously. Typical designs employ 
reflective or refractive optics to relate scattered directions to the elements of sensor arrays. Scanning gonio-photometers acquire 
scattered light sequentially. In such instruments, the geometric arrangement of light source, detector, and sample is varied by 
mechanical movement (Apian-Bennewitz, 2010). 

Objectives 

This research shall discuss selected CFSs, market available products as well as technologies that are under active development, 
with the irregular light scattering properties that define their effect on shading and glare control. The measurement and 
computation of these properties are discussed, and the data-driven modelling of CFS to evaluate their effect on the admission and 
spatial distribution of day- and sunlight in an exemplary cellular office is demonstrated. Groups of devices are distinguished – 
micro-structured and macro-structured CFS employing refraction and reflection to deflect light. 

Methods to evaluate light scattering by fenestration 

Gonio-photometric measurement 

The average BSDFs of samples of selected CFSs were acquired by a scanning gonio-photometer (Figure 1 a) with a distance 𝐷𝐷 ≈
1000 𝑚𝑚𝑚𝑚 between detector and sample. The incident direction (red in Figure 1 a) is set by rotation of the sample, while the 
movement of the detector by a robotic arm determines the outgoing, scattered direction (green). The illumination system, 
configured for operation under far-field conditions, limits the sampling aperture under normal illumination to a circular area of 
diameter 𝑑𝑑𝑜𝑜 ≈ 70 𝑚𝑚𝑚𝑚 (blue ellipse in Figure 1 a). Since one diameter of the elliptical sampling aperture under oblique illumination 
increases to 𝑑𝑑0 /  cos 𝜃𝜃𝑖𝑖  but must not exceed the sample size, the sampling aperture under normal incidence was further 
decreased to 𝑑𝑑0 ≤ 25 𝑚𝑚𝑚𝑚. This configuration results in a maximum diameter of 𝑑𝑑82.5 ≤ 200 𝑚𝑚𝑚𝑚 well within the common A4 size 
of typical samples at the highest measured 𝜃𝜃𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 = 82.5°. To arrive at a representative description of the light scattering 
properties with this reduced sampling aperture, most commonly samples with typical periodical feature sizes of ∆𝑝𝑝 ≤ 6𝑚𝑚𝑚𝑚 were 
characterized, ensuring that at least 4 features were covered by the measurements. This effectively limits the gonio-photometric 
measurement in this research to micro-structured CFSs. 

Most CFSs aim to minimize effects on the transmitted spectrum within the wavelength range of visible light, e.g. to maintain 
natural rendition of color. A coarse spectral separation of the measurements into visible light (Vis, 𝜆𝜆 ≈ 380 𝑛𝑛𝑚𝑚 𝑡𝑡𝑡𝑡 780 𝑛𝑛𝑚𝑚 
photometrically weighted) and the near infrared (Nir, 𝜆𝜆 ≈ 800 𝑛𝑛𝑚𝑚 𝑡𝑡𝑡𝑡 2500 𝑛𝑛𝑚𝑚) was therefore considered as sufficient. For 
photometric measurements, an incandescent halogen lamp was employed, while a Xenon arc lamp emitted a wider spectrum for 
radiometric measurements in the solar spectrum. Monochromatic light can be provided by an experimental source comprising a 
laser diode with integrated focus lens, with a central wavelength close to the maximum of human photopic response, and allows 
to increase the directional resolution and minimize the sampling aperture e.g. in the case of small samples. 
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For few incident directions, set as sub-sets of the Klems directional basis, a dense set of randomly distributed datapoints covers 
the outgoing distribution at adaptive resolution. This assumes that a high resolution of scattered directions is required to cover 
peaks and other pronounced features, which change only gradually with the incident direction. Integration of the distributions to 
e.g. solve for the illuminator power, or common integral quantities such as direct-hemispherical transmission and reflection, is 
implemented by Delaunay triangulation in the software mountain. The same software allows for illustration of the measured 
distribution by projection into a polar coordinate system (Figure 1 b), and the export of measured data-points into a tabular format 
(ASTM, 2019). By interpolation and subsequent data-reduction, data-driven anisotropic reflection and transmission models with 
an adaptive directional resolution of up to 1.4° are generated by a tool-chain distributed with RADIANCE (Ward et al., 2014). 

Computation of the Bidirectional Scattering Distribution by ray-tracing 

In the case of macro-structured CFS, as well as when the geometry of micro-structures is precisely known, the BSDF can be 
computationally solved. The reflection and transmission properties of the elements comprising the CFSs were attributed to 
detailed geometrical models. The RADIANCE command genBSDF (Molina et al., 2015) employs ray-tracing with a high number of 
samples, that are arbitrarily distributed over a defined sampling aperture in the center of the model. The same data-reduction as 
in the model-generation from measurements is applied to achieve a compact model of high, adaptive directional resolution. 

Deflection by refraction 

Prismatic micro-structures 

Prismatic panels can be effective sun-shades for particular incident direction by total internal reflection, or by reflection from 
highly reflective coatings on selected surfaces (Baker & Steemers, 2014; Tsangrassoulis, 2016). The miniaturization into micro-
structures, applied on window glass as an adhesive film, fosters the integration of the technique into fenestration and can 
significantly improve daylight supply by upward-deflection of incident light (Tsangrassoulis, 2016) as illustrated by Figure 2 (a), but 
does not provide the shading functionality. The combination of an upward-deflecting prismatic film with a second refractive layer 
limiting the horizontal distribution of transmitted light further guides light into the depth of the attached space (Müller, 2019; 
Tsangrassoulis, 2016). The combination of prism films with a diffusive layer spreads the upward deflected light (Figure 2 b) evenly 
over the ceiling (Basurto et al., 2015; Padiyath et al., 2018). Such films can improve the utilization of transmitted daylight and, 

  

a) b) 

Figure 7. Scanning gonio-photometer pgII at Lucerne University of Applied Sciences and Arts (a, image courtesy pab advanced technologies). 
Projection of data-points 𝜃𝜃𝑠𝑠 , 𝜙𝜙𝑠𝑠, 𝐷𝐷𝐷𝐷𝐷𝐷 to a polar coordinate system with logarithmically scaled z-axis for illustration of outgoing distributions. 

  

 

 

a) b) c) d) 

Figure 8. Light deflection by a prismatic micro-structure with diffusing layer. Light incident at an elevation angle of 40° is split into two peaks, 
one being in the line of sight, the other deflected upward, on a diffuse background (b). The effect is described by a discrete, data-driven model 
(c), that can be applied e.g. in daylight simulation with RADIANCE (d). Image a) from Grobe et al., 2017. 
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compared to clear glazing, achieve equivalent or better daylight autonomy even with a reduced window-to-wall ratio. This effect 
allows to design well daylighted buildings with less transparent façade areas, therefore to reduce solar gains (Kazanasmaz et al., 
2016). Light deflection poses a challenge to daylight simulation. 

Although RADIANCE provides models for ideal specular scatter by prismatic structures, data-driven modelling (Figure 2 c, d) lends 
itself to account for the convolution of specular, forward-scattered, and diffuse transmission (Lars Oliver Grobe, 2019b; Lars Oliver 
Grobe et al., 2017). Geometric modelling of the micro-structure is not feasible due to the geometric complexity, and problematic 
since even minimal error in the acquisition of geometry can lead to significant error. 

Deflection by reflection 

Laser Cut Panels 

Laser Cut Panels (LCPs) have been proposed for a variety of applications as coplanar fenestration layers, e.g. embedded in glazing 
assemblies (Edmonds, 1993; Tsangrassoulis, 2016; Weibye & Matusiak, 2019), as well as external and internal window 
attachments. LCPs form arrays of parallel dielectric interfaces. These are produced by cutting in a thermoplastic, and deflect a 
fraction of incident sunlight by total internal reflection. The ratio between deflection and regular transmission depends on the 
interval between the cuts (z in Figure 3 a), the thickness of the panel (w), and the elevation of the sun. Thickness and interval, 
typically in the millimeter range, are small enough to qualify LCPs as micro-structured when seen from a distance. On the other 
hand, they clearly visible in a close-up view and can be geometrically described accurately, as typical for macro-structured CFS. 

Since the cuts are perpendicular to the panel, and horizontal when installed, deflected light is leaving the system toward the 
direction of the mirrored incident elevation angle. This may decrease the capability of the technique to extend the daylighted 
perimeter in particular when the sun elevation is high. The directional transmission toward to primary directions is accompanied 
by a diffuse background, that can be mostly attributed to scattering by imperfections of the cuts. LCPs do not act as shading 
devices; the reduction of transmission is minimal. 

The upward deflection is particularly effective with moderate sun elevations and sunny sky conditions, as illustrated by Figure 3 
d). Since the panel distorts the view to the outside and potentially causes glare when seen from above, it is typically installed only 
in the upper window zone above eye level. The lower window zones should be equipped with a shading system not occluding the 
LCP to control solar gains and glare.  

In simulations, LCPs can be modelled by analytical models (Greenup et al., 2000), by computationally generated as well as 
measured BSDF (Basurto et al., 2015; Lars O. Grobe, 2019). Geometric modelling is possible, i.e. with bidirectional photon 
mapping, but leads to highly detailed models. Figure 3 c) was generated by photon mapping with a computationally generated, 
data-driven model of the LCP. 

Profiled mirror blinds 

Highly reflective Venetian blinds have been proposed as a means to deflect incident light upward rather than to block it for 
improved daylight supply (Kolås, 2013). To avoid negative effects, e.g. glare by upward reflection from the lower window zone or 
excessive solar gains, profiles have been designed that selectively block transmission according to the season, and allow the 
reliable exclusion of transmission from given, determined or adjustable elevation angles (Kuhn, 2006; Tsangrassoulis, 2016). 

 

   

a) b) c) d) 

Figure 9. Main parameters defining a laser cut panel (a). Light scattering for incident elevations 30° (b) and 60° (c). Deflection of sunlight to the 
ceiling by a LCP in daylight simulation employing bidirectional photon-mapping in RADIANCE (d). 
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The combination of prismatic profiles with tilted segments acting as light shelves allows to control the ratio of inward-deflected 
and outward retro-reflected irradiation depending on the incident elevation by RETROLuxTherm 12 mm (Figure 4 a). Flipping the 
geometry over the vertical axis furthermore switches from predominantly shading to redirecting configurations (Figure 4 b, c), 
allowing to achieve different functionalities with the same profile (Köster, 2015; Tsangrassoulis, 2016). Comparing the measured 
and computed light scattering properties reveals the sensitivity of the latter to even slightest geometrical deviations (Noback et 
al., 2016). The CFS’s effect on incident sunlight is illustrated by Figure 4d). A simulation study employing the computationally 
generated BSDF of the CFS, that covers an entire year for the exemplary case of a South oriented office in Izmir, Turkey, 
demonstrated the system’s capability to control glare while the slats were kept in a constant, almost horizontal position, so that 
the occlusion of the view to the outside was minimized (Lars Oliver Grobe, 2019b).  

Mirror grids 

Composed of highly reflective mirror-like surfaces, Compound Parabolic Concentrators (CPCs) employ the principles of non- 

 

  

 

a) b) c) d) 

Figure 12. Retro-reflection by glass beads (a). The BRDF of the coating, characterized by an extension of the gonio-photometer (b), shows a distinct 
peak toward the incident direction 𝜃𝜃𝑖𝑖 = 40° (c). Applied to Venetian blinds, this allows to block incident sunlight without occluding view (d). 
Illustrations b) and d) from Grobe, 2018 and Papaiz et al. 

 

   

a) b) c) d) 

Figure 10. Main parameters defining the redirecting (top) and retro-reflecting (bottom) configurations of the RetroLuxTherm slats (a). Section a 
retro-reflects incident light by its inclined, mirror-like surfaces, while section b acts as a light shelf. The redirecting configurations deflects light 
upward along the scatter plane for an incident elevation angle of 50° (b). For the same incident direction, the retro-reflecting configuration 
exhibits minimal direct transmission and upward deflection. The effect is apparent on the wall and ceiling of a South oriented room (d). 

 

 

  

a) b) c) d) 

Figure 11. The inclined acceptance angle of the “micro-grid” of mirror shaft (a) either completely excludes or admits incident light (b) depending 
on the elevation angle. This is reflected by the measured BSDF for 𝜃𝜃𝑖𝑖 = 40° toward the intended North (𝜙𝜙𝑖𝑖 = 0, c) and South (𝜙𝜙𝑖𝑖 = 180°, d). 

 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

  39  

imaging (or anidolic) optics to admit practically all incident light from a defined acceptance angle, and effectively block 
transmission from any other directions (Welford & Winston, 1989). Tilting such CPCs allows for the design of optimized, 
directionally selective daylighting devices. A CPC that is tilted so that the sky’s zenith is within the acceptance angle, with the latter 
configured so that all possible sun directions are excluded, provides a diffuse daylight harvesting devices. Coupling CPCs with de-
concentrators allows to control the acceptance angle as well as the range of directions toward which admitted light is emitted 
(Scartezzini & Courret, 2002; S. Wittkopf et al., 2010). Implemented as external façade attachments, CPCs have been 
demonstrated as an efficient means to increase daylight availability and supplement electrical lighting (S. K. Wittkopf et al., 2006). 
The challenging integration of the technology in the building skin has been addressed by the miniaturization and multiplication of 
CPCs into an array of tilted mirror shafts forming a grid-like structure, that can be embedded in double glazing (Tsangrassoulis, 
2016). 

The measured BSDF of a panel comprising such a “micro-grid” produced by Siteco reflects the exclusion of a defined range of 
incident directions. Due to the high optical quality of the mirror coating, stray light is minimized. Sunlight is effectively blocked to 
control solar gains and glare. Diffuse sky-light from within the acceptance angle is admitted. From the inside, the sky is visible 
either directly or by reflection. The system lends itself to vertical and horizontal installation in facades or sky-lights. 

Modelling the selectivity of the CFS and its effect on the distribution of transmitted light is a challenge in building simulation due 
to the complex optical light paths within the panel, and the resulting irregular distribution of transmitted light. A data-driven 
model, computationally generated from a detailed CAD model of the system, externalised this complexity from building simulation 
to genBSDF as a dedicated tool, and thereby allowed the assessment of daylight autonomy achieved by sky-lights in an airport 
terminal in Calgary, Canada (Lars Oliver Grobe et al., 2015). 

Reflective micro-structures 

The design principles of macro-structured CFS based on reflection have been transferred to micro-structures. Switchable micro-
mirrors achieve control of solar gains and light redirection similar to mirror blinds without motors and other mechanical 
components, but have not reached market availability so far (Viereck et al., 2011). Window films featuring corner cubes, that are 
reflective only in the invisible near infrared spectrum, reduce solar gains but not daylight provision. Other than coatings that 
reduce transmission by regular transmission of solar energy, retro-reflection by such micro-structures reduces heat island effects 
that are of particular importance in densely built urban environments (Ichinose et al., 2017). 

The directional reflection to the outside avoids solar gains by specular reflection, and reduces the blinds temperature compared 
to diffuse reflection. A highly reflective coating featuring glass beads (Figure 6 a) achieves retro-reflection with arbitrarily shaped 
blind profiles. Other than techniques employing prismatic structures, that retro-reflect light only in two dimensions toward the 
incident elevation angle θi, the glass beads retro-reflect light in three dimensions toward the source direction θi, 𝜙𝜙𝑖𝑖  (Papaiz et al., 
in press). To guide the development of the coating process, an extension for the gonio-photometer was developed that allows to 
measure the Bidirectional Reflection Distribution Function (BRDF) of retro-reflective samples in the peak region (Figure 6 b). The 
characterisation of the coating allowed its data-driven modelling. The reflection model was subsequently applied to the geometry 
of Venetian blinds in the comparative evaluation of effects on glare, daylight supply and solar gains (Lars Oliver Grobe, 2018). 

The application of prismatic micro-structures on mirror-like surfaces achieves retro-reflection and daylight redirection, similar to 
the effect illustrated by Figure 4, but with simplified profiles of Venetian blinds as illustrated by Figure 7 (Schregle et al., 2015). In 
analogy to Fresnel optics, the segmentation of the reflectors allows to decrease the height of the profile, and thereby provides a 
better view to the outside while controlling solar gains and glare. The effect has been geometrically modelled with the RADIANCE 
photon mapping algorithm. To avoid the resulting geometric complexity of the simulation model, the irregular reflection can be 
replicated by data-driven modelling, e.g. based on a computationally generated BRDF model, as a uniform surface property. 

Arrays of parabolic micro-mirrors embedded into an adhesive film achieve light redirection (Figure 8), and can improve daylight 
availability by increasing the depth of the daylighted building perimeter. Compared to micro-structures employing refraction, the 
mirrors minimize stray-light and dispersion and maintain a view to the outside. The technology originated at EPFL (Gong et al., 
2016, 2018). Further development at BASF was accompagnied by frequent measurements on samples for intermediate 
performance assessments and improvement of the technology. Combined with a layer of secondary mirrors, it can form an angular 
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selective light redirecting component aiming both at increased visual comfort and the seasonal modulation of solar gains without 
any moving parts (A. G. Kostro, 2015). Other than adhesive films employing refractive micro-structures, the micro-mirrors aim at 
low stray-light to provide a view to the outside and incorporate shading functionality. 

Transparent insulation 

Transparent insulation materials (TIMs) promise to reconcile daylight supply and low heat losses (Sun et al., 2018). They typically 
scatter light in an irregular manner due to periodic structures. An exemplary TIM comprises a capillary structure orthogonal to the 
fenestration. The tube-like elements transmit light partially by multiple reflection, similar to hollow light pipes. Figure 9 shows a 
close-up photography of the capillary structure (a), and the measured distributions for three off-normal angles direction θi = 20° 
(b), 40° (c), and 60° (d). The diffuse background produces the white appearance of the TIM. A distinct, specularly transmitted peak  
(Figure 9 b) gradually turns into a ring shape with increasing off-normal angle θi (Figure 9 c, d). 

 

   

a) b) c) d) 

Figure 15. Capillary structure of an exemplary TIM (a). The BSDF comprises a diffuse background, combined with directional reflection that is 
gradually transformed from a peak to a ring-shaped feature with increasing incident elevation angles 𝜃𝜃𝑖𝑖 = 20° (b), 40° (c), and 60° (c). 

 

 

 

 

 

a) b) c) d) 

Figure 13. Venetian blinds (a) retro-reflecting light (b) due to a prismatic micro-structure applied to their surface (c). Progressive photon mapping 
allows to model the effect by geometric modelling (d). Illustrations b), c), and d) from Schregle et al., 2015. 

  

 

   

 a) b) c) 

Figure 14. Film with embedded micro-mirrors. Measurements for off-normal angles 𝜃𝜃𝑖𝑖 = 20° (a), 40° (b) and 60° (c) show the low diffuse stray-
light achieved by the film. With increasing incident off-normal angle, transmission shifts from direct to upward deflected. 
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Conclusions, challenges and needs for research 

Advanced daylighting devices employ irregular light scattering, e.g. the deflection, selective transmission, and retro-reflection by 
micro- and macro-structures to improve visual comfort and daylight supply, and to mitigate solar gains. Miniaturization efforts 
continue to support the integration of daylighting devices into fenestration. Besides purely functional aspects, the provision of a 
view to the outside as required by new standards poses challenges in the development of CFSs. 

The characterization of CFSs by their BSDF allows to describe their effects on light scattering as an average property. It is an 
indispensable support for the development of CFSs, and required to either validate geometric models or directly generate data-
driven models for daylight simulations that guide architects and planners. 

Data-driven modelling is a general means to replicate in particular micro-structured CFSs in daylight simulation, and – at lower 
directional resolution – in building energy simulation. It hides the complex internal mechanisms from the simulation. In the case 
of macro-structured CFSs, such averaging is problematic since it eliminates local highlight by e.g. specular reflection. Furthermore, 
data-driven modelling of operated shades has to reflect all possible states of the device. Further research is required to arrive at 
a general means to model such systems, that may have to account for states as well as the spatial non-uniformity of the devices. 
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Abstract 

Photovoltaics shall provide 30% of the national demand for electrical energy in Switzerland by the year 2035. This ambitious goal 
shall be achieved not by large free-standing power plants, but to a large extent within the built up area. Integration of photovoltaics 
in the built environment is not only technically challenging, but asks for modules that are accepted as a visible element of 
architecture. Techniques to tune the visual appearance of photovoltaic modules by modification of their front glass are presented 
with their impact on the electrical power generation. These include the modulation of colour and light scattering properties, and 
the application of patterns and imagery. Ongoing research and development, available products, and implementations are 
presented together with first monitoring results. Preliminary results show that photovoltaics can be integrated into our built 
environment not only as a functional addition, but a designed element of architecture with only moderate impact on electrical 
efficiency. It is hoped that this significantly increases the acceptance of the technology and thereby the available area for 
photovoltaic power generation. 

Keywords: Building integrated photovoltaics, building envelopes, architecture, renewable energy. 

 

Introduction 

The Energy Performance Building Directive (European Union, 2010) sets a near zero energy target for new buildings after 2021. 
This is accompanied by the Renewable Energy Sources Directive, that makes the use of renewable energies compulsory in buildings 
(European Union, 2009). The integration of Photovoltaics (PV), in face of its relatively high power density, in the built area lends 
itself to mitigate the increasing land use for renewable energies, which poses a particular challenge to densely populated countries 
(van Zalk & Behrens, 2018). 

In Switzerland PV grows at high pace, but almost exclusively by roof-top installation. PV still contributed less than 3 % to the 
country’s net electrical energy demand in 2017 (Bach et al., 2020). In order to fulfil the Swiss energy targets without the use of 
nuclear power, accelerating the use of solar power within the built up area is one key measure. Besides economic reasoning and 
peer effects, aesthetical considerations have been identified as key drivers for adoption of PV (Curtius et al., 2018; Hille et al., 
2018; Petrovich et al., 2018). 

Building-Integrated Photovoltaics (BIPV) aims to transform PV into multifunctional, integral elements of the building envelope 
(Agathokleous & Kalogirou, 2020; Jelle, 2016; Maturi & Adami, 2018). Besides potential cost reduction and positive effects over 
the product life-cycle (Bonomo et al., 2017), they promise to address the aesthetically often unsatisfactory results of purely 
functional attachments, e.g. roof-top installations. Despite this aim, one key barrier for widespread adoption of BIPV has been 
identified in a conflict with tradition in architecture (Curtius, 2018). A range of products have emerged that aim to overcome the 
appearance of conventional PV modules (Eder et al., 2019). Namely, the modulation of scattering and colour of reflected, and in 
the case of semi-transparent PV transmitted, light achieves a variety in appearance that supports the integration of BIPV in the 
existing building stock as well as in architectural design. Recent developments further provide means to individualise the 
appearance of modules, and thereby provide a design freedom that has not yet been explored to its full extent. 

This article shall give an overview on technologies that aim to enhance the freedom of architects when designing with BIPV by 
offering a wider range of appearance by modulation of colours and surface finishes. State-of-the-art technologies to minimize the 
impact of such interventions on power-conversion are contrasted with methods that trade moderate efficiency losses against 
customisation and availability. 
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Coloured and patterned BIPV 

Colour can be introduced into BIPV by modifying or adding layers of the module assembly (Figure 1). The least problematic 
modification is the introduction behind the cells, since it does not affect the exposure to solar irradiation. In the case of thin-film 
modules, where the cells are applied to the back of the front glass, a coloured, transparent encapsulant affects transmission and 
reflection between the cells (Figure 1 a). In the presence of (opaque) wafers, the coloured layer effects the appearance only of 
the area between the cells (Figure 1 b). Since this area is typically minimized, the effect is limited, yet easy to achieve. Any other 
interventions on the outward facing side of the active layer inevitably trade efficiency against appearance, since colour results in 
the partial reflection of incident light that is lost for power conversion. By modification of the anti-reflection (AR) coating 
commonly applied to wafers, the colour of the cells themselves can be varied (Figure 1 c). Coloured layers in front of the cells, 
implemented either as semi-transparent sheets (Figure 1 d) or by printing directly on the front glass (Figure 1 e), overcome this 
limitation. 

Solar cells convert incident irradiance into electrical power. The effective irradiance changes with the direction of the sun relative 
to the module’s orientation, which is typical fixed in BIPV, and the Spectral Power Distribution (SPD) of incident light. Since sun-
light’s SPD changes with sun altitude and weather conditions, standard spectra are assumed to describe the efficiency of solar 
cells. Figure 2 a) illustrates the (normalised) spectral power distribution of an air mass 1.5 solar spectrum, with the visible 
wavelengths highlighted by their corresponding colours. 

Overlaid on the solar spectrum are the typical Spectral Response (SR) curves for common solar cell technologies (FHG-ISE, 2010). 
The SRs of Crystalline Silicon (c-Si), Multicrystalline Silicon (mc-Si) cells, and Copper Indium Gallium Selenide (CIGS) thin film cells 
indicate that all these technologies harvest similar amount of solar energy in the visible and near infra-red ranges. Only Dye-
Sensitized Cells (DSCs) are tuned exclusively at visible wavelengths. The graph shows that all cell technologies but DSC harvest 
solar energy at approximately equal fraction in the visible and infra-red (above approx.. 780 nm) wavelength regions, with a 

                a)                                              b)                                               c)                                              d)                                               e) 

Figure 16: Exemplary positions in a BIPV module where colour can be introduced (red dots). Coloured encapsulant behind active thin film 
layer (a) and behind solar cells (b); solar cells with coloured coating (c); coloured inter-layer between cells and front glass (d); and 
coloured back-surface of front glass (e). 

                                                                                    a)                                                                                                                               b) 

Figure 17: Spectral response of different solar cell technologies with standard AM 1.5 solar spectrum in the background (a). Spectral response 
of the human eye in photopic vision v, and tristimulus curves x,y,z describing colour perception (b). 
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maximum in the near infra-red at approx. 1000 nm. While near-infrared is invisible for the human eye, the modulation of reflected 
visual light determines the perceived colour (Figure 2 b). 

Interference – modulating reflection in the wavelength domain 
Interference by stacks of thin dielectric films allows the engineering of spectral filters. For a given wavelength range, reflection is 
enhanced by constructive interference, when phases of light reflected from the front and back surfaces coincide (Figure 3 a), or 
suppressed by destructive interference if the phases are shifted. This allows to tune the ratio of transmission and reflection at 
given wavelengths. Thin films not only lend themselves to applications in AR coatings to increase transmission. If a particular, 
narrow wavelength range is reflected, they form dichroic filters that achieve saturated colours. Figure 3 b) illustrates this 
mechanism to achieve green reflection at minimal losses (Andreas Schüler et al., 2006). Additive colour mixing is achieved by 
reflection at multiple wavelength ranges. 

AR coating is a standard process in the manufacturing of solar cells increase absorption and thereby the potential for power 
conversion. Coloured cells can be produced by only minimal modification of the AR coating (Figure 1 c). Since the industrialised 
manufacturing of solar cells is optimized for high throughput, constant properties, and low cost, such interventions are limited to 
the mass-production of a set of colours, and offer little potential for customisation. 

If interference filters are applied to the front glass rather than the cell (Figure 1 e), the colour configuration becomes part of the 
module manufacturing process. Dichroic filters have been applied directly to the front glass of solar collectors to achieve colour 
at minimal optical losses (A. Schüler et al., 2005). Applied to BIPV, this approach allows produce coloured front glasses that can 
be combined with arbitrary solar cells into modules. 

The shift of phases causing interference effects depends on the length that light travels within the layer as a function of direction, 
and on the wavelength. This results in an angular dependence of the reflected spectrum. To overcome the angular dependence 
of the resulting, apparent colour, structured interference filters have been developed. The bionic approach mimic effects on the 

                   a)                                                                                b)                                                                                                           c) 

Figure 18: Constructive interference by a thin film (refractive index n2) on glass (n1), enhancing reflection for a given wavelength. The optical 
mechanism allowed the development of coating achieving color by reflection at selected wavelength (b, data from Schüler et al., 2006). Extending 
the reflected wavelength range over the entire visible spectrum allowed the development of filters on foils that can achieve even a bright white 
appearance when integrated into BIPV, as demonstrated on a residential building in Männedorf, Switzerland (c, Architect: René Schmid, modules 
with Solaxess technology manufactured by Issol.). 

                                                              a)                                                                                                                                b) 

Figure 19: Interference by Bragg stacks applied to the back of the front glass, producing saturated colours with minimal directional dependency 
(a). Colour by absorption in transparent BIPV comprising thin-film modules with coloured, transparent encapsulant (b). 
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wings of Morpho butterflies by Bragg stacks, and has been demonstrated to achieve highly saturated, uniform colour on PV 
modules (Figure 4 a) with losses of approx. 7% compared to uncoated glass (Bläsi et al., 2017).  

The functional separation of colour appearance from the front glass further increases the flexibility in applications. Multilayer 
coatings can be applied to transparent or translucent sheets rather than glass. These sheets can be laminated to the back of the 
front glass Foils (Figure 1 d). Optionally their functionality can be enhanced by tuned light scattering properties to enhance the 
saturation and to obfuscate the cell structure. Such sheets can be combined with any solar cell and front glass into modules. 

Coated sheets featuring an extended range of reflected wavelengths, covering the entire visible spectrum, make it possible to 
even produce bright white BIPV (Heinstein et al., 2015). Since losses due to reflection of visible light are significant, the sheets are 
combined with solar cells that are particularly sensitive to irradiance in the near infrared, which is only minimally affected by 
additional layer. The technology has been developed by the research and technology organization CSEM, and was commercialised 
by Solaxess SA, Switzerland. The technology was integrated e.g. into modules manufactured by ISSOL, Belgium, that were installed 
recently on a residential building by architect René Schmid in Männedorf, Switzerland (Figure 3 c). 

Dyes and pigments – colour by absorption modulated in the spatial domain 
The application of dyes and pigments to opaque building surfaces, such as walls and shutters, has a long tradition and gives colour 
to our built environment. Wavelengths of incident light are absorbed to different degrees and converted to heat, while the 
remaining fraction is scattered, e.g. transmitted or reflected. The resulting different spectral compositions of incident and 
scattered light cause the perception of colour. The combination of different pigments, with their corresponding absorption 
spectra, results in subtractive colour mixing.  

Other than interference filters, that theoretically use all incident light either to generate electrical power (if transmitted) or to 
evoke colour (if reflected), absorption constitutes an unavoidable optical loss. When applied to layers behind the solar cell, e.g. 
by use of a coloured, transparent encapsulant behind thin-film cells which are directly sputtered to the front glass, this loss does 
not affect the irradiance on the cell, but only dims the transmitted light. The lamination of pre-fabricated, coloured sheets offers 
a means to apply uniform colours or pre-defined patterns to BIPV at large scale. Exemplary for this approach is the façade design 
of a car park in Lindköping, Sweden by AG Arkitekter AB (Figure 4 b). Coloured, semi-transparent CdTe thin-film modules by Soltech 
Energy were combined with expanded metal meshes to form an effectful skin for the car park.  

Digital ceramic printing allows to reproduce colours, as well as imagery, on glass. Techniques similar to inkjet printing are employed 
and achieve comparable resolution (Wilson & Elstner, 2018). Pigments and frits are deposited on the glass and form an enamel 
on the surface that, together with the background (typically the front-surface of the solar cells or the back-sheet) determines the 
effective colour of the module. During the tempering of the glass this enamel is fused (Wilson & Elstner, 2018). 

Depending on the ink, the enamel can be translucent or opaque. Alternating printed, opaque and clear areas tune the effective 
transmissivity, and thereby the effect on colour as well as on power conversion. The pattern formed by the solar cells is effectively 
obfuscated by the print and can appear uniform when viewed from a distance. Besides the density of coated and clear areas, the 
thickness of the enamel affects the saturation and transmission (Schregle & Wittkopf, 2018), i.e. a dense coating with a translucent 
enamel can result in the same effective transmission and saturation as a pattern of opaque areas. A pattern of squares was printed 
to the front glass of BIPV modules supplied by Issol (Figure 6 a). The modules effectively hide the solar cells, and achieve a 
homogeneous appearance in a residential building in Zurich, Switzerland (Figure 6 b), designed by the architectural firm kämpfen 
für architektur AG. 

                                      a)                                                                                     b)                                                                                    c) 

Figure 20: Enamel layer printed on glass by meta-c process (a). The dots fuse into a quasi-continuous, translucent layer on the prototype of a 
front glass (b). The process was applied to a set of BIPV modules showcasing the technology at Umweltarena, Switzerland (c). 
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Digital ceramic printing, due to its capability to reproduce arbitrary imagery on glass, lends it to the manufacturing of individualised 
patterned modules. The high spatial resolution allows even detailed geometries, and even figurative ornaments. However, the 
application of a non-uniform coating potentially exposes interconnected solar cells to different levels of irradiance. Such effects 
reduce the efficiency of the module, and can even lead to so-called hot spots. This is addressed by a dedicated pre-processing step 
in meta-c printing, that optimizes the enamel’s translucency (Figure 5 a) based on a given image or pattern (Figure 5 b). The aim 
is to achieve a given target efficiency of the module, e.g. 80% compared to an uncoated front glass, and the even distribution of 
irradiance on the cells. 

The meta-c printing technique’s applicability to imagery and patterns has been demonstrated e.g. in the installation of the 
Swissness Façade at Umweltarena, Switzerland’s national public exhibition centre for applied energy efficiency and renewables 
(Figure 5 c). A recent installation of steles along the shore of the Lake Lucerne showcases the possibilities in the reproduction of 
detailed imagery on BIPV modules (Figure 6 d) 

Tuning appearance by light scattering 

In particular under sunny sky conditions, the appearance of conventional PV modules is affected by contrast due to the high 
intensity of the specular reflection of the sun on the outward surface of the front glass, and the cells’ low diffuse reflection forming 
a dark background. This contrasts regular, mostly diffuse reflection by established opaque building materials.  

                       a)                                                         b)                                                                                c)                                                                d) 

Figure 22: Pattern of alternating opaque and transparent squares on Issol module (a) producing the homogenous appearance of the BIPV façade 
on a residential building in Zurich (b). Demonstration of imagery printed on PV modules at Umweltarena (c) and as steles along the shore of Lake 
Lucerne (d). 

                           a)                                                           b)                                                             c)                                                               d) 

Figure 21: Light scattering by glass surfaces. Mirror-like reflection by float glass (a). Forward scattering around main direction (b). Diffuse, 
Lambertian reflection (c). Irregular deflection by structured glass for glare control (d). 
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In the case of ideally flat float glass (Figure 7 a), Fresnel equations describe 
reflection as a function of the incident angle as almost constant with approx. 4% 
up to approx. 60 °, but quickly increasing with theta toward grazing. For such 
oblique angles, mirror-like reflections of the surroundings on the outward surface 
become more apparent. In addition to that, the pattern of the solar cells is visible 
through the clear glass unless scattering layers are embedded in the module. 
Consequently, the appearance of colour and patterns applied to the inward facing 
surface of the front glass or embedded sheets is affected. Since reflection on the 
glass surface is mirror-like, even for normal incidence (theta approx. 0°) the sun 
with its high luminance of approx. 1.5e9 cd m-2 forms an extremely bright image 
of angular diameter approx. 0.5°. While the same effect occurs at any glass 
surface, e.g. windows, due to the potentially extended areas of covered by BIPV 
negative effects, e.g. glare, are discussed and often hinder the application in urban 
settings.  

The geometry of the glass surface affects its light scattering, and is applied to tune the efficiency of power conversion as well as 
the appearance of modules. The moderate modulation of the outward facing surface (Figure 7 b) produces forward scattering 
around the mirror-direction and a larger apparent image of the reflected sun. The peak luminance of the highlight on the panel 
decreases with the increasing solid angle. With regards to glare, the potential glare source increases in size but decreases in 
intensity. Colour, e.g. printed to the back of the glass or by embedded layers, remains visible, only the extended mirror-image of 
the sun obfuscates the dimmer, coloured reflection. Depending on the degree of perturbation, the contours of patterns seen 
through the front glass are softened. 

The maximum perturbation of the glass surface is reached when all possible orientations relative occur equally. Under this 
condition, reflected light is distributed to all directions (Figure 7 c). Such diffuse, or Lambertian, reflection causes a uniform 
brightness on the glass – it lights up as a bright surface in the colour of the light source. Under direct sunlight, the local highlight 
by reflection of the sun is extended over the entire surface, accordingly its luminance decreases. In BIPV, such diffuse reflection 
introduces losses due to the high overall reflectance. The diffuse reflection on the front surface inherits the colour of the light 
source, which is perceived as white. It is additively mixed with the light reflected from the colour reflected from embedded layers 
or the back surface. Consequently, increasing diffuse reflection desaturates the colour and decreases the contrast of patterns. 

The application of regular structures such as inverted pyramids to the front-glass of PV is applied to decrease losses by reflection, 
and thereby increase the power conversion efficiency of modules. A similar approach has been proposed to reduce glare. The  

application of a geometric pattern, introducing few surface orientations, splits the primary direction of specular reflection. Figure 
7 d) illustrates the distribution of light reflected by a BIPV module with an anti-glare micro-structure.  The hemisphere of outgoing 
directions is projected so that the radius corresponds to the off-normal angle theta. Rather than reflecting to one direction, the 
micro-structure splits reflections into four main directions, reducing the maximum luminance to approx. ¼. Since the micro-
surfaces are not perfectly planar and parallel, forward scattering similar to (Figure 7 b) occurs around each main direction, further 
reducing the effective luminance. Applied to a vertical façade, the micro-structure multiplies the number of potential glare sources 
and increases their sizes, but significantly decreases the maximum luminance. 

A residential building in Zurich, the “Solaris” building by huggenbergerfries Architekten AG, employs a regularly structured front-
glass not for functional reasons but to overcome the uniform appearance of typical BIPV (Figure 8). Prism glass, vertically oriented, 
produces an anisotropic, widened reflection of sun-light. The red colour is achieved by meta-c printing on the back. The entire 
building envelope, comprising vertical façade as well as the inclined roof, is cladded with the customised modules. Compared to 
standard PV, the customization by leads to a loss of little less than 39% but achieves an aesthetical quality that allowed the large-
scale application of BIPV in an urban context and increased acceptance for the technology. 

Figure 23: "Solaris" in Zurich Wollishofen. The 
cladding of roof and vertical facade with red, 
structured BIPV overcomes the synthetic, uniform 
appearance of standard modules and supported 
the integration in an urban context. 
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Monitored impact of ceramic printing and surface finishes on power conversion 

The impact of different light scattering properties and print patterns on the appearance and power conversion efficiency was 
assessed under realistic conditions at the “Nest” building in Dübendorf, Switzerland (Wittkopf, 2019). The building is a platform 
hosting pilot-installations and demonstrating innovative building technologies contributed by universities, research institutions 
and the private sector in Switzerland. 

Three patterns (Figure 9 b-d) were printed on the back of three different types of front glass: Float glass without further processing, 
silk glass with an etched front surface, and satinated glass with a frit applied to the outer surface. In addition to the nine testing 
specimens, three reference modules were assembled with clear float glass (Figure 9 a). Meta-c preprocessing optimized the prints 
for uniform transmissivity, and an electrical power output target of 75% compared to the reference modules. 

The front glasses were assembled into glass-glass modules, featuring 49 crystalline solar cells each, and mounted on the South- 
and East facades. The modules were connected through individual micro-converters and one common, central inverter to the 
building grid. This setup allowed to continuously monitor the electrical power generated by each module. The influence of the 
front glass set aside, an equal power conversion efficiency of all modules was assumed. Due to tolerances in the rating of BIPV 
modules, an error margin of +-5% has to be expected. 

Over a period of one year, the electrical power output of all panels was monitored. To compensate for nonequal irradiance on the 
modules due to their different orientations and overhangs (Figure 10), each modules output was normalized with that of the 
nearest reference module. The latter, by definition, achieve a relative efficiency of 100%. Table 1 shows the relative efficiencies 
of the modules as averages over the entire monitoring period. 

The study revealed that, due to the common transmissivity target in the meta-c optimization, the printed patterns had no 
significant effect on power conversion. The maximum absolute deviations by the different patterns from the average for each 
glass type (rows in Table 1) were 4%, 3%, and 4% for silk, float, and satinated glass respectively, and within the measurement 
uncertainty of 5%. Similarly, the effect of the front glass was low. The maximum deviations by the different glass types for each 
pattern (columns in Table 1) were 2%, 3%, and 5% for patterns 1 to 3 respectively. 

To assess the impact of light scattering by the different front surfaces of the different glasses on the perception of the pattern 
printed on their backsides, photographs were taken on a sunny day so the the mirror-image of the sun occurred in four modules 
(Figure 11). The inhomogeneous reflection from the pattern of solar cells obfuscate the mirror-image of the sun in the case of 
clear float glass (Figure 11 a). The etched surface of the silk glass (Figure 11 b) appears bright due to diffuse reflection to an extent 
that renders the pattern on its back invisible. The pattern printed to the back of the float glass (Figure 11 c) is visible, but affected 
due to the high luminance of the mirror-like reflection of the sun, and the regular cell structure shining through the print. The 
satinated glass suppresses this high luminance, but does not appear bright by itself so that the diffuse reflection from the print is 
visible without distraction reflections by the frontside (Figure 11 d). 

                             a)                                                              b)                                                             c)                                                              d) 

Figure 24: Arrangement of solar cells behind clear float glass (a). Patterns 1 (a), 2 (b), and 3 (c) applied by meta-c print on the backside of the 
front glass of the modules at Nest. 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

  51  

The dual assessment of power conversion efficiency and appearance revealed that the designer is free in choosing front-glass and 
printing pattern according to the desired appearance. While the light scattering properties had little impact on the electrical power 
output, the impact of the different print patterns was compensated by the meta-c pre-processing, that tuned the printing 
parameters of all patterns for one common efficiency target. The measurement accuracy was limited by the rating tolerances, and 
may not have revealed subtle differences e.g. between the different glass types. However, the accuracy of 5% reflects typical 
conditions in the application of BIPV under realistic conditions due to the uncertainties in module specifications. 

 

Conclusions 

BIPV offers design opportunities in architecture that go well beyond the iconic image of PV for technological advances. The 
presented techniques allow to introduce colour into opaque and transparent BIPV with different motivations and effects. Arbitrary 
colour applied to the cells can stress the regular structure of crystalline and multicrystalline modules. Interference coating on 
sheets and front-glass offer means to achieve highly saturated colour at minimal optical losses, or to tune the appearance of 
modules over a wide range of scattering, colour and reflectance with white BIPV as an extreme case when higher losses are 
acceptable. Ceramic printing finally allows customisation even at low quantities, and thereby the individualisation of the 
appearance of BIPV. The meta-c pre-processing helps to avoid problematic effects of printing on the front glass, and to reach a 
given electrical power output with arbitrary patterns, colours and motives. 

The pilot installation of modules at NEST revealed the importance of the light scattering properties of the front glass. In particular 
under sunny sky conditions, the mirror image of the sun in the case of specular reflection, and the apparent uniform brightness 
of the module in the case of diffuse reflection, overlay any colour or pattern that is applied to the embedded surfaces and 
potentially renders them invisible. A moderate front-scattering was found to be most effective in the case of ceramic print on the 
inside of the front glass. Beyond its utilisation for light trapping, potential applications of structured glass in BIPV to overcome the 
uniform, synthetic appearance, and to mitigate negative effects such as glare, ask for further research. 

It remains a challenge for architects and other professionals involved in planning with BIPV to advise for the proper balance 
between aesthetic aspects, and the efficient power conversion. BIPV, if understood not only as a multi-functional building 

Figure 26: Installation of modules at Nest.                     Table 1: Power output of the modules relative to the reference (clear float glass). 

                             a)                                                             b)                                                              c)                                                               d) 

Figure 25: Reflection of the sun on the front glasses of modules 9 (clear float, or reference, a), and pattern 3 printed on modules 10 (silk, b), 11 
(float, c), and 12 (satinated, d). The expected position of the sun’s mirror-image on each module is indicated by the red circles. 
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component, but an integral element of architecture, has to account for both. As demonstrated in this study, appearance and 
efficiency are not fixed properties, but can be configured. Moderating such potentially conflicting targets according for a particular 
building in its context poses a challenging, yet rewarding design task for architects. 
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Abstract 

Lebanon suffers from power shortage and scarcity of energy distribution with no natural resources. Yet, this problem is being 
resolved through privately operated generators which costs additional energy. Figures show that heating and cooling consumes 
up to 40% of the overall energy usage within the residential sector. Numerous strategies and recommendations are available for 
building’s envelope to reduce energy demands and consumption. Yet, they recommend particular thermal properties for external 
envelopes for each of the four climatic zones of Lebanon. Nevertheless, a visual inspection shows similarities in construction 
materials. Built-up fabric of Lebanon is mainly made out of heavyweight materials as concrete, stone, and their combined 
derivatives. Numerous studies to reduce winter heating demands are found for lightweight construction in cold climate. Whereas, 
few are studies are found concerning heavyweight construction. This research investigates the thermal performance of residential 
buildings of various construction types, within the high mountains of Lebanon for an extended time starting in fall 2019 extending 
till mid-winter 2020. It is located within the mountain town of Bcharre, North-Lebanon, which fits within the high mountain climatic 
zone defined as having long rigorous winters and cool summers. This is done by monitoring the internal dry bulb temperature of 
various apartments of different construction envelopes varying from heavyweight to lightweight construction materials. The 
research uses the method of degree hours of under cooling to establish performance ranking of the various cases. Results shows 
that timber wood structure has the least undercooling. Thus, requiring the least energy for space heating. 

Keywords: Energy, Heavyweight, Lightweight, Temperature. 

 

Introduction 

Heavyweight construction materials available in Lebanon as the concrete masonry units, stone, and wood defines external wall 
components of the built up fabric in Lebanon, influence the energy demand and building’s consumption in the high mountains 
area. A visual inspection shows the use of the same construction materials in the different Lebanese climatic regions. According 
to Aznabaev, A. et al., (2016), in order to reduce energy consumption and to have a higher efficient external envelope in the cold 
climatic zones, insulation is required to provide low air permeability and decrease thermal bridges between inside and outside. 
Nord, N., (2017, p. 22) stated that building’s external envelope should have the proper thermal properties to resist the difference 
between indoor and outdoor, in which to reduce heating operation cost. However, no research is available showing comparison 
between insulated and un-insulated external envelopes in cold climates to show the difference of performance in this climatic 
zone. 

Lebanon suffers from daily power shortage (Tab 1). This is due to the high demand on electricity and inefficient power plants. 
According to (Fardoun et al. 2012, p.317), there is a lack of electricity to meet demands. The energy used for the residential sector 
shows that the main consumption is on winter heating demand (MoEW/GEF/UNDP, 2015, p. 19). 
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Table 2 Electricity sector overview. 

 
Source: CDR 2016 accessed 01 April 2020 

 

Several strategies and recommendations for buildings’ envelope are available. These have been issued since the mid-2000’s with 
regular updates, by local and international bodies. (UNDP, 2005), (ASHRAE, 2004), and (Building Energy Codes Program, 2015) 
recommend particular thermal properties for each envelope within the four climatic zones of Lebanon, for the ultimate goal to 
reduce energy consumption and demand for heating and cooling. Regardless of these available guidelines, construction 
throughout the four climatic zones has more similarities than differences in construction materials and methods. These difference 
are beyond the variation over external finishing imposed by the local authorities (percentage of stone cladding and roof tile 
covers). When it comes to the built-up fabric of Lebanon, all climatic zones combined, it is mainly made out of materials as 
reinforced concrete, stones, and their derivatives and combinations. 

Bcharre, Lebanon 34.2507° N, 36.0117° E is situated on the northern part of the country with an altitude starting from 1400m. 
This area falls in the high mountain zone which this study is focused on. The climate of this area is placed based on the Koppen-
Geiger (Kottek et al, 2006, pp. 259-263) world climate classification under the general of cold temperature climates. According to 
the UNDP (2005. p. 23), the monthly temperatures and relative humidity fall outside the comfort zone for all the months. “The 
high mountains of Lebanon region, present considerable variations of temperature and relative humidity between seasons” 
(Djamila, 2017, p. 570). 

This research investigates external envelopes thermal properties of eight apartment / individual houses from fall 2019 till mid-
winter 2020 cold season. The construction materials as follow: concrete masonry unit, stone, and wood (timber frame 
construction). The aim is to monitor internal dry bulb temperature of every apartment to assess each construction material’s 
impact under the same conditions within the cold climatic zone of Lebanon. Where, each apartment differs in variable such as 
windows (types and size), shutters, surroundings, and occupancy. The duration of the monitoring allowed weekly comparison 
between results to experiment random changes. The purpose was to test the behavior of each material during day and night. 
Following and overview of previous studies that deal with temperature monitoring of each of the cited construction materials. 

This study aims to emphasis that the wooden construction material (timber) has the proper thermal properties in such climatic 
zone. In which providing the warmest internal temperature among the two other construction materials by proving the internal 
and external temperature expressed in terms of degree hours (Dh) of overcooling. 

This study tackles innovation and architecture through studying and monitoring different types of external wall construction 
materials in order to show the less energy consumption type of envelope. It requires technology to show performance of different 
construction materials used in the Lebanese climatic region studied. Also, to understand the holistic nature of problem before 
adopting the solution and before incorporating new materials for construction. 
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Previous Studies 

This section focuses on construction building materials to show a wide range of studies. It sets the theoretical background to be 
followed and previous researches that have dealt with similar cases. Yet, it proceeds to investigate energy consumption through 
different wall components such as concrete and their derivatives, stone, and wood in cold climate in construction similar to the 
local context. 

Starting with the concrete and derivatives construction materials. Kalkatechi, M. (2016) tackles the problems and disadvantages 
of CMU in order to improve such material to achieve a better thermal wall system. The author stated problems of CMU as an 
inefficient thermal performance, high-embodied energy, water permeability, airtightness, cracks, moisture infiltration, thermal 
bridging, heavy blocks, high carbon footprint, and high maintenance. 

Javier, M. & Andino, M. (2018) studied heat loss in buildings in cold climates. They have investigated concrete masonry units wall 
component. The analysis on the types of the concrete masonry units showed distribution of temperature within each unit. The 
results revealed the importance of having more gap rows in each unit to increase thermal performance, and to minimize heat 
transfer, and to have low thermal conductivity. 

Del col Diaz et al. (2010) studied the concrete masonry unit construction using the method of reducing the weight of the block. 
The authors stated that to the concrete masonry units cannot achieve an efficient thermal resistance in cold climates without an 
effective insulation property. The insulation has its impact on air flow within the unit’s modeled interior space (cell). Where it 
increases the thermal performance of the CMU. This research showed an increase of 42% through insulation. They showed the 
difference between insulated and non-insulated CMU walls. 

According to Sibline (2016), lightweight concrete masonry unit for external (made with insulation) has a low u-value compared to 
other construction concrete masonry unit material, which helps to decrease the energy consumption during the lifetime of the 
building. The lightweight concrete masonry unit is lower that the regular block by 1.49 W/m2k. Its heat transfer coefficient is 0.42 
W/m2k compared to the benchmark set by the local and international bodies that which is 0.5 W/m2k. 

Reviewing timber wood construction materials, Arumägi E.& Kalamees T. (2014) analyzed historic timber wood apartments in cold 
climates. The energy consumption of the buildings is analyzed based on the collected data to give a view on the real energy use 
in timber wood buildings in cold climates. The research shows that energy performance of timber wood construction is lower than 
the limit set for existing buildings constructed with other materials, where the energy consumption is below the benchmark level. 
This is due to the reduction of the heat loss through the timber wood construction material with a reduction of 45 % reduction 
compared to concrete masonry units. 

The next paper by Pierquet P. et al. (1998) compares eleven different wall systems to the timber wood insulated construction such 
as steel construction, concrete construction, and stone construction. Timber wood construction shows the best long-term energy 
performance compared to other construction materials. 

Traditional Lebanese houses were built using stone materials which provides the results of a structural and thermal performance 
building elements. The following studies were carried out from a context similar to the Lebanese high mountains. Comparison 
focuses on stone which is the core of a traditional solid stonewall. 

Özkahraman, T. & Işık, C., (2004) studied energy efficiency of buildings using stone as an external wall construction material in 
cold climates to reduce energy consumed on space heating. The results where that stone construction materials are good insulator 
of heat, where they store heat and release it due to thermal mass. This study shows that thermal conductivity is directly related 
to the bulk of stone unit and strength. Also, limestone has the warmest energy conservation compared to other types of stone 
which will reduce energy demand. 

In the research energy efficiency contribution of the natural stone, Lopez-Buendia, A., et al. (2010) analyzed energy consumption 
and thermal conductivity contribution to the buildings. They stated that energy consumption in stone walls depends on its mineral 
composition, porosity, and cementation. According to this study, natural stone is a material with high energy efficiency as 
evaluated in this research, where it can delay heat transfer between inside and outside  

Excessive energy demand for winter cooling in the high mountains of Lebanon is the main problem to be addressed. This section 
sets the theoretical background of the study with the review of previous research that have dealt with similar cases. This section 
defines each construction materials addressed in this study, especially heat transfers within heavy and lightweight materials 
construction. 
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Field Work 

The monitored buildings are located in Bcharre, North Lebanon, 1400 m above sea level within the high mountain zone which this 
study is focused on. The climate of this area is placed based on the Koppen-Geiger (Kottek et al, 2006, pp. 259-263) world climate 
classification under the general of cold temperature climates. According to the UNDP (2005), The monthly temperatures and 
relative humidity fall outside the comfort zone for all the months. Five buildings where monitored, having the same altitude. 

The first building is composed of four floors and a roof (fig. 1). Each floor is divided into two apartments. Its slabs and columns are 
concrete. The building’s envelope is constructed of cavity concrete masonry units (25 cm), plastered from both sides, white 
painted from inside and stone cladded from the outer side (wall U-value: 0.35 w/m². k). Three apartments are monitored in this 
building. All apartments in this buildings are not inhabited.  

 
Figure 27 A view of the first studied building, showing the monitored apartments. taken on 08-01-2020 

The second building is a timber wood insulated construction of 22 cm diameter (wall U-value: 0.1515 w/m². k). It is not yet 
inhabited (fig. 2). 

 
Figure 28 A view showing the monitored the second studied building. taken on 08-01-2020 

The third building is a one story house (fig. 3). Walls are made of limestone (30 cm thick, U-value: 1.26 w/m². k), plastered and 
painted from the inside. This house is occupied by an old couple. 
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Figure 29 A view of the third studied building. taken on 08-01-2020 

The fourth building is a three story building (fig. 4). The building’s envelope is constructed of cavity concrete masonry units (25 
cm), plastered from both sides, white painted from inside (U-value: 1.57 w/m². k). Only the first floor apartment is monitored in 
this building (fig. 4). The apartment is occupied by an old couple. 

 
Figure 30 A view of the fourth studied building, showing the monitored apartment. taken on 08-01-2020 

The last building is composed of four floors and a roof (fig. 5). Its slabs and columns are concrete. The building’s envelope is 
constructed of single concrete masonry units (15 cm), plastered and painted from both sides (U-value: 2.24 w/m². k). apartments 
are monitored in this building. All apartments in this buildings are not inhabited. 

 
Figure 31 A view of the fifth studied building, showing the monitored apartments. taken on 08-01-2020 
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Figure 6 show the different external envelope construction materials studied. 

 
Figure 32 Wall Sections showing construction materials in of all apartments. Source: Author 

A Davis weather station is located on a nearby building’s roof, and each data logger for ambient air was installed in each studied 
apartment at a height of 90 cm from finish floor level. All data loggers are Tiny Tags +2 TGP-4500; recording hourly data including 
minimums and maximums. The Davis weather station registered all the necessary data of air temperature. It was set to record 
data at 10 minutes’ interval, yet the values of hours only are used in the analysis. 

The weather station installed on the nearby building’s roof in the northern town – Bcharre (fig. 7), recorded the following 
observations during the study period: 

(a) The hottest month was September 2019 with a mean temperature of 18.6 °C, followed by October 2019 with 15.6 °C. 

(b) The coldest month was January 2020 with a mean temperature of 2.8 °C, followed by December 2019 with 6.3 °C, then, 
December 2019 with 12 °C. 

(c) The hottest mean months’ relative temperature from September 2019 till January 2020 is 20 °C, 19 °C, 14.9 °C, 7.7 °C, 
and 4 °C. 

(d) The hottest mean day temperature is 20 °C. 

(e) The hottest temperature recorded is 27.5 °C. 
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(f) The coldest mean month’s relative temperature from September 2019 till January 2020 is 17.2 °C, 11.2 °C, 8.5 °C, 5.3 °C, 
and 0.2 °C. 

(g) The coldest mean day temperature is 0.2 °C. 

(h) The coldest temperature recorded is -4.8 °C. 

 
Figure 33 Weather station location with respect to all monitored apartment. Source: after Google Earth Pro 

 

Results 

The monitored period showed that each external envelope performed differently with significant temperature differences. All 
internal and external temperatures are the dry bulb air temperatures. The comparison is divided between inhabited and non-
occupied apartments. 

Initially, during the coldest week (fig. 8; 9), which is week 4 of year 2020, during days 19 till 25 on January 19th till January 25th, 
Apartment #4 (timber wood construction) had the warmest internal temperature in comparison to other external envelopes 
between the non-occupied apartments. While temperature drops below 0 °C, to reach the minimum which is -4.8 °C (day 23 at 
9:00 am), the internal temperature of apartment #4 recorded 6 °C making a positive difference compared to other apartments 
which is warmest than the other apartments. While apartment # 1 recorded 3.2 °C, apartment # 2 recorded 3.6 °C, apartment # 3 
recorded 2.6 °C, apartment # 8 recorded 3.8 °C, and apartment # 9 recorded 2.8 °C. Whereas, when the outdoor reached 9.5 °C 
(day 25 at 8:00 pm) which was the warmest outdoor temperature in this week, apartment #4 had a 5.6 °C which was still the 
warmest between all apartment monitored. While apartment # 1 recorded 2.2 °C, apartment # 2 recorded 2.9 °C, apartment # 3 
recorded 1.8 °C, apartment # 8 recorded 2.9, and apartment # 9 recorded 2.2 °C. Observation showed that apartments # 1,2,3,8, 
and 9 recorded almost a stable internal temperature, while apartment #3, 4 fluctuates with outdoor temperature. Accordingly, 
while the outdoor temperature increases, the difference between the internal temperature between all apartments become 
larger. 
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Figure 34 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 
Figure 35 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

During the hottest week of the study (fig. 10; 11), which is week 42 of year 2019, during days 285 till 291 on October 13th till 
October 19th, apartment #4 (timber wood construction) had the warmest internal temperature in comparison to other external 
envelopes between the non-occupied apartments. While temperature reach the peak of 26.1 °C (day 286 at 1:00 pm), the internal 
temperature of apartment #4 recorded 25 °C making a positive difference compared to other apartments which is warmest than 
the other apartments. While apartment # 1 recorded 17.9 °C, apartment # 2 recorded 18.6 °C, apartment # 3 recorded 20.5 °C, 
apartment # 8 recorded 19.9 °C, and apartment # 9 recorded 21 °C. Whereas, when the outdoor reached 11 °C (day 291 at 3:00 
pm) which is the coldest outdoor temperature in this week, apartment #4 had a 22 °C which was still the warmest between all 
apartments monitored. While apartment # 1 recorded 17.9 °C, apartment # 2 recorded 18.6 °C, apartment # 3 recorded 20.5 °C, 
apartment # 8 recorded 19.9 °C, and apartment # 9 recorded 21 °C. Observation showed that apartments # 1,2, and 8 recorded 
almost a stable internal temperature, while apartment # 3, 4, and 9 fluctuates with outdoor temperature. Accordingly, while the 
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outdoor temperature increases, the difference between the internal temperature between all apartments become larger 
especially during noon. 

 
Figure 36 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 
Figure 37 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

Observation shows, that in the roof apartments (apartment # 3 and # 9) during high outdoor temperature, the internal 
temperature is higher than the other apartment sharing same construction materials (CMUs), while in coldest week, indoor 
temperature is lower than the other apartment sharing same construction materials (CMUs). Also, apartment having a single 
masonry wall (15 cm) with plaster from both sides and white paint from inside show in the first, a better response to outdoor 
temperature while keeping indoor temperature warmer in cold week than the apartment having a double cavity wall of CMU (25 
cm) plaster from both sides, painted from inside and stone cladded from outside. 

During the mild cold season, week 48 of year 2019, during days 327 till 333 on November 24th till November 30th (fig. 12; 13), 
apartment #4 (timber wood construction) had the warmest internal temperature in comparison to other external envelopes 
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between the non-occupied apartments. While temperature reach the peak of 18 °C (day 329 at 1:00 pm), the internal temperature 
of apartment #4 recorded 14.4 °C making a positive difference compared to other apartments which is warmest than the other 
apartments. While apartment # 1 recorded 9.3 °C, apartment # 2 recorded 9.2 °C, apartment # 3 recorded 8.3 °C, apartment # 8 
recorded 10.8 °C, and apartment # 9 recorded 11.5 °C. Whereas, when the outdoor reached 5.2 °C (day 327 at 6:00 am) which is 
the coldest outdoor temperature in this week, apartment #4 had a 11.7 °C which was still the warmest between all apartments 
monitored. While apartment # 1 recorded 9.2 °C, apartment # 2 recorded 10 °C, apartment # 3 recorded 7.4 °C, apartment # 8 
recorded 11.5 °C, and apartment # 9 recorded 11 °C. Observation showed that apartments # 1,2, and 8 recorded almost a stable 
internal temperature, while apartment # 3, 4, and 9 fluctuates according to outdoor temperature. Accordingly, while the outdoor 
temperature increases, the difference between the internal temperature between all apartments become larger especially during 
noon. 

 
Figure 38 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 
Figure 39 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 
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During the early winter weeks, week 1 of year 2020, during days 362 till 4, on December 29th 2019 till January 4th 2020 (fig. 14; 
15), apartment #4 (timber wood construction) also, had the warmest internal temperature in comparison to other external 
envelopes between the non-occupied apartments. While temperature reach the peak of 7.3 °C (day 363 at 9:00 am), the internal 
temperature of apartment #4 recorded 8.5 °C making a positive difference compared to other apartments which is warmest than 
the other apartments. While apartment # 1 recorded 5.2 °C, apartment # 2 recorded 5.4 °C, apartment # 3 recorded 3.7 °C, 
apartment # 8 recorded 6.2 °C, and apartment # 9 recorded 4.8 °C. Whereas, when the outdoor temperature reached 1.1 °C (day 
3 at 3:00 pm) which is the coldest outdoor temperature in this week, apartment #4 had a 9.6 °C which was still the warmest 
between all apartments monitored. While apartment # 1 recorded 4.8 °C, apartment # 2 recorded 4.5 °C, apartment # 3 recorded 
3.6 °C, apartment # 8 recorded 5.2 °C, and apartment # 9 recorded 4.3 °C. Observation showed that apartments # 1,2, and 8 
recorded almost a stable internal temperature, while apartment # 3, 4, and 9 fluctuates according to outdoor temperature. 
Accordingly, while the outdoor temperature increases, the difference between the internal temperature between all apartments 
become larger especially during noon. 

 
Figure 40 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 
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Figure 41 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 

Internal peaks, and drops, occur at various times. Observation showed that it tends to happen a few hours after the hottest or 
coolest temperature. So far, the six monitored non occupied apartments showed the timber wood construction material has the 
warmest internal temperature in the coldest week (week 4 of 2020), hottest week (week 42 of 2019), mid-season (week 48 of 
2019), and early winter (week 1 of 2020). This signifies that insulation construction material (timber wood) has the coolest and 
warmest internal temperature. 

In order to assess the impact of the external envelope construction materials on space heating which affect the internal air 
temperature in the apartments, similar internal temperatures were recorded in two inhabited apartments (apartment # 6 and # 
7). 

Initially, during the coldest week, which is week 4 of year 2020 (fig. 16), during days 19 till 25 on January 19th till January 25th, 
apartment # 7 had the warmest internal temperature in comparison to apartment # 6 between the inhabited apartments. While 
temperature drops below 0 °C, to reach the minimum which is -4.8 °C (day 23 at 9:00 am), the internal temperature of apartment 
# 7 recorded 8.8 °C making a positive difference compared to the other apartment which is warmest than the other apartments. 
Apartment # 6 recorded 4.9 °C. Whereas, when the outdoor reached 9.5 °C (day 25 at 8:00 pm) which was the warmest outdoor 
temperature in this week, apartment # 7 recorded 8.6 °C which is higher than apartment # 6. Observation showed that indoor 
temperature in both apartments fluctuates due to heating inside. Accordingly, while the outdoor temperature increases, the 
difference between the internal temperature between all apartments become larger due to space heating. 
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Figure 42 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 

During the hottest week of the study, which is week 42 of year 2019 (fig. 17), during days 285 till 291 on October 13th till October 
19th, apartment # 7 had the warmest internal temperature in comparison to apartment # 6. While temperature reach the peak of 
26.1 °C (day 286 at 1:00 pm), the internal temperature of apartment # 7 recorded 25 °C. While apartment # 6 recorded 22.2 °C. 
Whereas, when the outdoor reached 11 °C (day 291 at 3:00 pm) which is the coldest outdoor temperature in this week, apartment 
# 7 recorded a 22.9 °C, while apartment # 6 recorded 19.3 °C. Observation showed that internal temperature in apartment # 6 
had is more stable than apartment # 7 due to the high temperature where no heating is required. 

Observation show during the early winter season (week 4 of 2020), time where both apartments are heated, remain heaving 
warmer temperature for all other periods, than the one compared too. Except when one apartment is heating and the other one 
is not. On January 20th 2020 (week 4 2020 day 20) at 12:00 pm, the external temperature was 0 °C, and the internal temperature 
of apartment # 7 recorded 9.8 °C, which is warmer than the internal temperature of apartment # 6 which 7.5 °C. While at 3:00 
pm, the outdoor temperature was 1.9 °C which is higher than the listed previously. The internal temperature of apartment # 7 
recorded 7.3 °C, which is cooler than apartment # 6 which recorded 8.2 °C. This is due to non-heating in apartment # 7 for few 
hours. 

During the mild cold season, week 48 of year 2019 (fig. 18), during days 327 from 333 on November 24th till November 30th, 
apartment # 7 had the warmest internal temperature in comparison to apartment # 6 between the inhabited apartments. While 
temperature reach the peak of 18 °C (day 329 at 1:00 pm), the internal temperature of apartment # 7 recorded 14.4 °C making a 
positive difference compared to apartment # 6 which is warmest than the other apartment. Apartment # 6 recorded 9.6 °C. 
Whereas, when the outdoor reached 5.2 °C (day 327 at 6:00 am) which is the coldest outdoor temperature in this week, apartment 
# 7 had a 15 °C which was still the warmest between both monitored apartments. While apartment # 6 recorded 9.9 °C. 
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Figure 43 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 
Figure 44 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

 

During the early winter weeks, week 1 of year 2020, during days 362 from 4 on December 29th 2019 till January 4th 2020, apartment 
# 7 also, had the warmest internal temperature in comparison to the other apartment between the inhabited apartments. While 
temperature reach the peak of 7.3 °C (day 363 at 9:00 am), the internal temperature of apartment # 7 recorded 10.8 °C making a 
positive difference compared to other apartment which is warmest than the other apartment. While apartment # 6 recorded 6 
°C. When the outdoor reached 1.1 °C (day 3 at 3:00 pm) which is the coldest outdoor temperature in this week, apartment # 7 
recorded 9.1 °C which was still the warmest between both monitored apartments (fig. 19). 

So far, both monitored inhabited apartments showed that apartment # 7 has the warmest internal temperature in the studied 
period. This signifies that concrete masonry unit (cavity wall 25 cm plastered from both sides and painted from inside) has the 
warmest internal temperature.  
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Figure 45 The recorded weather data showing the internal temperature in comparison to the outdoor temperature. Source: Author 

To establish the performance ranking of the various studied apartments, degree hour method was implemented. It shows the 
proper material in such context that has the higher thermal properties in providing warmest internal temperature among all 
apartments (Tab 2). 

 

Table 3 The recorded degree hour 

 
Source: Author 

 

Saleh P. (2019), emphasized that Dh is more relevant to such study. Where the purpose of such method is to use a benchmark 
temperature to compare the overcooling hours. In this study, the benchmark is taken 10 oC due to insure of having a wide 
difference between the minimum accepted by the publication, where according to UNDP (2005), temperature in the high 
mountains of Lebanon should not fall under 15 oC. 

The outdoor temperature degree hour of the studied area according to the weather station is 8443.9 Dh during the study period 
based on a selected benchmark 10 °C. Also, the apartments where divided into inhabited and non-occupied for comparison. The 
timber wood apartment (apartment # 4) recorded the coldest degree hour between all non-occupied apartments during the study 
period which is 1219 Dh of overcooling below 10oC. Followed by apartment # 8 which recorded 4688 Dh of overcooling below 
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10oC. Then, apartments # 9, #2, #1, and #3 recorded respectively 5178 Dh, 6091 Dh, 6587 Dh, and 7083 Dh of overcooling below 
10oC. It can be observed that the difference between apartment # 4 which has the coldest Dh compared to the other five 
apartments, has 3469 Dh of overcooling below 10oC less than the apartment # 8 which has the second coldest degree hours. And, 
5864 Dh of overcooling below 10oC between apartment # 4 and apartment # 3 which has the warmest degree hours between the 
six non-occupied apartments. This means, that the timber wood apartment consumes less energy on space heating around 6 times 
less then apartment 9, and around 4 times less than apartment 2. 

As for the inhabited apartments, apartment # 7 recorded the coldest degree hour with 793 Dh of overcooling below 10 oC, while 
apartment # 6 recorded 2762 Dh of overcooling below 10oC. This means, that apartment # 7 consumes 3.5 less energy compared 
to apartment # 6. 

 

Discussion 

The most obvious point is the effect of insulation in blocking heat to transfer from inside to outside and storing heat in the insulated 
apartment. This could be observable in apartment # 4 (timber wood construction) through all cold days where the indoor 
temperature is warmer compared to the other apartments. The same effect of keeping the warm temperature during night is 
evident during the night internal temperature which is warmer than the outdoor and especially than the other apartments. This 
is due to the effect of insulation slowing the internal temperature and heat from escaping. Furthermore, different types of external 
envelopes (without insulation) resulted in different behavior. 

Similarly, the effect of storing heat and releasing it that had the second warmest internal temperature was single masonry wall 
concrete masonry units (15 cm), plaster from both sides, and painted from inside. Especially, when compared with different types 
of CMU walls. 

The high response to the daily changes in the outdoor air temperature is visible in apartments # 4 when external temperature 
drops sharply from the previous day. The internal temperature shows minimally colder temperature compared to all other 
apartments. This due to insulation effect slowing heat from escaping. Whereas, when external temperature rises sharply, the 
internal temperature increases due to heat entering and stored inside. 

A temperature change (rise or drop) in the external air temperature might affect the internal temperature of apartment # 4, while 
the other apartments have a minimal change in the interior temperature. Thus, the internal temperature of the apartment # 4 
remains warmer (table 3). 

Table 4 Weekly internal temperature in comparison to the outdoor temperature recorded from the weather station. 

 
Source: Author 

The monitoring of the three types of construction materials in different floors, wall thickness, and treatment, allowed an accurate 
insight into the temperature behavior resulting from the different thermal properties of external envelopes. While many factors 
could have impact on the results which are not taken into account in this study, such sunlight direct heat gain through windows 
and ventilation. U-values which vary almost in each wall, effect on heat transfer through external envelope. 

The insulated timber wood external envelope had the warmest internal temperature peaks during days and night compared to 
the same dates with other apartments. While it fluctuates with outdoor temperature. Based on the literature concerning 
insulation, it provides temperature performance improvement. While in high outdoor temperature, heavy weight materials as 
concrete masonry units with stone cladding (apartment # 1 and # 2) had coldest and coolest indoor temperature. 

Also including the degree hour (Dh) of overcooling below 10oC results, it is obvious that apartment # 4 has the coldest degree hour 
by far compared to all other non-occupied apartments. The timber wood apartment (# 4) consumes less energy on space heating 
around 6 times less then apartment 9, and around 4 times less than apartment 2. 
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As for the inhabited apartments (apartments # 6 and # 7), a slight difference in indoor temperature is observed at some hours, 
while at other hours, these two apartments have the same indoor temperature. 

 

Conclusion 

The methodology of this paper consisted of monitoring 9 apartments with different external envelope’s construction material and 
thermal properties for a period from the beginning of fall till mid-winter. This allowed reaching the objective of accurately 
evaluating and quantifying this period’s temperature behavior of such construction materials. 

Results show that there is a clear differentiation between thermal mass and insulation materials behavior to outdoor temperature. 
The insulation (timber wood) is always responsive to external temperature where in decrease heat transfer and minimize energy 
consumption on space heating. In regard to the overcooling using the degree hours (benchmark 10 °C), the insulated construction 
material (timber wood) has the least over-cooling. 
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Abstract 

Shell structures have been a focus of interest for many years by architects and engineers because of aesthetic concerns and their 
ability to cover large spans. Developments in the aviation and car manufacturing sector have facilitated mathematical 
identification of the forms and their transfer to the computer environment. Computer-assisted form-finding methods have 
progressed, parallel to this situation. Some of these methods are described as Force Density Method (FDM), Thrust Network 
Analysis (TNA), Dynamic Relaxation (DR) and Particle-Spring Method (PS).  

Within the scope of the study, firstly, experiments were made on the form-finding of the shell structure. TNA method and 
RhinoVault plugin were used in the design of the forms. Instead of creating a random surface and trying to optimize it, it was aimed 
to design a form suitable for the shell structure requirements in the early stages of the design using this method. The produced 
forms were transformed into structural models in Karamba (Finite Element Analysis) Plugin. Some limitations such as support 
points, loads, cross-section and material have been determined for performing the analysis. Although many data are obtained in 
the results, in this study, the focus is on deformation related to the load. These regions formed the basis for the next stage of the 
study. In the last part of the study, openings were removed on the shells according to the loads, thus the weights were reduced, 
and form alternatives were created. The resulting forms were analyzed again, and the structures stayed in the structural safe zone. 
Thus, a process for the formation of shell structures has been proposed.  

Keywords: Shell Structures, Computer Aided Design, Architectural Design, Digital Design, Form Finding 

 

 Introduction 

Covering large spans has always been a source of interest for architects and engineers. The main problem when covering these 
spans was that transferring the load of the shell to the supports in order to avoid collapse. This covering process, which started 
with the dome in the first eras, later evolved arches and vaults. Besides, vaults with more complicated geometry began to emerge 
in the Gothic era. Over time mathematicians and physicists began to gain interest of ideal form and structural performance. In 
such structures, the main goal is to achieve minimum bending by compression-only loads. In the late 17th century, Robert Hooke 
published his work on finding the ideal form. According to him, a hanging chain would be free of bending and pure tension. When 
we turn this chain upside down, we will get free of bending and pure compression arch. This idea has been influential on the 
emergence of funicular structures. Funicular structures are described as tension-only or compression-only structures. Parallel to 
these developments, masonry domes and vaults craftsmanship continued to evolve. These masonry vaults were also forming a 
thrust network similar to hanging chain. Gaudi, aware of the developments in mathematics and Catalan masonry, carried the 
hanging chain method to the third dimension (Burry&Burry, 2010). He formed the vaults with the loads he put on the chain 
network he had created. The emergence of non-Euclidian geometry and the development of concrete became a giant leap in 
design of shell structures. Architects began to be able to mathematically define the complex forms they designed. The hyperbolic 
paraboloid and its derivatives have been utilized by Felix Candela to achieve more complex forms. Heinz Isler used hanging fabrics 
in his own experiments. Frei Otto even made experiments with soap bubbles, contributing to the development of shell structures. 
Computers led calculation of complex forms; therefore, definition and production of free form shells became possible. Shell 
structures are still an important issue and offer the designer almost endless variations. Effective shells can be achieved with proper 
form selection and analysis in early stage. 

This research aims to design different shell structures using form finding methods with the help of various computational tools in 
the earlier phases of design process. Further to this, optimizing shell structures for more lightweight structures by extracting some 
parts of them with different approaches. 
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The scope of this research includes different applications in architecture that are explained with chosen architects and buildings 
in first chapter. After that the methods for form finding been introduced. In the last chapter different experiments are made for 
designing three shells for understanding the thin shell design. After that different extractions have been made based on 
displacement. 

The motivation behind this study is to broaden the knowledge of mathematics behind the architecture and exploring the new 
ways to produce forms and observe the effects of different structural criteria in early design stage while designing it. 

 

 Precedents of Shell Structures 

Shell structures are curved surfaces in three dimension, that one dimension is very small than other two. Shells do not change 
their forms under external loads significantly. These structures transfer external loads from their surfaces to supports with 
membrane stresses. Membrane stresses and might be compression, or a combination of compression and tension. The word 
‘membrane’ might suggest a film or fabric that can only carry tension, but the compressive stresses in a steel, concrete or masonry 
shell are still called membrane stresses. Shell structures try to carry these loads without buckling. For shells, the main load is 
typically the dead load, most often being its self-weight. 

Shell structures can be one continuous surface or can be constructed by discrete elements forming that surface. Freeform shells 
can be designed digitally and then described by NURBS. But classic shell shapes like hyperboloid or hyperbolic paraboloid are 
chosen for structural performance and fabrication purposes (Fig. 1). 

Gothic vaults can be considered early examples of shells. The methods developed by the masters of masonry have attracted 
Gaudí's interest as it contains an approach similar to Hooke's inverted chain theory. Antonio Gaudi then began experimenting 
with funicular vaults and hanging chain systems to combine these approaches (Tomlow, 2011). Ruled surfaces are also focused by 
him for ease of production. With the spread of usage of reinforced concrete, Felix Candela became a revolutionary designer for 
shells. For ease of production, he also preferred ruled double curved surfaces in certain shapes. Influenced by Candela's works, 
Heinz Isler began experimenting with hanging fabrics to find the form. Frei Otto developed these experiments and opened the 
way to tensile membrane structures. Although the pioneering names such as Eduardo Torroja, Eladio Dieste and Pierluigi Nervi 
are in the design of shell structures, this research focuses on the work of Felix Candela, Heinz Isler and Frei Otto. 

After some minor works, Candela built his first important shell for a laboratory in UNAM. He used hyperbolic paraboloid (hypar) 
for shell, because this form has a double curvature for stiffness, but also can be produced by straight elements. Edges of hypar 
can be curved or straight, and he used both of them and their variations in his important buildings. He chose doubly curved shells 
in his projects to eliminate bending, and use compression stress only, for stability. He insisted on designing structures that 
correspond directly to how they transfer forces, rather than shaping the form arbitrarily and then trying to fit shells or surfaces to 
conform. He tends to emphasize design as he stated in his biography by Faber (1963): “Science goes on analyzing… but art, the 
synthetic process, pools many things together so as to get the complete vision.” 

Figure 1. Los Manantiales Restaurant by Candela (Hyperbolic Paraboloid) (Sijpkes, 2015) 
 

Isler firstly took attention of the world at 1959 IASS congress. His presentation about new shapes for shells created discussions 
and impressions. 

He envisioned three ways of making shells: 

1. By pouring concrete to free formed hill, then excavating it. 

2. By making pressure to membranes. 

3. By hanging membranes and reversing them. 
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In his paper he presented a figure including 39 possible shapes and finished with “etc.” (Isler, 1960). It means the shell have 
endless possible form variations (Fig. 2). It made a great impact on other designers like Torroja and Arup. Because Heinz Isler was 
a designer whose free-form shells are of a shape that cannot be defined by simple geometric formulae as they have continuously 
varying double curvature across the whole surface and they obey physical laws (Chilton, 2000). 

 

 

Figure 2. Form variations (Isler, 1960) 
 

His shells were thicker than Candela’s, because they are mostly in Switzerland’s harsh conditions. In his first works he used 
pneumatic forms, but then he started to make concrete thin-shell structures by hanging membranes in 1960s. His main method 
was covering a cloth with a plastic, then hang the cloth upside-down from its corners. With the help of gravity, membrane find its 
form with pure tension. Then, when he reversed the membrane, the form was producing pure compression (Garlock&Billington, 
2014). 

Frei Otto founded Institute for Lightweight Structures in Stuttgart. He mainly made his experiments of tensile structures with 
physical models. He began using models in the 1950s as the only way of establishing the form of three-dimensional, membrane 
and cable-net structures whose final geometry could not be determined using analytical methods (Fig. 3). He used similar methods 
of Isler like hanging and reversing to produce double curved surfaces, but he used cable nets instead of cloths (Glaeser, 1972). For 
models, he used elastic sheets whose surface tension depends on the strain; and nets whose surface tension arises partly from 
the elastic extension of fibres, and partly from shear deformations of the net. He even used soap bubbles, which have a constant 
surface tension, in his models to understand surface tension and form making (Addis, 2013). After finding the equilibrium 
geometry of the tensile structure, it was then possible to use analytical methods to determine in-plane stresses and forces at the 
boundary supports. First important example of these type of structures was 1967 German Pavilion designed by him. 

Figure 3. Form finding with soap bubbles (Zexin and Hui, 2017) 

 

 Methods of Form Finding 

Form finding is the process of finding a form based on computer simulations or physical models. In form finding process, 
parameters are controlled to reach an optimum geometry under the certain loads. For shells, the load is most often the self-
weight of the shell. Some of the parameters of form finding can be supports, loads, boundaries, topology and internal forces. Form 
finding is a continuous process with a starting geometry then updated by feedback from physical or computational simulations. 
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After form finding, the optimization can be made by different objectives. These objectives can be weight, material, and deflection 
minimization and stiffness maximization. Furthermore, this optimization could be shape optimization, topology optimization and 
sizing optimization. In the scope of this study, form optimization experiments will be made with weight reduction by openings. 

Force Density Method (FDM) 

Force density is the tension coefficient and it is the force ratio over a cable. It is mostly used in hanging structures, and allows to 
find many feasible alternatives in early design phase (Fig. 4). It is used by Frei Otto’s Stuttgart group in many of their designs, and 
it is also known as the ‘Stuttgart direct approach’. It is independent from material properties, therefore very suitable for early 
design stages. It aims to reach statical equilibrium by applying tension and the resulted forms are mostly doubly curved (Linkwitz, 
1999).  

 

Figure 4. Force Density Method (Linkwitz, 2014) 
 

The method, originally developed for cable nets, is, to this day, very common in the design practice of tensioned membrane roofs. 
By introducing loads, it also allows the form finding of synclastic structures, highly suitable for efficient shell structures. Because 
the method is entirely independent of material properties, two interesting opportunities arise. First, resulting designs can be 
materialized arbitrarily, giving the initial lengths of the network in undeformed state, without affecting the final shape. Second, 
one can simply multiply the loads to any realistic value, and then calculate the internal force distribution, again without changing 
the geometry. It is mostly used in cable nets, but can be used in other materials, because of independence from material. 

 Thrust Network Analysis (TNA) 

Thrust Network Analysis is mostly suitable for funicular shells (Fig. 5). It is developed and implemented in ETH Zurich Block 
Research Group. This method was inspired by the similarities between hanging chains and thrust lines of masonry structures. 
Weights, proportional to the self-weight of each stone piece (voussoir), of an arch are applied on the vertical lines of action 
through their centroids, to a hanging string. When inverted, it produces a thrust line that fits within the arch’s geometry. This 
compression funicular can be used to show a possible compression-only equilibrium of the arch.  

For two-dimensional problems, graphics statics can be used instead of a hanging model. It allows finding the form of possible 
funicular shapes for given loads, but at the same time also the magnitude of the forces in them. The geometry of the structure, 
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represented here by the funicular polygon, is named the form diagram. The magnitude of force in each element of the form 
diagram is simply known by measuring the length of the corresponding, parallel element in the force diagram, which is drawn to 
scale. The geometrical and topological relationship between form and force diagram is called reciprocal. Unfortunately, graphic 
statics is practically limited to two-dimensional problems. Graphic statics can be used to generate thrust lines, which, when fitted 
within the masonry structure, visualize possible compressive ‘flow of forces’ through the structure (Rippmann et al., 2012). These 
thrust lines can be used for three-dimensional problems with creating thrust network. Form diagram is generated by starting 
NURBS shape, then force diagram is created. The force diagram can be manipulated, and it reaches to horizontal equilibrium. 
After this, the vertical equilibrium has reached, and the vault form is generated. As in graphic statics, both form and force can be 
manipulated to determine the equilibrium shape (Rippmann and Block, 2013). The intuitive force diagrams allow the designer to 
visually and explicitly distribute internal forces that define the three-dimensional equilibrium shape. 

Figure 5. Thrust Network Analysis (Block et al., 2014) 

 Dynamic Relaxation (DR) 

Dynamic Relaxation is mostly appropriate for gridshell structures. A gridshell is essentially a shell with its structure concentrated 
into individual members in a relatively fine grid compared to the overall dimensions of the structure. The members may be short 
in length and only pass from node to node, or they may be continuous, crossing each other at the nodes. The grid may have more 
than one layer, but the overall thickness of the shell is small compared to the overall span.  

Gridshells can be made by prefabricated curved members or straight elements (Fig. 6). The method of dynamic relaxation can be 
used for the form finding of either. This technique observes the deformation of structure under loads through time (Adriaenssens 
and Barnes, 2001). The structural action of gridshell structures is so complex that even today with powerful and affordable 
computers, there is still a place for physical model testing. The most rudimentary physical model can give more accurate 
predictions of deflections and buckling load than hand calculations. Because of the complex interaction between membrane and 
bending action, the prediction of buckling loads by hand calculations is effectively impossible. However, the deflections and 
buckling load from a physical model can be scaled using dimensional analysis.  

Figure 6. Murinsel gridshell (Adriaenssens et al., 2014) 

 Particle-Spring Method (PS) 

Particle-Spring method is widely used in architecture including Gaudi and Isler because of suitability of shape generation of form-
active and form-passive structures. This method is a computational approach simulate hanging or pretensioned chains and grids. 
This approach adopts subdivision surfaces for parameterization and particle-spring systems for form finding. For doing this, the 
method uses high-poly meshes with subdivision (Fig. 7). Because subdivision offers the designer better control of the topology.  

The principal purpose of the particle-spring method is to find structures in static equilibrium. This objective is achieved by defining 
the topology of a particle spring network with loads on the particles, the masses of the particles, the stiffnesses and lengths of the 
springs, and then by attempting to equalize the sum of all forces in this system. With this method, surfaces become lines and 
points. With loads on nodes and reaction of springs balanced in a shape (Ahlquist and Menges, 2013).  
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This type of simulation usually produces anticlastic geometries, so negative Gaussian curvature appears everywhere. It is suited 
for quick exploration of designs in CAD environment. Although it is good for early design phases, it has disadvantages because it 
can not provide detailed control in the future stages. 

Figure 7. Particle-spring method (Bhooshan et al., 2014) 
 

 Experiments for Design and Optimization 

Thin shell design is a very comprehensive issue. To reach to optimal solutions, the limitations and goals should be set. In the scope 
of this study, different types of geometries will be experimented to achieve an efficient shell design. 

 Aim and Scope 

The purpose of the study is to observe effects of different designs of structure then optimize it with the feedback from 
computational tools.  The scope of this research includes basic geometric definitions describing the shells in the first chapter. 
Then, different applications in architecture are explained with chosen architects and buildings in chapter two. After that the 
methods for finding a form been introduced. In this chapter different experiments are made to get a better understanding and 
optimize the thin shell design (Fig. 8).  

Figure 8. Workflow of experiments 
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 Form Finding of Shells 

An area of 20x20 m was determined for the formation of the forms. These forms were considered to be shells with different 
properties covering the same area. The Thrust Network Analysis (TNA) method was used to design the shells (Fig. 9). The use of 
this method is a method of finding a geometric form independently of the intended material. It examines the relationship between 
form and force and tries to find a horizontal and vertical balance between them. The most important factor in shell design is to 
create only compression surfaces. Tension and bending are avoided. This method is suitable for geometrical properties in the form 
finding stage rather than trying to fix pre-designed surfaces. In this method, it is more advantageous to use concrete and masonry 
shells instead of wooden and metal gridshells due to the structure of material.  

Figure 9. TNA method process 
 

To implement this method, the Rhino Vault plugin written by Matthias Rippmann, a student of Phillippe Block who developed the 
method, was used. In order to create surfaces in RhinoVault, form diagrams need to be created first. Form diagrams are two 
shapes, normal and triangulated. While normal form diagrams require untrimmed surfaces, triangulated form diagrams can be 
created from each surface (Fig. 10). A normal form diagram has been created in order to facilitate later processing. 

 

Figure 10. Base surface creation 
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In order to be able to produce 3 forms to be examined within the scope of the research, firstly the base surfaces (a), (b), and (c) 
produced (Fig. 11). The surface of the first form was started with a rectangle and the surface was rebuilt to reach the desired 
surface and played with the control points of the open areas. When the surface of the second form is formed, a major opening is 
left in the middle and an untrimmed surface is formed by using the edges of the first surface and the edges of the circumference. 
When the third surface is being formed, the surface is formed by drawing and joining the different curves according to the desired 
support points and openings.  

Figure 11. Base surfaces for shell design 
 

The subdivisions of the surfaces can be adjusted manually while forming the form diagrams from these base surfaces. High 
subdivisions extend the calculation time while giving smoother results. After this step, estimated openings and support points are 
selected. This results in a form diagram (Fig. 12). 

Figure 12. Form diagrams of base surfaces 
 

Once the form diagram is created, it is possible to edit it. In particular, adding and subtracting to areas where openings and support 
points are present is important to achieve desired results. It is advantageous to anticipate problems that may arise especially 
when complex forms are being created and to intervene in the diagram. After the form diagram is created, a force diagram is 
created accordingly (Fig. 13). Form and force diagrams are dual diagrams. The force diagram consists of taking the barycenter of 
the gaps in the form diagram and is rotated 90 degrees. Since it is a geometric calculation method, this rotation will facilitate later 
stages. 

Figure 13. Reciprocal force diagrams of form diagrams 
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Deviation angles also occur when the force diagram is created. Already making these calculations is to achieve a balance by 
minimizing the aim of devolution. Thanks to this balance, only the compression area can be reached. After these two diagrams 
are constructed, horizontal equilibrium is found. Horizontal equilibrium may not always be found. When not available, you may 
need to go back to the previous step and make adjustments in the form or force diagram. Or, if it is desired to load more places 
in certain places, it can be stretched on the force diagram. When equilibrium is not found, a method is to relax the form or force 
diagram. By determining the weights of unwanted points and edges, the remaining parts can be relaxed for a more regular shape. 
This facilitates reaching the horizontal equilibrium (Fig. 14). 

Figure 14. Form and force diagrams after horizontal equilibrium 
 

Modifications may be made if the openings and supports are considered not to be correctly detected after equilibrium. If 
equilibrium is reached, vertical equilibrium can be established. At the end of the vertical equilibrium, a shell is formed which will 
form a reference to other works (Fig. 15).  

Figure 15. Orthogonal and perspective views of designed shells 
 

This crust can be colored if desired, and then the overburden areas can be seen, which will be done later. Or it can be displayed 
with colored and enlarged pipes according to the loads (Fig. 16). In addition, dead load can be shown at the end of the load. 

 

Figure 16. Axial forces represented by pipes 
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After finding the forms, the shells will be analyzed in Karamba with Finite Elements Method (FEA) to check the deformation and 
take data for continuing part of the study. 

 

 Analyzing Forms 

In this phase, Finite Element Analysis (FEA) method is used to check the forms created with RhinoVault and to obtain different 
data that will work in the future. Finite Element Analysis is a method predominantly used in engineering, which is based on 
analyzing these parts by separating smaller parts from the main surface. Since the geometry created in RhinoVault is a mesh, it is 
suitable to be analyzed with this method. Although there are more detailed Finite Element Analysis programs for engineers, 
Karamba, a grasshopper plugin, was used (Fig. 17). Since it is a designed shell, it is necessary to first convert it to a meshtoshell. In 
this phase, geometrical model is translated into a structural model. The mesh is translated as vertices point while the edges are 
identified as an element. In order to perform the analysis, a Finite Element Model must first be assembled. Here, point and 
element components come from the mesh. Support points must then be specified. When supporting points are determined,  

 

Figure 17. Selected constraints in Karamba 
 

vertices with mesh Z-coordinate 0 are selected. The Degree of Freedom (DoF) of these points should also be determined when 
supporting support is set. The DOFs for this node represent the possible movement of this point due to the loading of the structure. 
In the real world, a point can move in 6 different directions, translation in X, Y, and Z, rotation in X, Y, Z. These are denoted as Tx, 
Ty, Tz, Rx, Ry, Rz. Since this is a shell structure, it is allowed to act in every direction. 

Cross sections of the shell forming parts should be determined. If it is a gridshell of smaller pieces, these parts can be selected 
from cross sections in different profiles. But since we designed a normal shell, it was chosen as a shell with a cross section thickness 
of 5 cm. At this stage, a material must be identified. C25 / C30 concrete was selected as material. From here, the properties of the 
material to affect their behavior against the load are taken. And finally, the loads that will affect the shell are selected. Since the 
main load in shells is self-weight, no point loads such as wind load, snow load etc. have been added. Also, these loads are not 
included in the account because it will be a shell that does not walk on it. Gravity is the burden involved in the account (Fig. 18). 
Gravity is a dead load (static load). And the size is Unit Z. 

Figure 18. Deformation with different gravity in designed shells 
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The properties determined up to this stage are called boundary conditions. After that, Finite Element Analysis has been made. 
AnalyzeThI is used in analysis part. This means first order theory, and it is used in analysis like shell structures not involving bending 
forces. The analysis gives us maximum displacement, gravity load and elastic energy beside the model information. We can obtain 
various information by connecting different models of this model information. If we link ShellLineResults, we can see the Force 
Flow, Iso Lines, Principal Moment and Principal Stress lines. Force flow lines illustrate the load distribution in structures (Fig. 19). 
In case you want to strengthen a structure with linear elements (e.g. fibers), you can align them with FF-lines to get the most    
effective layout. Iso Lines draws the contour lines. Principal Stress and Principal Moment lines are the main lines for stress and 
moment. And if we pass the Model View component, we can see the deformation here. Deformation can be viewed as 
exaggerated because it will be very low on a correctly installed model. Since the color scale here is not very suitable, a more 
suitable color scale for Finite Element Analysis (FEA) is added manually. Places where the displacement is high are shown in red, 
places where there is little displacement are shown in blue. We can do visualizations if we pass that data to Shell View. The pre-
emptive concepts here are Displacement, Utilization, Van Mises Stress and Principal Stress. Van Mises Stress, and accordingly 
utilization are stresses used in ductile materials such as steel and are not required for this analysis. What matters to us is 
displacement. From here we can see which region is exposed to the load and which will undergo deformation. We can show our 
results with the color legend. The resulting colored mesh has been the basis of our other work.  

Figure 19. Force flows of designed shells 

 Form Optimization Based on Boolean Operations 

In this study, weight reduction with openings-based optimization was aimed. Two different methods have been applied to reach 
this goal. These methods have been tried and applied on the first designed shell (Fig. 20).  

Figure 20. Form optimization workflow 
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 Circle Extraction 
For the first openings-based optimization, the base surface is textured by selecting a tafoni photograph, which is a porous 
structure. The base surface was then reconstructed in the uv direction with a 20x20 points. From these points, blue dots with less 
deformation according to Finite Element Analysis (FEA) were selected with image sampler by hue values. The points corresponding 
to the gaps were selected from the selected points according to the image sampler and the porous texture brightness values. 
Then, circles were drawn according to the magnitudes of the brightness values of these pored areas. Circles were extruded in the 
Z direction and removed from the main form of the shell. New porous shell form was re-analyzed in Karamba (Fig. 21).  

 

Figure 21. Perspective view of porous shell 

According to the results of the analysis, the deformation results are not changed much but it is observed that there is an increase 
of principal stress in the circumference of the opened pores (Fig. 22). The mass of the shell, consisting of openings with a radius 
ranging from 25 cm to 49 cm, decreased from 10064 kg to 8482 kg, while the maximum deformation increased from 1.8 mm to 
4.2 mm. This process can be repeated until it reaches the desired form. 

Figure 22. Deformations, principal stresses and force flows 

 Voronoi Surface 
For the second openings-based optimization, the base surface is textured by selecting a tafoni photograph which is a porous 
structure again. Then the shell geometry is reconstructed in 3d by points with populate geometry. From these points, the red dots 
that undergo more deformation according to the Finite Element Analysis (FEA) were selected with image sampler by hue values. 
In addition, points corresponding to the fillings according to the values of the porous texture brightness were selected from the 
image sampler. The two data are merged, and the duplicated points are cleared. Then a 3d Voronoi created based on these points. 
The purpose here is to improve the frequency of Voronoi cells in the place where these points are. This Voronoi texture is 
intersected with the main surface. From this intersection closed polylines were formed and scaled by 0.4. These polylines were 
lofted to form the surface. The resulting surface was separated into parts and again made into a mesh. The form which is too 
complex to enter the analysis has been simplified and rebuild (Fig. 23).  

Figure 23. Voronoi surface 

New porous shell form was re-analyzed in Karamba with same parameters. According to the results of the analysis, the 
deformation results are not changed much but it is observed that there is an increase of principal stress in the circumference of 
the opened pores (Fig. 24). The mass of the shell decreased from 10064 kg to 8295 kg, while the maximum deformation increased 
from 1.8 mm to 2.1 mm. This process can be repeated until it reaches the desired form.  
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Figure 24. Deformations, principal stresses and force flows 

 Findings and Outcomes 

In this section, a method for creating forms was first selected. Though some experiments have been done with Kangaroo via 
Particle Spring method, Thrust Network Analysis method has been chosen as a result. The purpose of selecting this method is to 
be independent of the material and be able to intervene in the process with visual feedback. Such an approach is more 
advantageous in the form finding phase than trying to fix pre-designed surfaces. To create a form with this method, base surfaces 
must first be created. It has been observed that the failure to create proper base surfaces is problematic in the later stages of 
form finding. Furthermore, as the subdivision ratio increased, more smooth surfaces appeared but the calculation time increased. 
Determining the support and opening points while creating a clean form diagram is important for the future stages. It has been 
learned from experiments that some kinds of drawings or interventions will make it difficult to reach the horizontal equilibrium. 
Some predictions were made with this knowledge and they facilitated the reach to equilibrium with changes on the diagrams and 
relaxation. Incorrect interventions in the process lead to inability to reach horizontal and vertical equilibrium. In the early part of 
this study, many experiments have been made which can not reach to the equilibrium, and important points have been learned 
in the process. In fact, even this part of the experiment has shown that the interventions made in the early design stages give us 
an advantage over the later stages. After the formation of the form, the vertical and axial forces were color-coded independently 
from the material. These are simple facts and have been passed on to Karamba for more detailed analysis. 

The main purpose of using Karamba is to observe the effects of the properties of the material. The Karamba was selected because 
the other phases of the design were suitable for the Grasshopper environment in which it was made in a way that the architects 
could understand. There are more Mesh and NURBS-based Finite Element Analysis programs but, in fact, most of them are more 
complex programs for engineers. The lack of expertise in Finite Element Analysis has been one of the most challenging issues 
when conducting experiments. A study can be done with the basic knowledge learned in the process, but engineer support is 
needed for more extensive studies. In Karamba, the geometric model was first turned into a structural model. Constraints like 
loads, supports, cross section, material and analyze method must be set for this. Loads different than gravity are not considered 
because the main load is self-weight in shell structures. While normally deformations are in millimeters, we can better visualize 
deformations by time with giving extreme values to gravity load. The results of the FEA analysis provides us lot of information but 
it is displacement that is important in this study. Extraction in areas with fewer displacement is planned at the beginning of the 
study. 

In the last part of the study, it was aimed to decrease the weight by openings according to the porous textures taken from the 
images. In doing so, different ways have been tried like selecting the mesh vertices in 3d coordinates and apply Boolean 
operations, but the hardware has been inadequate due to complex calculations. Therefore, the method and the 3d model have 
been simplified and continued to work. At the beginning of the study, the goal was to design a process that would take structural 
features in early design phases into account when designing the shell instead of creating a random form and openings. As a result 
of this operation, it can be seen that the displacement is still not critical in the analysis of the structure with openings. By following 
this process in the early design phase, forms have been produced at later stages that can facilitate production and calculation 
rather than a randomly generated form. And a great number of shell variations can be produced using the same method. 

 Conclusion and Discussion 

It has always been interesting to examine the methods and processes that make up the shell design process, which was initiated 
by Gothic vaults, and continued with Candela, Isler and Otto experiments. The works of the pioneers in this area has led to create 
methods of computational design and form finding along with the development of computers. The aim of this study is to 
understand and implement these processes. 

In this study, the geometry of the surfaces was first investigated to understand the shell structures. Double curved surfaces are 
preferred in terms of their structural strength. Then the designs of the pioneers in this area and the methods of form finding have 
been examined. Criteria and applications of computational form finding methods after advancement in mathematics and 
computational tools have been described. 
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In the experiments, it is emphasized how the process of producing a shell structure using different computational tools can be 
used. In this study, first basic surfaces were created in Rhino, then form diagrams were created by TNA method using RhinoVault 
plugin, then force diagrams were created. These diagrams were intervened to find an equilibrium state. Openings, support points 
and diagrams have always been intervened and relaxed where necessary to find the balance. It is a process that repeats itself until 
it reaches the equilibrium state. In this process, the balance could not be reached at first, but in the later experiments, various 
form alternatives emerged while reaching the balance. And three different form alternatives covering same area were chosen. 
These alternatives were analyzed in Karamba by Finite Element Analysis to determine the parts exposed to the loads. As a result 
of this review, we observed that the displacement was at a low level, and the verification of the form finding method was 
established. 

Later, extractions made in the structure through openings to reduce the weight and produce new form alternatives. The reductions 
were made by taking the brightness information of a pores on image of Tafoni. At the first extraction, the points which less 
deformed were selected and the circles were drawn by changing the diameters according to the brightness values of the pores in 
the Tafoni image, and these circles were extruded. Extruded circles are extracted from the main structure by Boolean operations. 
In the second extraction, more deformed parts of the structure are joined together to intersect with the image data of the pores, 
and created a Voronoi shell with less openings at the very deformed points is obtained. These forms were then analyzed again 
and it was observed that there was no increase in deformations that would distort the structural balance of the shell. However, 
the force flow lines have changed and the stresses around the openings have increased. 

In this process, some difficulties were encountered while working. Transitions between mesh and NURBS surfaces, long processing 
times of complex geometries, and lack of expertise in Finite Element Analysis has been a compelling part of this study. 
Nevertheless, these problems have been solved by simplifying methods and forms. The forms produced in the scope of this study 
should not be seen as final products. But this study has shown us that this method is applicable and produces form alternatives 
for shell structures.  

According to the results of the analysis, the importance of proper shell design in early stages instead of designing a random surface 
is observed. Optimization is tried to be done in the form with openings made. 

In further studies, process of form finding on shell structures and structural analysis can be deepened through implementing 
genetic algorithms. Loads, cross-sections and materials can be changed to find the desired optimal deformation value. Shell 
alternatives of different thicknesses or materials, which provide the same structural integrity, and covering the same area can be 
produced. The effects of other loads can also be examined before proceeding to the fabrication phase. 
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Abstract 

By virtue of technological developments in computer-aided design, the way architects conceive, design, and realize building 
structures is currently undergoing significant changes. One of the most recognisable aspects of such digitalization of the design 
process is the increasing use of 3D printers and robots in the construction phases. Digital fabrication has thus become a common 
production tool that nonetheless poses several challenges to designers. This paper describes the challenges and lesson-learned 
experiences of a team of architecture students during a design-to-fabrication workshop, held in İzmir, Turkey. The project 
addressed the design and fabrication of a freeform gridshell structure, to be placed as an urban furniture in a public park 
(Büyükpark). The structure was conceived from catenary curves, which originally spanned 10 meters and reached 5 meters height. 
Due to time and material constraints, the structure’s size was reduced in half whilst materialized by a combination of 129 wooden 
battens and 68 3D printed nodes. During the design process of the structure, the challenges posed by the digital fabrication of the 
nodes certainly affected pre-conceived perceptions on the ways fabrication and installation stages would be. Complementarily, the 
evaluation of the process after fabrication and installation stages shows that issues such as time limitations, material properties, 
and the fabrication itself, should be clarified and foreseen in early phases of the design. Omission of some key points may lead 
designers to make several adaptations during the fabrication and installation stage, at the expense of more material, extended 
working times, or compromised structural integrity.   

Keywords: 3D printing, Digital Fabrication, Urban Furniture, Freeform Design, Gridshell Structure. 

 

Introduction 

The role of design when facing the impact of digital technologies in education, is that it may lead to innovations in pedagogy and 
contribute to new modes of knowledge production (Burdick & Willis, 2011). While the use of digital production methods is to-day 
a commonplace among architects, designers, and students, there are still issues that challenge the understanding of the impact 
of digital tools in architectural curriculum and raising digital awareness among the students (Varinlioglu, Basarir, Genca, & 
Vaizoglu, 2017). One of these issues is that within their education, architecture students rarely experience the whole design cycle, 
which begins with conceptual elaborations and ends up with a real scale physical object. In order to overcome this lack of practice 
experience, an elective course in the Faculty of Architecture at Yaşar University in Izmir (Turkey), was prepared as a design-to-
fabrication workshop, wherein a group of students had the opportunity to design a freeform structure, which later they could 
actually build. In order to achieve this goal within a tight schedule, a combined digital and analog method of fabrication involving 
the use of wooden battens and 3D printers was implemented. This combined fabrication method, as a pre-condition for the design, 
provided students with knowledge on computational design methods and skills on the use of digital fabrication tools.  

This paper describes how the whole design-to-fabrication process of an urban furniture, including the re-design of the selected 
structure, was completed within 15 weeks. It addresses the limitations imposed over the design by seemingly unrelated variables, 
such as the number of participants and the performance of the 3D printers. The paper also describes the advantages and setbacks 
of some strategies implemented during the exercise to reduce printing time, which advanced the efficiency of the fabrication 
process but compromised the structural integrity of the nodes, which eventually led to cracks and thus, weakening of the 
structure. The idea behind this project was designing a freeform urban furniture, which could extend the boundaries of ordinary 

mailto:esrakaratepee@gmail.com
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construction methods to digital fabrication with consideration to aspects such as durability, aesthetic and flexibility. This journey 
meant to be a learning experience for the everyone involved and its most relevant stages are described in the following sections. 

Design Implementations 

Aiming to select within a pool of diverse alternatives, five proposals were originally developed in Rhinoceros (McNeel, 2015) and 
Grasshopper plug-in. Although they all were parametric variations of gridshell structures based on catenary curves, each of them 
featured a different shape, function, user-profile, and/or location. The first proposal, the Urban Turtle, aimed to create a public 
gathering area in a busy street of a small neighbourhood in Izmir (Figure 1a). Due to its private-public nature, major concern was 
how residents could be involved in both design and implementation stages. The second alternative, Re-set Hub, aimed to create 
a transition space symbolizing the adventure architecture students go throughout their education (Figure 1b). It was proposed to 
be assembled on stage during the graduation ceremony, to be held about 8 months later, raising questions on how and where the 
structure will be stored until then. Next proposal, the Anarchy Scorpion, aimed to create exhibition areas at one of the crowded 
spaces in the campus of Yaşar University, rising concerns on the safety of the pedestrians (Figure 1c). The fourth proposal, the 
Shelter, was a sort of gathering place in the campus, in front of the main gate (Figure 1d). However, this location seems to be a 
transition space rather than a gathering area. The last proposal, the Gate, aimed to create a conceptual threshold by placing a 
contemporary gate in front of an old one, which is located in a public park in Izmir (Figure 1e). After discussions, the team selected 
this last one to be built. Reasons were aesthetics-related, but also because its design was simple and led the team to think it was 
possible to build within the available time frame. Moreover, the park where the structure would be installed is used as an urban 
gathering place, where residents go for taking a break and for staying away from the chaos of the city. Thus, the transition area 
defined by the gate displays both a new approach to the old and a contemporary approach to the tradition in the history of Izmir.  

 
Figure 46. The proposals of a freeform gridshell structure: (a) Urban Turtle, (b) Re-set Hub, (c) Anarchy Scorpion (a.k.a. The Giraffe), (d) the 

Shelter, and (e) the Gate. 

Design Arrangements 

The Gate was planned to be built and exhibited in a public space. Although it originally spanned 10 meters and reached 5 meters 
height, the structure’s size was reduced by half due to time and material constraints. This scaling down was also for preventing 
possible problems during the assembly process. Since the gridshell was created using random geometrical patterns (e.g. Voronoi), 
the in-plane stability could not be taken for granted. Moreover, because the design was essentially a freeform surface running 
between two catenary arches, the system had comparatively less resistance to out-of-plane loading. To increase both overall 
stiffness and local stability, several new bars were included between the nodes of the shell to create a triangle-based grid 
whenever possible. In addition, thinner bars were added mostly to the upper part of the structure to increase torsional resistance 
and support overall stability of the structure. The final gridshell, which combined 129 wooden battens with 68 Polylactic acid (PLA) 
nodes, was separated in three parts for fabrication purposes (Figure 2). The upper part – called the beam- was built first as it was 
considered more risky in terms of strength. The two other parts – the columns- were built in parallel and later assembled to the 
beam. 
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Figure 47. Separated parts of the structure 

Design of Nodes 

After the overall structure was designed, the next step was the individual design of the 68 nodes, which were almost equally 
distributed among the seven students of the team. Initially, the idea was to use topology optimization to find out the right 
distribution of material (PLA filament) in each node. However, the team quickly foresaw that the 3D printing process would 
consume most of the available time and therefore, nodes had to be ready for printing as early as possible, leaving no time to 
introduce optimization methods for designing them. The only constraint for the node design were the position, orientation and 
size of the prismatic connections (called boxes), which were to be ‘inserted’ in the nodes to receive the concurrent wooden 
battens. Connection boxes were designed with convenient gaps according to the dimensions of the bar for the unification of 
timber bars and 3D printed nodes (Figure 3). Within this almost boundless framework, several shape variations appeared randomly 
during the process. These design variations can be grouped in sphere-based, bubble-type (also called potatoes), and organic forms 
(Figure 4). While designs of spheres and potatoes were completed in Rhinoceros + Grasshopper plugin, organic forms required 
the use of Fusion 360 (Autodesk Inc., 2020). Since the beam part was constructed first by the whole team, nodes in this section 
display all the previously described design approaches. Column parts, on the other hand, were built by separate sub-teams, which 
led to one column displaying spheres and potatoes, and the other, only nodes with organic forms.  

 

 
Figure 48. Example of the design process of a node (1) starting with connection boxes, (2) definition of the design domain, and (3) final 

volumetric definition. 
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Figure 49. Types of Nodes:  (a) bubble-type, (b) sphere-based, and (c) organic-form 

Fabrication and Installation 

Digital Fabrication 

Fifty-seven nodes were printed using Creality CR-10S5 and Creality Ender 3 printers, and the remainder 11 nodes using Ultimaker 
2 Extended+ and Ultimaker 3 Extended. Originally, it was intended to print most of the nodes (~35) with the Ultimaker printers. 
However, these units were not available for the required printing time as a result of being part of a fabrication laboratory serving 
several departments in the university. In addition, the lack of a proper manipulation of these printers led the team to rather rely 
on the Crealite printers (owned by team members). During the printing process some troubles occurred such as nodes splitting 
into two parts (Figure 5a), or sudden stop of the printing due to the filament being stuck in the nozzle or misplaced in the spool 
(Figure 5b). Because of these problems, the duration of the 3D printing process became longer than assumed, resulting in the re-
designing and re-printing of about 10 nodes. During the fabrication of the column parts, additional adaptations were set for 
decreasing the printing time of nodes according to the specific 3D printers to be used. Whereas for the Ultimaker printers, nodes 
had to be reduced both in size and printing time (e.g. by decreasing the infill percentage), for the Crealite printers, limitations 
were set only to reduce size and amount of material (e.g. by introducing holes in the node). The Ultimaker printers, as 
administrated by personal unaware of the goal of this design exercise, were set to print models requiring up to 9 hours printing 
time, and hence that most of the nodes were printed using Crealite printers. These adjustments gave the team, nonetheless, the 
opportunity to optimize the time at the most critical stage of printing, which was very close to the assembling stage of The Gate. 

 
Figure 50. Examples of printing troubles with the Ultimaker printers: (a) splitted node and (b) misplacement of the filament 

Sizing of the wooden battens 

The pine wooden battens were available from the store in sections of 24x44 mm and 18x36 mm, with a length of 3 m. Bars with 
the smaller section were only used for providing increased stability, thus most of the gridshell structure was built with battens of 
24x44 mm. All bars were dimensioned and listed according to their placement in the structure, which in turn was designed to 
have bars no longer than 0.7 m, to avoid local buckling of the wooden battens. Because the structure was designed to stay in 
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outdoor conditions during the open-air exhibition, after cut, all bars were polished and varnished to prevent the adverse effects 
produced by rain and air humidity.  

Analog Fabrication 

After the completion of both the printing process and the dimensioning of the timber bars in accordance with 3D Rhino model of 
the structure, bars were numbered and connected with the respective nodes. Timber bars were meant to be tightly inserted in 
the respective nodes and fixed using glue (Figure 6), thus the first installation step was to check whether the nodes and bars fitted 
each other or they needed some adjustment. Assembling the nodes required a coordinated action of at least three people, who 
controlled the parts from different directions to join them properly (Figure 7). This process was repeated until each of three parts 
composing the structure was completed. Since the structure needed to be transported in parts, then be assembled in the park, 
and finally be disassembled, the obvious solution was to leave some connecting points unglued. In order to merge these three 
parts, these connecting nodes were drilled and bolts were used to provide stability (Figure 8).   

 

 
Figure 51. The connection method of nodes and wooden bars (1) glueing the bar, (2) inserting bar into the connection box of the node, (3) 

keeping bar and node steady until the glue dry. 
 

 
Figure 52. Supporting structure from different directions during assemble process 
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Figure 53. Two examples of bolted joints and their location in the structure 

Despite the design was inspired by catenary curves, the structural performance of the Gate was not evaluated during the initial 
phases of the computational design process, but only before the fabrication stage. Thus, after completed, the team realised that 
one of the legs of the gridshell structure -a column- was not self-supported. This local instability was compensated by the global 
stability of the structure once completely assembled. However, it led to a lack of control during the assembling stage because the 
inclination angle required the leg to be firmly supported. Therefore, assembling methods of the structure needs to be considered 
during the design process to prevent possible future problems. 

Assembling 

In order to assemble the whole structure, the connection of both columns to the beam had to be executed at the same time. 
Three teams monitored the integrity of the nodes while inserting the wooden battens into the connection boxes during the 
controlled assembling of the separated parts of the urban furniture. This became a critical step because the design of the nodes 
did not consider the fact that, after most of bars and nodes were fixed, there will be almost no tolerance left to insert properly 
the bars in the last free nodes. Inevitably then, a few cracks appeared after fitting bars and nodes, which were repaired with glue. 
Since it was planned as a temporary urban installation, this ‘patch’ solution was enough to avoid further troubles during the time 
the structure will remain exhibited. Its temporary nature also determined that no permanent anchoring system could be used to 
fix the structure to the ground. To keep the structure on place during the exhibition, rows of firebricks were placed next to the 
bottom bars of each column (Figure 9). Some of the bricks were placed over a simple steel L-plate that was fixed to the battens to 
provide moment-resistance and increase stability of the structure. Seventy-eight bricks were enough to serve as temporary 
anchors and they seem to be a reliable solution for structures of similar characteristics. However, anchoring the structure to the 
base is much better and reliable solution to provide stability to the structure. 

 

 
Figure 54. Firebricks were placed at both supports of the structure 

Performance of the PLA Nodes 

Following the lessons learned in previous similar workshops, nodes were designed to be printed with a 20% infill and wall thickness 
equals to 1.6 mm. These values were the resulting trade-off between structural strength and time constraints. At a time-wise 
critical point of the fabrication process, the infill percentage of several nodes was reduced to 10% and the 3D printing of such 
nodes was completed in less time than before. Yet, with the reduction of the filament density, the strength of those nodes was 
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compromised resulting in some nodes cracking completely during the exhibition period. This situation affected the stiffness of 
whole structure, emphasizing the point that either nodes with different percentage of infill should not be used within the same 
structure because of the increase in local stresses. Although the reduction in the filament percentage seems to be the main cause 
of the nodes breaking by overstress produced by flexural bending, the direction of the printed layers in relationship with the 
orientation of the bars played also an important role in the reduced strength of such nodes. For example, in the node displayed 
in Figure 10 the layers created by the deposition of material by the 3D printer ended up placed almost perpendicular to the 
bending deformation of the structure. Such distribution by layers have little resistance to tensile forces, which are produced at 
the bottom of the ‘beam’ part, and hence the node displays cracks between such layers. Thus, the failed nodes were printed again 
with a 20% infill and ensuring that the layers will remain parallel to the bending acting forces.  

As mentioned earlier, nodes located in the connection parts of columns and beam were drilled to allow the insertion of bolts. This 
approach might damage the nodes and affect the overall stability of the system too. Although this was not the case with the Gate, 
the team realized that considering the required holes at the earlier stages of the nodes design, would have prevented jeopardizing 
the integrity of the nodes with late drilling.  

 

 
Figure 55. One of the nodes that presented several cracks due to increased bending stress and orientation of the printed layers. 

 

Urban Encounters 

The freeform gridshell structure remained exhibited in a public space for three days, working as a temporary gate in the middle 
of a secondary circulation path. During this exhibition period, the team recorded the interaction that passers-by had with the 
structure in daylight times. After the Gate was disassembled and transported elsewhere, video footages were analysed to discover 
behavioural patterns or attitudes of regular people who ‘experienced’ the structure. These attitudes can be grouped mainly in 
three types (Figure 11). Whereas most of the people just passed carefree underneath the structure (Table 1), some others stopped 
and tried to examine it by touching different parts. In addition, a small percentage of experiencers asked a team member about 
the aim of placing such structure in there and/or enquired about its safety. Curiously, one person decided to avoid passing 
underneath the gate, by taking instead a path around it.  
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Figure 56. Typical behaviours of passers-by: (a) carefree passing underneath, (b) touching/trying to discover, and (c) questioning. 

 

Table 5. Number of the people who experienced the structure in different ways 

Attitude Passed Underneath Touched and Tried to 
Discover 

Questioned Changed Walking 
Path 

Number 136 16 4 1 

Discussion 

Possibility of Using PLA filament for Structural Purposes 

Although PLA filament is usually used for scaled down models, i.e. without a load-bearing demand, the fabrication of the Gate 
provided an opportunity to explore the potential of this material for structural purposes. This seemed a convenient idea because 
the gridshell was a temporary-lightweight structure, mostly made out of timber, thus the PLA nodes worked well at the beginning 
of the exhibition process. However, given the fact that after some weeks several nodes were broken it can be assumed that PLA 
nodes should not be used for long-term structures.  

Although one might expect that wall thickness and infill density are fundamental parameters for the strength of 3D printed models, 
the most relevant issue turned to be the position in which the nodes are 3D printed. This is because the placement of layers on 
the top of each other’s has a major influence in the configuration of the 3D model (Shkundalova, Rimkus, & Gribniak, 2018). 
Therefore, an early consideration of the alignment of the node in the printer will reduce the chance of experience difficulties 
during the assembling process. Finally, the team did not perceive significant differences between the type of PLA used (2.85 mm 
and 1.75 mm), nor between the filament brands (Ultimaker Tough and Filament Dünyası) and neither between 3D printers. 

Since 3D Printing is a Time Consuming Process, Combined Digital and Analog Fabrication Requires a Meticulous 
Planning 

Even though the structure was not fully 3D printed, the 3D printing process took most of the fabrication time. Although the team 
was able to find ways to speed up the process (e.g. by decreasing infill density and the layer thickness), the 3D printing process 
continued until the last minute, defining the pace of the fabrication process.  As the team experienced it, there is no exact division 
between the phases from design to installation. It is possible, nevertheless, to make adaptations and arrangements through the 
whole process with these integrated phases. This integrated process will allow the initial design to be informed and adapted 
according to fabrication constraints. The key point is to be aware of time management by having a precise outline of what is 
important to complete during the determined project duration. Furthermore, if the designed structure will be divided into sections 
and later installed as a whole, analysing local stability of each part of the freeform structure may be a more appropriate approach 
by taking into account the assembling stage.  

Students experience 

As a group of students, participants were desirous to design a structure that can be built, because during the architecture 
education it is not very common to have an opportunity to realise a design. Thus, this workshop was the first experience to 
construct a design in 1/1 scale for some of students. 

During the workshop, students acquired organization and decision making skills, whereas a co-operative attitude was need 
throughout the phases of construction. In addition, students learnt the importance of time management and being able to catch 
up with the work schedule. By the end of the workshop, it was clear that no prior knowledge about digital fabrication was required 
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to join in, although significant effort and time were spent. To the students’ eyes, the workshop was not only an actual practice 
of building a structure, but also a learning experience about handling management problems. 

Conclusions  

During the fabrication and assembling phases, the team learnt that the design-to-fabrication process is a continuous cycle. It is 
very likely to detect a problem during the fabrication phase and turn back to the design to make some alterations. In this paper, 
examples of design alterations were the scaling down of the nodes to prevent time and material waste, the setting of a maximum 
length equals to 0.70 m for the wooden battens to increase bending resistance, and adding new nodes to the gridshell to increase 
its stability and in-plane strength.  

From the perspective of the teams’ lessons-learned, being open-minded and remain adaptive to new conditions, thinking quickly 
when faced with a trouble and being a problem solver are key factors to realise a design. Time management was another relevant 
issue to complete the structure from design concept to installation phase. Determining the approximate duration of each phase 
and following a timetable until the end of the project become significant to avoid extending the project time span.  
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Abstract  

Parametric design is often used in architecture and barely used in urban design and city planning. This study aims to reframe an 
urban design question (what is the adequate urban street form and sectional geometry to produce ecological urban 
environments) and investigate whether parametric methodologies would propose new answers and methods of design thinking 
in urban design. In particular, the study investigates whether it is possible to use the parametric approach in urban design to 
design more ecological streetscapes. Through this research, the authors are aiming to formulate guidelines for future street 
design and urban block planning to fulfil the goal of ecological cities using the parametric approach. The research project has 
two phases, and the first phase is completed and will be presented in this paper. Two street scapes in Izmir are selected randomly 
(one in traditional area and the other in a contemporary area) and three dimensional computer models are created. In both areas 
the total simulated street length is about 150 meters.   

Parametric evaluation of the selected streets in terms of environmental metrics (radiation, airflow and thermal comfort) is 
proceeded in order to compare the contemporary and traditional area and to discuss the similarities and differences between 
them. This study is a preliminary study, which would pave the way and call more research on the potentials of parametric design 
approaches in urban design.     

Keywords: Parametric design, urban design, ecological street scapes, environmental performance  

  

Introduction  

Nowadays urban design requires comprehensive and vast knowledge in different fields. Despite the various benefits of the 
urbanization; highly densified developments produced new problems related to urban climate, air pollution, ecosystems, energy 
consumption, traffic and health (Ruihan, 2016).   

The local climate of an urban area can be affected by several features such as: the urban thermo-physical and geometrical 
characteristics, anthropogenic activities and heat sources in the area. Given that, there is a strong relation between the urban 
morphology and the environmental performance in general and the urban microclimate in particular (Yuan, 2010). In other 
words; the morphological characteristics (form and geometry) directly influences urban climate and indirectly influences 
livability of residents (Sakar , 2019; Amirtham, 2015).   

New studies within the field of urban design have emerged to investigate the correlation between urban form and environmental 
performance and they use various analytical measures (Natanian, 2019, Shafaghat, 2016). However, few studies have focused 
on the correlation between urban street design characteristics and environmental performance. Nowadays, the environmental 
quality of urban streets become a major challenge for both designers and climatologists, where many parameters like geometry, 
vegetation, patterns, surface properties have a great impact on the microclimate by affecting the urban environment in terms 
of passive solar receiving, penetrability to wind flow, reflection of radiation versus urban absorption, and potential for urban 
system`s cooling. The inadequate function of these parameters might increase the environment’s harshness as well as urban 
environment temperature, the Urban Heat Island (UHI) phenomenon (Oke, 1992; Maragogiannis, 2011)  resulting in 
uncomfortable urban areas.   
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In Turkey, planning regulations are general, vague, and imprecise in terms of explanations related to the influence of street 
geometry on environmental performance in general and urban microclimate in particular). In other words, there is no clear 
information about how environmental performance can be improved via measurable street design aspects like space between 
buildings, building heights, H/W ratios, sky view factor. In this regard, this study aims to develop a conceptual framework of 
street design effects on urban microclimate. First the quantitative urban design parameters that relates urban micro climate 
should be defined in order to discuss the most optimal solution for their arrangement and configuration, different views and 
concerns. Once these parameters are clearly set, parametric design would allow one to assign different values and generate 
different configurations. Given that this study has two phases; (1) developing the physical measures of urban microclimate, (2) 
finding the optimal solution for a street scape. The first phase is completed and will be presented in this paper. The second phase 
is an un going procedure.    

Parametric Design:   

Several definitions of the parametric design are found in literature, from scholars and practicing architects. Parametric systems 
are principally based on algorithmic principles and refers to a design process that establishes rules or parameters to define the 
form or a particular function (Steino, 2018). The parameters of a particular form or function; as well as the relation between 
those parameters, should be clearly defined. With parametric architecture the models can be modified and visualized 
interactively in three dimensional models (3D). In other words, parametric design allows various scenarios to be easily tested 
and modified. Given that, parametric design seems important in all scales of design. Yet it is often used in architecture and barely 
used in urban design and city planning.  It has started to be used in urban design in the last decades (Gürsel dino, 2012).   

Parametric design is an innovative approach to generate and control complex and evolving forms but requires at the same time 
a significant mastery of the artistic and technical challenges linked to the design of these forms. It can be used to solve both the 
well-defined problems and the complex ill-defined problems. Usually the design problems offer no single best solution, but a 
class of satisfactory solutions (Simon, 1969; Gürsel dino, 2012). Therefore, the designer needs to be able to define and redefine 
and the design problem and generate as much alternative solutions as possible (Gürsel dino, 2012). Parametric design allows 
automatic generation of a class of alternative design solutions (Ruihan, 2016). A change in an input parameter generates a 
simultaneous change in the form and produce alternative forms while maintaining the underlying schema coherence (Rajaa, 
2020).  

Parametric urban design question the new roles of urban planners and designers who are no longer simple creators of forms 
and spaces, but rather coordinators of an organic and complex relations of parameters that lead optimal design solutions at an 
earlier stage of the design process.  

This study aims to pave the way to discuss the potentials of parametric design approach to develop guidelines to design better 
street scapes and urban blocks to fulfil the goal of ecological cities. Two street segments will be evaluated via environmental 
metrics such as radiation, airflow and thermal comfort.  

  

Methods and materials  

  In this section, we present the experimentation protocol to evaluate the impact of the street geometry on the environmental 
performance. As mentioned earlier, this paper aims to discuss the first part of an ongoing research, which has two phases:   

- The first phase concerns the parametric evaluation of the selected streets in the newly developed area and in the traditional 
area. The street segments are compared in terms of environmental metrics (solar radiation, temperature and sky view factor) 
to discuss the similarities and differences between them (this phase is completed and will be discussed in this paper).   

- The second phase concerns development of various hypothetical street segment designs inspired from the case study areas 
in the former part. The alternative designs will be produced via parametric design. After evaluating these alternative 
scenarios with the environmental metrics used in the first part, how streets should be designed in ecological cities  could be 
discussed. (this phase has not been completed yet it would be discussed in the conclusion part of this paper).  

 Two street segments were selected randomly in Izmir, Turkey, (38.41°N 27.14°E) as the study site (its climate is Mediterranean, 
with relatively mild winters and hot, sunny summers). One street scape represents traditional area (Figure 1) and the other 
represents a contemporary development area (Figure 2). In both areas, the total street segment length is about 150 meters, 
which is long enough to avoid wind turbulence and the unevenly distributed solar radiation gain near the street corner. The 
streets geometries have been generated in Rhinoceros, and parametrically controlled by means of Grasshopper. Honeybee, a 
Grasshopper plug-in, has been used as the interface with specialized simulation software.    
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Figure 1. the selected street in the traditional area (Tepekule) (Authors)  

  
Figure 2. the selected street in the newly built area (Karşıyaka) (Authors)  

  

Quantitative and comparative analysis are used in this study using the parametric tools as Grasshopper for Rhino, Ladybug plugin, 
Honeybee plugin, Ecotect. Due to the complexity of the geometric variables, they have been modelled in a parametric 
environment. Data manipulation, integration with different tools, and simulation capabilities are some of the interesting features 
of parametric tools. For this purpose, the streets geometries have been generated in Rhinoceros, and parametrically controlled 
by means of Grasshopper. Honeybee, a Grasshopper plug-in, has been used as the interface with specialized simulation software.    

Using “Meteonorm 7” software, we extracted a typical year data representing a decade (2009-2019), where the year 2015 
presents the typical year for the city of Izmir and it is materialised with a specific format TMY3 weather file. The design day is 
selected from the 365 days in 2015. The selected design day weather file consists of detailed data of 24 hourly values of climatic 
criteria parameters: temperature, solar radiation, wind speed, humidity. These weather parameters have an influence on the 
ecological and environmental effect of the different designs. Besides acting as control criteria in the selection of a design day, 
these criteria offer clues for interventions to reduce discomfort in occupied zones.  

The selected design day in this study, is 28th July. The hourly temperature value, the relative humidity, wind speed and solar 
radiation values on that date are afterwards directly used for meteorological initial input for the parametric simulation to obtain 
microclimate conditions of the given street canyons scenarios. The data file is easily generated in Grasshopper by the dedicated 
Ladybug EPW input component.  
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To parametrically evaluate the environmental quality of the different streets, four environmental metrics were selected as 
performance indicators: Radiation, Airflow, Sky view factor, temperature. Figures 3, 4, 5 present the algorithmic setting 
(parametric definition) for the analysis.  

The environmental sun radiation analysis is generated using Grasshopper and Ladybug in conjunction with a custom Java (Figure 
3). The sun radiation analysis (which was performed on the selected design day 28th July) informs us the trajectory of the sun 
and radiation values.  

  
Figure 3. Parametric algorithm to analyze solar radiation and exposure (Authors)  

 

The parametric definition presented in Figure 4, presents the proposed algorithm to analyze the airflow in the two streets based 
on the wind profile and speed. The analysis was performed on the 28th July. The calculation is done on Ecotect program.  

  
Figure 4. Parametric algorithm to analyze the airflow (Authors)  

  

The calculation of the sky view factor is done automatically on the graphical interface of the Rhino model using Ladybug for 
Grasshopper; Figure 6 presents the proposed parametric definition to calculate SVF. The calculation takes into account the 
spatial characteristics of the streets and their immediate environment. This descriptor is evaluated from the weighted average 
values (weighted average value = sum of the (value x surface) of the contours / the total surface of the contours) which represent 
the average factor of view of the sky for each street.  
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Figure 5. Parametric algorithm to analyze the Sky View factor (Authors)  

  

Results and Discussion  

The two street segments are evaluated via the parametric evaluations of environmental quality on four aspects: “Solar 
Radiation”,  
“Temperature”, “Sky View Factor” and “wind speed”. Figures 6, 7 present the parametric evaluation of the “solar radiation” and 
“solar exposure” of the two street segments. For the Teppekule street, the maximum solar exposure is 500W/m² higher than 
Karsiyaka street which presents 492W/m² where the higher amounts are registered from 9h to 16h, however the higher solar 
exposure amounts for Teppekule street are recorded from 11h to 14h. The simulation results show that Karsiyaka street is 
exposed to solar radiation more than Teppekule street.   

  

  
Figure 6. Hourly solar exposure and shading amounts of Teppekule street (Authors)  
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Figure 7. Hourly solar exposure and shading amounts of Karsiyaka street (Authors)  

  

Figures 8, 9 show the results of the parametric air temperature evaluation of the two streets. The greatest difference between 
maximum and minimum temperatures are observed in Karsiyaka street indicating a low wind speed, thereby reducing the 
renewal of air and the cooling of spaces. The maximum temperature at Tepekule street segment on the design day is 41°, which 
is lower than the highest temperature registered in Karsiyaka street ( 45°). Given that the wind speed in Tepekule street is higher 
than the wind speed registred in Karsiyaka street.  

  
Figure 8. Hourly temperatures and wind speed of Teppekule street (Authors)  

  



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-38.08.2020, Yaşar University – Izmir - Turkey  
  

 106 

 

  
Figure 9. Hourly temperatures and wind speed of Karsiyaka street (Authors)  

  

The mean sky view factor (SVF) is relatively different between the two street configurations. Teppekule Street has the smallest 
opening with an average of 30.5% of SVF. Indeed, the dense and compact layout reduces its opening to the sky as can be seen 
in Figure 1. On the other hand, the Karsiyaka street benefits from a large opening with 41.5% of SVF. The absence of an adjacent 
building and the distance between the buildings make the geometry more open to the sky.  

The sky view factor is also an indicator of the air temperature and the amount of incident solar energy. Given SVF values, Karsyaka 
street can probably see more of the sun than Teppekule street. Karsyaka Street has the highest porosity value, which necessarily 
affects the wind speed inside its buildings. The lowest porosity of Teppekule Street due to the density of its buildings and the 
small size of its openings prove the high density of its masks and disturb the circulation of air inside by decreasing it, thus affecting 
the values of comfort.   

In brief, the results showed that the confined street configuration is favorable to radiative trapping, generating a lower air 
temperature than these of open street form. Within the dense street, the rise in temperature is often compensated by the cool 
effects provided by the spread of shaded areas.  

  

Conclusion   

This study aims to investigate the relationship between street form and configuration on the environmental performance 
(outdoor temprature comfort). Two street scapes in Izmir were selected randomly (one in traditional area with a compact form 
and the second in a contemporary area with an open form). Parametric algorithmic definitions were developed to analyze 
environmental metrics (Solar Radiation, Temperature and Sky View Factor) in order to compare the open and compact street’s 
configurations, to discuss the similarities and differences between them and to find which configuration is more adequate 
considering ecological comfort. Simulation results show that the compact and dense street configuration is better, as it has the 
smallest sky view factor, which affects the air temperature as well as the amounts of solar radiation. It generates lower air 
temperature values. This configuration is less exposed to solar radiation and it decreases the air flow inside it. Yet the results 
gained from two example street segments can not be generalized.   

Next inspired from these evaluations for these two street segments, various street scapes will be designed via parametric design 
and will be evaluated on the same environmental metrics in order to investigate the extent to which the findings of this study 
can be generalized. In order to define the street typologies in hypothetical alternative designs the following parameters will be 
used:   

- Street height-to-width ratio (H/W): It is the ratio of the total roadside building height divided by its street width, and 
characterizes the sectional proportion of the street canyon. A larger H/W value denotes a deeper street canyon, which will 
affect the distribution and the amount of reflectance of radiation in the canyon. Moreover, it affects the wind distribution 
behavior in the canyon. As discussed in (Kahraman & Cubukcu, 2017) four iterations (1, 1 / 1, 2/ 1, 6 / 3, 2) will be used.  
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- Street width: It is the total width of the street, including the width of two sides of pedestrian sidewalk width, and the total 
vehicle lane width. This factor, along with the H/W factor, characterizes the sectional geometry of a street canyon. Based on 
planning regulations in Turkey three iterations (7, 10, and 15) will be used.  

- Building planting distance:  It is the distance of the interval between buildings. Based on planning regulations in Turkey three 
iterations (H/2, H, and 2H) will be used.   

- Floor area ratio: It is the number of floors in a building. Considering the regular street scape in Turkish cities four iterations 
(2, 4, 8) will be used.    

In brief considering all these alternatives 4X3X3X3 a set of 108 alternative design scenarios will be produced via Grasshoper. 
Each alternative scenario will be evaluated based on the environmental metrics (Solar Radiation, Temperature and Sky View 
Factor) that are discussed earlier.   

In addition to these dynamic urban parameters information parameters related to climate should be controlled. For the 
alternative street segments a fixed climatic data (temperature, solar radiation, wind speed, humidity) will be gained via 
“Meteonorm 7” software. 28th July 2015 data is selected as a typical year data. The hourly temperature value, the relative 
humidity, wind speed and solar radiation values on that date would be used for meteorological initial input for the parametric 
simulation to obtain microclimate conditions of various street canyons scenarios. The data file is easily generated in Grasshopper 
by the dedicated Ladybug EPW input component. A flexible workflow is proposed to complete the second part of the study 
(Figure 10).  

  

  
Figure 10: The proposed parametric workflow (Authors)  
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Abstract  

This article reports results of a study on reducing commute times in Istanbul, Turkey with special reference to university students. 
In order to reduce commute times in cities with high population density, this study proposes a mutual home exchange model for 
university students. The proposed model searches for suitable matches that can reduce commute times for residents in the case 
that they want to exchange their houses. University students are chosen in this study, because they are a subset of tenants and an 
ideal group for home exchange matching study rather than families with children, since university students may have fewer 
preferences while choosing a home location. A new matching algorithm has been designed in the context of this study. Agentbased 
approach has been preferred to define and solve home exchange problem and each home location is considered as an agent. 
Furthermore, two main one-sided matching algorithms, which are Irving’s Stable Roommate matching algorithm and Gale’s Top 
Trading Cycles matching algorithm, have been implemented for the home exchange problem. The proposed algorithm and two 
matching algorithms have been applied on a virtual data. The results of home exchange matching algorithms are presented. The 
proposed model significantly reduces commute times and the proposed algorithm performs slightly better compared to Irving’s 
stable roommate matching algorithm on home exchange matching problem. The proposed home exchange model has proved more 
than 50% improvement among matching agents and more than 25% improvement in whole system.  

Keywords: Distance Matrix API, matching algorithm, home exchange, smart cities, game theory  

  

Introduction  

People spend a considerable amount of their time commuting to and from work or school. So the question is “What if we exchange 
our homes?” Can we reduce commute times in big cities? In order to contribute to reducing commute times in cities, this study 
proposes a mutual home exchange model for tenants. The proposed model searches for matches that can reduce commute times 
for both sides in the case that tenants exchange their homes. University students are chosen in this study, because university 
students are a subset of tenants and an ideal group for home exchange matching study rather than families since there may be 
less custom preferences for them to choose a location to rent a flat or a house.  

In recent years, due to the increasing traffic congestion, there has been a growing amount of studies focusing on urban mobility 
patterns (Sun and Axhausen 2016), mobility decisions within couples (Picard et al. 2018), traffic congestion (Song et al. 2019; 
Acemoglu et al. 2018), activity and travel behavior (Miller 2019; Hickman and Banister 2017; Feng and Timmermans 2016; Arentze 
and Timmermans 2004), quality of life and its relation to sustainable transportation (Steg and Gifford 2005). Recent advances in 
the field of technology have led to the emergence of studies on developing smart mobility systems and the impact of these systems 
on travel behavior: Environmental impacts of car-sharing systems (Nijland and van Meerkerk 2017), shared mobility systems such 
as ride-sharing (Mak et al. 2018; Willing et al. 2017; Furuhata et al. 2013) and bike-sharing (Fishman et al. 2014; Schuijbroek et al. 
2017). To the best of our knowledge, no extensive study or any agent-based analysis has been performed to develop a home 
exchange model in order to improve the quality of life of individuals and optimize the matching decisions of households. Moreover, 
several studies showed that long commute times have negative impacts on daily life and any dis-benefits of commuting will 
potentially affect a large proportion of the population. It is found that longer commute times are associated with negative impacts 
on the sub-domains of subjective well-being, which are lower job and leisure time satisfaction. Longer commute times are 
associated with increased strain and lower mental health as well (Clark et al. 2019). Longer commute times introduce greater 
stress into daily life and commuting to work may be a stressful experience (Koslowsky et al. 1995). There are several studies 
showed that there is a negative relationship between commute time and life satisfaction (Olsson et al. 2013; Choi et al. 2013; Nie 
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and Sousa-Poza 2018). A number of studies have found there is an association between longer commute times and reduced 
satisfaction with leisure time (Clark et al. 2019; Dickerson et al. 2014; Stutzer and Frey 2008; Lorenz 2018). It was also analyzed 
how people rated their mood during various daily activities and commuting received the minimum scores on positive affect 
(Kahneman et al. 2004). Some studies have examined the relationship between longer commute times and reduced happiness 
(Olsson et al. 2013; Choi et al. 2013; Nie and Sousa-Poza 2018) In this study, it is aimed at reducing commuting times; hence short 
commute times may contribute job and leisure time satisfaction as well as reducing traffic congestion in large populated cities.  

Statistics, used in this study, about the average commute times for Istanbul city is provided by MoovIt, which is a mobile application 
and a web service that provides travelers with public transit data, including the best route for their journey. Users also can 
participate in MoovIt Community and contribute with sending active reports about their travel experience, such as bus congestion 
levels, cleanliness, and more to help others have a better travel experience. By combining information from public transit 
operators and authorities with live information from the user community, MoovIt generates data and analytics in commute times, 
waiting times, trip distance, number of transfers and walking distance for more than 2600 cities from 85 different countries. 
MoovIt analyzes usage data and travel patterns and compiles the MoovIt Public Transit Index with statistics about the average 
commute times for different cities across the world. According to the Istanbul City Public Transit Index Report released by MoovIt, 
the daily average amount of time that people spend commuting roundtrip with public transit on a weekday is 91 minutes and 30 
percent of them spend more than 2 hours in commuting with public transit every day. People usually wait 19 minutes at a station 
or a stop in Istanbul on a weekday and 36 percent of them wait for over 20 minutes (URL-1).  

This study proposes home exchange model for university students to reduce their commute times. In accordance with this 
purpose, a problem specific matching algorithm has been designed and also, two main one-sided matching algorithms have been 
implemented for home exchange problem and the algorithms have been applied on a virtual data. The results of home exchange 
matching algorithm are presented.  

The rest of the paper is organized as follows. First, in the following section, the methods used in this study are explained. The 
authors describe the model parameters of the system and formulate the home exchange problem. Results in Section 3 evaluate 
the investigated algorithms. Finally, the last section discusses our main findings and draws conclusion.  

Methods  

In this section, the authors describe a matching algorithm for home exchange problem and explain four steps, which are creating 
home and college databases, constructing a commute time distance matrix, initial state distribution and home exchange matching 
steps, respectively.  

 Creating Home and University Databases  

In the first step of the study, home and university location databases have been created. 25 university campus locations, which 
are located in European side of Istanbul, have been chosen for university database. Latitude and longitude GPS coordinates can 
be acquired from Google Maps service. To find the coordinate values, user needs to right-click the place or area on the map and 
select “What’s here?” option then a card with the coordinates can be seen at the bottom of the screen. The list of universities and 
GPS coordinates used in this study is presented in Tab. 1.  
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Table 1: List of universities and GPS coordinates used in the study  
41.057462, 28.820425  Altınbaş University  41.105567, 29.023021  ITU Ayazağa Campus   

41.042474, 29.009247  Bahçeşehir University   41.041266, 28.989501  ITU Taşkışla Campus  

41.117575, 29.003741  Beykent University   41.015658, 28.932926  Istanbul University Medical School   

41.085028, 29.050936  Boğaziçi University  41.005466, 28.940293  Cerrahpaşa Medical School  

41.046197, 29.019900  Galatasaray University  41.016437, 28.906749  Istanbul Yeni Yüzyıl University   

41.056287, 28.950828  Haliç University   41.014710, 28.905237  İstinye University   

41.055397, 28.500257  Istanbul Arel University  41.024739, 28.959062  Kadir Has University   

40.992238, 28.797837  Istanbul Aydın University  41.212741, 29.087227  Koç University  

41.067305, 28.945449  Istanbul Bilgi University  41.108889, 29.008604  MEF University   

41.069329, 29.012314  Istanbul Bilim University  41.029705, 28.988940  Mimar Sinan Fine Arts University  

40.998341, 28.698959  Istanbul Gelişim University  41.070346, 28.961813  Nişantaşı University   

40.995333, 28.867355  Istanbul Kültür University  41.052082, 29.010615  Yıldız Teknik University  

41.079226, 28.270118  Istanbul Rumeli University      

  
  

For home database, rental house search sites have been browsed. The search filtered by number of rooms (2+1 and 3+1), rental 
price (between 1500 TL and 2500 TL) and location (Istanbul-European side) then 180 home locations have been chosen among 
search results. In Tab. 2, home databases of GPS coordinates can be seen.  
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Table 2: GPS coordinates of home locations  
41.017275,28.621058  40.97196,28.795638  40.998398,28.893576  41.01106,28.951022  41.09396,28.99949  41.12334,29.040535  

41.015626,28.641038  41.101263,28.803642  40.991612,28.894234  41.00531,28.951189  41.081678,28.99965  41.130185,29.041629  

41.002118,28.64206  41.113937,28.804636  40.982777,28.895229  41.058282,28.951629  41.070293,29.000516  41.086549,29.041779  

41.01041,28.658824  41.10262,28.80998  41.094311,28.898131  41.072382,28.952554  41.086038,29.001623  41.12928,29.042487  

41.013632,28.659682  41.040012,28.810562  40.991075,28.902047  41.058497,28.955201  41.087341,29.001991  41.078823,29.044322  

41.104785,28.669164  41.039822,28.810858  41.049628,28.902819  41.004951,28.955865  41.083282,29.003214  41.097243,29.045267  

40.976901,28.674569  41.045531,28.814901  40.987544,28.90651  41.085413,28.971527  41.120463,29.003964  41.141746,29.047233  

41.015713,28.682207  41.04735,28.81686  41.007699,28.907034  41.026723,28.971749  41.057338,29.004458  41.09631,29.047835  

41.012953,28.68434  40.958875,28.820194  41.08676,28.911223  41.067898,28.972728  41.071194,29.004627  41.135179,29.048764  

41.001278,28.7044  40.956567,28.821387  40.999174,28.9123  41.058914,28.97408  41.11748,29.00468  41.138912,29.049869  

40.997326,28.706803  41.045503,28.828554  41.001731,28.912443  41.043984,28.979586  41.048399,29.007266  41.129118,29.050416  

40.978818,28.715384  41.039096,28.833457  41.01404,28.915015  41.092903,28.9798  41.059291,29.008257  41.114765,29.050813  

40.98939,28.717436  41.003834,28.851396  40.999075,28.924813  41.046367,28.980021  41.045569,29.010027  41.136908,29.051253  

40.982883,28.718141  41.003726,28.85193  41.011258,28.92979  41.033722,28.980947  41.050177,29.021217  41.13842,29.051835  

40.974487,28.72847  41.001787,28.851941  41.015626,28.929893  41.047918,28.982896  41.053984,29.021716  41.138266,29.051843  

41.036703,28.76596  41.026982,28.853142  41.012405,28.930338  41.045396,28.984352  41.053725,29.023175  41.173318,29.052117  

41.111333,28.768331  40.995415,28.853298  41.042181,28.932005  41.070272,28.985976  41.052682,29.026303  41.137975,29.052122  

41.03424,28.77197  41.0221,28.854594  40.999901,28.933128  41.033634,28.986418  41.063831,29.026995  41.09119,29.052186  

41.117742,28.772708  41.009821,28.855734  41.013489,28.933436  41.069821,28.987617  41.064307,29.027799  41.172492,29.052202  

41.054337,28.773355  41.044208,28.857756  41.078778,28.934111  41.096365,28.989615  41.131613,29.028815  41.111305,29.052787  

40.989602,28.777756  40.998764,28.858048  41.024895,28.934155  41.051589,28.990307  41.073463,29.029076  41.100957,29.053495  

41.04739,28.77837  40.98118,28.859325  41.016,28.938452  41.061103,28.992362  41.140528,29.03002  41.093325,29.05416  

40.979266,28.779856  41.001896,28.860284  41.070601,28.939036  41.05621,28.993224  41.074568,29.032985  41.114797,29.055533  

41.065337,28.780409  41.000388,28.860448  41.061315,28.942272  41.052398,28.994476  41.089411,29.033073  41.116374,29.055941  

40.990265,28.78094  41.097797,28.86519  41.023257,28.943288  41.062,28.995216  41.083244,29.033422  41.10584,29.056885  

40.993374,28.782763  40.996246,28.872065  41.018083,28.943878  41.048054,28.997218  41.158081,29.034453  41.125142,29.057593  

41.044663,28.783879  41.055539,28.872317  41.06819,28.947709  41.090992,28.997373  41.180179,29.034785  41.12253,29.060805  

41.043424,28.79051  41.002597,28.873406  41.01524,28.948254  41.044097,28.998145  41.087871,29.036127  41.117355,29.061858  

41.020506,28.791522  41.040409,28.881815  41.006035,28.948498  41.090774,28.998609  41.074586,29.037992  41.118474,29.064994  

40.986957,28.793063  41.18518,28.884063  41.002758,28.949616  41.081005,28.998612  41.078267,29.038265  41.121521,29.070382  
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Constructing Commute Time Distance Matrix  

In the second step, public transport commute times from homes to college campuses have been acquired from Distance Matrix 
API service. The Distance Matrix API is a service that provides travel distance and time for a matrix of origins and destinations.  

The API returns information based on the recommended route between start and end points, as calculated by the Google Maps 
API, and consists of rows containing duration and distance values for each pair (URL-2). A Distance Matrix API service sample 
request and sample response in XML format can be seen in Tab. 3.  

  

Table 3: Distance Matrix API service sample XML response  

Request  maps.googleapis.com/maps/api/distancematrix/xml?origins=41.105567,29.023021&destinations=41.041266,28.989501 
&key=YOUR_API_KEY  

Response  

  
<DistanceMatrixResponse>  

<status>OK</status> <origin_address>  
Teknik Üniversitesi, Ayazağa Yerleşkesi, Merkezi Derslik Binası, İstanbul, Türkiye 

</origin_address>  
<destination_address>  

Harbiye Mh., Taşkışla Cd. No:2, 34367 Şişli/İstanbul, Türkiye 
</destination_address>  
<row>  

<element>  
<status>OK</status>  
<duration>  

<value>1349</value>  
<text>22 dakika</text>  

</duration>  
<distance>  

<value>11877</value>  
<text>11,9 km</text>  

</distance>  
</element>  

</row>  
</DistanceMatrixResponse>  
  

  

Distance Matrix API can be accessed through an HTTP interface, with requests constructed as a URL string, using origins, 
destinations and other parameters, along with an API key. A Distance Matrix API request takes the following form:  

https://maps.googleapis.com/maps/api/distancematrix/outputFormat?parameters  
Origins, destinations and API key parameters are required while others are optional. Since public transit duration values are needed 
in this study, mode parameter must be set to transit. As is standard in URLs, all parameters are separated using the ampersand 
(&) character. Available parameters and values are presented in Tab. 4.   

 

 

 

 

 

 

 

 

 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-38.08.2020, Yaşar University – Izmir - Turkey  
  

 114 

 

 

Table 4: Distance Matrix API parameters and values   

PARAMETER  VALUES  

outputFormat  json | xml  

origins  [latitude/longitude coordinates] | [address]  

destionations  [latitude/longitude coordinates] | [address]  

key  [YOUR_API_KEY]  

mode  driving | walking | bicycling | transit  

transit_mode  bus | subway | train | tram | rail  

transit_routing_preferences  less_walking | fewer_transfer  

traffic_model  best_guess | pessimistic | optimistic  

departure_time  UTC time  

arrival_time  UTC time  

language  en | tr | …  

region avoid    
tolls | highways | ferries | indoor  

units  metric | imperial  
  

  
  

Distance Matrix database can be seen in Fig. 1. On the first line there are two numbers, which are GPS coordinates of the first 
home location. On the second line there are twenty five integers. First integer is the duration value to commute from this home 
location to the first university location. Second integer is the duration value to commute to the second university location, so on, 
so forth.  

  

  
Figure 1. Distance Matrix database  
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Initial State Distribution  

In the third step, the initial state distribution has been created in order to simulate real life situation. In order to make real and 
virtual data closer, it is also tried to make the gap between average commuting times of virtual data and average commuting times 
in real life closer. According to Istanbul city public transit index report released by MoovIt public transport application, the daily 
average amount of time that people spend commuting roundtrip with public transit on a weekday is 91 minutes. Therefore, it is 
tried that average commuting time in initial state distribution be as close as possible to this value.  

Tournament selection method has been preferred to create initial state distribution. Tournament selection is a method of selecting 
an individual from a population of individuals in a population-based search algorithm. In this method, tournament size (k) numbers 
of individuals are chosen from the population at random then the best among them is selected. Selection pressure can be 
controlled by the parameter of tournament size. In this study, tournament size parameter is assigned 4. For a university campus 
location, 4 home locations are chosen randomly from home database and the closest among them is selected and paired. This 
iteration is repeated until each university is paired with 6 homes. Finally, 150 of 180 homes in home database are selected for 
initial state distribution. At the end, average one-way commuting time of initial state distribution is calculated as 44 minutes. In 
Fig. 2, tournament selection code written in C# programming language can be seen.  

  

  
Figure 2. Tournament selection C# code screenshot  

  

Home Exchange Matching  

In 1962, David Gale and Lloyd Shapley published one of the most influential papers in game theory starting the literature in 
matching theory. This study introduced the two-sided matching model and a suitable solution concept called stability and deferred 
acceptance algorithm (Sönmez and Ünver 2011). In a matching problem, stability can be defined as no individual in a matched pair 
prefers an individual from another pair over their current partner. In the stable marriage problem, if there is a man and a woman 
who would prefer to be matched with each other more than their current matches, this match is defined as unstable match.  

In a matching model, if there are two sides, such as firms and workers, students and schools, or men and women that need to be 
matched with each other, then this matching model is defined as two-sided matching model. While, if all matching agents are in 
the same set, then this matching model is defined as one-sided matching model. Stable marriage problem and the college 
admission problem fall into two-sided matching category whereas stable roommates problem (Irving 1985) and the housing 
market problem fall into one-sided matching category. One-sided and two-sided matching models are illustrated in Fig. 3.  
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Figure 3. One-sided and two-sided matching  

  

Two-sided matching algorithms, such as Gale-Shapley’s stable marriage algorithm, cannot be used to solve home exchange 
problem because home exchange matching problem is a one-sided matching problem.  

  
Three main house allocation and exchange models, which are house allocation (HA), housing market (HM) and house allocation 
with existing tenants, fall into one-sided matching algorithm category.   

House allocation problem was introduced by Hylland and Zeckhauser (1979). In this problem, there is a group of agents and houses 
and each agent is allocated a house by a central planner using their preference over the houses. Initially, no agent owns a house 
since all houses are social endowments. Abdulkadiroğlu and Sönmez (1998) showed that serial dictatorship mechanism can be 
implemented to find any pareto-optimal matching of house allocation problem. Serial dictatorship mechanism (SD) is a priority 
mechanism defined through a priority orderings of agents.  

In housing market problem, agents own a house and a housing market is an exchange market where agents have the option to 
trade their house in order to get a better one. Agents have preferences over all houses including their own. Agents are allowed to 
exchange the houses in an exchange economy; monetary transfers are not available (Shapley and Scarf 1974). The only difference 
between this problem and the house allocation problem is that now each agent initially owns a house. Similar to home exchange 
problem, housing market problem is an exchange matching problem. Gale’s the top trading cycles algorithm (TTC) is used to find 
core cycles and core cycles may consist of more than two sides to solve housing market problem.  The core is pareto-efficient and 
individually rational (Roth and Postlewaite 1977) and the core mechanism is strategy-proof (Roth 1982). Ma (1994) showed that 
the core mechanism is the only mechanism that is individually rational, pareto-efficient, and strategyproof for a housing market.  

Thirdly, house allocation with existing tenants is a mixed model that combines house allocation (HA) and housing market (HM), in 
which a subset of agents initially owns a house (Abdülkadiroğlu and Sönmez 1999). Some of the agents are existing tenants 
occupying a house while some of the agents are newcomers. Each agent has strict preferences over houses. There are both 
occupied and vacant houses. Existing tenants are allowed to keep their current houses and apply for other houses. Abdulkadiroğlu 
and Sönmez propose a mechanism called “You request my house – I get your turn” (YRMH-IGYT) mechanism that has the features 
of both the core in housing markets and serial dictatorships in house allocation problem. This model can be implemented for our 
study in the case that home exchange problem is extended with empty rental houses beside already occupied ones.  

In this study, two main one-sided matching algorithms have been implemented and then a problem specific matching algorithm 
has been designed to solve home exchange problem and these three algorithms have been applied on a virtual data:  

1. Irving’s algorithm (stable roommates problem) (Irving 1985)  
2. Gale’s the top trading cycles algorithm (TTC) (housing market problem) (Shapley and Scarf 1974)  
3. Preference-rank algorithm (proposed algorithm)  
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Stable Roommates Algorithm (Irving’s Algorithm)  
Irving’s Algorithm is used to compute the stable matching for one-sided matching problems such as the stable roommates problem 
(Irving 1985). Stable roommate problem is the problem of finding a stable matching for an even-sized set. The general idea behind 
the algorithm is to pair up in even number of elements according to their preference lists in the same set. However, originally 
proposed version of the algorithm cannot be used to solve home-exchange matching problem. Because in stable roommates 
problem, all agents are matched while in home exchange matching problem, only the agents are matched such that a match 
reduces commute times. In home exchange problem not all agents need to be matched therefore stable roommates algorithm 
has been implemented to solve home exchange matching problem.  

Stable roommates algorithm can be broken into three steps. The first step involves making proposals to other candidates. The first 
candidate will make a proposal to its current most preferred choice. The candidate being asked will hold the proposal as long as 
they do not receive a better offer in which case the candidate reject the pending proposal. Those who got rejected keep proposing 
until accepted. The algorithm continues this process until all candidates are holding a proposal or one person has rejected by 
everyone. In this phase, if someone gets rejected by everyone else then no stable matching exists in the whole system. At this 
point, the algorithm is implemented in this study such that this agent must be removed from the match pool and a stable matching 
can be found among matching agents instead of whole system.  

The second step involves reducing the sets of preference list in the table from previous step. The idea is that as every person holds 
a unique proposal anyone still in their list to they prefer less than a current proposed partner can be removed. Everyone rejects 
candidates which are less desirable than their current accepted one. It has to be done symmetrically.  

If there is more than one preference per agent, algorithm moves to third step. This step involves for preference lists of size greater 
than one and then looking for preference cycles. If preference cycles exist, algorithm will make reductions. To find a cycle, two 
arrays p and q are defined. Defining a couple of rows these arrays are used to spot repetitions that indicate cycles. This step begins 
by choosing the first candidate more than one person on its preference list an assigning it as p0. Next, q0 is defined as the second 
member of p0’s preference list. To find pi+1, algorithm finds the last member of qi’s preference list. This process is repeated with 
p1 following the same rules as p0 followed and q1 same as q0. When at some point the value of p is repeated, a preference cycle is 
complete. To eliminate the cycle, qi rejects pi+1 symmetrically. This process is repeated until only one element is left in each 
preference list. And therefore the algorithm is complete. There may be multiple cycles that algorithm need to eliminate to reach 
this point. If after removing cycles, any preference list becomes empty, these agents must be removed from match pool. In Fig. 4 
stable roommate pseudocode can be seen.  
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Figure 4. Stable roommate algorithm pseudocode  
  

  

Gale’s Top Trading Cycles (TTC)  
Gale’s the top trading cycle algorithm is an algorithm for the indivisible goods trading such as housing market problem. Gale’s the 
top trading cycle algorithm searches for core cycles in each iteration. A core cycle can consist of more than two sides. For example 
if agent A prefers agent B in the first place, agent B prefers agent C in the first place and agent C prefers agent A in the first place, 
then those three agents construct a core cycle (Shapley and Scarf 1974). Top trading cycles algorithm is not preferred to solve 
home exchange problem, since cycle matching is not a practical solution for home exchange. Instead a mutual exchange 
mechanism is needed. Top Trading Cycles (TTC) algorithm pseudocode can be seen in Fig. 5.  
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Figure 5. Top Trading Cycles (TTC) algorithm pseudocode  

  

Preference-rank Matching Algorithm  
In the final step, a problem-specific home exchange matching algorithm has been designed and applied on initial state distribution. 
Agent-based approach has been preferred to define and solve home exchange problem and each home location is considered as 
an agent. Each agent has a preference list of other agents for home exchange and preference list is sorted by commute times 
ascending order. There is also a threshold level to take an agent in preference list, which is assigned 10 minutes in this study. 
Therefore, a match reduces commute times at least 10 minutes for both agents.  

In home exchange matching algorithm, the PREFERENCE_RANK value must be found for each agent. This value is simply the answer 
of “What is my index number in the preference list of the first agent in my preference list?” question. In Fig. 6, PREFERENCE_RANK 
value calculation can be seen.  

  
Figure 6. PREFERENCE_RANK value for a4  

  

  
The agent with the smallest PREFERENCE_RANK value is paired with its first choice.  Tie is broken by random selection. When a 
match is found, paired agents are removed from matching pool and other agents update their preference lists. Then the agents 
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with empty preference list are also removed from matching pool. The main loop is repeated until there is no agent in matching 
pool. The flowchart of the algorithm is illustrated in Fig. 7 and the pseudocode of the algorithm is given in Fig. 8.  

  

  

  
  

Figure 7. The flowchart of the algorithm  
  

  

  

  

  

  

  
  



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-38.08.2020, Yaşar University – Izmir - Turkey  
  

 121 

 

  
Figure 8. The pseudocode of the algorithm  

  

  

Simulation Results  

Tournament size (k) parameter is set to 4 and threshold parameter is set to 10 minutes and three algorithms applied on initial 
state distribution, which consists of 150 home and 25 university locations. One-way commute times before match observed 
approximately 45 minutes in initial state distribution and this value is close to the daily average amount of time that people spend 
commuting roundtrip with public transit on a weekday, which is 91 minutes. Average results of 1000 successful runs can be seen 
on Tab. 5.   

Table 5: Matching algorithms results of 150 home and 25 university locations (average of 1000 successful runs) 

  

  

 Among Matching Agents   In Whole System  

Matching  Commute times   Commute times  

Matching 
Algorithm  Agents  Ratio  

Before  
Match  
(min)  

After  
Match  
(min)  

Improvements  
(%)  

Before  
Match  
(min)  

After  
Match  
(min)  

Improvements  
(%)  

Stable Roommates  63,28  42,19  53:12  27:52  47,65  44:39  33:58  23,88  

Preference-Rank  63,29  42,19  53:09  27:50  47,65  44:39  33:58  23,87  

Top Trading Cycles  62,99  42  53:14  27:32  48,26  44:39  33:52  24,10  
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Preference-rank (PR) and Stable Roommates (SR) algorithms perform slightly better in matching ratio with 42.19% than 
TopTrading Cycles (TTC). While TTC algorithm finds less matching agents, it performs slightly better than SR and PR in terms of 
both improvements rates among matching agents with 48.26% and improvements rates in whole system with 24.10%.  

Since the results are too close, next step of the study is to apply the algorithms in a larger search space. 1260 home and 1000 
university locations have been generated from distance matrix data, using C# programming language code which can be seen in 
Fig. 9 and algorithms applied on initial state distribution which consists of 1000 home and 1000 university locations with same 
parameters, tournament size as 4 and threshold level as 10 minutes. The average results of 1000 successful runs can be seen on 
Tab. 6.  

  

  
Figure 9. C# programming language code used in virtual data generation process  

 

 

Table 6: Matching algorithms results of 1000 home and 1000 university locations (average of 1000 successful runs)   

  

  Among Matching Agents   In Whole System  

Matching  Commute times   Commute times  

Matching 
Algorithm  Agents  Ratio  

Before 
Match (min)  

After Match  
(min)  

Improvements  
(%)  

Before 
Match (min)  

After Match  
(min)  

Improvements  
(%)  

Stable Roommates  513,38  51,34  50:08  24:20  51,46  43:15  30:00  30,61  

Preference-Rank  518,88  51,89  49:57  24:15  51,45  43:15  29:54  30,83  

Top Trading Cycles  505,25  50,53  50:18  23:16  53,73  43:15  29:35  31,56  

  
  

As can be seen in Tab. 6, all three algorithms produce better results in a larger search space. Matching ratio and improvement 
rates among matching agents are now greater than 50% and improvement rates in whole system is greater than 30% for all three 
algorithms. As a result, TTC produces best results but TTC algorithm produces cycle-matching whereas SR and PR algorithms 
produce pair-matching. PR performs slightly better than SR according to matching ratio and improvement rates in whole system.  
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Discussion and Conclusions  

This article reports results of a study on reducing commute times in Istanbul, Turkey with special reference to university students. 
In order to reduce commute times in cities with high population density, this study proposes a mutual home exchange model for 
university students. The simulation evaluation indicates the efficiency of our proposed model. With executing preference-rank 
home exchange matching algorithm on a virtual data, average commute time decreases from about 53 minutes to 24 minutes 
among matching agents. Algorithm has proved more than 50% improvement (under our simulation set-up) among matching 
agents and more than 25% improvement in whole system. It is also expected that algorithm may produce better improvement 
rates in a larger search space. Additionally, the model has been evaluated by comparing with two other algorithms through 
simulations.  

  

However there are small performance differences among three matching algorithms, Gale’s TTC algorithm produces best results 
among them for home exchange problem; since the core mechanism is the only mechanism that is individually rational, 
paretoefficient and strategy-proof for housing market. Nevertheless, Gale’s TTC algorithm can be used only if cycle-matching is 
allowed while Irving’s Stable Roommate and Preference-Rank matching algorithms produce pair-matching only. Between SR and 
PR, proposed algorithm in this study which uses preference-rank selection mechanism produces slightly better results for 
homeexchange problem.   

There are some certain limitations about the proposed home exchange model. Only commute times, number of rooms and rental 
price are considered in this study. There may be more custom preferences to choose a location, such as being close to parents, 
families, friends or low crime rates, school district areas etc. Home exchange model proposed in this study can also be applied on 
tenants. Considering these improvement rates, in the case that the study is extended with tenants, significant improvement rates 
can be achieved for both matching agents and on whole system. Simulation results indicate that a larger search space can achieve 
even better performance. In this way, the authors believe that the proposed model may contribute to reduce commuting times 
in densely populated cities.  
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Abstract  

Facades have an important role in the energy efficiency of buildings, especially in saving or consuming energy. Designers need to 
consider many issues when designing buildings’ skin, to avoid wasting large amounts of energy and to maintain internal comfort 
especially in hot arid regions where the integration of responsive shading systems is highly recommended.   

The main goal of this paper is to develop a biomimetic deployable shading elements for further application in a building skin located 
in hot and arid regions by exploring and extracting thermoregulation mechanisms found in nature. The ongoing research is inserted 
in the generative technique typology of deployable structures, where we have combined biomimetics with origami paper pleat 
based on a parametric methodology to design an adaptive shading device interacting with sunlight. Promising parametric 
simulation results in terms of thermoregulation in such regions are presented.  

Keywords: Biomimetics; kinetic Architecture; deployable structures; hot and arid regions; building’s skin.  

  

Introduction  

Energy efficient building designs is the most important challenge to architects and engineers in hot and arid regions. These regions 
are situated in two belts at latitudes between approximately 15° and 30° North and South of the equator. Their main characteristics 
are the very hot summer season and a cooler winter season, and the great temperature difference between day and night. In 
recent years, there has been a growing advancement in architectural design, which arises from issues of energy efficiency and 
adaptability responding to the requirements of any human activity and sustainability (Khelil, 2015). One of the most important 
design challenges in architecture in hot and arid regions is ensuring thermal comfort in buildings. Actually, ventilation and cooling 
purposes are consuming the highest amount between buildings sections, which is due to using mechanical airconditions. A totally 
new approach to design is evidently necessary.   

The challenge of developing sustainable and energy efficient architecture requires unconventional approaches to innovative 
knowledge about composition and dynamic interaction between the building and environmental conditions. Sustainability and 
energy efficiency are greatly affected by a building's skin because it is the intersection of energy and human comfort, as well as 
aesthetics.   

Nature has always inspired humanity by solving the basic needs with minimum material and sustainable solutions. The widespread 
adaptation of natural wonders to architecture is leading toward profound changes in designing buildings. Failing to take advantage 
of new opportunities created by natural developments, the buildings extant today fall far short of responding and adapting to the 
demands of modern society and energy efficiency. Biomimetics, observation of nature, enables architects and engineers familiar 
with highly developed structures and lead to the creation of new forms leading to practical engineering solutions in terms of 

                                                                 
 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-38.08.2020, Yaşar University – Izmir - Turkey  
  

 129 

 

sustainability. Nevertheless, the search for and the selection of relevant strategies from the large database found in nature is 
challenging designers when implementing the biomimetic approach in their designs (Khelil, 2018).   

Heat management is a problem much dealt with in nature. Organisms need to maintain their temperature within certain limits. In 
this, nature can form an inspiration for the technical design (Khelil, 2019). To solve the problem of almost permanent overheating 
of buildings in an energy efficient way, there is a demand for a façade with an adaptable insulation value. As this problem, has 
already been tackled many times in nature, principles from nature may be an inspiration for a design for a thermo-regulative skin. 
The major contribution of this research is to explore and extract thermoregulation mechanisms found in nature, for potential 
application in buildings.    

Some experiences have been developed to classify the biological strategies. AskNature is a large online database, sharing and 
organizing biological literature so that it can be used to inspire innovators around the world. The biomimicry institute developed 
a classification system to organize biological strategies by the functions they serve. It is the world’s most comprehensive library 
(in database form) of biological solutions applicable to human design challenges. Nevertheless, these attempts are not as simple 
and detailed for architects and engineers if they do not have a background and knowledge in terms of biology and ecology to assist 
the analogical access.   

Focusing on the initial phase of a biomimetic design process, a taxonomy of bio-thermoregulation strategies is proposed in this 
paper. This taxonomy is based on the bio-brainstorming methodology aiming to facilitate the analogical access for architects and 
engineers to support the conceptual phase of a biomimetic development (Khelil, 2015). This structured taxonomy assists designers 
to explore the most adequate strategies for resolving a specific challenge, without losing their time in the search for the 
appropriate strategies from the large databases while designing an innovative facade and reducing its energy losses, using high 
performance windows, increasing insulation levels, and minimizing thermal bridging. It summarises an elementary collection of 
strategies for thermoregulation challenge; elaborates on the involved factors; and lists the most adequate organisms and systems 
from nature that perform those. This taxonomy would be used by architects and engineers to resolve the functional requirements 
of buildings skin. The main focus is plants that adapt to the environment developing special means of interaction with changing 
external issues.  

The major contribution of this research is to explore and extract thermoregulation mechanisms found in nature, for potential 
application in buildings’ facades design located in hot and arid region. We propose a bio- kinetic shading system as a novel system 
proposal to optimize heat gain and energy efficiency in hot arid regions. The developed system will be parametrically developed 
and assessed.   

Methods and materials   

This research is undertaken in a clearly defined research scope that address gaps in the design spectrum of facades design, in 
relation to sustainability. The research methodology is based on a successive workflow of theoretical reviews and methodical 
simulation studies, which eventually establish an original framework for an integrated facade design methodology. This research 
adopts both quantitative approach and a framework for qualitative analysis based on different factors that includes theoretical 
design elements. The research is based on two phases and each phase has its tools and techniques: - Qualitative/ design phase   

Since we attempt to propose and apply a biomimetic-computational design approach, a number of steps are adopted in this phase: 
Biomimetic inspirations and analysis, translation of ideas to architecture, digital and physical modelling. To conduct this research, 
we have engaged directly with a range of computational design tools and become familiar with number of digital and analogue 
fabrication processes. These tools are explored in an organic way to ensure the kinetic design work effectively in order to achieve 
specific design objectives. Throughout the investigations, different types of tools and techniques are used (Figure 1).   

  
Figure 1. Qualitative / design phase diagram (Authors).  

-  Quantitative/ comparative analysis   
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In this phase, we proceed to quantify the proposed design solutions, using parametric modelling and testing of the results. The 
design ideas are translated into mathematical relationships to build up the digital parametric model. A Visual Programming 
Language is used to model the design solutions (Grasshopper for Rhino 3D modeller) and to optimize the digital model using 
Evolutionary Optimization algorithms.  

Series of experiments engages with a performance based design approach for integrating kinetic building’s skins and 
environmental performance. The environmental softwares, which will be tested and employed for this investigation, are Ecotect, 
ladybug and honeybee plugins for Grasshopper and Climate Consultant. This is in order to study the performance of the kinetic 
deployable facade throughout the selected design days. Both software systems are used and are integrated with genetic 
evolutionary software called Galapagos as a tool to integrate different parameters (size of opening, geometry etc.).  

Then a comparative analysis will take place as the environmental performance of the skin of base-case office in hot arid region 
(reference case) is analyzed before and after the new proposed skin. The results of the comparisons serve as means to assess the 
degree of improvement that has occurred.  

  

Results and discussion   

Biomimetic inspiration and analysis  
  

With the aim to resolve thermoregulation problems in hot and arid regions, we have started looking to nature to find solutions 
and some adaptations strategies aiming to minimize heat gain or maximizing heat loss through heat transfer methods. 
Thermoregulation is the capability of an organism to retain its body and environmental temperature within certain limits, even 
when the surrounding temperature is very different (Khelil, 2019). Natural thermoregulation strategies present very promising 
solutions to inspire us, where the living organisms aiming to survive preserve the thermal comfort of their habitats and 
surrounding.  

The thermoregulation in organisms has several mechanisms and strategies. According to Badarnah (2012), the investigation and 
exploration of heat regulation in nature is based on four initial functions: gain, retain, dissipate, and prevent. Each function 
incorporates different processes (Figure 2).  

  

  
Figure 2. Thermoregulation strategies in nature (Authors).  

  

 Radiation, convection, evaporation and conduction are four mechanisms of heat exchange between the environment and the 
organism. Radiation is the emission of electromagnetic "heat" waves. Heat radiates from the sun and from dry skin the same  
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manner. When a mammal sweats, evaporation removes heat from a surface with a liquid (Edney, 1971). Convection currents of 
air remove heat from the surface of dry skin as the air passes over it (Bahamon, 2007). Heat can be conducted from one surface 
to another during direct contact with the surfaces, such as an animal resting on a warm rock (Douglas, 1978).   

To reduce thermal gain through minimising heat gain due to incident solar radiation; the physical process of radiation has been 
chosen to address our aim based only on building skin features especially the shading system, which is used to reduce heat loads 
and in the same time providing a good quality of view.   

The selected biomimetic strategy is folding inspired from the morphological adaptation of flowers to light and temperature 
changes. The nyctinasty mechanism of flowers allow them to open and close their pedals in response to temperature and light 
changes and affecting their circadian rythms. The most common devices of this mechanism are reversible expansion and 
contraction using folded elements of the flower that deploy automatically when they are heated by the sun (Ueda, 2002). Based 
on the flowers daily opening and closing, they are classified into two classes, diurnal flowers (that open at night) and nocturnal 
flowers (that open at day) (Nagano, 2003; Prokop, 2016).  

Table 1 introduces a taxonomy that lists the most appropriate strategies found in plants that could be applied in the design of 
biokinetic building’s skin in hot and arid regions and responding to the most critical functional requirements of envelopes. The 
selected pinnacles apply specific processes with a variety of factors to ensure the thermoregulation.   

Table 1: Taxonomy of bio-thermoregulative strategies of plants for bio-kinetic building’s skins in hot and arid regions (Authors)  

Thermo- 
regulation 
challenge   

Functional 
requirements of 
buildings skin  

  Abstracted strategies  

Pinnacles   Functions  Process  Factor  

Control heat flow   Bigger stomata  Dissipate   Evaporation   Increase the leaves’ ability to lose 
heat through transpiration  

Venation 
system  

Dissipate   Evaporation  Efficient transportation of fluids 
throughout the leaf  

Control air flow   Leaf size (small, 
narrow)  

Dissipate  Enhance 
convection  

Decreasing boundary layer 
resistance  

Leaf shape 
(Lobes and 
dissections)  

Dissipate   Enhance 
convection  

decreases the distance from any 
point on the leaf to the closest 
edge thus decreasing its 
temperature, & decreases the  
Boundary Layer resistance  

Holes of the leaf  
(shape)  

Dissipate   Enhance 
convection  

Holes permit air to pass through 
the leaf & decreases the Boundary 
Layer resistance  

Leaf tears  Dissipate  Enhance 
convection  

Tearing permits air to pass 
through the leaf and decreases 
the Boundary Layer resistance  

Control light /  
solar radiation   
  

   

  

  

Leaf folds  Prevent  Minimize  
irradiation   

Folds result in parts of  the leaf to 
be constantly in the shade  

Leaf orientation  
(Avoid 
horizontal 
position)  

Prevent  Minimize  
irradiation   

Decreasing the angle of incident 
light reduces heat gain  

Surface texture  
: shiny surface  

Dissipate   Minimize  
irradiation   

Reflectance: Increasing the 
reflected portion of solar gain 
decreases the absorbed portion  

Surface texture:  
Pubescence  

Dissipate   Minimize  
irradiation   

Hairs increase reflection and in 
some cases decrease the 
Boundary Layer resistance   
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Bio-kinetic design proposal   

 -  The source of inspiration   
  

After analysing and exploring natural organisms and their thermoregulation strategies in the previous section, in this section we 
select and abstract the most appropriate strategy in order to translate it into bio-kinetic shading device for further application  

in facades in hot and arid region.  

In this research, we are interested in the biological mechanism of opening and closure of Ipomoea purpurea flower (Figure 3), 
which is a common morning glory flower. This flower has several light receptors and sensors, which provide input signals (light 
intensity and temperature) pushing the flower to open or close by motor organs and genes (which are considered as the main 
features enabling the flower’s nyctinasty) (Wouter, 2003).  

  
Figure 3. Opening and closure of Ipomoea purpurea flower  

 -  Design proposal   
  

The proposed bio-kinetic system interacts with sunlight (Figure 4); it has one degree of freedom with an acceptable balance. The 
model moves rapidly with a fixed speed and harmonious acceleration. Sensors feed-back system induce movement indirectly by 
sending a message to the control device charged of given an instruction to the energy source in order to actuate the movement 
(Figure 6). In order to control the proposed model easily in the kinetic context, small modules with a small number of faces are 
used, instead of using surfaces with a big numbers of surfaces (Figure 7). Figure 5 presents the parametric definition of the 
proposed system.  

  
Figure 4. The proposed bio-kinetic shading (Authors)  
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Figure 5. Algorithmic structure of the proposed shading device (edited under Grasshopper) (Authors)  

 

The rack and pinion mechanism is used to move the shading panel, which is chosen for its ability to achieve high-speed movements. 
It is based on a single linear actuator and turned by a servo motor, containing a gear (pinion) that convert the rotational motion 
into a linear one, which is translated by the rack (Figure 6). The shading panels deploys and contracts as follows (Figure 7):  

• Partial contraction of the shade panel when it is partially exposed to the sun (from 25 to 50% of radiation 
penetrating inside the building)  

• Maximum contraction of the shading device when it is in the shade (100% radiation penetrating inside the 
building)  

  
Figure 6. Details of an individual shading device (Authors)  
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Figure 7. The opening and closure state of the shading device (Authors)  

  

Thermal behavior of the theoretical base case office room  
  

    A room, representative of a double occupancy office, has been considered as reference for the performance assessment of the 
proposed bio-kinetic shadings. The room is supposed to be located in Biskra (Algeria 5°44’ East, 34° 48’ North).  In order to validate 
our proposal, indoor air temperature is analyzed for the case study (without the integration of the proposed system) and the 
basecase with the implementation of our proposal. In the evaluation of the indoor air temperature, two experimental design days 
DD1 and DD2 are used in the simulation, The first design day DD1 is 22nd July that represents the brightest (High solar radiation) 
and the hottest day. The second design day DD2 is 1st January, it represents the most overcast and the coldest day. This approach 
allows us to complete a comparative study between the office building with and without our proposal.   

The graphs (Figure 8, Figure 9) present a comparison of three profiles of temperatures for the experimental design days (DD1 and 
DD2) in order to analyze the thermal performances of the new system: external temperatures, the existing case – interior 
temperatures (without the integration of the proposed system) and the interior temperatures of the mimicked design (after the 
implementation of the proposed system).   

  
Figure 8. Comparison of indoor air temperatures of the base-case (with and without the proposed system) within the first design day DD1. 

(Authors)  
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Figure 9. Comparison of indoor air temperatures of the base-case (with and without the proposed system) within the second design day DD2. 

(Authors)  
  

 According to the interpretation of the graphs, we notice an improvement of the temperatures for the two design days in the case 
of the office room with the proposed system, where the difference registered between the two cases for DD1 is of 4° and for DD2 
is of 2°. Following the application of the proposed system to the case study, an optimization of the overheating zone is observed, 
resulting in a remarkable temperature decrease of 3°c to 3.7°c, which is considerable and very significant in the energy 
performance of the building. It should be noted that, despite the application of this system to minimize the overheating period, 
that characterizes the hot and arid local climate, it has not been possible to eliminate the entire overheating period. This negligible 
deficit is due to the absence of the coupling of this device to other passive or active cooling strategies.  

  

Conclusion  

Through this research, the authors presented a new parametric method for designing facades shading systems in hot and arid 
regions, inserted in the generative technique typology of deployable structures by combining biomimetics with origami paper 
pleat. A bio-kinetic shading device with single degree of freedom interaction with sunlight has been developed. The biological 
mechanism of opening and closure of Ipomoea purpurea flower was abstracted and translated into a bio-kinetic shading device. 
We investigated the mathematical translation of the proposed design into a parametric digital model using Grasshopper for Rhino 
modelling software. Evolutionary optimization is utilized to reach a solution that achieves a balance between required facade 
functions. The proposal was applied into a representative office building’s facade located in the city of Biskra (hot and arid region).   

Thermal behavior of the theoretical base-case office room with and without the proposal was assessed aiming at testing the 
reliability and the environmental performances of the proposed Bio-kinetic shading device. Results showed that the biomimetic 
inspirations represented in kinetic rigid folded origami morphology, which provides self-shading, are important in reducing the 
temperature and ensuring the thermal comfort.   
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Abstract 

Novel solutions in sustainable design due to advancing technology are increased besides bringing new problems. One major 
problem is originated with the usage of fully glazed surfaces on the building facade without any justification. Despite maximizing 
daylight inside the buildings is one target for sustainable building design, it does not mean that using daylight as much as possible 
with an uncontrollable way is appropriate to achieve sustainability rules in building design. Fully-glazed facades may lead to higher 
energy consumption and visual discomfort. Kinetic facades have emerged as a design solution to control daylight efficiency. Such 
adaptive elements with varying geometry and material can be applied to the facade according to the form, orientation, location 
of the building and the climate of the region. Therefore, the number of such studies must be increased. This study proposes a kinetic 
facade component inspired by the origami pattern named chicken wire. The aim is to increase daylight efficiency with three-
dimensional shape changes in this kinetic façade in terms of LEED daylight criteria. IZTECH Innovation Building is modelled in Revit 
apply three scenarios including variations of timeline, kinetic facade component’s opening angles, and material type. The 
performance of the kinetic facade is evaluated according to illuminance and sDA values calculated. As a result, a direct correlation 
between the customization of facade elements according to sunlight and daylight usage was observed. Findings provided us a 
guidance on how to apply the kinetic facade elements according to daylight. 

Keywords: Kinetic facade, Daylighting performance, LEED, Origami based design. 

 

Introduction 

Theoretical Background 

The excessive depletion of natural resources has been a source of global warming and global pollution. This circumstance led to 
emerging the term, denominated ‘’Sustainability’’. This term is turned to be as sustainable architecture which finds a way to solve 
global environmental problems with sustainable remedies in the discipline of architecture. The use of natural light in buildings is 
one of the major concepts in such a remedy (Komiyama, Hiroshi and Takeuchi 2013; Inan and Başaran 2017). 

Nowadays, fully glazed facades have become architectural trend providing high interior quality. (Touma and Ouahrani 2017)They 
enhances the aesthetic of the structure. Large glazing areas in the facade are suitable for receiving more daylight (Toumai, et. al. 
2016). However, increasing transparency in the facade causes problems such as higher energy consumption, visual and thermal 
comfort challenges. The solution is to turn them into adaptive facades. The “adaptive” meaning in this term is the capability to 
interact with the environment. Adaptive facades adjusted mechanically or chemically supply energy saving and thermal, visual 
comfort (Attia 2017) when sustainability concerns remains to be the key issue. 

Thus, such sustainable solutions increase owing to technological developments. Besides the technological development, it brings 
different environmental problems also. This situation influences architecture as it does in every field. So, the study focuses on the 
solution of the problem occurred in terms of technology and aesthetics. The main problem in the research is defects of 
superabundant dimension glazed surfaces usage in facades without any justification, just applied to give a modern and aesthetic 
view. This situation causes fully-glazed buildings which receive an extreme amount of daylight. The over-lit fully- glazed building 

                                                                 
 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-38.08.2020, Yaşar University – Izmir - Turkey  
  

 138 

 

can get more disadvantage than any benefit. They must be designed according to sustainable architecture criteria (Mahmoud, 
Ahmed, and Elghazi 2016). 

Problem Statement 

Despite maximizing daylight usage is one of the significant topics to design sustainable buildings, it does not mean that using 
daylight as much as possible with an uncontrollable way is appropriate to achieve sustainability rules in building design. Especially 
fully-glazed facades in buildings can cause visually uncomfortable interior spaces because of glare in addition to high amounts of 
cooling loads during summer seasons or even in winter seasons (Altan, Ward, Mohelníková and Vajkay 2008, Yücel, Arıcı Karabay 
2011).  People spend considerable parts of their lives in office fully glazed facade buildings or fully glazed multi-storey buildings.  
Although most of the working time is in the daytime one-third of the energy consumption of the offices is spent on lighting 
requirements (Linhart, Wittkopf and Scartezzini 2010). 

In various weathering and lighting conditions, daylight usage can be maximized without any light pollution through the self-
adapting facade elements. The facade system must adjust itself according to changing sunlight angle and intensity. It should 
prevent sunlight or receive sunlight to the interior space, according to lighting criteria. This function makes it the main focus of 
the dynamic approach and adaptive systems. The envelope reconfigures itself to be multifunctional, responsive and active. The 
target is to achieve users’ comfort and needs (Loonen, et.al. 2013, Favoino et. al., 2016). 

Purpose of the Study  

The purpose of the study is to test an innovative design approach in a fully- glazed facade building to improve daylight efficiency. 
Iztech Innovation Center is simulated and analyzed in terms of variations in a timeline, kinetic facade component’s opening angles, 
material type and orientation. The daylight performance of facade proposals‘ layout is calculated according to sDA and illuminance 
according to LEED lighting criteria. 

Method 

Firstly, physical description of IZTECH Innovation Building is given. Then, it is given brief information about the construction phase 
of the kinetic module, the features of the current building and the problem of sun exposure. Modelling phase in Revit is explained 
in detail. 3 scenarios as scenario 1 (without shading version), scenario 2 (variations according to opening angle and transmittance) 
and scenarios 3 (performance of optimum facade pattern version) are examined to achieve optimum daylight performance with 
the adaptive facade. 

Physical Description of the Case Study 

IZTECH Innovation Building located at 38 ° 31'N Latitude 26 ° 63'L Longitude within the campus of İzmir Institute of Technology 
was selected as a case study. IZTECH Innovation Center location is denoted with red colour in Figure 3.1. The building has 7510 
square meters of indoor space. The building consists of four floors as basement, ground, the first and the second floor. Commercial 
areas, workshops, promotion office, event hall, information, car park, security and management rooms are on 3132 square meters 
as the basement floor. Cafeteria and offices are on 1515 square meters as the ground floor. On the first floor (1252 square meters), 
there are offices and four guest rooms. The second floor (1611 square meters) consists of warehouses, the area called incubation 
center and offices. The building contains offices, meeting halls, technical training rooms, guest rooms, cafeteria and technical 
workshop. The facade of the building is completely covered with glass. Additively, there are aluminum shading elements on the 
north, east and south side of the building envelope (Figure 2). 

 
Figure 1. Location of IZTECH Innovation Center  
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Figure 2. IZTECH Innovation Center  

Daylight Assessment Criteria in LEED 

IZTECH Innovation Building modelled with Revit for daylight assessment of the building (Figure 3.3) is evaluated according to LEED 
Daylighting Criteria. LEED Daylighting Criteria Option 2 is selected for Daylighting evaluating. According to Option 2, the occupied 
areas illuminance must be between 300 lux and 3,000 lux levels at 9 a.m. and 3 p.m at the equinox on a clear sky. Besides this, it 
is scored according to the percentage of surface area supplying this requirement. According to the percentage of the regularly 
occupied area 75% brings 1 point, 90% brings  2 points (Table 1). 

 The area called Incubation Center, parking garage and warehouse areas are excluded from the evaluation. According to 
daylighting values at various times, the movement of the adaptive facade differs from another timeline. This situation brings 
different adaptive facade variations. Because of these reasons, different facade variations of the adaptive facade are evaluated 
for the different timeline to get maximum indoor daylighting quality. According to LEED Daylighting Criteria Option 2, the aim is 
to get 2 points with new adaptive facade design.  

  

Table 1. The Distribution of Points in Option 2  
New construction, Core and Shell, Retail, Data  Healthcare 

Percentage of perimeter 
floor area 

Points  Percentage of perimeter floor area Points 

%75 1  %75 1 

%90 2  %90 2 

 

Adaptive Facade Design with a Kinetic Component 

Adaptive facades are the building elements that provides indoor environmental quality against outdoor conditions (Romeno,et al 
2018; Loonen, et al 2015; Aelenei, Aelenei and Vieira 2016). Providing indoor environmental  conditions may happen in different 
ways. In this study, an adaptive facade containing kinetic shading components is proposed.  

The first phase of the study is the design stage. Kinetic facade component was inspired by the origami figure named chicken wire 
indicated in Fig. 3. Origami is an ancient art of paper folding technique. When the paper folds, concave and convex 3D shapes 
occur. Origami occurs two main fold as mountain and valley folds.  In Origami, the crease of the convex is called a mountain fold. 
The valley fold is the crease of the concave (Dureisseix, 2011). The kinetic facade component has three types of elements as frame, 
skeleton and coating. The kinetic facade component consists of one moveable part of the chicken wire pattern. It is an one degree 
of freedom mechanism that can be actuated with one motor. The facade element is designed to cover the surface area of the 
window that has a width of one meter. The full glazed facade was covered with kinetic origami unit used in the study. It is intended 
to provide daylight comfort in this way. The part of the Chicken wire pattern that determined for kinetic facade component with 
its valley and mountain folds indicated in Fig. 4.  
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Figure 3. (a) The Chicken Wire Tessellation (b) Partially Folded Position (c) Pre Interface Position 

 

 
Figure 4. Chicken wire pattern and determined part of the pattern for kinetic component with its mountain folds that are indicated red colour 

and valley folds that are indicated blue colour 
 

The second phase is the determination of module geometry and formulas. In Fig. 5. demonstrates point names. The distance 
between point g and point h is 120 cm as the base in the x-plane. The distance between point g and point g 'determines the length 
of the kinetic element in the y plane. Point b shows the height of the module in the z plane. Point e shows the projection of Point 
b. Point j is the projection of Point c on [e,f] line (Fig. 5). Point f is in the middle of point g and h. Point g, point f, point h and point 
e are fixed points. Point a, point b and point c are moving points. Point a can move horizontally between point g and point f. Point 
b can move vertically. The point c is on a 60-centimeter circle with a central point b (Fig. 6). The location of the point c is the 
intersection point of the b-centered circle and the a-center  60-centimeter diameter sphere. Point c is always in the lower position 
of the distance between point g and h (Fig 5, Fig.6). Basic formulas used in this component demonstrated in Fig. 7. 

 

 
Figure 5. Kinetic Component Points 
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Figure 6. Points Distance with Formulas 

Opening Angle 
Opening angle indicated in Fig. 8 is an angle between [a,b] and [b,c]. The opening angle is found in the project by the ratio of 
length [a,f] to length [e,b] (Figure 3.10).  The opening angle defines a glazed area on the surface. As shown in Fig. 9, if the alpha 
angle increases, the distance between Point f and Point j ([f, j]) and the distance between Point a and Point f ([a,f]) decreases. 
Thus, the amount of direct sunlight penetrated the interior from the glazed surface on the component is reduced. There is an 
inverse proportion between the opening angle and the glazed surface. If the opening angle increase, the transparent surface area 
decreases proportionally. This way, the opening angle determines how much sunlight will penetrate to indoor.  

 

 
Figure 7. Opening Angle Demostrated as Alpha Angle (α °). 

 

 
Figure 8. Shape Variations with Opening Angle 
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Material Type (Transmittance) 
The optical properties of the material used in the fenestration and in the shading device on the façade elements determine the 
amount of daylight penetrated to the indoor environment.  Sunlight which has directional character may be blocked while daylight 
which has diffuse character may be taken in. Here, the frame of the kinetic facade component is made of stainless steel (its 
material group is defined as “metal” in Revit Material Library and its RGB is as 80 80 80 and reflectance is 31%)  because it has a 
bearing task. Stainless steel is used as the material to provide a stable movement for the skeleton. The coating material plays a 
key role in determining diffused daylighting because it is the element with the highest surface area in the component (Fig. 10). 
The selected material has no critical effect on the movement of the facade. It is suitable to test different materials and 
transmittance properties in this way. However, the permeability of the coating materials inside the frame; that is the 
transmittance, can vary and that can be tested in coating inside the frame to provide better daylight quality. Revit material library 
presents a variety of used for material properties. The coating material is selected as the fabric mesh (RGB is as 255 255 255, 
reflectance is 100%) whose transmittance can be modified in the library (Fig. 10). It has a quality of being a sun shading material 
itself and it does not have any specular reflection. 

 

 
Figure 9. Optical properties of material type 

 

Existing Condition of IZTECH Innovation Center 

As a pre-study, the existing version of IZTECH Innovation Center was generated in Revit with the existing horizontal façade 
elements in the same location (Fig. 11). The location data was input in Revit together with the information about weather and site 
settings. Offices in IZTECH Innovation Center have various depths and widths. The width of the rooms is between 2.00 cm and 
2.80 m. Rooms which are in 3.00 cm and 5.00 cm width are indicated in Fig. 12.  The depth of some other rooms varies from 8.30 
cm to 10.60 cm. Rooms with depth more than 8.50 m are indicated in Fig. 13.   Only two rooms located in the basement floor have 
a lower depth size than the other rooms. These rooms are indicated in Fig. 14. The floor height is 3.26m in the basement, the 
ground and the first floor. The highest distance from the floor level to the ceiling is 4.10 the second floor. Walls are covered with 
the material of white paint ( RGB 208 209 207, reflectance is 63%). Ceilings are made of concrete (RGB 115 116 108, reflectance 
is 18%) and floors are covered with  vinyl composition tile (RGB 104 103 102,  reflectance is 15%) according to Revit library 
properties. Secondly, daylight analysis of the modelled building is executed to understand its daylight behaviour in the actual 
conditions according to LEED IEQc7 option 2 Analysis. All materials used in the model were selected in Revit material library.  
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(a) 

 
(b) 

Figure 10.  IZTECH Inovation Center Modelled with Revit; (a) South and East Facades, (b) Aerial view 
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Figure 11. Rooms with a Range of Widths From 3.00 m to 5.00 m Idicated with Red Colour. 

 

Figure 12. Rooms with Depth More than 8.50 m Indicated with Blue Colour. 
 

After the modelling process, LEED IEQc7 option 2 Analysis was made. LEED IEQc7 option 2 Analysis gives two results for 9 am and 
3 pm.  The aim of this section is to understand how existing facade effects daylight performance of the existing version of IZTECH 
Innovation Center. It is observed that how much daylight is penetrated in which zone of the rooms or areas with this analysis. In 
this way, the analysis is indicated whether it meets the LEED Daylighting criteria or not for each room and area. Tab. 2 summarizes 
that the threshold value is exceeded on every floor except for the second floor at 3 pm. As seen in Tab. 2, the illuminance value is 
higher than the threshold and it demonstrates a lot of direct daylight penetrates to the interior at 9 am and 3 pm. 
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Table 2. The Percentage of the Floor Area that Provides LEED Daylight Criteria / Floor area. 
LEED v4 EQc7 opt2Whole Building Results: 383145751953125,00, 266372089385986,00 

9am: 62% within & 3pm: 77% & both: 48% within thresholds 
Floor Floor Area 

Included in 
Daylighting 

Total 
floor 
area 

Within 
threshold 

Above 
threshold 

Below 
threshold 

Within 
threshol 

Above 
threshold 

Below 
threshold 

Both time 
within 

threshold 
 m² m² % Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
                 

Basement  1595 1595 60 950 40 641 0 5 69 1100 31 488 0 7 41 657 
Ground  1402 1402 65 910 34 472 1 20 78 1100 20 286 1 16 52 726 

First  1371 1371 68 930 31 426 1 8 82 1128 17 294 1 10 69 802 
Second  643 643 59 378 41 264 0 0 82 590 8 52 0 0 53 340 

 

Scenario 1 (Without Shading Version)  

IZTECH Innovation Building was modelled without shading elements. The aim of this scenario is to analyze areas which are 
dominated by sun patches. According to the results, which surfaces of the building will be covered by kinetic components are 
determined. 

Scenario 2 (Variations According to Opening Angle and Transmittance)  

Utilizing combinations of the kinetic component variations, a total of  15 adaptive façade is generated 20%, 20%, and 40% (Fig 16),  
while transmittance opening angles became  4 °, 30 °, 45 °, 60 °, and 85 °. For understanding the effect of variation of the facade 
element used on the adaptive facade for each room and facade, the facade of the building is completely covered with the same 
variation of the kinetic component and analyzed. In this way,  we can observe every variation affects for each room at 9 am and 3 
pm. Depending on which variations give the optimal result for each room, the facade of the rooms is covered with the variation 
that gives the most optimal result. Since the adaptive facade has different forms at different times, different adaptive facade 
variations have been tested in the same time interval. The effect of the adaptive facade on daylight usage was tested. The aim is 
to find the pattern variation that gives the best daylighting lighting performance. The aim of this scenario are determining the 
optimum material (transmittance) for coating on and analysing the effects of opening angles. 

 

 

Figure 13. Kinetic Component of Variations Accoding to Openning Angle 

Scenario 3 (Variations According to Opening Angle and Transmittance)  

This Scenario of the study aims to the best daylighting performance with kinetic components. Kinetic components with various 
opening angle and the coating material which gives the best daylight performance with transmittance were used for enhancing 
daylight performance. The previous scenario was used as a reference to adjust the opening angle. Trial and error method has been 
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used in this phase. Components various opening angle on the adaptive facade occurs pattern on the facade. Pattern on the 
facade is made of kinetic componets with various opening angle. Many patterns were applied, the patterns that provide the best 
daylighting performance were demonstrated in this phase. 

Results 

In scenario 1, regarding the findings at 9 am, almost half of the rooms and areas are under the excessive direct daylight which is 
above 6000 lx. Sun patches are dominating the inside of the building. Although sunpatched decreased in the analysis at 3 pm, the 
majority of the rooms and areas have got illuminance values above 2000 lx (Fig15).  So, which  surfaces must be covered by the 
adaptive facade is determined considering these high values of illuminance in this way. Finally, the daylight performance of the 
building is tested when the proposed adaptive facade is applied according to its opening angles and materials used in the kinetic 
component. The maximum amount of sunlight entering the spaces in the non-sunshade elements version of the existing building 
varies regarding the facade orientation. Rooms and areas in the building modelled with Revit are classified according to the 
directions as demonstrated in Fig. 14.The kinetic component variations consist of twenty versions according to the material 
permeability which corresponds to the transmittance values and the opening angle of the kinetic component.  

In scenario 2, which consisted of five phases, the effect of transmittance value and opening angle are analysed on the kinetic 
component. According to the feature of converting the direct light into diffuse light, 40% transmittance versions provide the most 
efficiency while 20% of transmittance versions provide at least performance. Although coating material with 40% transmittance 
is the best for diffuse lighting, it is the worst for obstruction of daylight among all materials analyzed. According to the effect of 
variances in the opening angle on the area above the threshold, the material which has 20% transmittance affects more than the 
material which has 30% transmittance. This situation indicates that the material with 20% transmittance obstructs more daylight 
while material with 30% transmittance converts more direct light into diffuse light. 

 

 

(a)   
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(b)  

Figure 14. Non-sunshade Elements Version of the IZTECH Innovation Building Daylight Analysis LEED v4 EQc7 option 2 (a) at 9 am; (b) at 3 pm 
 

 
Figure 15. Covered Surfaces by adaptive the facade of IZTECH Innovation Building are demostrated with red lines. 

 

In scenario 3 aims to the best daylighting performance with kinetic components. Kinetic components with various opening angle 
and the coating material which has 30% transmittance were used for enhancing daylight performance. The previous phase was 
used as a reference to adjust the opening angle. Trial and error method has been used in this phase. Components various opening 
angle on the adaptive facade occurs pattern on the facade. Many patterns were applied, the patterns that provide the best 
daylighting performance were demonstrated in this phase. 

According to the alternation of daylight during the day, the pattern which provides the best daylighting performance changes, 
thus two patterns occurs to enhance daylight performance at 9 am and 3 pm. These two patterns must supply at least 90% of the 
total area is within the threshold to get 2 points in LEED daylighting criteria according to the time set. The optimal pattern was 
represented as south-facing rooms as elevation A, east-facing rooms as elevation B, north-facing rooms as elevation C and south 
side of the north-facing as elevation (Fig. 15). Elevations vary because of the shape changes in the kinetic components. For this 
reason, elevations in this section indicated according to 9 am and 3 pm. This scenario consists of the 2 parts as the optimal pattern 
at 9 am and the optimal pattern at 3 pm.   
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Figure 16. Elevations of the IZTECH INOVATION CENTER with Their Names  

 

94% of the total area receives 300-3000 lux of illuminance in the whole building with the optimal pattern at 9 am (Tab. 3). This is 
enough to get 2 points according to LEED criteria at 9 am. All floors provide at least 91% of the area within the threshold at 9 am. 
Although the pattern provides high daylight quality at 9 am, analysis a 3 pm indicates that daylight quality is not as effective as in 
the same pattern. According to optimal daylight performance at 9 am, facade pattern with all elevations are indicated below (Fig. 
16, Fig. 17, Fig. 18 and Fig. 19). It is observed that in Fig. 20, the area above the threshold is reduced in the whole building. 

 

Table 3. The Percentage of the floor area that provides LEED Daylight Criteria / Floor area for optimal Pattern at 9 am. 
LEED v4 EQc7 opt2Whole Building Results: 383145751953125,00, 266372089385986,00 

9am: 94% within & 3pm: 73% & both: 69% within thresholds 
Name Floor Area 

Included in 
Daylighting 

Total 
floor 
area 

Within 
threshol 

Above 
threshold 

Below 
threshold 

Within 
threshol 

Above 
threshold 

Below 
threshold 

Both time 
within 

threshold 
 m² m² % Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
                 

Basement  1595 1595 94 1491 6 97 0 6 69 1099 19 309 12 185 64 1026 
Ground  1402 1402 94 1312 5 70 1 20 82 1143 14 195 5 64 77 1076 

First  1371 1371 95 1296 5 71 0 4 76 1043 14 191  10 137 72 988 
Second  643 643 91 586 8 53 0 3 56 360 7 43 37 239 54 348 

 

 
Figure 17. Elevation A with Optimal Kinetic Facade Pattern at 9 am 
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Figure 18. Elevation B with Optimal Kinetic Facade Pattern at 9 am 

 
Figure 19. Elevation C with Optimal Kinetic Facade Pattern at 9 am 

 
Figure 20. Elevation D with Optimal Kinetic Facade Pattern at 9 am 

 

 

Figure 21. Optimum facade pattern at 9 am of the IZTECH Innovation Building Daylight Analysis LEED v4 EQc7 option 2 (a) at 9 am; (b) at 9 am. 
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In the second part of the phase, the optimal pattern at 3 pm was adjusted. The similar method used in the first part was used for 
the second part to adjust the optimal pattern at 3 pm. Analyzes about the material which has 30% transmittance at 3 pm was 
guidance. The main issue to handle is supplying the balance of daylight penetrated into the interior from the west and south 
without effectuating area below the threshold. According to Tab. 4. 20, 90% of the overall area provides LEED criteria at 3 pm. 
85% of the total area is the area on the basement floor that receives enough daylight. Around 90-95% of the area is within the 
threshold on the ground, first and second floor. The result at 3 pm is enough to get 2 points from LEED daylighting criteria at 3 
pm. Also, the pattern used in this part can get 1 point even if all components are static. Accrding to optimal facade pattern at 
3pm, all elevations are indicated in Fig. 21 Fig. 22, Fig. 23 and Fig. 24. This area above the threshold in the basement is the most 
area above the threshold on the overall building (Fig. 25). There is no critical area below the threshold observed at 3 pm (Tab. 25) 

Table 3. The Percentage of the floor area that provides LEED Daylight Criteria / Floor area for optimal Pattern at 9 am. 
LEED v4 EQc7 opt2Whole Building Results: 383145751953125,00, 266372089385986,00 

9am: 94% within & 3pm: 73% & both: 69% within thresholds 
Name Floor Area 

Included in 
Daylighting 

Total 
floor 
area 

Within 
threshol 

Above 
threshold 

Below 
threshold 

Within 
threshol 

Above 
threshold 

Below 
threshold 

Both time 
within 

threshold 
 m² m² % Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
% Area 

m² 
                 

Basement  1595 1595 85 1360 12 157 3 46 85 1348 15 235 1 10 64 1126 
Ground  1402 1402 89 1246 8 110 3 47 90 1268 8 114 1 20 71 1140 

First  1371 1371 87 1188 12 168 1 15 94 1288 6 82  0 1 81 1108 
Second  643 643 75 482 24 157 1 4 95 609 5 34 0 0 70 448 

 

 

 
Figure 22. Elevation A with Optimal Kinetic Facade Pattern at 3 pm 

 
Figure 23. Elevation B with Optimal Kinetic Facade Pattern at 3 pm 

 
Figure 24. Elevation C with Optimal Kinetic Facade Pattern at 3 pm 
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Figure 25. Elevation D with Optimal Kinetic Facade Pattern at 3 pm 

 

 
Figure 26.  Optimum facade pattern at 3 pm of the IZTECH Innovation Building Daylight Analysis LEED v4 EQc7 option 2 (a) at 9 am; (b) at 9 am 

 

Conclusion 

The aim of the study is enhancing daylight quality with the adaptive facade covered with kinetic components. This study analyzed 
how angular variations of shape in the facade component effect daylight performance. Firstly, IZTECH Innovation Center model 
was prepared in Revit 2020. 

Optimum material and shape changes in the adaptive facade were determined with daylight analyzes prepared in Revit plug-in 
Insight 360.  Optimal patterns that consist of variations of form in kinetic components were applied into the adaptive facade. It 
was indicated that adaptive facade could get 2 points with optimal patterns. 

The optimal pattern used in the north at 9 am is same as the optimal pattern used in the north at 3 pm. While between 60 and 
85-degree opening was used commonly angle in the south and east at 9 am, between 4 and 45-degree opening was used 
commonly angle at 3 pm. Although between 30 and 60-degree opening angle was used mostly in the south side of the north-
facing area the at 9 am, around 60 and 85-degree opening angle was used in the same side of the facade at 3 pm. 

The significance of this study is based on improving the daylight performance of the whole building. The draft of the kinetic 
component was offered. Information was given about how to choose the optimal material. How kinetic components work 
together were explained for better daylight performance. While examining the effect of the adaptive facade on daylighting 
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performance according to LEED daylight criteria, information collected with an experimental approach about how this was done 
was given. 

Although the optimum pattern at 3 pm could provide daylight quality, there is the area that receives excessive daylight on the 
basement floor. This problem can be solved by adding k inetic components or shading elements.  

Consequently, the major effect of the adaptive facade was observed on daylighting performance according to LEED criteria. The 
adaptive facade used in the study was successful to provide better daylight quality. The main aim of the study is to be the guideline 
for the process of kinetic adaptive facade design with its method. Various mechanisms, materials, methods or kinetic components 
can be handle as a study to improve the study in future. 
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Abstract 

The concept of flexibility plays a significant role in architecture in terms of spatial and functional contexts. In fact, this concept has 
been used in architecture since the ancient times when the people began to build portable shelters for the protection against 
environmental extremes. Since that time, many different portable structures have been built around the world. In recent years, 
many innovative examples have been proposed which can be used for different applications such as temporary structures for social 
venues, emergency shelters or mobile houses. 

Unlike conventional structures, the portable structures allow moving the structures to new locations and rebuilding them numerous 
times. Thus, these structures may offer practical life forms for different purposes. They are usually less expensive and not required 
foundation. Another major benefit of portable structures is the construction speed that is almost half compared to the conventional 
ones. Moreover, these structures have the ability to open, close or fold themselves in order to respond to the changing needs. 
Furthermore, these structures may reduce the energy use since they are generally energy efficient. Either the components of the 
structure or the whole structure may be made of recyclable materials. 

Considering the aforementioned advantages of the portable structures and the change in building technology and material science 
in this era, it can be said that portable structures will be more applicable and affordable in near future. Even though many structures 
have been proposed or built, there is less study on this topic in the literature. The aim of this paper is to present the state-of-art on 
the portable structures and to discuss the advantages and disadvantages of the existing examples. 

Keywords: Portable structures, Flexibility, Scissor structures, Folded-plate structures 

 

Introduction 

When the previous periods are investigated, it can be seen that nomadic life was undoubtedly a tradition, culture and identity of 
the society which requires traveling to new locations for better living conditions [1]. Migration from one place to another indicates 
that the society had a dynamic structure. This dynamic structure was shaped according to the conditions that affect the living 
environment and expose differences in human life. As the conditions and places changed, it provided not only a renewal in life 
but also an advantage to build a new life form from the past experiences. The temporary residences in the past settlement areas 
required a life in a tent at that time [2]. However, this temporary structure was transformed into a built-in system when the people 
began to settle. 

When the settled life became established, it changed both the lifestyle and the living environment. As a result of the impacts of 
the built-in living on the community, a rapid urbanization emerged which requires a life filled with residential and commercial 
areas. Within this urbanization process, the cities were formed together with the modern society. The housing structures in the 
cities seem to be significantly dominant and similar. However, in fact, there are different types of dwellings which also includes 
the examples of the portable structures such as container houses [2]. Their advantages and potentials for transportability have 
increased the interest on such structures. Over the last couple of decades, many impressive portable structures have been 
developed and built. 

Designed based on the concept of mobility, portable architecture can be defined as movable buildings or structures that are easily 
transportable and intended to be used temporarily. This system is also known as movable, disassembled or temporary 
architecture. Compared to the static structures, movable structures can offer spatially flexible solutions for the users [3]. Portable 
structures can be used for different functions including offices, classrooms, nurseries, doctor clinics, showrooms, restaurants, 
cafes and other social venues. They can also be used for storage spaces, garages and commercial shops since the installation and 
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transportation of those structures are rapid and easy. In addition, it might be practical to use the portable structures in 
emergencies. For instance, emergency shelters can be used after a natural disaster since they provide a protected living space to 
conduct the daily needs and activities such as cooking, eating, sleeping and bathing. They can be easily and rapidly assembled or 
constructed in large numbers on site to meet the needs. Thus, it can be claimed that high standards can be provided for those 
affected after the disaster [4]. Considering the advantages of portable structures and their possible applications, it can be said 
that the usage of such structures will increase more in near future by means of the developing technology. They will provide more 
practical and feasible solutions not only for the emergency cases but also for different applications that require mobility. Thus, it 
requires a systematic study on this topic to discuss their structural systems, motion capabilities, flexibility, operating systems, etc. 
Even though many structures have been developed by the architects, engineering, designers and researchers, there is less study 
on the portable structures. In this paper, the portable structures applied in recent years are examined according to their structural 
systems and functions. In order to systematically analyze those structures, a new classification table is created in which the 
portable structures are categorized based on their structural systems such as scissors and bar systems, folded plate systems and 
pneumatic systems. In addition, the advantages and disadvantages of the existing examples are discussed by comparing those 
structures. 

Classification of Portable Structures 

There are many examples for portable structures varying in forms, functions, structural systems, kinematic properties, and 
movements. The structural mechanism forms the basis of the movable structure, because it determines the operation of the 
structure or building. Based on the structural systems, the portable structures can be categorized as scissors and bar systems, 
folded-plate systems and pneumatic systems. Such portable structures can also be reviewed according to their functions. There 
are mainly 5 different types presented in this paper which are social venues, cafes, showrooms, houses and shelters. Considering 
the structural systems and the functions of the portable structures, a new classification table is proposed as seen in Table 1. In 
this Table, both movable and static examples of the portable structures are included since they can be reviewed under two titles 
which are the structures having variable location or mobility (VLoM) and the structures having variable geometry or movement 
(VGoM) as defined in [5]. VLoM includes all the static examples of those that are transported in parts or as a whole assembled on 
site. On the other hand, VGoM refers to the structures that can change their geometric forms from one configuration to another. 
In this paper, the examples are reviewed based on the structural type, form expansion, spatial flexibility, motion, operating system 
and the need for an auxiliary equipment during the transportation. 

Scissors and Bar Systems 

Scissor system is a simple mechanism which consists of bar elements connected by hinges allowing them to move freely against 
each other. These connected elements transfer energy to each other. Energy transfer creates expansion, contraction and various 
dimensional differences during the movement process [5]. There are basically three types of scissors which are translational, polar 
and angulated units. The translational units are composed of straight bars connected by revolute joints from their mid-nodes. 
Linear translational movement occurs when the bars start moving. The imaginary unit lines connecting the end nodes of the bars 
remain parallel in this movement. Similar to the translational units, the polar units consist of straight bars; but the main difference 
between these two types is that the bars are not connected at their mid-points. Rather, the scissor hinge is moved from the mid-
points. Therefore, the system creates a curvature during the deployment. The system allows curvilinear movement. Unlike the 
translational and polar units, the angulated units are composed of identical angulated bars which allows retracting from center to 
perimeter or vice versa [6]. On the other hand, bar systems consist of hinge bars which do not have to be generated by the identical 
units as in the scissor systems. Rather, various planar or spatial structural mechanisms can be used to construct the geometrical 
form. The generated system is similar to lattice type structures [5]. 

Twinstage, Hoberman Arch and IBM Pavilion are the well-known examples of the scissors and bar systems which are used in social 
venues. With a length of 13.5m, a width of 24m and a height of 12m, the Twinstage is the largest mobile stage in Europe. When 
the structure is assembled, it becomes stable. The flexibility and stability of the system allow using this structure for different 
events and functions. The Hoberman Arch is a huge mechanical stage door composed of scissor units which was designed for the 
opening of the Salt Lake 2002 Olympic Winter Games. It is 11 m long and 22 m wide which can be opened and closed according 
to performance. The structure is covered by rigid panels that slide over one another. The dimensions of the 96 panels vary, but 
the largest one is 2.7m tall and 1.5m wide. The system creates an angular movement which is provided by rotational motions of 
the hinges. Having a dimension of 48mx12mx6m, The IBM Pavilion is made of 34 arches that are assembled on site. When installed, 
the structure is no longer movable. Therefore, it is not flexible and no expansion is seen. An auxiliary transporter is required to 
transport the structure. 

La Cheminambule and Climax-Collectif Parentheses are two examples of the portable structures which serve as cafe. The La 
Cheminambule was designed as a movable structure that can adapt to the different conditions and spaces. Having a large fabric 
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covering on top like an umbrella, it can be opened and closed according to the intended use. Since it allows opening and closing 
of the covering at the desired level, it gives flexibility to the users. The system has rotational and translational motions which does 
not require an auxiliary equipment to move the structure since it is placed on a bicycle. The Climax-Collectif Parentheses is an 
example of the structure with VLoM since it does not allow any change after the installation. The structure is not flexible and 
cannot expand like movable ones. A vehicle is needed to be transported. 

Table 1: Proposed classification table of portable structures 
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GM Dome, Nike Showroom and Kate Spade Store are the examples of portable showrooms. The GM Dome has a simple rod system 
which can be easily opened or closed according to the usage. Thus, it has a flexible structure. However, since the movement is 
limited, large expansion cannot be obtained. The Nike Showroom and the Kate Spade Store are similar structures which are the 
examples of VLoM. Once installed, they do not undergo any change. For this reason, there is no flexibility and expansion on these 
structures. In all three examples, the parts are easily assembled manually. They cannot be moved without an auxiliary carrier. 

Habitation Y-BIO Chill-Out Colony and Portable Go-Yurt are the structures used for housing. Both examples can be reviewed under 
VLoM since they are static. They can be assembled on site as connecting the pieces to each other. They do not allow any change 
after the installation. Thus, no expansion occurs. They are not flexible and require a vehicle to move the structures. 

Movable Theater and Hoberman Dome serve as portable shelter structures. Both structures are capable of changing their shapes 
from open configuration to the closed one according to the intended use. Therefore, they are flexible and expandable. Since both 
systems are composed of scissor units, they create rotational movement during the deployment process. These hand operated 
structures can be transported with auxiliary vehicles. 

Folded-Plate Systems 

A folded plate system is composed of flat plates that are joined along their edges in different directions. It can be formed in a 
linear, radial or spatial arrangement. Folded-plate systems allow covering large spans since opposite sides can carry loads without 
requiring any intermediate support. [5] They have a large load bearing capacity that depends on not only the material and 
connection but also the shape of the folding [5]. Due to this structural property, various examples of folded-plate systems have 
been constructed for different functions including both static and kinetic ones. 

Nebula the Arts Access Victoria Pod, Cocobello and B+V can be shown as the examples of the portable structures proposed for 
social venues. The Nebula is a portable art space which is capable of changing its geometric form according to the users. It provides 
various functions to the users such as workshop area, performing space, meeting place or gallery. When the side wings are closed, 
it covers 14.8 m2 area with dimensions of 279cmx280cmx509cm. However, the covered area is 62.4m2 when the wings are opened. 
The opening of the side wings shows that the design is flexible and form expansion is generated. The wings are folded or unfolded 
by means of the rotational motions between the main structure and the wing. It works automatically with electrical energy. On 
the other hand, the Cocobello performs translational movement. Serving as a mobile atelier, the Cocobello can be used for 
different functions such as artist studio, showroom, press room or workplace. The structure has mainly three components that 
can be moved. It is possible to fold the structure into a compact state as pushing those components. It can be transformed into a 
cantilevered structure that has two-storey. Expansion is visible in the Cocobello when the system is operated. The system has 
5.48mx5.55mx5.16m dimensions when opened. In the closed configuration, the dimensions are 5.48mx3.00mx3.07m which 
covers almost 35.2 m2 area. It has high lift hydraulic jacks to operate the system. Similar to the Cocobello, the B+V has form 
expansion feature and is flexible with the opening of the side wings which are opened by the hinges allowing rotational movement. 
The Cocobello works automatically with electrical energy. An auxiliary transporter is required to transport the structure. 

Muv-box and Porchetta have similar structures functioning as cafe. Like the B+V, side wings are folded and unfolded upward or 
downward directions. They have expansion features. When closed, the Muv-box has a dimension of 2.4mx6.1mx2.6m. However, 
the dimensions are 4.57mx6.1mx2.6m when the system is opened. Both structures are operated automatically as enabling the 
rotational movement. They need an auxiliary vehicle. 

Similar design solutions have been proposed for portable showrooms, as well. Illy-box, Adidas Showroom and Dim Mobile Retail 
Unit can be shown as notable examples of the portable showrooms. The Illy-box and the Adidas Showroom have similar structures 
that can be folded and unfolded in different directions. Movement capabilities of these structures show that they are flexible, and 
formal expansion occurs in both structures. They complete their movements automatically by performing rotational movement. 
Unlike these two examples, the Dim Mobile Retail Unit performs translational movement. Expansion in the structure can be 
obtained by the movement of the side surfaces. Covering 90m2, the structures is 16m long which can be extended as pushing the 
side surfaces out. The structure is operated mechanically in which the hydraulic pistons are controlled by a computer. Although 
the Illy-box and the Adidas Showroom can be transported with an auxiliary device, the last one does not need anything for 
transportation. 

Mobile Tree House and De Markies are the structures that can be used for housing. Designed by Ten Fold Engineering, the Mobile 
Tree House can expand to up to three times its normal size in eight minutes. It covers approximately 64m2 when folded. From a 
regular box shape, the structure transforms itself into a three-storey dwelling as moving its surfaces. Requiring no foundation or 
cranes, the structure can be installed any place as transporting it on a truck. Since the system allows many changes on the 
structure, it can be said that it is flexible enough in terms of form and space transformations. Likewise, the side surfaces of the 
structure in the De Markies can be folded or unfolded which covers 90m2 when closed. While no expansion can be seen in the the 
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De Markies, the Mobile Tree House has an expansion feature with the opening of the surfaces. Both structures allow rotational 
and translational movements which are controlled automatically. Each can be transported any desired locations numerous times 
on a truck. 

Modularflex and EDV-01 can be used as emergency shelter. The Modularflex structure is able to fold into flat panels like accordion 
which can be easily transported on a truck. From a compact state to an unfolded state, it allows assembling the structure in as 
short time without requiring heavy machinery. Installation can be done manually. It can be reused for different purposes, as well. 
The opening of the side wings of the Modularflex shows that the structure is flexible. However, there is no expansion like in the 
other portable structures. It becomes a stable structure after the installation. On the other hand, the EDV-01 expands during 
installation as doubling its size which is operated automatically. The ground floor has dimensions of 605cm×259cm×243cm while 
the first floor has of 605cm×451cm×243cm. Performing translation movement, the structure has high lift hydraulic jacks for its 
operation. Both designs are needed to be carried with an auxiliary vehicle. 

Pneumatic Systems 

A pneumatic system is made up of air pressure which has natural transformation character due to its property of controlling 
stiffness through pressure. The operating principle of the system is to compress the air absorbed by the compressors to a certain 
pressure. The set conditioned air pressure is directed to the desired control point. As a result, the compressed air entering the 
control point is guided to the direction in which it is desired. The air in this line provides greater savings and advantages compared 
to other systems because it is re-mixed in the air at the end of the process. The air circulating in the system is used more densely 
or infrequently depending on the users. Thus, the pneumatic systems among all portable systems are economical, easy to install, 
simple to operate and advantageous structures. [5]. There are basically two types which are air supported and air inflated 
pneumatic systems. The air supported systems consist of a single structural membrane supported by a small air pressure 
differential. However, there are two membrane layers in the air inflated systems which form inflated structural elements. The 
working principle of the pneumatic system is analogous to membrane structure. The tensile forces are transferred between the 
elements by means of the membrane plane. This is also effective in carrying loads.  

All the examples of the pneumatic systems demonstrated in Table 1 have similar characteristics. They do not show different 
features as the other two types of portable systems presented in this study. There are various application areas of pneumatic 
systems. For instance, Küchenmonument, Ontario’s Celebration Zone Pavilion and Sprit of Dubai Building are used as social venues 
while Raumlabor’s SpaceBuster is used as cafe. Merci Brands Clothes, Samsung Presentation Area and Smirnoff Cube serve as 
showroom. There are also other examples used for housing such as Inflatable Bubble Tent and Hotel Campera Bubble Room. While 
Inflatable Medical Tent is used as an emergency shelter, Serpentine Pavilion is used as an exhibition shelter. Depending on the 
usage, expansion can be seen when the systems are operated. They do not have a flexible structure. The systems are generally 
operated by powered air supplied and need an auxiliary vehicle to carry them. 

Conclusion 

In this paper, portable systems used in architectural applications have been reviewed based on their structural systems and 
functions. A new classification table has been presented which is formed according to different parameters. First, the portable 
structures have been classified based on whether they have VLoM or VGoM. In the second and third categories, the examples 
have been analyzed in terms of their formal expansion characteristics and spatial flexibility. Then, those have been examined 
according to their motions, operating systems and the need of auxiliary equipment. 

It has been demonstrated that most of the structures are formally expandable since they allow shape transformations on the 
structures. Considering the spatial flexibility of the portable structure, it can be said that folded-plate and scissor systems provide 
more flexibility since it is possible to use these structures in different configurations. However, for instance pneumatic systems 
can only be used in their open configurations and do not allow any other shape change. But, they can cover large spans. 
Considering the speed of form transformation and the practical reasons, the folded plate systems seem to be more advantageous. 

It has been also presented that portable structures maintain a new portable living space while preserving the unity of human life 
and natural life. Such structures can be applied in architecture for different functions or purposes such as social venues, cafes, 
showrooms, housing units and shelters. They offer various advantages compared to the conventional structures since they are 
easy to fold, install and carry. Moreover, these structures can be transported to different locations many times according to the 
user needs. In addition, they can be reinstalled or dismantled numerous times and allow reusing the structure for different 
functions. As a result, it can be claimed that portable structures can offer flexible and feasible solutions for architectural 
applications spatially, functionally and structurally. With the advancement in technology and the growing interest on these 
structures due to their potentials, such structures will be more applicable in near future. 



ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

 159 

 

References 

Kronenburg, R. (2002). Houses in Motion the Genesis, History and Development of Portable Building, London: John Wiley & Sons. 

Schittich, C., (1998). “Mobile Real Property,” Detail, vol. 38, no:8, pp.1368-1374  

Kronenburg, R., (1995). Portable Architecture, Oxford: Architectural Pres. 

Songür, D., (2000). “Analysis and Evaluation of Post-Disaster Shelters and Temporary Houses,” Master Thesis, Istanbul Technical 
University, Istanbul. 

Zuk, W. and Clark, R.H., (1970). Kinetic Architecture, New York:  Litton Educational Publishing. 

Maden, F., Korkmaz, K. and Akgün, Y., (2011). “A Review of Planar Scissor Structural Mechanisms: Geometric Principles and Design 
Methods,” Architectural Science Review, 54(3): 246-257. 

  



ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

 160 

 

 

Mobility Analysis of Reciprocal Frames  

Gülçin ÖZEN*, Koray KORKMAZa  

* Izmir Institute of Technology, Department of Architecture, İzmir  

 gulcinozen@iyte.edu.tr  

  
a Izmir Institute of Technology, Department of Architecture, İzmir  

  

Abstract  

Men used natural elements like wood for their constructions with the available dimensions founded in nature in the early times. 
Since available beams are not enough for passing long distances, new solutions should be created. Spanning long distances with 
short beams is needed and one of these systems is called Reciprocal Frame (RF) structures. It is a three-dimensional grillage 
structure which consists of mutually supported elements. In RF whatever the composition that is built, the geometry should always 
have two members that connected at a time. Moreover, at least three members should be connected to create a grid but there is 
no limit for the maximum.  

In the researches that have been done until today, the geometry of RF, form-finding issues, connections, structural behavior, 
fabrication methods were studied but there is very limited number of studies about Kinetic Reciprocal Frame (KRF). Saidani and 
Baverel (1998) described a kinetic system of Multi Reciprocal Grids (MRG) which has only rotational hinges. Their study was based 
on 3- and 4-bar fan MRGs. Chilton et. al. (1998) studied the static and kinetic RF geometries and their structural behaviors through 
parametric analysis. Their analyses were based on the graphs. Parigi and Sassone (2010) investigated the process that is used to 
design planar and regular 4-bar Kinetic Reciprocal Frames (KRF) having single degree of freedom with rotational and translational 
hinges.  

In this study spatial Kinetic Reciprocal Frame structures for 3-, 4-, and 5-bar modules will be analyzed and their mobilities will be 
calculated. Zero, single and multi DoF configurations will be examined.  

Keywords: Degrees of freedom, reciprocal frame, mobility  

  

Introduction  

Reciprocal frame (RF) is a three-dimensional beam grillage system which the beams support and be supported by each other and 
is arranged to form a closed circuit. The name of ‘reciprocal frame’ was coined by Graham Brown. The etymology of ‘reciprocal’ is 
from the Latin word ‘reciprocus’ while recus means backward, procous means forwards. Reciprocity is, therefore, meaning that 
back and forth, providing an exchange for mutual benefit (Parigi and Pugnale, 2014).   

In RF whatever the composition that is built, the geometry should always have two members that connected at a time. Moreover, 
at least three members should be connected to create a frame but there is no limit for the maximum (Baverel and Saidani, 1999).  

In RF the beams are joined to each other not only at the ends, but also at the intermediate points. This feature gives an opportunity 
to change the position of the intermediate point through the beam with a sliding hinge. A rotational hinge at the connection point 
also suggests the frame to move from lower to higher positions (Figure 1). So, RF has the potential for kinetic behavior, but it is 
difficult to predict the movement. Saidani and Baverel (1998) described a kinetic system of Multi Reciprocal Grids (MRG) which 
has only rotational hinges. Their study was based on 3- and 4-bar fan MRGs. Chilton et. al. (1998) studied the static and kinetic RF 
geometries and their structural behaviors through parametric analysis. Their analyses were based on the graphs. Parigi and 
Sassone (2010) investigated the process that is used to design planar and regular 4-bar Kinetic Reciprocal Frames (KRF) having 
single degree of freedom with rotational and translational hinges. But there is very limited number of studies about kinematic 
behavior of spatial KRFs. When the kinematic understanding of a fan is predicted, one should be in a better position to design an 
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RF. One first indication of the behavior is the mobility of the frame. In this study spatial Kinetic Reciprocal Frame structures for 3-
, 4-, and 5-bar modules are analyzed and their mobilities are calculated. Zero, single and multi DoF configurations are examined.  

  
Figure 1 Changing position of the intermediate point (Thönnissen, 2014)  

Mobility of Mechanism  

Mobility (M) can also be referred as ‘degrees of freedom’ (DoF). To define the position of links in the mechanism, some 
independent parameters are needed. Mobility is the number of these independent parameters. In other words, it is the total 
degrees of freedom to be controlled in a mechanism for the links in a specific position. It is about the motion capability of the 
mechanism (Mufazzal, 2017). Mobility of the mechanism depends on the arrangement of the links and type of the joints.  

Revolute and prismatic joints are 1 DoF joints where revolute joints allow rotation, prismatic joints allow transformation.  
Cylindrical joints have 2 DoF which provides both translation and rotation (Table 1).   

Table 1 Joint types their DoFs and kinematic diagrams   
Name  Symbol  DoF  Rotational  Translational  Diagram  

Revolute  R  1  1  0  

   
Prismatic  P  1  0  1  

   

Cyclindrical  C  2  1  1  
   

Source: (Alizade, 2017)  

The mobility of a mechanism which is composed of links and connected with joints can be calculated with Freudenstein and 
Alizade’s mobility formula (Freudenstein and Alizade, 1975) as follows:  

  

                                                                                     M 𝐿𝐿𝑘𝑘=1 𝜆𝜆𝑘𝑘                                                                                             (Eq. 1)  

  

M = mobility j = 

number of joints fi 

= DoF of joint i  

Σfi = connectivity sum  

L = number of independent loops  

λk = DoF of space in which the loop k of the mechanism operates (λ = 2, 3, 4, 5, 6) (λ = 3 for planar mechanisms, λ = 6 for spatial 
mechanisms, RFs are λ = 6 mechanisms since they are spatial (Figure 2)).  
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Figure 2 A 4-bar fan  
Assemblies with zero or negative DoF (M < 0 or M = 0) are called as structures and these mechanisms are unable to move. 
Mechanisms having single or multi DoF can move and need more than one or more actuator to operate.  

Triangular configuration with different joint connections  

Zero DoF Triangular Configurations  

When three links are connected to each other with three revolute joints, the mechanism’s mobility is negative. It means that this 
mechanism is unable to move, and it is a structure.  

  

Σfi = 3, λ = 6  

M = 3 − 6 = −3  
Figure 3 R,R,R configuration  
  

  

When three more revolute joints or prismatic joints are added, connectivity sum equals to six and M becomes zero.  

  

 
                     Σfi = 6, λ = 6         M = 6 − 6 = 0                                                        Σfi = 6, λ = 6        M = 6 − 6 = 0  

                       Figure 4 2R,2R,2R configuration                                                                     Figure 5 RP,RP,RP configuration  
According to mobility formula, even though 3R, 2R, 2R joint series triangular configuration mobility equals to 1, it is a structure 
(Figure 6). Because, two R joints in one bar let the bar turns around itself. But it doesn’t change or affect the form of the 
configuration and 1 rotation for one bar can be ignored from the mobility result. So excessive mobility can be deducted from the 
formula to be able to get the correct mobility value (Alizade, 2017).  

                                                                                       𝑀𝑀  𝐸𝐸                                                                                   (Eq. 2)  
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E = Excessive mobility  

 

                                      Σfi = 7, λ = 6, E = 1                                                                            Σfi = 9, λ = 6, E = 3  

                                      M = 7 − 6 = 1 − 1 = 0                                                                M = 9 − 6 − 3 = 0  
                                  Figure 6 3R,2R,2R configuration                                                            Figure 7 3R,3R,3R configuration  
  

Same situation for 3R, 3R, 3R configuration is valid (Figure 7) and 3 rotation should be extracted from the equation since there are 
3 bars having two R joints at the same time.  

Single Dof Triangular Configuration  

  

For an n link closed loop mechanism with 1 DoF joints, in order the mobility to be 1, 
Σfi needs to be greater than λ. Single DoF triangular configuration with 1 DoF joints 
can be created only with 2RP, 2R, 2R joint series.  

  

Σfi = 7, λ = 6          M = 7 − 6 = 1                                                                                 

Figure 8 2RP, 2R, 2R configuration  
  

  

2 DoF joint configurations can also be created for mobility to be 1. 2 DoF joints are taken as two for fi since they allow both rotation 
and translation. To obtain M = 1 for both 1 DoF and 2 DoF joints, the following configurations can be created.  

 
  

                                1DoF joint= 3 , 2DoF joint=2                                                           1DoF joint= 5 , 2DoF joint=1                         

                                Σfi = 7, λ = 6         M = 7 − 6 = 1                                                    Σfi = 7, λ = 6        M = 7 − 6 = 1                                              

Figure 9 RC,RC,R configuration                                                                  Figure 10 RP,RC,2R configuration 
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Multi DoF Triangular Configurations  

 
  

                                                  Σfi = 8, λ = 6                                                                            Σfi = 9, λ = 6                                                                                 

                                                 M = 8 − 6 = 2                                                                      M = 9 − 6 = 3           
                                          Figure 11 2RP, 2R, 2RP configuration                                          Figure 12 2RP, 2RP,2RP configuration  

  

For the 2RP, 2RP, 2RP joint series configuration (Figure 12), M equals to three and the bars which rotate about their axes do not 
exist since one bar have one prismatic and one revolute joint.    

Cylindrical joint allows both rotation and transformation. For CR joint series it can assumed that there are 2R and a P.  

  

 

                                        Σfi = 9, λ = 6                                                                                   Σfi = 15, λ = 6, E = 6  

                                        M = 9 − 6 = 3                                                                            M = 15 − 6 − 6 = 3  
                                Figure 13 CR,CR,CR configuration                                                            Figure 14 2CR,2CR,2CR configuration  

  

The maximum mobility value is assumed to be obtained by three revolute and six cylindrical joints. But rotation of the bars around 
their axes and sliding of the bars back and forth exists at this configuration. So, 6 excessive DoF should be taken away from the 
result for 3 bars.   

Rectangular configuration with different joint connections  

Zero DoF Rectangular Configurations  

When four links are connected to each other with four revolute joints, the mechanism’s mobility is negative. It means that this 
mechanism is unable to move, and it is a structure. The mechanisms mobility is zero until we reach seven 1 DoF joints.  
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      Σfi = 4, λ = 6                                                                Σfi = 6, λ = 6                                                                Σfi = 6, λ = 6       

      M = 4 − 6 = −2                                                      M = 6 − 6 = 0                                                         M = 6 − 6 = 0  
Figure 15 R,R,R,R configuration                                          Figure 16 2R,R,2R,R configuration                            Figure 17 RP,R,RP,R configuration  

Single DoF Rectangular Configuration  

For M = 1, we need to have seven 1 DoF joints. To obtain M = 1 for both 1 DoF and 2 DoF joint configurations, the following 
mechanisms can be created:  

 

                                    Σfi = 7, λ = 6                                                                                      Σfi = 7, λ = 6  

                                    M = 7 − 6 = 1                                                                               M = 7 − 6 = 1  
                     Figure 18 2R,R,2R,2R configuration                                                           Figure 19 2R,R,CR,R configuration  

Multi DoF Rectangular Configurations  

The mechanisms that have multi DoF are shown below with having only 1 DoF joints or having both 1 DoF and 2 DoF joints. The 
configurations having 3R or 2PR joints at the intersection points have rotating or sliding bars, so excessive mobility value should 
be extracted from the calculation.  

 

            Σfi = 8, λ = 6                                                              Σfi = 8, λ = 6                                                      Σfi = 12, λ = 6, E = 4  

            M = 8 − 6 = 2                                                       M = 8 − 6 = 2                                                M = 12 − 6 − 4  
  Figure 20 2R,2R,2R,2R configuration                        Figure 21 RP,RP,RP,RP configuration                     Figure 22 3R,3R,3R,3R configuration  
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                               Σfi = 12, λ = 6, E = 4                                                                           Σfi = 12, λ = 6  

                              M = 12 − 6 − 4 = 2                                                                        M = 12 − 6 = 6  
                 Figure 23 2PR,2PR,2PR,2PR configuration                                                  Figure 24 RC,RC,RC,RC configuration  
  

  

  

Maximum mobility is the configuration that has C, R, C joint series at one intersection 
point. But rotation of the bars around their axes and sliding bars back and forth exists 
at this configuration. So, 8 should be taken away from the result.  Σfi = 20, λ = 6, E = 8      

 M = 20 − 6 − 8 = 6  
Figure 25 2CR,2CR,2CR,2CR configuration  

  

  

 

Pentagonal configuration with different joint connections  

Zero DoF Pentagonal Configuration  

When five links are connected to each other with five revolute joints, the mechanism’s mobility is negative. It means that this 
mechanism is unable to move, and it is a structure.   

 
                                  Σfi = 5, λ=6                                                                                         Σfi = 6, λ = 6  

                                  M = 5 − 6 = −1                                                                            M = 6 − 6 = 0  
                          Figure 26 R,R,R,R,R configuration                                                            Figure 27 2R,R,R,R,R configuration  
The mechanisms mobility is zero until we reach seven 1 DoF joints. Because there are six revolute joints, the mechanism still 
unable to move.  
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Single DoF Pentagonal Configuration  

To have M = 1, minimum number of joints is seven.  

 

                                   Σfi = 7, λ = 6                                                                                                Σfi = 7, λ = 6  

                                   M = 7 − 6 = 1                                                                                         M = 7 − 6 = 1  

                         Figure 28 2R,R,2R,R,R configuration                                                         Figure 29 RC,R,R,R,R configuration  

 

Multi DoF Pentagonal Configurations  

Multi Dof configurations can be seen below.  

 

                                         Σfi = 8, λ=6                                                                                     Σfi = 10, λ = 6  

                                        M = 8 − 6 = 2                                                                             M = 10 − 6 = 4  
                          Figure 30 2R,R,2R,R,2R configuration                                                     Figure 31 2R,2R,2R,2R,2R configuration  
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                                    Σfi = 15, λ = 6, E = 5                                                                               Σfi = 15, λ = 6  

                                    M = 15 − 6 − 5 = 4                                                                          M = 15 − 6 = 9  
                           Figure 32 3R,3R,3R,3R,3R configuration                                                    Figure 33 RC,RC,RC,RC,RC configuration  

  

  

  

 Σfi = 25, λ = 6, E = 10  

 M = 25 − 6 − 10 = 9  

Figure 34 2CR,2CR,2CR,2CR,2CR configuration  

  

  

  

  

Conclusion  

As can be seen from the kinematic diagrams and equations, Freudenstein and Alizade’s mobility formula is applied to 3-, 4-, and 
5-bar modules. But some bars rotate around their axes or slide back and forth through the bars although it doesn’t cause any 
changes in the configuration. These movements are called as excessive mobility (E) in the paper. So, E is added to mobility formula 
to reach the correct result.   

R, R, R joint configurations get the minimum value as negative or zero which can be regarded as structure since they are unable 
to move. To obtain mobility as one, there should be seven 1 DoF joints. Other possibilities to get mobility one for the 3-, 4- and 5- 
bar configurations having both 1 DoF and 2 DoF joints are three 1 DoF and two 2 DoF or five 1 DoF and one 2 DoF joints in a 
configuration. Finally, multi DoF joint configurations are applied and CR and CRC joint configurations take the maximum value for 
mobility.   

Multi DoF configurations need more labor force, money and they are not easy to control and build. Therefore, it is better to 
produce designs which has single DoF. But, single DoF configurations can have some limitations while creating networks. Since 
the aim is to create kinetic structure, these limitations can direct designers to multi DoF configurations for networks.   
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Abstract 

Daylight and its penetration in a room are significant concerns in architectural design. Light shelves are necessary to control 
daylight on fenestration. In the literature, there are many daylight controller systems such as light shelves. This paper presents the 
possibility of using Altmann linkage as the basis of constructing such a light shelf in rectangular form. It is basically a horizontal or 
inclined device, having high reflectance on the upper surface to control and redistribute daylight, placed above the eye-level in the 
fenestration system. The performance of a light shelf varies according to its dimensions, distance to window sill, distance to window 
head, its rotation angle and orientation in terms of daylight efficiency and visual comfort. It is also used to provide shading. This 
system can be internal or external and being static or movable. A light shelf presents its maximum efficiency in south facing façades 
receiving higher direct sun incident angles in medium latitudes of northern hemisphere. The aim of this study is to explain the 
design process of an adaptable Altmann light shelf including dimensioning the links in a rectangular form, calculating rotation 
angles, modelling this device in Relux to test its daylight performance. Regarding the Altmann geometries, three variations are set 
while changing its distance to window sill. The aim is to test illuminance and uniformity. Relux calculates illuminance and uniformity 
at four significant dates and three chosen hours for each one, to obtain the best design.  
 
Keywords: Light Shelf, Altmann Linkage, Adaptive Façade, Daylight, Redirection 
 

Introduction 

A light shelf is a kind of the improved daylight system. The function of a light shelf is to reflect daylight deep inside a space providing 
uniformity. It is applied in the fenestration system horizontally on the external or the internal or both side of the façade with a 
considerable reflective upper surface (Freewan, 2010). It keeps away from the direct sun light and reduces possible heat gain and 
glare occurrence in the room because of providing shading additionally. Its dimension, its location, and its material reflectance, 
the shape of the room, room surfaces, and ceiling geometry are significant design properties of a light shelf for its highly influenced 
performance (Soler&Otezia, 1997).  
Literature cites several studies based on best performance light shelf design. Soler and Oteiza (1996), and Claros and Soler (2002) 
studied to design for increasing the performance of light shelf on solar geometry according to solar angle. They studied on 1:10 
scale model (0.60 m x 0.60 m x 0.28 m), and the both sides horizontal light shelf’s dimensions were 0.56 m x 0.14 m and its high 
from the bottom 0.20 m. Ochoa and Capeluto (2006) compared illuminance between horizontal both sided light shelf and anidolic 
light shelf. While horizontal light shelf was appropriate for South and partially appropriate for East and West, anidolic light shelf 
moderately performed suitable for all directions. Beltran et al. (1997) analyzed many light shelf systems like horizontal, single 
level, and multi-level. Kurtay and Esen (2017) designed a special curves light shelf called CUN-OKAY to improve the performance 
of light shelf. Another interesting study is that designed a light shelf with a solar molude based on the solar module attachment 
area (Lee, 2019). Though the above examples have mentioned only fixed type of light shelfs, in recent years, the focus has been 
directed to movable versions either towards the sun or tracking the sun to enhance the device performance. While Chan and 
Tzempelikos (2015) have designed one direction movable light shelf that the light shelf is fixed on one hand with joints and moved 
up/down, Lee et al. (2016) have designed two-direction movable light shelf that the light shelf is fixed two different sides and 
moved up/down or right/left. Despite of studies dealing with movable light shelves, their action of movement is limited either in 
e.g. x-axis which is aligned to the façade or in e.g. perpendicular to the façade similar to the movements of horizontal and vertical 
blinds. That action of movement does not change the form of light shelf. In the previous study, we designed for both sides 9 light 
shelves – 5 of them are 0.60 m x 0.60 m and 4 of them are 0.70 m x 0.70 m in dimension– based on like an Altmann mechanism. 
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We analysed and compared without light shelf and two different version of the light shelf  (Atarer et. al., 2017). Now, this study 
indicates the performance of the differences among three light shelves calculating their position analysis. 

Project Description 

The light shelf was assembled for a room used as an office for academician of architecture. The case room is located on the third 
floor of an Architectural building in the İzmir Institute of Technology as shown in Figure 1 which is highlighted with red rectangle. 
The building is situated in a campus in İzmir (latitude 38o3’N; longitude 27o1’E). Dimension and details are based on feasible deep 
room, which is 2.85 m width, 6.45 m length and 3.80 m height (Figure 2). The window has 2.00 m width and 2.00 m height in the 
southern part located 1.00 m higher than the floor. The light shelf is also located 2.45 m higher than the floor. The surface 
reflectance and materials are 65% - coarse-grained granite for floor; 90 % - white plaster for ceiling; 92% - grey plaster for walls; 
78% - for glass; 97% - silver metal for light shelves; 65% - plastic for table as shown Table 1. 
 

 
Figure 1. Case Room at the Architectural department of IZTECH. 

 

Figure 2. Plane and Indoor of Case Room. 
 

Table 1: The reflectance value of materials 
Components and Metarials Surface Reflectance 
Floor: Coarse-grained 65% 
Ceiling: White plaster 90% 
Wall: Grey plaster 92% 
Glass 78% 
Light Shelf: Silver metal 97% 
Table: Plastic 65% 
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This study examines the possibility of designing a movable light shelf using Altmann linkage for the movement. The Altmann (1954) 
is a single DoF single loop overconstrained 6R linkage. It is a special case of Bricard’s line-symmetric linkage. This mechanism 
moves like folding diagonally. Figure 3 illustrates the movement of the Altmann linkage. In order to obtain a better light shelf, this 
light shelf which is inspired by the movement of the Altmann linkage. To get a better understanding the geometric proporties of 
overconstrained mechanisms, Denavit- Hartenberg method can be used for their position analysis as shown in Figure 4.  

 
(a)                                        (b) 

Figure 3. (a) Deeployed configuration of Altmann linkage, (b) Semi-deployed (45o angle) configuration of Altmann linkage. 
 

 
Figure 4. The Schema of Denavit-Hartenberg parameters of Altmann linkage 

 

Table 2: D-H parameters of Altmann Linkage 
  θij di aij αij 

1 θ1 0 a12 α12  
2 θ2 0 a23=0 α23  
3 θ3 0 a34 α34  
4 θ4 0 a45 α45 
5 θ5 0 a56=0 α56  
6 θ6 0 a61 α61  

 

The schema of D-H parameters of Altmann Linkage Figure 4 and Table 2 are drawn. In Figure 4; 
α12 = π/2, α23 = π/2, α34 = −π/2, α45 = π/2, α56 = π/2 and α61 = −π/2 as in Baker’s (1993) representation. The length of reciprocal 
links a12 and a45, a34 and a61 are equal, a23 and a56 are zero because of geometric conditions. Also, all “d” values are equal to zero 
as shown in Table 2.  “d” is distance of between two joint axes (offset). Therefore, angles of the Altmann linkage is calculated as 
follows: 
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In this study, three different Altmann linkages with a fixed size reflective plate are studied. 
For the comparison, two distances of joints which are “a” (long link) and “b” (short link) are important as shown in Figure 5. 

 Figure 5. Altmann light shelf 
The dimensions of the chosen external light shelf are such that 80 cm, 55 cm and 15 cm for short links as shown “b” and 200cm 
for long links as shown “a” (window width). In Figure 6, when link “b” of the three different light shelfs are rotated with the same 
angle like θ1, each light shelf has different angles with the building (β80, β55, β80) and the angles with the west (γ80, γ55, γ15). The 
one with shortest link has a minimum angle with both the building and west (β15, γ15) (Figure 6-c). When link “b” is elongated, the 
angles increase (Figure 6-a and Figure 6-b). 
When calculating the β and γ angles, equation 3 and 4 are used. θ1 is input, θ2 and θ3 were calculated with Equation 1 and 2.  
 
                                                                     1

1 2 3 1 3cos (sin cos sin cos cos )β θ θ θ θ θ−= +                                                                                       (3) 

                                                                    1
1 2 3 1 3sin (cos cos sin sin cos )γ θ θ θ θ θ−= − −                                                                               (4)

 

 

                                                                  
                  (a)                                                                           (b)                                                                     (c) 

Figure 6. Three different alternatives of Altmann light shelf design  
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Table 3 shows us three variations of Altmann light shelf which has different angles with the building (β) and with the west (γ). This 
table represents alteration of β and γ angles of three Altmann light shelves. The link a is constant (200 cm) and b has three different 
sizes (80, 55 and 15 cm). Figure 7 shows the fluctuation between β and γ for each variation of the Altmann light shelf. Three 
different curves for each three different Altmann light shelf are shown. The blue curve is for b=15, the yellow curve is for b=55 
and the orange curve is for b=80. Using the angles (β) and (γ), the most accurate Altmann light shelf can be designed to direct the 
western sun into the offices with south facing window. Eventually, paying attention to the ratio between link length is significant. 
While the ratio between link length (a/b) comes closer to 1, the rotation of Altmann light shelf to west increase.  Table 4 supports 
to show the maximum angle ( γ) to west. 

  

 

Table 3: β and γ angles according to the input angle θ1 of the three  variations of Altmann light shelf 
 
 

b=80 
a/b =2.5 

b=55 
a/b =3.63 

b=15 
a/b =13.33 

θ1 (Ιnput) β80 γ80 β55 γ55 β15 γ15 

90 90 0 90 0 90 0 
80 43.37 15.53 37.13 11.89 17.28 3.99 
70 30.43 16.56 24.76 12.39 9.73 3.88 
60 22.64 15.45 17.90 11.49 6.49 3.57 
50 17.09 13.47 13.27 10.03 4.59 3.13 
40 12.74 11.07 9.78 8.27 3.29 2.61 
30 9.09 8.43 6.92 6.33 2.28 2.02 
20 5.86 5.68 4.44 4.27 1.45 1.37 
10 2.88 2.85 2.17 2.15 0.70 0.69 
0 0 0 0 0 0 0 

 

 
Figure 71. Diagram of the fluctuation betweenandfor each variation of Altmann light shelf. 

 

Table 4: Maximum angle with west for each variation of Altmann light shelf 
 b= 80 b= 55 b= 15 
Max angle of γ 16.60 12.46 4.00 

As a result, the dimension especially the ratio of reciprocal links is notable designing an Altmann light shelf. As is observed in 
Table 4 and Figure 7, the first one (b=80) is more suitable for light shelf because rotation to west angle (γ) is more than the 
others. It is understood that when short link length increases rotation to west increases too. Also, according to Moazzeni and 
Ghiabaklou (2016), the optimum width of the light shelf must be 80-100 cm. As can be seen in Table 3, the Altmann 
light shelf which can direct the western sun mostly should be 80 cm wide and 200 cm long. The phase of the motion 
of b=80 is shown in Figure 8. 
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Figure 8. The Motion of the Altmann Light shelf b= 80 

 

Result and Discussion 

A geometric model of the case room and the external light shelf were created using Relux. The light shelf is designed to be analysed 
in three configurations which are shelf-less, plane light shelf and angulated (β is equal to 45o) light shelf. The calculation of these 
three configurations is assessed during the year or in a special time, based on annual weather information and changing 
conditions. 
Table 5 represents the results of average illuminance (Eav), minimum (Emin) and maximum (Emax) at four significant days (21st March, 
June, December and 23rd September) and at three hours (09:30, 12:30, 15:30) for each day. According to Table 5, average 
illuminance increases from 2580 lux to 2610 lux with the usage of plane configuration for 21 March 12:30 simulation result. While 
plane configuration increases 1.16%, angulated one decreases 1.16% average illumination level for the same date. For 23 
September 12:30, this lapse-rate is happened 0% between shelf-less and plane configurations and angulated configuration 
decreases 2.79% average illumination level. With respect to these results, it is seen that Altmann light shelf contributes not only 
light directive panel but also using shading device for different seasons and timing (Table 6-Table 9).  

Table 5: Illuminance calculation for South direction 
21June  21March 

Eav Shelf-less Plane Angulated  Shelf-less Plane Angulated 

09:30 222 257 196  569 632 561 
12:30 378 395 342  2580 2610 2550 
15:30 332 388 305  566 528 623 
Emin        

09:30 107 129 94  158 179 130 
12:30 178 187 160  227 278 221 
15:30 148 189 150  164 172 162 
Emax        

09:30 340 378 305  3050 3240 2780 
12:30 600 637 553  36200 36300 36100 
15:30 556 621 486  2820 2430 3560 

21Dec  23Sept 
Eav Shelf-less Plane Angulated  Shelf-less Plane Angulated 

09:30 1300 1340 1360  387 381 437 
12:30 4280 4020 4120  1840 1840 1790 
15:30 1370 1360 1270  823 936 848 
Emin        

09:30 236 240 238  123 129 115 
12:30 542 451 448  218 241 192 
15:30 259 247 211  200 216 194 
Emax        

09:30 4660 4790 4840  1060 839 1700 
12:30 29400 29100 29300  34900 35000 3490 
15:30 4690 4720 4370  28200 29300 28900 
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Table 6: Three different configurations in Summer 
Summer Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 

   
Summer Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 
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Table 7: Three different configurations in Winter 
Winter Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 

   

Winter Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 
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Table 8: Three different configurations in Spring 
Spring Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 

   

Spring Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 
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Table 9: Three different configurations in Autumn 
Autumn Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 

   

Autumn Shelf-less Plane Angulated 

09:30 

   

12:30 

   

15:30 

   

 

 
 
 
While Table 10 and Figure 9 present sDA (Spatial Daylight Autonomy) values of three different configurations, Table 11 and Figure 
10 represent ASE (Annual Sunlight Exposure). These values represent that angulated configuration is using as a shading device at 
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9:30 in summer and in winter, all configurations have the same values at 12:30. The light shelf can convert from plane to angulated 
in Autumn. 
 

Table 10: sDA values of three version 
    Shelf-less Plane Angulated 

Summer 
09:30 29.09 41.81 9.09 
12:30 56.36 63.63 58.18 
15:30 54.54 63.63 49.09 

Winter 

09:30 85.45 87.27 85.45 

12:30 100 100 100 

15:30 90.90 90.90 83.63 

Spring 
09:30 60 67.27 61.81 
12:30 74.54 89.09 80 
15:30 61.81 69.09 63.63 

Autumn 
09:30 45.45 54.54 45.45 
12:30 76.36 81.81 70.90 
15:30 74.54 76.36 67.27 

 
 

 
Figure 9. sDA values of three cases for each season 

 

Table 11: ASE values of three version 
    Shelf-less Plane Angulated 

Summer 
09:30 0 0 0 
12:30 0 0 0 
15:30 0 0 0 

Winter 

09:30 43.63 45.45 45.45 

12:30 58.18 27.27 40 

15:30 45.45 45.45 43.63 

Spring 
09:30 14.54 10.90 9.09 
12:30 9.09 12.72 9.09 
15:30 9.09 9.09 9.09 

Autumn 
09:30 1.81 0 7.27 
12:30 7.27 5.45 6.36 
15:30 5.45 18.18 3.63 
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Figure 10. ASE values of three cases for each season 

Figure 11 shows annually sDA and ASE values. While sDA of plane configuration is 73.78%, the value of 45o angle configuration 
is 64.54%. Occurring sun patch, ASE of plane configuration is higher than 45o angle configuration. Because ASE value of 45o angle 
is 14.47% otherwise; the value of plane configuration is 14.54%. 
 

 

Figure 11. Annually sDA and ASE values 

Conclusion 

Light shelves are known to be stable or movable through x and y-directions. The Altmann light shelf is a linkage whose diagonal 
movement changes. In previous study (2017), the daylight system consists of 9 square light shelves but now, this study includes a 
rectangular light shelf. Thanks to this design difference, sun patch formation is minimized. Previous study shows that the sDA and 
ASE values of 45o angle configuration and plane configuration are similar but 45o angle configuration is better in Summer noon 
and Spring morning. 
 
Light shelves are known to be stable or movable through x and y-directions. The Altmann light shelf is a linkage which moves like 
folding diagonally. In previous study (2017), the daylight system consists of 9 square light shelves but now, this study includes a 
rectangular light shelf. Thanks to this design difference, sun patch formation is minimized. Previous study shows that the sDA and 
ASE values of 45o angle configuration and plane configuration are similar but 45o angle configuration is better in Summer noon 
and Spring morning. 
 
In this study three different light shelf design indicates that, when designing a movable light shelf, the daylight orientation angle 
is significant to use the daylight more efficiently. Thanks to geometric properties of Altmann linkage, it presents that many 
different light shelves can be designed just changing ratio of two reciprocal links a and b. Three different Altmann linkages with a 
constant size light shelf are analysed considering the optimum design of the light shelf. Link a is constant 200 cm but link b is 
alternatively 80cm, 55cm and 15 cm. All calculations illustrate that it needs to use b=80. Since the ratio between link length (a/b) 
is more closed to 1, it rotates more for using daylight efficiently. 
 
After that, selected light shelf is analysed daylight performance in Relux. The light shelf is designed three different configurations 
for the analysis. They are shelf-less, plane light shelf and angulated (β is equal to 45o) light shelf. Illuminance values and uniformity 
of three different configurations are calculated at four significant dates (two equinox and two solstice) and three chosen hours 
(09:30, 12:30, 15:30) for each one. Then, sDA and ASE values are calculated for each configurations to understand which one is 
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more efficient. All results show that although the values of plane and angulated configuration look like the same, angulated 
configuration is more efficient in winter.  
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Abstract 

Origami, as an ancient form of art, has been a source of inspiration in various fields of science. In the field of architecture, the 
crease pattern which is created by the trace from folding, is generally used to design ornaments, façades, and structures – both 
kinetic and static. This study illustrates different types of crease patterns used in the construction of static folded plate structures. 
Seven different projects, selected from different countries, are analyzed in terms of their patterns, materials and structures. 
Analyzing these parameters provides an insight into the relationships between them. For instance, the type of crease pattern 
determines the final form of a building but does not affect the selection of the structural system. 

Keywords: Origami, Crease Pattern, Folded Structures, Structure 

 

Introduction 

Origami is an ancient form of art which has evolved today as a type of architectural structure alongside various fields such as 
medicine, engineering, and mathematics. In origami the paper is folded to reach a specific form, shape or figure. Designers or 
artists create crease patterns, which can be described as a network of lines, by folding the paper to the intended form. In 
architecture, mainly two different types of structures can be designed using these crease patterns: foldable kinetic structures 
which are developable, deployable and/or foldable, and the static folded plate structures. The use of crease patterns as a design 
tool provides both structural strength and aesthetic which enable us to design flexible and adaptable buildings.  

There are various examples of architectural projects where folded structures are used. The first criteria in the selection of the 
projects was that they have to be folded plate frame buildings. The term folded plate frame (Sekularac et al.,2012, p.2) is used to 
define the geometry of the building’s form where the envelope itself is load-bearing. So, projects that use folded structure only 
as a roof or façade were eliminated. The second criteria in the selection of the case studies was the construction materials. The 
properties of the building materials have an utmost importance in term of construction, therefore each case in the study has 
different materials: fiberglass reinforced plastic, steel, timber, and concrete. The third limitation that appeared during the research 
was that there was not enough data to do a comparative analysis for some cases. This process led to seven case studies with 
different forms and materials. The pattern type was not a criterion in the selection of the cases because the use of different 
patterns can lead to different relationships. 

This study aims to find a possible correlation between different parameters: crease patterns, structures and materials. First, there 
is a general discussion about the folded plate structures and their classification. Secondly, the types of patterns and their 
properties are discussed to provide an understanding. Thirdly, seven case studies, with different patterns, materials, form, span, 
and structures, are presented. Then each project is briefly introduced where their parameters are explained, followed by a detailed 
comparison of each parameter: pattern-form, pattern-structure type, structure type-material, and material-span. Finally, the 
study discusses the outcomes of the analysis where the results show that while some parameters are interdependent, others are 
independent. The author thinks that this study will improve the understanding of the different forms of folded plate structures 
and the use of crease patterns in the architectural designs. 

Structural Systems 

Folded structures can be classified under two different types: kinetic and static. In kinetic structures, such as deployable and 
transformable ones, the load-bearing systems can be grouped as foldable plate structures, also called rigid origami (Tachi, 2009), 
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and bar structures. In foldable plate structures, the plates are the structural elements and the joints allowing the movement are 
placed along the crease lines. In bar structures, linear elements replacing the crease patterns’ lines have load-bearing properties 
and the joints are placed in the vertexes (Karaveli Kartal, 2017). For static folded plate structures Sekularac et al. (2012, p.3) 
propose a classification based on their geometric shape: folded plate surfaces, folded plate frames, and spatial folded plate 
structures. As mentioned before in this study only buildings with the form of folded plate frame are analyzed. According to 
Moussavi (2011) folded static structures have different types of load-bearing systems which can be classified as folded plate 
structures and folded plate and truss structures. In folded plate structures, flat surfaces are the load-bearing elements. In folded 
plate and truss structures the loads are directed along both the flat surfaces and trusses, providing a structural strength against 
different forces.  

All cases analyzed in this study are folded plate frame structures but have different load-bearing systems that will be discussed 
within each project. 

Patterns 

There are numerous corrugated patterns which are differentiated based on their unit’s (polygon’s) form and their folding 
properties. Depending on the types of folded structure the use of pattern changes due to its properties. One of the most 
researched pattern, in both architecture and engineering, is the Miura-ori pattern due to its kinetic properties (Miura, 2009). As 
it can be seen in Fig.1(a) the crease pattern consists of parallelogram units, but due to its properties it is not classified as a 
quadrilateral pattern. Another pattern is the water bomb pattern which uses multiple different triangular units (Curletto & 
Gambarotta, 2015) shown in Fig.1(b). A third pattern that can be observed in Fig.1(c) is the Resch’s 3D Tessellation patterns where 
multiple different types of polygons are used (Tachi, 2013). 

Figure 1: (a) Miura-ori pattern (Karaveli Kartal, 2017, p. 34). (b) Water Bomb pattern (Karaveli Kartal, 2017, p. 37). (c) Resch’s pattern (Karaveli 
Kartal, 2017, p. 38). Straight lines indicate mountain folds and the dashed lines indicate the valley folds. 

 

In both kinetic and static structures, the most common types used are quadrilateral and diamond patterns. Quadrilateral patterns 
are composed of tetragons and their unit’s shape can change from a parallelogram to a trapezoid (Karaveli Kartal, 2017). This 
pattern is also called reverse fold (Peck, 2014, p.100) due to the directional change from mountain to valley fold, or vice versa, of 
the main longitudinal crease line that can be observed in Fig.2(a). Valley and mountain folds are basic folding techniques named 
after the directional movement and the final form of the fold. 

Figure 2: (a) Quadrilateral / Reverse fold pattern (Karaveli Kartal, 2017, p. 36). (b) Diamond / Yoshimura pattern (Karaveli Kartal, 2017, p. 35). 
Straight lines indicate mountain folds and the dashed lines indicate the valley folds. 
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On the other hand, diamond patterns’ units, also called Yoshimura pattern, are triangles. In this study Yoshimura pattern and 
diamond pattern are differentiated based on their use of the units. In Yoshimura only one type of triangular unit is used to create 
the crease pattern while the diamond patterns can use multiple different ones.  Fig.2(b) is the crease pattern and the folded example 
of Yoshimura pattern. 

In this study, all the case studies’ patterns are representational drawings meaning that they are reproduced by plans, sections and 
photographs of the buildings. In addition, even though their crease patterns are drawn, their fold direction is not indicated. 

Case Studies 

The first case study is the United States Air Force Academy Cadet Chapel designed by Walter Netsch of Skidmore, Owings, & Merrill, 
built in Colorado United States, in 1962. The building has a steel folded plate and truss structure composed of 100 identical 
tetrahedrons forming 17 spikes (SOM, n.d.). Each tetrahedron is cladded with aluminum panels working together with the trusses 
to distribute loads (Moussavi, 2011, p. 387). The building has a rectangular plan, which has a length of 85 meters, a width of 26 
meters, and a height of 45.72 meters. 

The analysis shows that the crease pattern of the building is a diamond pattern as shown in Fig.3. This pattern is created by a linear 
translation of a single row (marked between two red lines) composed of two different triangles (indicated in different grey colors). 
The pattern also shows an axial symmetry along the longitudinal central axis specified in Fig.3(b) in blue line. 

 

Figure 3: (a) Air Force Academy – Cadet Chapel. Source: https://divisare.com/projects/374838-som-skidmore-owings-merrill-xavier-de-
jaureguiberry-us-air-force-academy-cadet-chapel. (b) Cadet Chapel Pattern, created by the author based on the architectural drawings. Source 

for drawings: http://75bestalive.org/history_pages/history_chapel_construction.html 

 

The second one is the Yokohama International Port Terminal designed by FOA (Foreign Office Architects), built in Osanbashi Japan, 
in 2002. In his book Moussavi (2011) defines this structure as a folded plate and truss, and girder where “the steel plate and truss 
folded surface spans two steel-girder bridges that together define the longitudinal spine of the structural system”.  In this study 
the building’s structure is classified as specified by Moussavi (2011): a folded plate and truss, and girder structure. The building 
has a rectangular plan that expands and compresses along the central longitudinal axis – the blue line in Fig.4(b). The building has 
a length of 430 meters, a width of 70 meters, and a maximum height of 15 meters (City of Yokohama, n.d.). 

The building has three floors including the basement. The folded plate appears on the first and second floors’ ceiling and since 
both have a diamond pattern, only one level’s pattern has been represented in Fig.4(b). This pattern is a linear translation of a 
row consisting of four different triangles that have an axial symmetry along the blue line in Fig.4(b).  
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Figure 4: (a) Yokohama International Port Terminal. Source: https://divisare.com/projects/314352-foa-azpml-farshid-moussavi-architecture-
valerie-bennett-yokohama-international-port-terminal. (b) Terminal Pattern, created by the author based on the architectural drawings 

(Moussavi, 2011, pp.392-393). 

 

 

The third project is the Sulphur Extraction Facility - currently dismantled, by Renzo Piano, built in Pomezia, Italy, in 1966. This 
building’s structure consisted of multiple triangular FRP (Fiberglass Reinforced Plastic) panels connected to each other creating a 
barrel vault. The building had a rectangular plan that was designed in such a way that panels could be demounted from one end 
and added to the other in order to cover along the changing mining operation line (Sarah, 2012; Glancey, 2018). The folded plate 
structure had a length of 24 meters, a length of 5 meters, and a width of 10 meters.   

Since there is no secondary structure supporting the panels, the building is a folded plate structure. The pattern uses only one 
type of unit thus making it a Yoshimura pattern. As in the previous cases there is a linear translation of a row and the pattern has 
an axial symmetry which is shown in Fig.5(b). 

Figure 5: (a) Sulphur Extraction Facility. Source: http://compositesandarchitecture.com/?p=100. (b) Facility Pattern, created by the author 
based on the architectural drawings. Source for drawings: http://compositesandarchitecture.com/?p=100 

 

The fourth one is The St. Paulus Church by Fritz and Christian Schaller, built in Neuss-Weckhoven, Germany, in 1968. The building 
is a 7-centimeter thick reinforced concrete folded plate structure (Baumberger & Flury, 2012). The approximation of the building 
dimensions has been made based on drawings (Neuss-Weckhoven, Church of St. Paulus, n.d.): a length of approximately 29 
meters, a width that varies from a maximum of 24.5 meters to a minimum of 15 meters, and a height of approximately 10 meters. 
It has a rectangular plan that expands toward the center of the longitudinal axis, the narrowest span being where the altar is 
placed. 

The diamond pattern is a mixture of rotational and linear translation consisting of multiple triangular units shown in Fig.6(b). There 
are four apexes where a rotational translation can be observed, represented by the blue dots in Fig.6(b). This modification in the 
pattern allowed to have a semi-dome like form for both ends of a barrel vault. In addition, this pattern shows an axial symmetry 
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along the blue line in Fig.6(b). It should be pointed out that the pattern was mostly created from images of the building by the 
author thus it is an approximate representation. 

Figure 6: (a) St. Paulus Church. Source: http://www.sosbrutalism.org/cms/19037451. (b) Church Pattern, created by the author based on the 
building’s images and drawings. Source for drawings: http://www.p-nagel.de/Werke/000823.htm 

 

The fifth project is the Mülimatt Sport Center by Studio Vacchini, built in Aargau, Switzerland, in 2010. The structure is a precast 
concrete folded plate structure composed of 27 frame units (Peck, 2014, p. 230), creating a rectangular plan and a box like form. 
A single row or frame unit which are marked with red lines in Fig.7(b) consists of 3 elements – one roof element and two façade 
elements. The building has a length of 80 meters, a width of 52.60 meters (Baurmann, Schultz, & Reichel, 2014, p.150), and a 
height of approximately 11.5 meters. 

The pattern used in this structure is a mixture of quadrilateral and diamond shaped units. The folded plate structure consists of 
linearly translated 27 rows. Each row has two quadrilateral units (in orange) and four triangular units (in grey), shown in Fig.7(b). 
As in all previous examples an axial symmetry can be observed. 

Figure 7: (a) Mülimatt Sport Center. Source: http://www.studiovacchini.ch/opere/25/lan:en. (b) Sport Center Pattern, created by the author 
based on the architectural drawings (Peck, 2014, p.231). 

 

The sixth one is the Vidy Theatre by Atelier Cube, Yves Weinand Architectes sàrl, built in Lausanne, Switzerland in 2017. The 
building structure is a double layered timber folded plate structure. The plywood boards are 40mm thick and there is a 25cm 
space between two folded plate layers (Weinand, 2017). The plywood boards are connected with each other by an interlocking 
“chamfered double-through-tenon joints” (Robeller, Gamerro, Coanon, and Weinand, n.d.). The building has a rectangular plan 
that expands and compresses along the central longitudinal axis seen in Fig.8(b). The building has a length of 28.7 meters, a width 
of 21 meters, and a height of 10,45 meters (Luque, 2017). 

The pattern is a combination of quadrilateral and triangular units thus creating a mixed pattern. Triangular units are used to create 
a curved roof surface while the quadrilateral units are used in the wall-façade of the building. There are eleven rows but all units 
are different from each other and, because of the double layering structure, the patterns are different for each layer creating a 
total of 308 different units (Robeller, Gamerro, Coanon, and Weinand, n.d.).   
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Figure 8: (a) Vidy Theater. Source: © Ilka Kramer, https://architectures.jidipi.com/a229362/timber-pavilion-of-the-vidy-lausanne-theatre/. (b) 
Chapel Pattern, created by the author based on the architectural drawings. Source for drawings: 

https://architectures.jidipi.com/a229362/timber-pavilion-of-the-vidy-lausanne-theatre/ 

 

The last project is the Chapel St. Loup by Danilo Mondada and Localarchitecture, built in Pompaples, Switzerland, in 2008. The 
building has a timber folded plate structure with an average width of 9.5 meters, a length of 16 meters, and a height that varies 
between 3 to 7 meters. Various sized cross laminated timber panels are used to create this structure. Both size and the thickness 
of the material changes depending on the function of the elements - 60mm thick panels are used for the roof and 40mm thick 
panels for the walls (Weinand, 2017). Panels are assembled from the exterior by nailing folded metal sheets along the edges 
(Weinand, 2017). 

The pattern of this structure is a quadrilateral pattern that has 42 different units. There is no axial symmetry that can be perceived 
and none of the vertical fold lines, in respect to the position of the pattern in Fig.9(b), are parallel to each other.  

Figure 9: (a) Chapel St. Loup. Source: © Milo Keller, https://architectures.jidipi.com/a253230/temporary-chapel-for-the-deaconesses-of-st-loup-
localarchitecture/. (b) Chapel Pattern, recreated by the author based on the drawings (Weinand, 2017, pp.20-21.). 

 

Analysis 

The seven case studies present similarity in terms of their need for a continuous cross-section requirement due to their functions: 
three religious buildings, one terminal building, one theater, one sport center, and one industrial facility. They all have different 
crease patterns, material use and structure type that have been analyzed to understand the relationship between these 
parameters. All the parameters for the case studies are shown in Tab.1. 

 

Table 1: Selected projects’ pattern type, structure type, materials, and span. 
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No. Building Pattern type Structure type Materials Span (meters) 

1 Sulphur Extraction Facility 
Yoshimura 
Pattern 

Folded Plate 
Structure 

FRP panels 10m 

2 Chapel St. Loup 
Quadrilateral 
Pattern 

Folded Plate 
Structure 

Timber – cross 
laminated 

11.8m (max) 

3 Vidy Theathre Mixed Pattern 
Folded Plate 
Structure 

Timber - Plywood 21m 

4 St. Paulus Church 
Diamond 
Pattern 

Folded plate 
Structure 

Reinforced 
Concrete 

24.5m (max.) 

5 
United States Air Force 
Academy Cadet Chapel 

Diamond 
Pattern 

Folded Plate and 
Truss Structure 

Steel frame, 
aluminum plate  

26m 

6 
Yokohama International Port 
Terminal 

Diamond 
Pattern 

Folded Plate and 
Truss, and Girder 
Structure 

Steel frame and 
steel plate 

42.5m (app.)  

7 Mülimatt Sport Center Mixed Pattern 
Folded Plate 
Structure 

Prefabricated 
Concrete 

52.60m 

 

Pattern - Form 

All projects have a general form of a vault with different cross-sections. Although St. Paulus church’s form is a barrel vault in the 
center, both ends are closed with quarter of domes and therefore it has a unique form when compared with the other case studies. 
On the other hand, the Air Force Cadet Academy has a triangular cross-section creating a vault like form. The cross-sections of 
both The Chapel St. Loup and Mülimatt Sport Center have a rectangular form creating rectangular prisms.  

When the projects are analyzed in terms of the relationship between their form and patterns, we can say that those having 
diamond patterns have a curvilinear form: Sulphur Extraction Facility, Yokohama International Port Terminal, St. Paulus Church, 
Vidy Theater, with the exception of the Air Force Cadet Chapel. While the projects that use quadrilateral patterns have a more 
box shaped form: Mülimatt Sport Center and Chapel St. Loup. Therefore, it can be stated that patterns define the general spatial 
form of the building.  

Projects with diamond patterns reveal that a pattern can be modified to achieve the desired curvilinear cross-section. In the 
Sulphur Extraction Facility, the cross section is a semicircle where the pattern is the Yoshimura pattern with the same unit sizes.  
In St. Paulus church the cross section has a parabola like shape achieved by modifying the units of the pattern as units’ size diminish 
as they reach the apex of the parabola-like curve. The cross-section of Vidy Theater and Yokohama Terminal have compound 
curves created by enlarging the units’ size towards the top, the inverse process that is observed in the St. Paulus Church.  Thus it 
can be said that the form of the cross-section can be designed by modifying the pattern, creating a dependent relationship 
between pattern and form.  

Pattern – Structure Type 

Air Force Cadet Chapel and Yokohama Terminal have both diamond pattern and similar load-bearing systems. The Air Force Cadet 
Chapel is a folded plate and truss structure, where trusses are both planar and three dimensional. When one face of a tetrahedron 
is analyzed it can be observed that the trusses and the aluminum cladding are on the same plane, working in cohesion to disperse 
the loads. But the analysis of the whole structure shows that the way the tetrahedrons are connected creates a three-dimensional 
frame. The Yokohama Terminal is a folded plate and truss, and girder structure which Moussavi (2011, p.393) describes as “steel 
plates and truss folded surface spans two steel-girder bridges that together define the longitudinal spine of the structural system”.  

The other five projects have the same structure type which is folded plate structure with different types of patterns - diamond, 
quadrilateral and combination of both. This demonstrates that both parameters are independent of one another.  

Structure Type – Material  

Examples of folded plate structure analyzed in this study demonstrate that this kind of structure can be constructed with fiberglass 
reinforced plastic panels, timber or concrete. These materials represent adequate stiffness to be used as a planar load-bearing 
element. This points out that in the future other materials that have the necessary planar stiffness can be used in the construction 
of folded plate structures. But, as it is pointed out by Peck (2014), the load-bearing capacity rests on the joined edges where the 
loads are transmitted. So, not only the material properties of a planar element are important but the way they are joint together 
is also an imperative point to consider when designing a folded plate structure. In timber folded plate structures the method of 
connecting plates is different, one uses nails, Chapel St. Loup, while the other, Vidy Theatre, uses interlocking joints, which solidify 
the connection (Weinand, 2017, pp.29-31) thus allowing a more rigid structure. 
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Project constructed with steel as a material are folded plate and truss structures. The reason behind this is the buckling problem 
that occurs when thin metal sheets are used as a folded plate structure. This problem was solved with the combined use of steel 
plate and truss in both The Air Force Cadet Chapel and the Yokohama Terminal project.  

Hence it can be said that the material selection affects the structure type of the building. or that the construction material should 
be selected based on the desired type of structure.  

Material - Span 

The smallest span within the selected projects is the Sulphur Extraction facility with 10 meters. This project was designed so that 
the FRP panels would be demounted and remounted along the extraction line. Therefore, the material had to be light enough to 
be transported. Hence the choice of the material was correct but since only one folded plate structure that uses FRP panels was 
analyzed in this study relationship between material and span cannot be deduced.   

Both Chapel St. Loup and Vidy Theater are folded plate timber structures. Chapel St. Loup is a single layer structure with a span of 
11.5 meters, constructed with cross laminated timber panels. The Vidy Theater has a double layered plywood folded plate 
structure with a span of 21 meters. The span limits may be defined based on the type of panel but, as stated before, the joints of 
the panels may also be a parameter. But as Weinand (2017) pointed out, folded plate timber structure is not yet a part of the 
construction world, thus the limits of timber panels, whether plywood or cross laminated, have yet to be achieved.  

St. Paulus church is a cast-in-situ reinforced concrete construction which has a maximum span of 24 meters. On the other hand, 
Mülimatt Sport Center is a post-tensioned precast concrete structure that has the largest span (52.60 meters) within the selected 
projects. This shows that concrete folded plate structures can achieve diverse span ranges. The same observation can be deduced 
when steel is used for folded structures.   

 

Conclusion 

In this study, it can be said that the crease pattern has an important role in defining the spatial form of the structure, but not the 
structure type. Yet, as Weinand (2017, p.24) points out, a geometrical manipulation of the folds’ height and the frequency of the 
folds toward the edge of the structure contributes to the rigidity of the structure. Except for the last two projects, Vidy Theater 
and St. Loup Chapel, it can be said that axial symmetry observed in the crease patterns is a common design principle. The reason 
may be the structural properties it provides or the ease of the construction phase. Especially when the material used is concrete, 
whether in-situ or precast, having a small number of different units will simplify the construction phase. Another commonality in 
the patterns is their linear transition of a single row creating parallel crease lines along their cross-section. The St. Loup Chapel is 
the exception for this, where all the lines vertically placed to the longitudinal axis have different angles, creating a more organic 
form. More studies have to be conducted to understand if this has any effect in the load-bearing capacities of the structure or if 
it is just a choice to lower and ease the cost and construction process.  

When we look into the relationship between the material and the type of structure we can observe that the material choice affects 
the type of structure due to the inert properties of the materials. But it has been proved that this problem can be solved by 
combining different type of structures, like in the example of the Yokohama Terminal. The dimensions of the material will also 
define the structure type. For example, in a timber folded plate structure the plywood or cross-laminated panels’ dimension will 
be a limitation for the design of the structure. It should also be noted that these are not the only parameter to consider when 
designing a folded structure, especially a folded plate one; how the folded plates are joined should also be considered since the 
joining method used to assemble the folded plate affects the rigidity of the structure.  

No relation between the crease pattern and the structure type has been established in this study. As it can be observed in Tab.1, 
both types of crease pattern and their combination can be used for the creation of folded plate structures. But the dimensional 
limitations of a material will have an effect on both the structure and the crease pattern’ unit dimensions.  

The span is closely related to the structure type, so the material and span relationship is partially dependent of one another 
because they both function in conjunction with the structure type. But as Peck (2014, p.102) states the pattern defines the span’s 
direction, so the span has an indirect dependency to the crease pattern. This dependency can be observed in all the projects that 
have a rectangular plan where the folds are perpendicular to the longitudinal axis of the building.  

In conclusion this study shows that while some of the parameters are independent of each other, others parameters such as the 
relationship between the material and the structure type are closely related and may affect or be affected by other parameters. 
For example, the pattern and structure type are independent of one another but as the material parameter is introduced they 



ATI 2020: “Smart Buildings, Smart Cities” Proceedings   

26-28.08.2020, Yaşar University – Izmir - Turkey  
  

 191 

 

indirectly influence each other. The author aims to continue her research on these parameters, including an in-depth structural 
analysis for further understanding of the geometrical relationship between the crease pattern and the load-bearing structure. 
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Abstract 

Floods are among the most significant global problems that 21st century cities are facing today. Especially with the effects of 
climate change, change in frequency and intensity of precipitation also affect the frequency and intensity of floods. Also, 
urbanization and industrialization cause to increase the intensity of human activities and the diversity of different sectors 
dramatically in various parts of the coastal areas and river basins in economically developing countries such as Turkey. Flash floods 
are significantly increasing and these sudden changing conditions disrupt the hydrological balance and also, flood disasters can 
result in loss of life and property in delta and coastal areas. Therefore, in coastal cities and additionally for delta areas, there is a 
need for sustainable flood management strategies that can be adapted to new conditions and integrated into long-term smart 
urban systems at local scale. In this context, the aim of this study is to reveal a general review by examining the global sustainable 
and technological approaches that are developed for flood risk management at structural and non-structural levels. Primarily, flood 
risk management systems in UK, the Netherlands, Italy, Japan, China and USA will be examined generally and then put forward a 
comparative analysis of the existing flood risk management strategy plans in Turkey. Especially in Turkey, generating of flood risk 
management plans for short term periods from historical data and trends retard to future oriented design smart city systems which 
should also include long term climatic scenarios and uncertain conditions. 
 

Keywords: Flood and water management, coastal cities, smart city applications, sustainability, adaptation 

 

Introduction 

Flood is a nature event that disrupts the economic and social activities in that region by moving a bed of a river for various reasons, 
damaging the surrounding lands, settlements, infrastructure facilities and living things. Flood is one of the most significant disasters 
in the world and ranks second among all disasters and first among meteorological disasters in terms of loss of life and property. 
Although floods are natural disasters, the main reason why their effects are so great is human activities. Increases in surface runoff 
due to settlements in floodplains, interventions to stream beds, developing urbanization and industrialization activities are some 
of these effects. Besides human activities, it is anticipated that another reason for the increase of flood events in recent years is 
climate change, so the amount of precipitation per unit area will increase in short periods due to the effects of climate change. 
When these reasons are evaluated together, it is expected that there will be an increase in both the number of floods and the 
damage they may cause (Table 1). For this reason, the importance of flood management is increasing day by day. It is known that 
damages which are caused by floods cannot be prevented only by controlling the flood. In order to reduce these damages and 
even eliminate them whenever possible, flood risks should be managed with a multi-disciplinary and holistic approach. Hence, it 
stands out for sustainable and technology-based flood management systems all over the world for the long term future 
projections. 

In many countries, especially in European countries, there has been a shift from the local level flood prevention approach to the 
management of flood risks on a larger scale. Flood management plans regulate all necessary activities and interdisciplinary 
coordination to prevent and / or reduce losses that may arise in terms of human life, property, environment, natural, historical 
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and cultural assets as a result of a possible flood in the basin. Also, it is aimed to reduce life and property losses, support sustainable 
development, maximize the benefits from flood plains and protect the environment, historical and cultural heritage. 

 

Table 1. Flood types and causes (created by author) 

 
 

Many countries in the world are exposed to floods and their effects for various reasons. United Kingdom, The Netherlands, Italy, 
Japan, China, USA and also Turkey are selected countries to examine flood management systems in this study. These countries 
have been faced with many flood events in the recent past until today and most of them developed advanced management 
systems (Figure 1-7). Therefore, the researching of the flood management systems and technological approaches which are 
implemented by these countries are important for creating more sustainable and resilient coastal and delta cities. 

 

 
Figure 1. A tsunami in Miyako City, flood waters are overtopping seawalls after the magnitude 9.0 earthquake, March 2011 (Taylor, 2016) 

 

 

 

 

 

 

 

Flood Type Causes of Floods

River Floods

Heavy rainfall and / or snowmelt, narrowing of the river
section, dam destruction or destruction of other
protective structures

Coastal Floods

Storm surges/tsunami/high waves

Mountainous Area Floods

They are floods that occur from water that is usually
formed as a result of melting snow

Groundawater Floods

They are floods that are formed by in heavy and long‐
lasting rainfall, rainwater seeps into the soil more than
normal and the ground water level rises to the surface of
the soil 

Lake Floodplains

Flooding caused by wave effects with level changes in
lakes
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Figure 2. Groundwater flooding,  Berkshire, January 2001 (British Geological Survey, 2020) 

 

 

 
Figure 3. Yangtze river and many of its tributaries have overflowed,heavy rainfall caused a flash flooding, July, 2017 (BBC News, 2017) 

 

 

 
Figure 4. Flood caused by rapid snowmelt West Virginia Mountains, January 1996 (National Weather Service, 2020) 

 

 

 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings 

26-28.08.2020, Yaşar University – Izmir - Turkey 
  

  

   199  

 
Figure 5. Flood in Venice by rising sea levels (DW Akademie, 2019) 

 

 

 
Figure 6. Flood in The Netherlands by storm surge, February 1953 (Rijkswaterstaat, 2020) 

 

 
Figure 7. Floods by heavy rainfall in Turkey in the recent past. Above İstanbul Eminönü August 2019 (BBC News, 2019), below İzmir Alsancak 

January 2018 (Author archieve) 
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Data and Method 

The main argumentation of this study is construed on the fact that coastal and delta cities have to develop smart and technological 
flood risk management systems that provides sustainability in urban areas for the long term.  Besides, it is especially important to 
discuss the necessities for putting forward and implementing technological approaches for the strategies in urban scales as well as 
in macro scales. In this point of view, this study aims to research and construct a general framework for planning sustainable flood 
risk management in coastal and delta cities. Dwelling on the risk of flash floods in coastal cities, this study starts with the following 
main question: How the concept of smart and sustainable flood risk management could be determined and categorized for a 
holistic planning?  

According to research question, examples and sources in the literature were examined in terms of flood risk management systems 
from different risky countries also including Turkey for a comparative discuss in the conclusion. Sustainable and technological 
approaches in management systems and measurements are examined at different scales (macro scale, urban or regional, building). 
In addition, the development of conceptual framework, measures and technology-based sustainable design approaches for 
different scales constitute the original value of this work. Explanations and findings are unified in the concluding remarks. 

 

Innovative, Sustainable and Smart Approaches for Flood Risk Management 

Technology has grown at a rapid pace over the last several years and has progressed to the degree of mass production that allows 
for a broader adoption of methods and devices. Following the development process, technology is now entering a period of 
application and deployment that targets many fields like environmental issues and climate. Smart technologies such as smart 
planning, monitoring and sensing, development of smart water networks and managements are also beneficial for coastal 
countries economical growth. Innovative planning, monitoring and optimization tools must be developed and implemented like 
real-time monitoring and forecasting systems, real-time feedback systems, hydraulic models and flood control systems to have 
efficiency in flood management. Advanced technologies contribute to improvement of observing, storing, processing and analyzing 
of the past and present flood data and development new measures for future conditions. The objective of smart flood management 
is to achieve protection at all scales including building, city and regional in a sustainable approach for the long term through using 
technology. Monitoring and controlling systems should be integrated to holistic process. 

Smart flood management systems can be included three main compartments: 

1. Data acquisition and sensing technologies 
2. Data management and analysis 
3. Real-time monitoring, modelling and applications of controlling systems 

Data acquisition and sensing technologies can be implemented on different scales such as household, building or hydraulic 
infrastructures like dams and barriers or regional. Data acquisition gives an information about rainfall amounts, river levels and 
flows, tide levels, lake and reservoir levels, groundwater levels, climatic data like temperatures or wind speed. 

Secondly, once data is collected, it has to be analyzed to create applicable and ideal measures for different scales. Thirdly, by real-
time monitoring the precipitation or flood data, can provide the necessary data for management and help to improve the 
conditions in the urban environment. 

According to IBM (2013), although floods are inevitable, if flood defences are handled more efficiently by specific early warning 
systems and warnings, the human and financial costs of flood events can be mitigated. Smarter flood management also ensures 
that data can be obtained from river channels, levers, sensors and weather systems in real time, combined with historical data, 
and aggregated to create a coherent view of physical infrastructure. Simulation models can be applied to these datas to monitor 
and predict water flows and floods, monitor emerging threats from flooding, and identify possible areas at risk with greater 
precision. Examples should be examined to achieve progress and obtain better practices. 

 

Flood Risk Management System in the United Kingdom 

The UK consists of 4 countries; England, Wales, Scotland and Ireland. Approximately 11% of England's lands are at flood risk. 20% 
of railways, 10% of main highways, 14% of electricity production and 28% of gas production are at risk of flooding (The Flooding in 
England 2007). According to the data of the EM-DAT (The International Disasters Database), between 1990 and 2014, it is seen 
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that the frequency of floods was 43% of all disasters, deaths caused by floods were 4% among all disasters, and 63% of economic 
losses were caused by floods. “Flood and Water Management Action Plan” was prepared and it is aimed to develop a sustainable 
approach by the National Environment Agency in 2010. These are included both structural and non-structural measures such as 
(Environment Agency, 2020); 

• Managing flood risk and coastal erosion formation, 
• Carrying out studies on where and when flood can occur, 
• Explaining flood risk to landlords, businesses and industrial zones, 
• Coordinating the rescue efforts during the flood, 
• Ensuring the use of national funds at local level on the basis of local administrations and strengthening local authorities, 
• Identifying communities facing risk and identifying investments in this context, 
• It is aimed to ensure the rational use of sustainable methods for nature and society. 

Moreover, The London Basin is the most vulnerable to high tides and storm surges from the North Sea, as well as floods on the 
River Thames. With the precautions taken against high tides, the city is more prepared for tidal floods, on the other hand, due to 
the fact that approximately 15% of the urban areas are located in the river bed, it is more fragile despite the sudden flooding 
caused by the river and increases in surface water, and accordingly, 1.25 million people and school, health public functions such 
as emergency services and emergency areas are stated to be at risk (Mayor of London, 2011). According to the IPCC 4th Assessment 
Report, as of 2100, it is predicted that the height of the water level in the London Basin will be in the range of 0.75-1.9 m (City of 
London Climate Change Adaptation Strategy, 2010). Considering the macro strategies for London, sets, breakwater structures, 
drainage systems and barrier structures are created for rising water levels and sudden floods as a result of rains whose frequency 
and density increase gradually (Mayor of London, 2011).  

The Thames Barrier, is one of the most significant physical structure and the technology-based mobile barrier that is run by the 
Environment Agency (EA) to close during high tides (Figure 8). The barrier is thought to provide protection for the London Basin 
until 2060-70 (City of London Climate Change Adaptation Strategy, 2010).   

Also, the design of the permeable and green interfaces has been prioritized upon the retention of excess water that may result 
from floods in urban areas. In addition to permeable pavement systems, waterways are designed that allow water to flow directly 
into the soil. When considering the scale of the building, it is aimed to keep both insulation and excess rain water thanks to the 
green roofs. On the other hand, in the Strategic Flood Risk Assessment (SFRA) introduced in 2007, a suitable London drainage plan 
was made by mapping risky areas according to historical precipitation and flood data. The project includes solutions such as 
permeable and water-absorbing road surface coatings, beds that provide rain retention, greening urban areas, building green roofs 
and waterproof membrane systems in buildings (City of London Climate Change Adaptation Strategy, 2010). 

 

 
Figure 8. Thames Barrier, London (Environment Agency, 2020) 

 

The UK Environment Agency has created the EA Time Series Data Exchange Format (UK-EATS) to address the need for a range of 
time series data sets to be shared with both internal and external stakeholders. The default addresses: amounts of rainfalls, high 
tide levels, river and lake levels, groundwater levels, climatic information such as temperatures and wind (Beales and Cima, 2004) 
(Figure 9). 
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Also, OSISoft PI smart System is entegrated to water management to have an access to a large pool of data.  The PI program offers 
a highly flexible network and serves as a central translator for a wide variety of device languages and protocols. PI systems provide 
more faster and scalable data management and reduce energy use (Ler, 2018). 

 
Figure 1. Flood monitoring system in UK (Environment Agency, 2020) 

 

Flood Risk Management System in The Netherlands 

The Netherlands is located on a large delta created by the four major rivers of Europe, Rhine, Meuse, Ems and Scheldt. It is known 
that 26% of the country is below sea level. Rijkwaterstaat Agency is the institution that is responsible for flood management in The 
Netherlands. In the flood which was experienced in 1953, 1800 people lost their lives and this event has become a turning point 
for the Netherlands to develop flood management system. Flood risk policy is based on “1953-1960 Flood Risk Assessment” and it 
has four main approaches (Brinke, Bannink and Ligtvoet, 2008): 

 

• Lake, river and coastal management, 
• Construction of dams, seawalls and barriers structures,  
• Maintenance, reconstruction and control of large routing channels 
• Spatial sustainable planning at the regional level 

 

Most population centers are located next to streams in urban areas. First of all, re-arrangement of these areas are significant issue 
because streams are a major part of the land erosional process. When stream channels fill with water, flood risk increases in urban 
areas.  First example for re-arrangement of stream beds is the 'Room for River' programme, which was implemented in several 
European countries, including Belgium, the UK, Germany, Switzerland and Hungary. 'Room for River' has been proclaimed the 
latest Dutch flood strategy in the Netherlands, reflecting the changing of an approach from 'resisting nature' to 'working with 
nature' (Wolsink, 2005) (Figure 10). It is possible to say that water management planning and spatial planning are combined 
successfully in this project. Another urban scale example is Room for River Waal Project which is aimed to create an artificial island 
that provides an urban river park with recreation, culture and water and nature opportunities that are both cost-effective, 
environmentally sustainable and secure (Figure 11-12). Systematic filling of the channels comes first in the physically developed 
strategies (Faber, 2018). Also, computer-controlled pumping stations and barriers are technology-based constructed systems in 
macro scale (Figure 13). 
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Figure 10. Room for River Project (Nijland, 2007) 

 

 
Figure 2. River Waal Project (WLA, 2017) 

 

 
Figure 3. River Waal Project (WLA, 2017) 

 

 
Figure 13. Deltawerken and Maeslantkering (Deltawerken online, 2004) 
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When considering smart systems in the Netherlands, Delft-FEWS is an open platform for data management, initially developed as 
a flood forecasting and warning program. Flood forecasting and warning systems are significant in national and regional strategies. 
Recent advances in numerical weather prediction, radar data, and electronic storage of meteorological and hydrological data have 
resulted in an increasing focus on data import and data processing. The complexities of designing a modern flood prediction and 
warning system are contained in the incorporation of broad data sets, specialized data processing systems, and open interfaces to 
enable the incorporation of existing modeling capabilities. Delft-FEWS offers an advanced flood prediction and warning system, in 
response to these challenges (Deltares, 2020). 

 

Flood Risk Management in Italy 

Research and practices in the field of flood management in Italy are directly in the scope of European Union (EU) laws, which are 
related to a number of large-scale plans that aimed at identifying and reducing risks. Flood risk management plans include keeping 
flood events under control in certain areas, as well as regulating water retention and developing sustainable land use. Some 
structural and non-structural measures developed at national and regional levels are as follows (Mysiak, Testella, Bonaiuto and 
Carrus, 2013): 

• Monitoring flood events, 
• Development of an integrated warning system for the evaluation of seasonal weather forecasts and climatic data, 
• Construction of hard structures such as computer controlled barriers, 
• Strengthening the technological infrastructure for the development of early warning, evaluation and real-time monitoring 

tools, 

Venice is the most vulnerable city to flood risk in Italy. Flood sets and barriers are being produced with an advanced technology at 
a higher scale and can generally involve solutions for the whole city rather than preserving a particular urban space. Structural 
strategies that put forward in Venice, Moses Water Set Project is seen (Figure 14). The project aims to separate the Adriatic Sea 
from the Venetian Lagoon by building 78 mobile gates at three inlets, namely Lido, Malamocco and Chioggia. Technology of the 
mechanism that constrain the gates to the housing structures and allow them to move. When the waters rise, the gates isolate 
the canal from the lagoon, ensuring the protection of the historic urban space and buildings. Mose project is developed with the 
incorporation of different disciplines such as maritime construction, hydraulic, computer systems, mechanical engineering. 
Technical developments in this project is also expected to be guideway for similar projects for the coastal defence. In addition, 
new drainage project is prepared for the historical center of Venice, San Marco Square (Figure 15). First of all, the sidewalks are 
designed to be increased to +110 cm and to make it easier to take the water underground. On the other hand, the restoration of 
the ancient tunnels under the square and the subsequent closure and preparation of a new network for the discharge of rainwater 
were carried out (Mose Venezia, 2020). 

When considering smart systems in Italy, especially in Venice, there is a mobile application system that provide a communication 
network. Forecasting informations and sea level ratios are shared daily (Comune di Venezia, 2019). 

 

 
Figure 14. Venice Mose Project (left) and Baby Mose (right) (Farmer, 2018) 
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Figure 15. San Marco drainage system (Mose Venezia, 2020) 

 

Flood Risk Management in Japan 

The city of Tokyo is one of the vulnerable cities to flood risk in Japan and also around the world. Hazard maps in macro scales have 
been prepared against floods  throughout the country and these maps have been updated for residential areas. According to these 
maps, structural measures such as rised-highways, artificial reef construction, topographical sets are planned (Figure 16-19). With 
these measures, it is aimed to ensure the security of both houses and public spaces and facilities, and also to protect coastal areas 
from waves produced by typhoons and season winds (Bureau of Construction, 2015). 

In the Hirai urban area along the Tokyo Naka-Arakawa River, there are embankments built both as a public open space and built 
to protect against flood risk (Figure 17). These sets are arranged as steps, large planted land, topographic sloping areas. Besides, 
the roads moved to the upper elevations are among the physical strategies developed against the risk of flooding (Figure 18). 
Another innovative solution from the city of Tokyo was the construction of embankment areas called super set. It consists of filling 
and expanding the urban areas in the form of borders with a topographic slope. In addition, these areas, which are designed as 
multifunctional, form a public function with different functions such as residential areas, green and park areas, roads (Figure 19)  
(Craft, 2005).  

When considering the existing smart flood management studies in Tokyo, it can be seen analysis and predictions are developed 
through the data on historical trends. These trends are conducted for developing flooding and storm water plans and policies 
(Takemoto, 2011).  

 

 

 
Figure 16. Artificial reef construction, Kozushima Adası Nagahama Sahili (Bureau of Construction, 2015) 
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Figure 17. Naka-Arakawa River, Topographical sets in Hirai Urban Area (Google Earth, 2020) 

 

 
Figure 18. Structural areas along the Naka-Arakawa River are separated by the embankment with the river (Google Earth, 2020) 

 

 
Figure 19. Super levee design (Nakamura ve Kato, 2013) 

 

Flood Risk Management in China 

Extremely rapid urbanization associated with economic growth and rural migration cause to increase populations in some cities of 
China triple. Many cities and towns are enclosed by rivers so flooding is one the significant problem because of poor drainage of 
local stormwater runoff (Figure 20-21). Also, coastal flooding occurs particularly in Fujian, Zhejiang, and Guangdong provinces. 
Damages caused by storm tides are expected to increase due to global warming and associated rising sea levels (Kobayashi and 
Porter, 2012). 

Flood risk management in China includes the three main concepts; flood hazard management, exposure management and 
vulnerability management. Flood hazard management consists of the integration of structural measures for example dikes, 
reservoirs, detention basins. Besides, structural planning and design are included two approaches. First, monitoring, rehabilitation 
and upgrading, funding systems are used to asset maintenance; Secondly, watershed conversation systems with data acquisition 
networks, soil conservation programs and upland land use management (Kobayashi and Porter, 2012). Exposure management is 
correspond to land use management. It includes flood hazard zoning, spatial planning and land use zoning, land development 
planning controls. Also, building regulations are rearranged with new measures such as raised platforms, floor levels above flood 
levels, double stories and resettlement (Kobayashi and Porter, 2012).  Thirdly, technological systems have been utilized to create 
vulnerability management. Vulnerability management has three main phases; flood forecasting, flood early warning and 
emergency response, post-flood recovery. 

Flood forecasting consists of hydrological models, hydraulic models, digital terrain model, flood hazard mapping and data 
acquisition networks. Flood prediction relies on modern technologies such as data acquisition equipment, data transmission 
technologies, hydrological and hydraulic modeling, GIS software and computer processing equipment. Technological 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings 

26-28.08.2020, Yaşar University – Izmir - Turkey 
  

  

   207  

developments in these areas continue, and an ongoing challenge is to adapt to the most recent technologies. In collaboration with 
the Meteorological Office, the Ministry of Land and Energy, the Ministry of Housing and Urban Rural Development and the Ministry 
for the Environment, a conceptual model was developed for flash flood monitoring and warning systems in China. This model 
includes automatic stations that transmit data in real time and manual stations that report in near real time. The data collection 
platforms allow users to access the database and present data in web-based GIS format and information on visual alerts (Figure 
22) (Kobayashi and Porter, 2012). 

In addition, flood early warning and emergency response indicates communications systems, preparedness drills and decision 
support systems. Third and the last phase is post-flood recovery which includes material support like food or shelter, support 
services like health and counseling, compensation/insurance (Kobayashi and Porter, 2012). 

 

 
Figure 20. Flood release from Three Gorges Dam, Yangtze River, 2010 (Kobayashi and Porter, 2012) 

 

 
Figure 21. Seawall on the coast of the People’s Republic of China (Kobayashi and Porter, 2012) 
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Figure 22. Flash flood monitoring and warning system, Suichuan County, Jiangxi Province (Kobayashi and Porter, 2012) 

 

Flood Risk Management in The United States 

Flood risk management in the USA is a shared responsibility among various states and local government agencies. Nationally, 
FEMA, the Army Engineering Research Institute (US Army Corps of Engineers-USACE), the Environmental Protection Agency (EPA) 
and many other federal institutions to reduce potential damage caused by floods and establish a robust flood risk management.  

One of the main challenges are faced in the decision making process based on flood risk management is to identify the most 
appropriate method to integrate economic, social and environmental factors and ensure public safety. There are two main non-
structural approaches that includes; ensuring the construction in the floodplain areas is directed to areas where there is less risky 
areas, requiring new or substantially renovated structures to be built in such a way as to minimize or prevent damage from flooding 

At urban and building scale, green roof technology is being used to enhance the management of storm water by reducing overall 
roof runoff and peak flow rates for heavy rainfall. Green roofs will contain large quantities of storm water during low to moderate 
rainfall, which will limit and reduce peak flows during severe events. The High Line, located in Manhattan, New York, was 
transformed into a remarkable urban experience when it was an elevated railway viaduct. The clever approach to the re-
functioning of unused viaducts for retention of water and also as a new public space (Figure 23). Another example is, embankment 
areas are designed that contribute to the city both spatially and functionally, with elevated coastal terraces and recreation areas 
in Boston. The project, which is prepared to increase the urban resistance against the risk of rising sea level, includes rainwater 
collection gardens, germinated and afforested recreation areas, multifunctional sets designed as amphitheater, as well as new 
pumping systems to prevent street floods caused by excessive and heavy precipitation (Figure 24) (City of Boston, 2019). Another 
innovative bulding-scale example is, the floating house designed on the Intracoastal Waterway water area in Miami, is structured 
on pillars that can rise and fall along with the sea level (Figure 25). 

 

 
Figure 23. High Line, Manhattan New York (Abrahams, 2010) 
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Figure 24. Boston urban resilience project for flooding risk (City of Boston, 2019) 

 

 
Figure 25. Amphibic building design (Google Earth, 2020) 

 
United States is one of the countries that also uses and entegrates data technologies to water management systems. Storm Flood 
Map is developed by The National Hurricane Center (NHC) in 2014. Interactive map system provides a hurricane warning within 
60 minutes with detailed graphics of land and river systems, water infrastructure and flooding information. NHC is working on an 
integration and embedding this mapping system to Google Maps (NHC, 2020). 

 

Flood Risk Management in Turkey 

A large part of the practices on flood management in Turkey consist of structural strategies and rescue and immediate support 
services during the flood events. Early warning systems have also been added to these strategies through technological studies 
that have developed in recent years. In addition, flood control and protection in stream basins have been improved along with 
projects which involve watershed-based flood management. Privileged institutions are; General Directorate of Water 
Management, Directorate General for State Hydraulic Works (DSI), General Directorate of Meteorology, Disaster and Emergency 
Management Presidency (AFAD), Ministry of Environment and Urban Planning and Municipalities. DSI General Directorate is 
responsible for creating and operating protective facilities against floods.  

In this context, DSI builds dams and flood protection structures, also stabilization and reclamation action in the stream beds in 
order to prevent flooding. Besides structural measures, the flood estimation and early warning system project (TEFER), which 
started its implementation in 2003, was carried out in 4 basins; Western Black Sea, Susurluk, Gediz and Menderes. The aim of the 
project is to determine the amount of the possible floods with “real time” data using satellite technologies and to determine the 
flood areas that will be underwater. In this context, the establishment of satellite ground stations for the determination of 
meteorological observation data and current observation data as “real time” by DSI and DMI continues in these basins (Uşkay and 
Aksu, 2002).Also, there is a draft plan on flood risk management which is prepared by Ministry of Forestry and Water Affairs. The 
purpose of this law is to ensure the integrity of watershed management in order to ensure the conservation, development, 
improvement and sustainable use of water resources in accordance with the needs priorities. There are significant points to be 
considered are (Ministry of Forestry and Water Affairs, 2017); 
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• The flood management plan for each basin or sub-basin will be prepared or prepared by the Ministry with a participatory 
approach, 

• In flood management plans, in accordance with the principles of prevention, protection and preparedness, the structural 
and non-structural measures to be taken before, during and after the flood will be determined and these measures will 
be taken by the relevant administrations, 

• Flood management plans, if any, will be considered in the preparation of zoning plans of settlements, flood protection 
areas will be planned as urban green areas, construction will not be allowed in flood protection areas except for existing 
historical and cultural assets, and these areas can only be used for recreational facilities, green spaces and similar 
purposes, which can be evacuated quickly and easily, 

• Structures that may adversely affect the natural flow or flow bed shall not be constructed in the stream beds. 

On the other hand, when compared Turkey and other countries which are researched in this study, it is possible to say that more 
study on smart systems are needed in Turkey. Analyzing of historical precipitation datas and using these datas will help to create 
long term future flood predictions and scenarios. There are sea level monitoring systems in coastal cities such as Istanbul, Izmir, 
Bodrum, Antalya, Trabzon but early warning systems also should be entegrated to the monitoring technology. In addition, non-
structural and structural strategies are insufficient. Flood response urban planning, land use regulations on coastal areas, flood 
insurance and public awareness and structural measures such as floodproof building design technologies are needed. Multiple 
structural and non-structural measures should be ensured within a holistic plan and within the framework of a coordinated 
programme by the relevant institutions and organisations. 

 

Conclusion 

Changing conditions in cities and also developing technology necessitate a shift from traditionally continual flood control measures 
to a more integrated flood management systems which includes both non-structural and structural strategies and also information 
technologies. However, there is widespread uncertainty and lack of knowledge about how to put it into practice. Developing 
awareness of public, training of professionals (architects, urban planners, different sector authorities) and making new regulations 
for building systems are necessary to be transformed into effective management and good practice. 

According to the examined examples in this paper, concept of smart and sustainable flood risk management is compiled as in the 
Table 2 on the below. Flood risk control strategies are consisted of structural strategies and non-structural strategies. Within the 
scope of the examples examined in this paper, it is seen that flood control management is generally carried out with flood risk 
control strategies which contain both structural and non-structural techniques and technologies. UNDRR defined structural 
measures as any physical construction to minimize or avoid possible hazard impacts, or the use of engineering techniques or 
technology to achieve resistance and resilience to hazards in structures or systems. Non-structural interventions are described as 
not requiring physical construction through knowledge, experience or agreement to reduce the risks and impacts of disasters, in 
particular through policies and laws, raising public awareness, training (UNDRR, 2017). Structural measures include breakwaters, 
levees, dams, groins, barriers and rearrangement of stream beds. Some non-structural initiatives include codes of architecture, 
early warning systems technologies, regulations on land use planning and regulation, study and assessment, information services 
and programs for public awareness and education. 

On the other hand, there should be a secondary stage to develop the concept of smart and sustainable flood risk management. 
Integration of an early warning systems that includes hydrological data, land use management data and characteristics of water 
infrastructures and their operations, provides more flood-resistant cities. The beneficial outcomes of integration smart 
technologies to flood risk management could be an effective on the three planks of sustainable development-environmental, social 
and also economical contexts. Policies and guidelines about new techniques should be prepared and supported by educational 
programs.  

Some guidelines about new innovations that have yet to be widely integrated in flood management such as forecast systems, 
warning communication systems, decision support systems, spatial planning, flood hazard mapping, hydraulic modelling. 
Improving access to data and models, generating and sharing risk analysis and coordinating risk management actions gain an 
importance. 
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Table 2. Concept of smart and sustainable flood risk management (Created by author) 
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Building scale Building scale

floodproof building design technologies
building insurance

green roofs
remote monitoring systems

amphibic building design technologies
building codes regulations

warning  communication systems analysis of historical datas smart early warning systems

hydrological data of oceans and seas forecast systems sensoring systems

information services

2. Early Warning Sytems

Aim to develope  information system that includes hydrological and hydraulic data, landuse management data and
characteristics of water infrastructures and their operations

Macro scale Urban scale Building scale

urban leeves

dune area nourishment and stabilization

chanel alteration and re‐arrangement of
stream beds

construction of dikes,barriers and seawalls

global water and flood management
regulations
develop a coordination among
governments, private sectors,
communtiy and voluntary 

public awareness and education

Macro scale Urban scale Macro scale Urban scale

green areas

permeable and hydrophilic
pavements / roads

response urban planning

land use regulations

CONCEPT OF SMART AND SUSTAINABLE FLOOD RISK MANAGEMENT

1. Flood Risk Control Strategies

Structural strategies Non-structural strategies

Aim to improve safety from flash flood events Aim to re‐arrange floodplain areas  and land use regulations
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Abstract  

 Earth plasters have been used since millenaries as a protective coating for buildings. However, due to their low resistance to 
weather conditions, they have been abandoned for more resistant materials; such as cement or lime based plaster, or waterproof 
paint which in return have problem with a lack of vapour permeability. For the past few years a renewal in earth plaster usage can 
be seen, especially in interior spaces. In addition to their aesthetic qualities and low environmental footprint, these plasters are 
sought to create comfortable and non-polluted interior conditions. Earth plasters have a high moisture absorption and desorption 
rate and their water vapour permeability is also high, allowing the transfer of humidity through the material. This ability of 
controlling vapour movement is especially interesting in humid rooms, such as bathrooms and kitchen. Moreover, humidity transfer 
through the core of the plaster helps controlling the room temperature, plaster acting as a natural climatization. However, the real 
impact of using one  type or another of fibres or aggregate is not known. These research aims to understand the consequence of 
the choice of fibre or sand in the conservation of the plaster hygro-thermal properties. Properties of plasters using alternative fibres 
or aggregates such as wool, cow hair, pine-needles, sand aimed for concrete mixes or not properly graded sand have been 
compared to plasters made more traditionally with chaff fibres and mason sand. The properties of fibres and aggregate reinforced 
plasters (thermal resistance, water capillarity absorption rate and drying rate, vapour diffusion resistance and absorption capacity) 
have been compared with traditional earth plasters.    

Keywords: Earth plasters, natural fibres, aggregates, hygro-thermal properties, capillarity  

  

Introduction  

Occupants comfort and health, environmental impact of construction and energy efficiency of buildings have recently been some 
of the main concern in building material development. Several bio-composite using natural fibres and other agricultural 
byproducts combined to conventional binders (cement, lime or polymers) to be used as interior surfaces or wall insulation have 
been developed and improved. These products lower the environmental impact of building but not always improve the interior 
climate. The need for comfortable and healthy building passes also by controlling the humidity level (Arundel et al., 1986) and this 
can be done through the wall surface materials (Klinge et al., 2019). One of the solutions that is researched to address these 
concerns is the development of durable earth plasters with high vapour absorption properties (Cascione et al., 2020; Klinge et al., 
2019; Santos et al., 2020). According to several studies in addition to offer a good thermal comfort through high level of humidity 
absorption/desorption (Lima, 2013; Lima & Faria, 2017) and good moisture buffering (Jiang et al., 2020; Maskell et al., 2018), good 
thermal storage capacity (Aymerich et al., 2012; Liuzzi et al., 2018) earth plaster also have a good sound absorption (Randazzo et 
al., 2016) and pollutant absorption (E. Darling & Corsi, 2016; E. K. Darling et al., 2012) and can protect from fire (Liblik & Just, 2016)  

Earthen plasters are usually made of clayey earth mixed with fibres and/or aggregates to prevent shrinkage and improve strength.  
Usually, local plant fibres such as straws (Faria et al., 2014; Lima, Faria, et al., 2016; Liuzzi & Stefanizzi, 2015; Montana et al., 2013; 
Navarro et al., 2015) or other extracted fibres (Jiang et al., 2020; Lima & Faria, 2015; Liuzzi et al., 2018) are used together with 
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sand in different proportion (Emiroğlu et al., 2015; Lima, Correia, et al., 2016) according to the type and amount of clay in the 
earth (Hamard et al., 2013). As few researches have been made yet specifically on the hygro-thermal properties of earth 
construction (Giuffrida et al., 2019) and even less on earth plasters (Ashour et al., 2011; Ashour, Bahnasawy, et al., 2010; Ashour, 
Wieland, et al., 2010; Faria & dos Santos, 2014; Lima & Faria, 2017; Liuzzi et al., 2016, 2018; Maddison et al., 2009; Santos et al.,  
2019), the impact of choosing a specific and local type of aggregate of fibre has not yet been determined as no large scale research 
have dealt with using the same mix with different reinforcing materials and hydrothermal and hybrid properties of earth plasters 
are to be gathered in different general studies on earth plasters (Jiang et al., 2020; Lagouin et al., 2019; Lima, Correia, et al., 2016; 
Lima, Silva, et al., 2016; Lima & Faria, 2015; Liuzzi & Stefanizzi, 2014; Montana et al., 2013; Navarro et al., 2015; Santos et al., 
2018).   

Lima & Faria (2015, 2017) made a comparison of hygro-thermal and hydric properties of plasters using 2 types of fibres, namely 
oat straw and typha fibres and found that fibres type has only a small impact on the vapour sorption and water capillarity 
absorption but a high one on the thermal resistance. The same conclusion is underlined by Palumbo et al. (2016) in their 
comparison barley straw, barley wool and corn cob reinforced plasters. The authors also precise that despite the total vapour 
absorption being similar for different type of fibre, the absorption rate differs over time. Maddison et al. (2009) which study the 
impact of reed wool and chips as a plaster reinforcement also underline that the usage of chips improve the absorption/desorption 
rate over the usage of wool but that expect with the usage of a large amount of wool the total absorption over 12h is similar. Lima 
& Faria (2015, 2017) also underline that more than the type of fibres, the amount of fibres (i.e. the density) is important to 
characterize the thermal conductivity.    

In different studies, Ashour (and other authors) compares the thermal conductivity (Ashour, Wieland, et al., 2010), equilibrium 
moisture content (Ashour et al., 2011) and water absorption desorption rate (Ashour, Bahnasawy, et al., 2010) of wheat straw, 
barley straw and wood savings reinforced plasters. Ashour et al. (2010) show that for the same amount of fibres, denser plasters 
reinforced with saw-dust fibres have a higher thermal conductivity than plasters with straw (independently of the type of straw) 
as there density is higher. Same conclusion is made about the equilibrium moisture content which is lower for wood shavings 
reinforced plasters but similar for the 2 type of straw (Ashour et al., 2011). The authors also state that the type of fibre doesn’t 
impact the water absorption and desorption rate but mostly its amount does (Ashour, Bahnasawy, et al., 2010).   

Navarro et al. (2015) worked with two type of straw of different diameters but show that for the thermal conductivity, the amount 
of fibres (i.e. the density of the samples) is the prevalent parameter as the straw diameter doesn’t impact the thermal conductivity 
of samples.   

Lima et al. (2016; 2016; 2017) determined the thermal conductivity, the vapour permeability and the water capillarity for different 
granulometry and amount of sand. Samples having a using fine sand seems to have a higher vapour absorption, lower capillarity 
coefficient and lower thermal conductivity. Same results are underlined by Faria et al. (2014). The lower thermal conductivity of 
plasters reinforced with fine sand is also shown by Santos et al. (2019) whereas Lima et al. (2016) and Santos et al. (2019)  disagree 
on the impact of the amount of sand. According to Lima et al (2016) a higher amount of sand means a lower thermal conductivity 
whereas Santos et al. (2019) show the opposite.   

Liuzzi et al. (2018; 2015) studied the behaviour of barley straw and olive tree pruning reinforced plasters in 2 different studies. In 
both studies, the thermal properties of the plasters depend on the amount of fibres – the thermal conductivity and diffusivity get 
lower with an increasing amount of fibres – whereas the vapour resistivity is not very impacted by the amount of fibres.   

The study of Jiang et al. (2020) which uses hemp pellets and pumice as reinforcement shows that the most important factor to 
determine the thermal conductivity is not the amount of fibres, but the density. Despite some samples having a higher amount of 
hemp and lower amount of pumice than other, as their density was higher, their thermal conductivity was also higher than other 
samples with a lower amount of hemp pellets. However, in term vapour absorption, a higher amount of hemp pellets leads to a 
higher vapour absorption.  

All these studies show that there is a potential of improving the hygro-thermal and hydric properties of earth plasters by replacing 
some of the conventional component with different water or vapour absorption properties. This research focuses on analysing 
the impact of conventional and alternative local fibres and aggregates on the hygro-thermal and hydric properties of earth plasters 
made with the same earth. A reference plaster prepared accordingly to the DIN 18947 (Earth plasters – Terms and definitions, 
requirements, test method, 2013) made with locally found materials has been prepared and its fibres and aggregates have been 
replaced with alternatives and less often used materials such as – wool, straw, flax sand mix for concrete, silicate sand or sand 
with different particle size distribution. For all these mixes, thermal conductivity, vapour sorption behaviour, vapour transfer, 
water capillarity and drying rate have been determined. It appears that all these plasters provide a sufficient vapour absorption 
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and water absorption/desorption rate to satisfy the DIN 18947 and the usage of different type of fibres transform the 
hygrothermal behaviour of the plaster either by transforming the internal matrix or because of their own properties.   

Material and Methods  

Materials   

Earth  
An earth traditionally used for construction in the village of Şahmuratlı in central Anatolia, was used for the production of earth 
mortars. This earth is classified as Sandy Clay (UCS earth classification) and contains 33.5% of clay, 21% of silt and 34.5% of sand.  

The Liquid Limit is 42.8, and the Plastic Limit is 20.6. The particle size distribution (PSD) of the earth is presented in Figure 1 
below. Before using in the mix, the earth was dried, the stones were removed manually and then it was crushed and sieved with 
a 2mm sieve.  

  
Figure 1: Particle size distribution of earth used to produce mortar (before crushing and sieving)  

Aggregates  
Aggregates for the mixes were obtained from local sources. Before using in earth mixes they were dried and sieved with a 2mm 
sieve. Seven types of sand with different PSD or grain shape were used. Of these, one was a commercially available “plaster sand” 
of yellow colour (YS) had a large amount of mid-size particle and few fines. Other sands used as aggregate were: a white sand 
(WS) that is commonly used for cement concrete, and that has a large amount of fine particle sieved at 2mm; a graded commercial 
silicate sand (Si) with round grains of yellow colour; and a silicate sand (CSi) mostly composed of particles between 1 and 2mm. Si 
and CSi were commercially available without fine particles. YS was sieved at 4.5mm instead of 2mm to obtain the coarse yellow 
sand (CYS) and also sieved at 0.8mm to obtain the fine yellow sand (FYS). The properties of these sands are summarized in Table 
1 and their PSD is given in Figure 2.   
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Table 1: properties of aggregates  

name   color grain type washed  max grain size 

YS dark yellow angular no  2 mm 

CYS dark yellow angular no  4.5 mm 

FYS dark yellow angular no  0.8mm 

Si light yellow rounded yes  2 mm 

Csi light yellow rounded yes  2 mm 

WS white angular no  2 mm 

  

  
Figure 2: Particle size distribution of the different type of sand used to produce plaster samples  

Fibres  
Different fibres were locally collected either as agricultural by-products (chaff, straw and cow hair) or waste (fallen pine-needles) 
or bought from shops (flax and wool). All fibres longer than 4 cm were cut to make them smaller than the thickness of the samples. 
Seven types of fibres have been used in the earth mixes. Chaff (Ch) and straw (St) were obtained from the same area as the earth 
where they were also being used as reinforcements for mud-bricks and plaster. Chaff has been used as the reference fibre in this 
research. The Cow-hair (Co) were obtained from a cow farm, and washed and boiled to get rid of the dirt attached to it. Dry 
pineneedles (PN) of Scott pine that has short and thin needles, were collected on the ground of a neighbouring forest. Washed 
wool that is used for making quilts, was bought as very curly, fine and short wool (SW) The last type of fibre used was flax fibre 
(Fl), which is used as a sealing material for plumbing joints, and 3 to 4 cm lengths were cut out of the commercially available flax 
roll. A summary of the properties and preparation of fibres is given in Table 2 and photos of 5g samples of the fibres used in this 
research are shown in Figure 3.  
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Table 2: visual properties of fibres  

name   provenance preparation diameter (mm) comments 

Plant fiber 
Ch   wheat straw none 1-3 brittle and dusty, large particle 

St   wheat straw cut at 40 mm 1-5 resistant to tear, large fibres 

Fl   construction shop cut at 30 mm <1 very flexible and long fibers 

PN   pine tree none <2 very brittle, non smooth fiber 

Animal fiber 
Co  

SW   
Cow skin 
market 

washed, boiled, cut at 40 
mm none 

<1-2 
<1 

thick fiber, not flexible 
thin fiber, very curly 

  

  
Figure 3: pictures of fibres used for earth mortars. Each picture shows a 5g sample of fibres. (a: chaff, b: straw, c:pine-needles, d: flax, e: 

cowhair, f: wool)  

Production of earth mortar samples  

The earth mortar was produced by manually dry-mixing the different proportions of earth, sand and fibres, at room temperature 
and humidity. The quantity of material to be used was measured by volume and then its weight was recorded. Water was added 
to the dry mix until a homogeneous mixture was achieved with the desirable plasticity, which in turn was determined by 
experience and by testing it on the flow table. The mortar was let to settle for 2 days, covered by a plastic sheet to prevent it from 
drying up; after this waiting period, it was mixed again with the necessary additional water until a proper consistency was achieved 
when checked on the flow table (around 16.5 cm for 30 shocks). This earth mortar was then put in the mould with a trowel, in 2 
layers. The plaster samples were let drying under laboratory conditions (around 20-22°C and 40%-50%RH); and after 3 days or 
until sufficient hardness of the samples was achieved, they were removed from the mould and turned over regularly until 
thoroughly dried, to prevent deformation.   
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Plaster mixes  

Eleven plasters were produced to compare the impact of aggregate type and the impact of the fibre type. The different 
compositions of the samples are summarized in Error! Reference source not found.. The plaster YS40Ch20 is made with a plaster 
sand commercially available and wheat chaff as traditionally used in central Anatolia to make plasters and adobe bricks so it is 
considered as a reference plaster. Six type of alternative plasters used the same amount of YS and 20% of fibres by volume but 
the fibre type differs. Six other type used the same amount of chaff as fibres but six different type of sand.   

 

Table 3: Plasters mixes with the amount and type of the different materials used  

 

 

 

 

  

 

   
 

 

 
 

 
 

YS40Ch20* YS Ch 40 40 20 44 13 55 1.0 29  17 5.6 2.0 1644.0 

WS40Ch20 WS Ch 40 40 20 45 13 54 1.2 29  17 5.6 1.9 1617.8 

Si40Ch20 Si Ch 40 40 20 40 12 59 1.1 26  17 5.7 2.4 1816.2 

FYS40Ch20 FYS Ch 40 40 20 44 13 55 1.0 28  17 5.5 0.9 1721.3 

CYS40Ch20 CYS Ch 40 40 20 41 12 58 0.9 24  16 5.7 2.2 1764.9 

CSi40Ch20 CSi Ch 40 40 20 43 13 56 0.8 21  17  1.7 1745.5 

YS40PN20 YS PN 40 40 20 44 13 54 1.9 28  17 5.6 1.8 1651.2 

YS40Fl20 YS Fl 40 40 20 44 13 55 0.2 23  17 5.8 1.3 1627.5 

YS40Co20 YS Co 40 40 20 44 13 55 0.7 23  16 5.8 1.1 1643.7 

YS40SW20 YS SW 40 40 20 45 13 55 0.2 24  17 5.8 1.4 1687.2 

YS40St20 YS St 40 40 20 45 13 55 0.3 23  17 5.8 1.5 1685.9 

 

Experimental set-up  

Water vapour sorption and resistance  
Samples for water vapour absorption/desorption rate measurements were prepared according to Faria et al. (2015). Room dry 
samples of approximately 10x10x4 cm³ were taken and the sides and the bottom sealed with wax and polyethylene film. Samples 
at initial equilibrium at 50% RH and 23°C were put in a humid chamber with 80% humidity and 23°C. The vapour gain was 
established by measuring the sample at regular intervals (from 0.5 up to 24 hours) with a 0.01g precision scale. Then the samples 
were put back in a room with 50% humidity and 23°C and the weight loss was measured following the same schedule (from 0.5 
up to 48 hours) using the same material.   

Water vapour resistance was determined using the wet cup method following DIN 18947 (Earth plasters – Terms and definitions, 
requirements, test method, 2013). Square samples were used. These side were sealed with hot wax and then sealed with the same 
wax on the cups. The samples were placed in a room with an approximate temperature of 23°C and 50% RH. The weight of the 
samples was taken at regular interval during 1 month and then the resistance was determined during the last 7-days period.   
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Water capillarity  
Water capillarity was determined following Faria et al. (2015) and Minke (2012) sealing the side of the sample with wax and using 
a filtering cloth to prevent loss of material. 10x10x4 cm³ samples were placed in 5mm water and the weight increase was measured 
at regular interval (from 1 min to 4:05 h.) The capillary coefficient was determined as the slope of the of the capillary curve between 
1 and 49 min as it was the most representing segment for this type of plasters (r² between 0.98 and 1.00).   

The drying behaviour was determined on not totally water saturated samples after the capillarity test – as fully saturated samples 
would be weak and might crumble – coming from the capillary test (Faria et al., 2015). Weight of samples was taken at different 
time intervals (from 1h to 1 day during 15 days) with a 0.01g precision scale. The drying rate (DR - speed of initial water loss) and 
drying index (DI - ability to fully dry on a long period) were determined for each sample using the drying curve which was plotted 
with the time in hours in abscissa and mass loss in Kg/m² in in ordinate. The DR is the representing segment of the drying curve 
during the first 24h and the DI was calculated with the simplified procedure given by Grilo et al. (2014) as average water loss during 
the duration the test. A high DR means a fast initial drying whereas a low DI means a fast total drying.   

Thermal conductivity  
The thermal resistance of samples was determined using a KEM QTM500 hot wire method apparatus on samples of 10x10x4 cm³  
with a flat surface. The equipment requires a minimum surface of 60 mm in diameter and a height of 15 mm. The tests were 
conducted after the samples were stabilized at laboratory condition (25C and 50% RH) On each sample, 3 measurements were 
done and the average of these measurement was considered to prevent the surface difference to impact too much on the results.  

Results and discussion  

Water vapour sorption and resistance  
The results of the dynamic absorption and desorption test shows that all tested plasters have a very high absorption and desorption 
capacity (Table 4) with the lowest absorption after 12h at 80% humidity and 23°C being 133g/m2 and the highest 161g/m2 for 
siliceous sand reinforced mortar (Si40Ch20) and cow hair (YS40Co20) reinforced mortar respectively. For the desorption, the 
sample losing the most water vapour after 12h is flax reinforced plaster (YS40Fl20) whereas the one loosing less water vapour is 
the siliceous sand reinforced plaster sample (Si40Ch20). The water vapour absorption shown by these plasters are high compared 
to the literature (Jiang et al., 2020; Lima & Faria, 2017; Maddison et al., 2009) whereas their desorption rate is low with only about 
half of the water absorbed released after 12h of drying. These might be because of the thickness difference (samples of 4 cm 
thickness instead of samples of 1.5 cm or 2cm thickness) despite experiments showing that thickness difference has low impact 
on the moisture absorption (Faria et al., 2015) or the material used to wrap the bottom and sides of the samples. The type of clay 
used might also have an impact on the sorption as shown by Lima et al. (2019).   

If cow hair reinforced sample is being discarded because of its large amount of surface cracks (that create a higher contact surface 
with humid air) results show that the different plasters have a similar vapour absorption after 12h as all samples have a similar 
amount of clay which is the main reason vapour absorbing material of plasters (Lima, Faria, et al., 2016; Lima & Faria, 2015). 
However as underlined by Palumbo et al. (2016) in their study, some differences can be seen in the dynamic absorption/desorption 
behaviour especially after a 24h cycle (Figure 4). Samples YS40FL20 and YS40SW20 have always a higher absorption than the 
reference plasters. This might be because of an easier transfer of vapour through small pores whereas sample with fine sand first 
absorb less vapour but has a total vapour absorption higher than other samples. Samples with bigger pores - coarse sand or silicate 
round shape sand – have a lower or similar absorption than the reference plaster.  

The water vapour diffusion resistance factor (μ) is presented in the Table 4. The lowest μ is achieved for pine-needle reinforced 
mortar (YS40PN20) with 4.3 whereas the highest μ is reached by the sample reinforced with white sand (WS40Ch20) with a μ of 
5.6. Values found in these experiment are closed from the values fond by Cagnon et al. (2014) on 2cm earth mortars but somehow 
lower than the one found by Lima et al. (2017) or Faria et al. (2015) which might be due to the difference in the test set up (room 
temperature, thickness of samples, dry or wet cup method). However, the repartition of the results is coherent along the 
experiment.  

These results show that except the low transfer in the sample reinforced with white sand, there is a very low difference between 
all samples. Same conclusion are reached by Lima et al. (2017) and Palumbo et al. (2016) which show a very small difference in 
the permeability of mortars reinforced with the same amount of different fibres.   
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Table 4: Hygric and hydric properties of earth plasters  
 

 

 
 

  

 
  after 12 h after 12h after 48h 

YS40Ch20 5.1 145 84 190 1.06 13.4 0.12 0.38 
YS40PN20 4.3 140 82 179 1.00 12.5 0.13 0.37 
YS40Fl20 4.4 150 88 189 0.86 12.6 0.11 0.45 
YS40Co20 4.3 161 79 179 1.38 14.2 0.10 0.41 
YS40SW20 4.5 153 80 175 0.93 12.3 0.13 0.30 
YS40St20 4.7 142 84 174 1.11 13.5 0.12 0.49 

WS40Ch20 5.6 137 75 154 0.97 12.1 0.10 0.42 
Si40Ch20 4.5 133 74 155 1.02 11.3 0.10 0.41 

FYS40Ch20 4.3 151 86 186 0.90 12.8 0.12 0.40 
CYS40Ch20 4.8 142 85 186 0.92 11.7 0.16 0.35 
CSi40Ch20 4.9 138 84 175 1.35 12.5 0.15 0.31 

 

  
Figure 4: Comparison of water absorption dynamic off the different alternative plasters with the reference plaster (YS40Ch20)  
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Water capillarity and drying behaviour  
Water capillarity and drying behaviour of samples are shown in Table 4. The reference plaster has a capillarity of 1.1 

kg/(m²·min⁰·⁵) higher than the average of samples and a total absorption after 4:05 hours of 13.4kg/m2. For other plasters, the 
water capillarity coefficient (CC) varies between 0.9 kg/(m²·min⁰·⁵) for flax reinforced plasters (YS40Fl20) and 1.4 kg/(m²·min⁰·⁵) 
for cow hair reinforced samples (YS40Co20). Samples made with alternative type of sand have all a CC comprised between 0.90 
kg/(m²·min⁰·⁵) and 1.0 kg/(m²·min⁰·⁵), very close from the reference sample whereas the range of CC for plasters reinforced with 
alternative fibres varies from 0.9 kg/(m²·min⁰·⁵) to 1.4 kg/(m²·min⁰·⁵).  However, after 4:05 hours in water the total absorption of 
all samples is very close, from 11.2 to 12.8 kg/m2, lower than the reference plaster. Again here, the cow hair reinforced samples 
should be considered as an outliner as its surface is fully cracked and increase the initial the capillarity absorption.  

When comparing the capillarity data with the existing literature, it has been found that these value are high compared to values 
of adobe and earth plasters samples with capillarity between 0.41 kg/(m²·min⁰·⁵)  and 1.24 kg/(m²·min⁰·⁵)  for Coroado et al. (2010) 
or 0.20 kg/(m²·min⁰·⁵)  and 0.63 kg/(m²·min⁰·⁵)  for non-stabilized plasters (Lima & Faria, 2017) or 0.59 kg/(m²·min⁰·⁵)  and 0.60 
kg/(m²·min⁰·⁵) for earth plasters (García-Vera & Lanzón, 2018). This might be due to the type of sample used which are 10x10x4 
cm3 sample with a larger surface of contact compared to the usual 4x4x4 cm3 cubes used in these experiments. Moreover, as 
indicated by Faria et al. (2016), the side treatment for waterproofing has a large influence on the capillarity data.   

The different fibres and aggregates studied show that there a small impact of the type of fibre or aggregate on the CC in the 
opposite of plasters studied by Lima & Faria (2017). Some fibres or sand lead to a higher capillarity either because of their own 
capillarity (straw fibres going through the sample) or because of the matrix that they create in the sample (cracked sample with 
possibility of water path with cow hair or more porous samples using large particle of sand without fines) whereas samples made 
with short fibres will have a lower capillarity (flax, short wool). This can be seen even more clearly in the initial part of the curves 
where the absorbed amount of water can be different for different type of plasters but this difference decreases when the 
saturation level approaches.  

 
Figure 5: Absorption curves of some selected plasters  
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Plasters have an initial drying rate (DR) between 0.10 kg/m²·h and 0.16 kg/m²·h for silicate sand reinforced plaster and coarse sand 
reinforced plaster respectively with the reference plaster having a DR of 0.12 kg/m²·h. The drying index (DI) which represent the 
difficulty for plasters to dry ranges between 0.30 and 0.49 for plaster reinforced with short wool and plaster reinforced with straw 
respectively.  

Comparison with the literature is difficult as very few studies on earthen materials have determined the drying behaviour of 
samples. However, the value found are similar to the ones found by Lima & Faria (2017) for the DR of fibre reinforced plasters  

but much lower than the one determined by Faria et al. (2015) for a ready-made fibrous plaster.   

The variation in the DR and DI  shows that using alternative material has small impact on the drying behaviour with coarse sand 
reinforced plaster having high initial DR (i.e., the liquid water is drained fast out of the sample) and a low DI, telling that complete 
drying (i.e. taking out the moisture from the sample) is fast to achieve whereas samples reinforced with flax have a low DR and 
low DI showing that they need more time to achieve complete drying. Samples reinforced with wool have low DR and a low DI 
showing that initial drying is slow but complete drying is fast.  

Thermal conductivity  
Thermal conductivity of plasters ranges from 0.43 W/m·K to 0.80 W/m·K for coarse sand reinforced plasters (CYS40Ch20) and flax 
reinforced plasters (YS40Fl20) respectively, with an average of 0.60 W/ m·K. In the literature, thermal conductivity has been found 
varying from 0.34 W/ m·K for plasters reinforced with respectively 2% and 4% of fibres by weight (Liuzzi & Stefanizzi, 2015) and 
1.23 W/ m·K  and 1.45 W/ m·K  for plasters reinforced with 20% of oat and typha fibres respectively (Lima & Faria, 2015) both 
research using the same type of hotwire apparatus for the determination of thermal conductivity.   

It seems that the main impact on conductivity is made with the usage of thin fibres as samples with thin fibres YS40Fl20, YS40SW20) 
have a much higher conductivity. The reason might be that the thin fibres create a denser and less porous matrix than the fibres 
used traditionally. This conclusion is similar to the one that can be drawn for the research of Lima & Faria (2015) where the same 
volume of thin typha fibres leads to a higher conductivity of plasters compare to plasters reinforced with oat. When the 
conductivity of plasters is compared with the literature, they are in the lower range shown in the Figure 7. However, as underlined 
by most authors (Lima, Faria, et al., 2016; Lima & Faria, 2015; Palumbo et al., 2016) the main important factor for the conductivity 
is the density despite the usage of alternative reinforcement materials.  

  

  
Figure 6: Thermal properties of earthen plasters  
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Figure 7: Relation between thermal conductivity for this study and 6 other study using fibres as a reinforcement (between 1% and 3% of fibres 

by weight)  

Conclusion  

In this research, six alternative fibres and six alternative aggregates have been studied to determine their impact on the 
hygrothermal properties of earth plasters and compared to a traditional earth plaster. Samples with identical amounts of different 
fibres and aggregates were made and tested for their water vapour sorption, their humidity transfer, their water absorption rate 
and drying behaviour and their thermal conductivity. The usage of alternative reinforcement materials has only a low impact on 
the hygro-thermal properties of earth plasters and cannot then consider as a determinant factor for improving the behaviour of 
plasters. However, some particularities due to the usage of thin fibres or aggregates can be underlined.  

 The usage of thin fibres changes the physical properties of earth plasters. Shrinkage and density are increased which lead to a 
higher water and vapour absorption and higher thermal conductivity.  

 The usage of a different type of sand doesn’t have an impact on the density but impact the shrinkage especially when using sand 
with a low amount of fines.  Using fine sand instead of graded sand increase the vapour absorption but lower the water capillarity 
absorption and the drying speed whereas using coarse sand increase the capillarity water absorption and the drying speed.  

All the results of these study also mostly underlined the need of a standardized methodology to study earthen plasters to prevent 
disparity in results due to the usage of different experimental set-ups and allow comparison between data. Despite these 
disparities the results of ties study and other studies on earth plasters shows that the impact on hygro-thermal and hydric 
properties of plasters is determined mostly by the amount of clay and not by the additional materials used to reinforce the plasters.  
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Abstract 

Space has not only been a huge field for exploration but also a possible prospective home for humanity. The International Space 
Station (ISS) therefore has been the longest-term space habitat since 1998. The extreme conditions, such as microgravity, excessive 
radiation and airlessness, challenged experts at several stages to create a secure, and sustainable structure accommodating three 
to six humans in ISS. Therefore, in this study, space architecture is explored as an essential type of sustainable and smart 
architecture. 
Authors sought typologies to reveal several approaches within space architecture. Space agencies have also challenged design 
teams to come up with concepts for Mars habitats. Some of these competitions were also chosen for an extensive analysis of design 
criteria for extra-terrestrial living. The main focus of this study is to analyse the smart construction technologies with sustainable 
and structural solutions of ISS and Mars suggested in architectural design challenges in order to generate a design framework for 
space settlements. As an outcome, a typology classification for orbital and surface structures with shaping forces of extra-terrestrial 
environments is suggested in the scope of the sustainable structures and smart construction technologies. 

Keywords:  ISS, space architecture, extreme environment, sustainable structure 

 

Introduction 

Smart environments have been envisioned when possible futures were predicted. The intelligence that is expected to be displayed 
by smart buildings and cities has been very appealing in the case of human sheltering is the case. This expectation is rooted in the 
quest for controlling the environment and staying safe and secure. (Aldrich, 2003) Therefore, safety and security are the 
elementary purpose of architecture. Smart environments are nevertheless considered as the inevitable next step for the governing 
human. Within the context of smart habitats, the authors scanned the smartest and most secure and safe building typologies to 
find out that spaces built for extreme environments displayed most evident sustainability cases that are built by humans. This 
approach led to an inquiry of the typologies that might have been revealed by analysing architecture created for extra-terrestrial 
and extreme earth conditions. Thus, in this work smartness is defined as the overall sustainability of the built-in properties of 
habitats; safety, security and autonomy of healthy and adaptive structures to shelter humans even in extreme environments. 

Lunar missions between 1968 and 1972 and Skylab, Mir and International Space Station (ISS) missions have followed one another 
in order to push the limits in extreme conditions of outer space. (Adams & Jones, 2014) After the first long-term-missions in ISS 
occurred, the experts of space agencies had huge questions about physiological and psychological concerns for the habitation of 
astronauts and researchers. However, these questions were not new for architects. Humans had already been asking about how 
we eat, sleep or take a shower etc. through the discipline of architecture. However, architecture has spun-off a brand-new side 
field titled “Space Architecture” in order to focus on the extreme living conditions in Space.  
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Background  

Space Architecture 

Space exploration as a scientific endeavour has its initial reports and suggestions as early as the 1960's. The spatial considerations 
though did not involve architectural expertise as seen from the literature until one of the first interdisciplinary design studies on 
settlements in outer space. (Johnson, 1977) The interdisciplinary group contained scientists, engineers, astronomers, and one 
architect. The group worked on a possible lunar colonization and came up with several terms and details of considerations. From 
psychological needs of colonizers and standards for spatial requirements of a whole colony to structural and geometric solutions 
for these settlements were suggested in this scientific group work. As an outcome of the work, it was suggested that a large space 
laboratory should be placed in low-earth orbit and establish a base on the moon. This has also been the same approach that orbital 
and surface missions are categorized within the extra-terrestrial architectural domain. However, there are different views. 
Kennedy categorizes launch vehicles, pressure vessels (living units) and systems to support human life as the three main 
architectural components of space architecture. (Kennedy, 2002)  

Space architecture therefore is a field of study that focuses on shaping sustainable habitats in outer space and on other planets as 
extreme environments. (Miller, 2016) Over the last five years, NASA started conducting studies on proper architectural spaces with 
3D-Printed Habitat Challenges in order to make the “Moon to Mars” mission a reality (NASA, 2015). It is therefore significant that 
the requirements of ISS, extreme conditions on earth and challenges to create habitat should be beneficial to understand the 
environmental rules. (Leach, 2014) 

In the first International Space Architecture Symposium at the World Space Congress in Houston in 2002, 46 practitioners and 
students came up with a definition of space architecture: “The theory and practice of designing and building inhabited 
environments in outer space.” (Kennedy, 2002) The theory has become a more practicable field with cutting edge technologies in 
space explorations in order to investigate profoundly and live long term on other celestial bodies. The focus is to design habitable 
systems not only with the requirements of occupants, but also with the serious consideration of extra-terrestrial conditions. 
Kennedy pointed out that the architecture elements that are required in this new field are the same with the traditional needs; 
Transportation System, Infrastructure and Utilities in order to function. However, some of the major elements for these 
requirements that change radically due to the extreme conditions are Habitat, Laboratory, Node, Airlock, Berthing/Docking, 
Logistic Supply, Structural System, Power System, Thermal System, Communication System, and Propulsion. Fig.1 shows a 
classification of habitat technology. Class I: structures that are manufactured and constructed on Earth and launched to the 
intended area. Class II: structures that are manufactured on Earth, but required assembly or deployment in space. Class III: 
structures that require manufacturing and construction in space.  

 
Figure 1: Habitat Classifications 

Source: Kennedy, K. J. (2009). Vernacular of Space Architecture. Out of this World: The New Frontier of Space Architecture. Edited by A S. Howe 
& Brent Sherwood 
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Smart Habitability in extra-terrestrial Environment 

The topological and climatic conditions are the most significant parameters besides human factors on an extra-terrestrial site to 
generate the optimal habitat, and a better environment for mental health. The functions of sleeping, hygiene, food, work and 
leisure in an isolated environment are identified as the main zones when the astronauts in ISS were interviewed about their 
experiences of daily routine. (Häuplik-Meusburger, 2014) Also, space habitat design environment considerations and Orbital, 
Transfer and Surface approaches are separately examined with the challenging considerations in space. (Kennedy, 2002) 

These general considerations for outer space show architects how space architecture varies according to three different extra-
terrestrial environments. (Tab. 1) Nevertheless, space architects and experts know more nowadays with the help of many space 
exploration missions and the table can be filled with many other criteria and considerations today. (Kennedy, 2002) 

 

Table 1:  Space Habitat Design Environment Considerations 

Consideration Earth Orbital Lunar/Mars Transfer Lunar/ Mars Surface 

1. Vacuum Pressurized enclosure Pressurized enclosure Pressurized enclosure 

2. Debris 
Growing problem 

requiring heavy shielding 
None None 

3. Gravity Microgravity 
Microgravity 

Induced gravity 

Partial (less than 1 earth g) changes interior 
architecture 

4. Radiation 

Protected by Van Allen 
Belts 

South Atlantic Anomaly 
potential problem 

Lunar transfer protection 
probably not required 

Mars transfer protection 
required 

Lunar protection required Mars partial protected by 
atmosphere, possible protection required 

5. Dust None None 
Lunar dust is a design challenge Mars dust a potential 
issue, but only really known 

Source: Kennedy, K. (2002). The Vernacular of Space Architecture. AIAA Space Architecture Symposium 

Table 2:  Trades and Rules of Thumb for Space Habitat Design 

Configuration Driver Trade Rule of Thumb 

Habitat Function Habitat Layout, Hab/Lab 
Separate Hab & Lab Functions & Activities for long duration 

missions. 

Number of Crew Volume Required Vol/Crew Member: larger no. of crew require much more volume. 

Mission Duration Habitat Size 
Short duration = less volume; long duration requires much more 

volume. 

Structure Alum, Composites, Inflatables 
Alum. for Pre-integrated short duration Habs. Inflatables for pre-fab 

long duration Habs. 

Life Support % Open, partial, closed Open for short missions. Try for 100% closure for long duration habs. 

Data Handling & 
Management 

Computers, Automation 
Open architecture with fault tolerant parallel processing. Automated 

integrated habitat health monitoring for long duration habs. 

Communications Direct, Relay Utilize deep space networks. Emplace array network satellites for 
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planetary colonies. 

Thermal Control 
Body mount, deployable 
radiators, thermal sink 

Body mount on transfer vehicle when possible. Deployable for large 
heat rejection. Utilize heat sink underground if on another planet. 

Power 
Generation Source: battery, 

fuel cell, solar, nuclear 
Look at nuclear for long duration missions that require a lot of 

power deep in space. 

Crew Accommodations 
Social interaction, privacy, 

exercise, recreation 
Space condition for short transfers. Privacy and social interaction 

required for long duration. 

Environmental 
Protection 

Radiation, Dust, Orbital 
Debris, Micrometeoroids 

Orbital Hab requires protection from Radiation, Orbital Debris & 
Micrometeoroids. Transfer Hab requires protection from Radiation 

& some Micrometeoroids. Lunar Mars requires some protection 
from Radiation, Dust & Micrometeoroids. 

Risk Level of Redundancy Fall Op-Fail Safe on Critical hardware 

Source: Kennedy, K. (2002). The Vernacular of Space Architecture. AIAA Space Architecture Symposium 

The matrix where the space habitation design trades were examined (Tab. 2) according to required configurations of space missions 
and they were applied on rule of thumb. (Kennedy, 2002) The table emphasizes the wide range of criteria in extra-terrestrial 
architecture clearly. 

 

Figure 2: Detailed View of Berthing, Dining and Workspace Functional Areas Inside Habitat for Exploration Class Missions 

 
Source: Whitmire, A., Leveton, L., Broughton, H., Basner, M., Kearney, A. (2014). Minimum Acceptable Net Habitable Volume for Long-Duration 

Exploration Missions Subject Matter Expert Consensus Session Report. Human Research Program. Retrieved from 
https://ntrs.nasa.gov/search.jsp?R=20140016951 

Minimum acceptable net habitable volume (NHV) for long‐duration exploration missions is identified as part of the human research 
program (HRP) of NASA and is 25 m3 per person. The figures of the same program show the sections of different habitat types and 
required areas. (Fig. 2) The cross and longitudinal sections represent spatial arrangement of seven functional areas in microgravity 
environment in terms of the acceptable NHV. (Fig. 3) Moreover, the drawings helped the authors understand the criteria of a smart 
and sustainable structure in 0-G condition in order to generate a typology. (Whitmire, 2014) 

https://ntrs.nasa.gov/search.jsp?R=20140016951
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Figure 3: Functional Areas and Volumes Within Habitat 

 
Source: Whitmire, A., Leveton, L., Broughton, H., Basner, M., Kearney, A. (2014). Minimum Acceptable Net Habitable Volume for Long-Duration 

Exploration Missions Subject Matter Expert Consensus Session Report. Human Research Program. Retrieved from 
https://ntrs.nasa.gov/search.jsp?R=20140016951 

 

ISS Architecture 

The ISS is the only extra-terrestrial habitat built for long-term living in space. It is therefore a unique sample in order to measure 
and inspect the conditions and requirements of a pressurized enclosure. (NASA, 2010) Being the only isolated long-term habitat 
makes ISS a very significant and unique project to examine the behaviour and necessities of a real space settlement. Excessive 
radiation level is a significant issue in outer space. Only an Earth-facing small module “Cupola” has windows facing to Earth to 
observe extravehicular activities (EVA) and robotic activities outside of ISS. 

 
Figure 4: ISS exploded overall modular design 

Source: National Aeronautics and Space Administration. (2019). Space Station Assembly. Retrieved from 
https://www.nasa.gov/mission_pages/station/structure/elements/space-station-assembly 

https://ntrs.nasa.gov/search.jsp?R=20140016951
https://www.nasa.gov/mission_pages/station/structure/elements/space-station-assembly
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Modularity and reconfigurability are the strongest characteristics of ISS structure. (Fig. 4) The layers of the modules are like bullet-
proof material against micrometeoroid debris. Beside the effective thermal insulation layers, the cylindrical form helps to distribute 
the extreme temperature differences between sunlit and shady surfaces. Minimum volume is also a decisive constraint for mental 
health while the diameter of a module has to be maximum 4,4 meters due to the limitation of rocket launches. (NASA, 2019) 

ISS helps understand the structural and spatial conditions of an isolated habitat in orbit in terms of several significant criteria, 
which are net habitable volume, translation paths, hatches and doorways, windows, lighting and hardware or structure. (NASA 
2010) Therefore, the future Mars settlements will be shaped mainly by these criteria that come from ISS as a great sample of space 
habitat. The design team had considered ISS architecture not only with its morphological features but also with functions and 
features such as work, private, social, dirty, clean, quiet, noisy zones. (NASA, 2010) 

Mars Characteristics 

Mars as a construction site has many disadvantages compared to the traditional construction techniques on Earth.  The extreme 
range of temperature between day and night, dust storms with planet scale and thin atmosphere layers are why construction on 
Mars has to be different. However, the 1/3 gravity of Mars is beneficial to create less bending stress. Also, an interesting calculation 
study shows that the transportation of an ordinary brick to the Moon costs $2 million. Earth is 585 times farther from Mars than 
the Moon. All these conditions lead to seeking for in-situ materials on Mars. (Leach, 2014)  

The biggest difficulty is transportation cost of supplies that a Martian researcher or colonist needs. The amount of ice can become 
an ocean covering the red planet with 100 metres depth in case it melts. Water electrolysis also gives another essential final 
product: oxygen. The other promising advantage is the existence of carbon and hydrogen that are used to get silicon needed for 
photovoltaic panels and all main electronics. The other option for energy supply is deuterium in order to make fusion reactors. 
Mars' atmosphere is as thin as 1% of Earth’s atmosphere. (Leach, 2014) Air pressure is equally lower and 16 to 40 times weaker 
magnetic shield is also a great handicap for living on the surface of Mars. The habitats need to be isolated with controlled pressure 
and a special type of glass for windows. These show us that the built environments in the future have to be sustainable for a 
Martian society to survive. (Zubrin, 2014) 

Space Habitat Challenges 

The AIAA Life Science and Systems Technical Committee (LSSTC) and the AIAA Space Architecture Technical Committee (SATC) 
conducted and sponsored the Phobos Base Student Design Competition in 2017. The purpose was to generate solutions about 
habitability for living and working environments in space in future Mars exploration with the consideration of the Environmental 
Control and Life Support Systems (ECLSS) engineering and the Space Architecture. Students proposed alternative habitats for 
logistic and research purposes on Phobos, the larger and closer moon of Mars. Despite the same focused concerns for 
environmental control, such as radiation shield, airtightness and all life support systems, the approaches of the winners vary 
morphologically and structurally. (Cohen, 2019) 

The Wroclaw University of Technology team suggested a design idea of three separated units: The Mining Site, Mars Observatory 
and the Base. (Fig. 5) One big inflatable structure with pressurized volume creates the advantage of easy deployment and 
construction. On the other hand, the Base is protected from the other unpressurized units with the distance. Nevertheless, it 
seems that the sustainability of the construction phase is an essential problem without in-situ structural materials. 

 
Figure 5: Base Fearless design proposal of the Wroclaw University of Technology team 

Source: Cohen, Marc M., Rodman D., Hodgson E. (2019). 70 th International Astronautical Congress (IAC) 
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 “Phari Base” project was proposed by the University of Houston team with a profound similarity with the ISS. (Fig. 6) The compact 
habitat proposal is constructed on tetrahedral truss structure with the advantages of expandability and reconfigurability of 
modules. Spacecrafts that would like to observe Mars and do experiments on Phobos can dock at the station as a part of it. Easy 
accessibility between modules is due to the interlocked units. Also, there is no construction process after positioning and anchoring 
the truss structure to Phobos. The “artificial gravity torus” has a control room with geodesic dome area and accommodations for 
the eight-month travel time. The volume of the habitat is confined with the spacecraft structure. The similarity between ISS and 
Phari Base resulted in a space habitat with sustainable solutions and well-controlled isolated minimum volume. 

 

 
Figure 6: Phari Base design proposal by the University of Houston team 

Source: Cohen, Marc M., Rodman D., Hodgson E. (2019). 70 th International Astronautical Congress (IAC) 
 

The Wroclaw team has separate but engaged units that have different main functions with a big habitat under a single inflatable 
dome. The major advantage of mining sites and habitat separation are to minimize the danger of death in habitat while mining. 
There will be however a huge energy and resource use in the construction process. The University of Houston team proposes a 
modular and mobile solution with a fixed tetrahedral truss system. The design allows easier transition between units, but the 
mobility risks are higher. 

Architectural requirements of missions and challenges are clarified in NASA Spaceflight Human-System Standards in terms of 
Volume, Configuration, Translation Paths, Hatches and Doorways, Restraints and Mobility Aids, Windows, and Lighting. These 
criteria are shaped by the Physical Characteristics of Crew, Habitability Functions, and Natural and Induced Environment, which 
are also in this NASA Technical Standard. All volumetric and detailed features are determined mainly to minimize any hazard that 
can come to the crew members in daily routine and particular activities. Although the measurements and restrictions of all main 
elements in detail were considered, there are no architectural deductions and results for form configuration. (NASA, 2019)       

The aim of the NASA 3D-Printed Habitat Challenge is to design a habitat and generate a buildable project with 3D-printing 
technologies on another planetary body. The winners of the challenge were selected according to NASA-STD-3001 standards in 
three phases; Phase 1 (Design Competition) focuses on architectural concepts that has 3D-printing offers, Phase 2 (Structural 
Member Competition focuses on the 3D-printing fabrication process and recyclable indigenous material properties) and Phase 3 
(On-Site Habitat Competition) focuses on autonomous 3D-printing of a subscale design with using BIM and virtual construction 
tools and techniques. (NASA, 2018) 

The Mars Ice Home project won the 3D-Printed Habitat Competition NASA Langley Research Center with collaboration of SEArch+ 
and CloudsAO with its later version “Mars Ice House”. The concept of preserving from galactic cosmic radiation and being a 
structural component came up from in situ material: ice. The study proposes an inflatable structure, a deployment systems 
element, and the access and delivery element of the complete habitat. (Fig. 7) Translucent ice shell, that is 3D-printed with robotic 
equipment (iBo), covers the overall settlement as a strong shield against excessive radiation. The core interior is covered and 
insulated with a cellular layer of carbon dioxide, which can easily be found in the Martian atmosphere. Experts said that the 
extracting ice on Mars is possible to fill the habitat at a rate of one cubic meter per day. This rate allows the Ice Home design to be 
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completed in 400 days. However, the design may be scaled up with higher rates. (Gillard, 2017) The smart construction phase of 
Mars Ice Home study illustrates the fact that the extreme atmospheric conditions of Mars cause a dramatic change and unthinkable 
potential of the building technology. The lifestyle will obviously mutate in connection with the completely different construction 
methods from Earth. 

 

 
Figure 7: The Mars Ice Home project by SEArch+ & CloudsAO 

Source: SEArch+. (2019) Mars Ice Home. Retrieved from http://www.spacexarch.com/mars-ice-home 
 

SEArch+ & Apis Cor won first place with the Mars X-House V2 project in 100% Virtual Design within Phase 3 3D-Printed Habitat 
Challenge of NASA. The design proposes a future habitat for a crew of four to live and work on Mars for one Earth year. (Fig. 8) 
The design aimed to exceed radiation standards in order to secure human health and connect the crew to outside view. (SEArch+, 
2019) The structural concept, radiation shielding and materiality were configured for the ISRU aspect and the conditions of the red 
planet profoundly. 3D printing technology is considered as autonomous robotics. Smart construction proposal and sustainable 
habitation contrast with singularity of the units versus modularity or reconfigurability chances. 

 
Figure 8: The Mars X-House V2 project by SEArch+ & Apis Cor 

Source: SEArch+. (2019) Mars X-House V2. Retrieved from http://www.spacexarch.com/mars-xhouse-v2 

AISpaceFactory won first place in Phase 3 with Marsha by building the design with autonomous 3D-printing in 1:1 scale, which was 
generated with BIM and virtual construction tools and techniques. (Fig. 9) In collaboration with Techmer PM, an innovative mixture 
of “basalt fiber” is extracted from Martian rock and renewable bioplastic (polylactic acid, or PLA). The construction material has 
also advantages of superb tensile strength and simpler production process than carbon fiber and kevlar. The material and the 
structure were tested by NASA. (AI SpaceFactory,2019) 

http://www.spacexarch.com/mars-ice-home
http://www.spacexarch.com/mars-xhouse-v2
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The power of 3D printing technology is the key point of habitat design. Smart semi-autonomous robotic tools allow flexibility to 
the astronauts in a construction site. ISRU analysis, to handle atmospheric pressure and thermal stresses and minimizing 
mechanical stresses show great efficiency with structural sustainability. Dual Shell protects the inhabitants from excessive 
radiation and also provides free interior design potential. However, entrapment risk after a catastrophic incident was not 
considered as much as the structural smartness. 

 
Figure 9: Marsha project by AISpaceFactory 

Source: AI SpaceFactory. (2019) Marsha AI Spacefactory’s Mars Habitat.  
Retrieved from https://www.aispacefactory.com/marsha 

The ALPHA team of Mars City Design participated in the challenge of NASA 3D-Printed Habitat with Alpha 3.0 design.  Alpha 3.0 is 
inspired by the natural formation of the barchan dunes, which has rich minerals from solidified lava beds near the location of Nili 
Patera on Mars. (Fig. 10) The form is also shaped with the specific feature of one directional prevailing wind. The team claimed 
that the aerodynamic superstructure allows the habitat to safely move forward when the sand accumulation reaches a maximum 
weight point of the superstructure. Therefore, the habitat has a natural migration like the dune which is approximately one meter 
per year or less. Also, the arch shape structure has similar characteristics to a radar dish to enhance the capture of incoming radio 
signals. The sand on the structure accumulates to aid shielding from radiation. (Mars City Design, 2018) 

 

 

 
Figure 10: Alpha 3.0 project and structural analysis by the ALPHA team 

Source: Mars City Design (2018). ALPHA 3.0. Retrieved from https://www.marscitydesign.com/nasa-3d-printed-habitat 

https://www.aispacefactory.com/marsha
https://www.marscitydesign.com/nasa-3d-printed-habitat
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Hassell Studio suggests fully autonomous 3D printing robots for shell construction layer by layer. The shell is aimed to protect the 
astronauts from danger of sand storm and sun radiation. (Fig. 11) After the construction, the astronauts arrive with inflatable 
pressurized units. These reconfigurable and multifunctional units are deployed and connected to each other under the shell 
structure. The smart construction idea is to build a shell protection shield autonomously using in-situ material and to minimise the 
danger for astronauts while arriving. (Hassell Studio, 2018) 

 
Figure 11: Design proposal for Mars habitat by Hassell Studio 

Source: Hassell Studio (2018). NASA 3D Printed Habitat Challenge. Retrieved from https://www.hassellstudio.com/project/nasa-3d-printed-
habitat-challenge 

 

Extra-terrestrial 3D Printing Technologies 

To use smart autonomous robotic tools in construction increases for terrestrial architecture day by day. The prime reasons to shift 
labour forces from human to robots are undoubtedly dramatic time and cost effects. 3D printing technology becomes widespread 
in construction fields with the advances in robotics in the last ten years, especially for poor societies that cannot afford to build 
houses. There is also another aspect to benefit the power of 3D printing in extreme environments. However, the autonomous 
construction technology and material use need to develop more in outer space and on other celestial bodies. Here, some of the 
breakthroughs in 3D printing for space had been analysed and were shown: 

D-Shape 3D printing technology uses stereolithography technique that is a special binding process for sand with the help of an 
inorganic substance in order to get stone-like final product and was developed by Enrico Dini. The aim to rethink the construction 
process was to build large-scale structures while spending low effort and money in an extra-terrestrial surface environment. (Dini, 
2012). One of the big advantages of materiality is that it has not poor tension resistance like ordinary concrete. The mineral-like 
material exhibits a great level of hardness and tensile strength because of rigid microcrystalline structure. With this method, 
printing shallow arches is also possible due to the material quality and regolith bed which functions as a support element under 
the printed structure. (Leach, 2014) 

However, the disadvantages of ink transportation necessity from Earth comes with the cost issue, although the main aim is to 
decrease the future financial load of the construction phase on celestial bodies. The main struggle to perform D-Shape is the 
necessity of injection fluids into a vacuum. It seems that the airless environment of the Moon and thin atmosphere of Mars are 
the biggest issue of D-Shape 3D printing technique in order to be sustainable. (Leach, 2014) 

Contour Crafting (CC) is a printing method that has a digitally controlled nozzle to extrude concrete without using formwork. 
Professor Behrokh Khoshnevis focused on using fast solidification of cement to have a self-supporting structure with full strength 
after pouring. The material of ink will be produced with in-situ resources sustainably. Contradictory to D-Shape, CC does not allow 
to build shallow arches and requires extra reinforcement with metal ties or cleats to provide tensile strength (Leach, 2014). 

In ISS as an orbital habitat and research facility, the major effect on daily life of crew is microgravity or zero-gravity environment. 
(Prater, 2019) 115 tools, assets and parts had been produced in the 0-G environment in between 2014 and 2016 by this additive 
manufacturing facility. (Fig. 12) It can clearly be predicted that 3D printing methods in outer space will be used more frequently in 
the near future in order to help provide broken or missing tools to the crew. (Made in Space, 2019) 

https://www.hassellstudio.com/project/nasa-3d-printed-habitat-challenge
https://www.hassellstudio.com/project/nasa-3d-printed-habitat-challenge
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Figure 12 - 3D Printing research in microgravity by Made in Space 

Source: Made in Space (2019). Additive Manufacturing Facility: 3D Printing The Future in Space. Retrieved from 
https://madeinspace.us/2019/03/20/2019-3-28-additive-manufacturing-facility-3d-printing-the-future-in-space/ 

 

Another recent work on space exploration classifies structural concepts for extra-terrestrial environments which have the 
consideration at the Lunar and Martian explorations. The research field is the projects as hybrid, providing the component from 
Earth for 1-3 years and self-sufficient large-scale colonies with in-situ material use planning for a longer period. Terrestrial-like 
bases, inflatable bases, cable bases, expandable bases, spacecraft landers, underground bases, cognitive and autonomous bases 
and mobile bases are the eight structural concepts focusing on construction and expansion of habitation. The paper concluded 
with future needs for efficiency and self-sufficiency progress of autonomous methods to make space colonisation possible. The 
structural concepts however do not reflect an architectural typology study. The researchers suggest a classification for space 
structures mainly. (Naser & Chehab, 2018) 

Aim and Scope 

The two architectural domains smart architecture and space architecture mentioned earlier as can contribute to each other define 
the field of this study. Therefore, the researchers tried to analyse space (extra-terrestrial) architecture examples as products of 
smart and sustainable structures. The extra-terrestrial architectural design falls into two categories as orbital structures and surface 
structures. This study explores space architecture in terms of criteria set for extra-terrestrial challenges of space in order to 
generate a framework for evaluation of interplanetary architectural design and propose a typological framework through 
examining orbital structure of ISS and surface structures on Mars. The terminology of criteria is extracted from NASA STD 3001 
Standards and requirements of NASA Challenges. NASA and published papers are studied in order to collect the significant and 
relevant studies and projects. 

Methodology 

This study searches for a pattern of criteria for architecture in extreme environmental conditions through design challenges. The 
criteria of NASA habitat design competitions for Mars and outer space habitation design, excluding launch vehicles, were 
considered to examine the common or varied typological features of the space habitats. Space structures demonstrate 
sustainability starting from construction to maintenance solutions. Smartness in almost every step is crucial in order to construct, 
observe and maintain with remote and autonomous robotic tools. The architectural solutions of sustainable structures reveal 
nearly 100% use of renewable sources, new construction techniques of 3D Printing with in situ material and smart systems that 
provide complete isolation with hazard minimisation. 

Smart Architecture needs a clear definition that constructs the frame that it serves both on earth and in extra-terrestrial space. It 
is not limited to only terrestrial activities and Space Architecture by nature can definitely be categorized as smart architecture. 
However, the two categories of architecture have not been analysed in this manner. Although the two categories have their own 
criteria that are irrelevant outside of their own field, they definitely have common applications and concerns such as building 
sustainable structures and environments. 

https://madeinspace.us/2019/03/20/2019-3-28-additive-manufacturing-facility-3d-printing-the-future-in-space/
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Research Field 

The research team initially focused on ISS as a real space habitat in order to identify the criteria of extra-terrestrial designs in space 
due to the real troubles and solutions that had been faced since the 2000s. These parameters led to the first concrete criteria of 
smart architecture and structure in outer space. The questions of what, how and why the sustainable structure should be smart 
were clearly answered with the help of NASA STD-3001 Standards, Human Integration Handbook of NASA and analysis of modules 
in sections. Due to the new explorations and researches on Mars, the conceptual future Mars research habitat projects are the 
other valuable samples to find and classify the variable solutions for a specific extra-terrestrial environment. Both research fields 
had been shaped by the criteria framework of extra-terrestrial habitat for human species. In addition, Phobos' base student design 
competition that was conducted by AIAA in 2017 has varied projects with interesting aspects on construction and habitation 
solutions about environmental control and life support systems engineering. Two of the winners of competition that have distinct 
perspectives were chosen and analysed with regard to mentioned standards of NASA. 

Data/Sample Collection 

NASA STD-3001 Space Flight Human-System Standard Volume 2 includes some significant smart design elements and constraints 
of space habitability. Section 9 Hardware and Equipment part suggests about structural and spatial standardisations and 
minimisations of design elements in a space habitat. Additionally, NASA human integration design handbook gives detailed 
information about the architecture, hardware and equipment of long-term space habitability. The structural constraints and smart 
and sustainable design solutions were chosen and defined as typology criteria. ISS and the samples that were collected from 
various Mars competitions were classified with respect to the habitation technology strategy classification of Kriss Kennedy from 
“The Vernacular of Space Architecture” study and general features like location, settling and structural aim. The classification 
demonstrates the differences and similarities between projects. With the clear distinction of orbital and planetary habitats, the 
two classes were examined separately. 

The authors examined selected projects in terms of general features (Location, Latching and Assembly Type, Typology etc.), 
construction technology, architectural, structural and hardware components. (Tab. 3) Synchronously, the morphological features 
were analysed and typology of the projects were generated according to the similarities. Architecture and Hardware criteria were 
chosen from NASA Standards for design. The other general considerations came from the estimation of the research team after 
analysis of projects. The evaluation was shown with (+) and (+-) signs as “considered” and “not considered enough”. 
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Results 

The Columbus module of the ISS represents the characteristics of an orbital habitat and is a unique project for analysis of space 
architecture typology. The Phobos, Phari Base and Base Fearless display different aspects of habitats.  Two different types show 
the research team how architecture of the same extra-terrestrial environment can differ from each other. Mars projects were 
regarded for the typology study in perspective of intense studies and various projects with new ISRU and construction attempts. 

The research shows a variety of proposals for outer space which shows that there is not a universal perspective of the proposals 
for space architecture. Typologies were shaped by the considerations and priorities for the specific extra-terrestrial conditions. 
Therefore, the variations may decrease dramatically with the help of ISRU studies and other construction possibilities in time. 

The following table (Tab. 4) shows the categorisation of different space architecture projects in terms of varied smart construction 
or installation types, functionality of habitat use, environmental and transportation limitations, and criteria by NASA spacecraft 
design standards. The typology of selected projects and analysis of common features illustrate that there are three types of physical 
shaping forces. Three typological categories therefore appeared in terms of the sustainability approaches for construction 
technology, limitation of design and manufacturing types. 

Table 4: Typology Results of Selected Projects 

 
 

ISS Columbus module and Phari Base project for Phobos have the similar attributes of prefabricated habitats and easy 
reconfigurability with modularity considerations. Prefabrication process on Earth causes limitation of rocket volume capacity for 
habitats. Also, a fully isolated environment provides a well-controlled habitat to avoid airlessness and excessive radiation for both. 
The docking systems allow the same modularity approach with two air lock gates at the both ends. 
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Base Fearless and Hassell projects had been designed with similar approaches in order to shape a multifunctional habitat under a 
large-scale roof. The aim of the structures is to protect the whole area from the rough external conditions and give the flexibility 
and low risk inside. The separation of different functions with distance and airlock systems is also a similar concern to minimize 
the risk of danger for both habitats. 

Mars X-House V2, Marsha, Mars Ice Home and Alpha 3.0 are 3D printed habitat projects which have the same single unit approach 
on Mars. The main factor that brings these projects together is the smart construction process and strong sustainability concerns 
with autonomous robotic tools and in-situ material use on building processes. Although the variation of construction materials (ice 
water, cement etc.) and the different experiences inside the habitat can be observed for each of them, the language of the outer 
shells which are formed by the shaping forces directly are very similar to each other. 

Conclusion 

To survive in an extra-terrestrial environment, architects need to consider sustainability and self-sufficiency of habitats in every 
phase. Hence, smart architectural tools have to be innovated and/or implemented to the whole process. The findings were shaped 
by these considerations and were analysed and classified with regard to characteristics of structural and architectural elements 
that are essential in the design criteria of NASA’s and other relevant studies. The research suggests three typological categories 
that had been grouped with similar considerations and external shaping forces.  

When smart architectural tools are considered in extra-terrestrial architecture, architects should determine the human-machine 
interface and time-cost efficiency initially. 3D printing techniques illustrate the difficulty of construction in space. However, there 
is a huge progress in this field with the help of ISRU studies. The authors sought projects for space in connection with these two 
main considerations. The projects were therefore selected from Mars and Phobos challenges of NASA for long-term space habitats.  

Smart environmental control systems were also essential to choose as a sample for this typological study. On the other hand, Mars 
is picked for its high potential of valuable resources in order to construct a secure habitat and survive. 

The typology findings had been generated from these projects which have the high concerns of sustainability with smart and self-
sufficient solutions. The authors classified works according to structural characteristics and varied sustainable proposals in the 
construction phase of projects. Although each example of space architecture seems to be unique, the researchers sought for 
finding a pattern to frame several architectural solutions suggested for inhabiting outer space. The findings are not limited to only 
formal typologies but are classification of other characteristics of human habitats and physical forces acting on these structures. 

The researchers aimed to frame a discussion for what smart architecture’s limits are and to introduce space architecture as being 
within those limits. Humans are still far from reaching the frontiers of colonizing outer space i.e. the Moon, Mars, Venus and/or 
Phobos. However, this journey also has a history of successful steps taken by the human kind. Therefore, architects on earth need 
to reconsider that space architecture is not a fictional concept but an imminent spin-off of terrestrial architecture when merged 
with smart architecture.  

Sustainable structures and habitation proposals lead the smart architecture in space vitally. The whole habitation process from 
construction to utilisation phase has to be sustainable in order to survive in an extra-terrestrial environment. Thus, architects have 
the ability to shape the dangerous habits into beneficial considerations for outer space. The first circumstance of change to inhabit 
far from earth is observed in unmanned construction with fully or semi-autonomous 3D printing technology. It comes with an 
essential advantage of not only dramatic decrease of risk but also creating time and cost efficiency with in-situ material use. ISRU 
attempts for producing O2 and necessary materials from rich elements on celestial bodies make also habitation possible to live in 
for a long duration after construction.  

Future Work 

The research team can develop parametric models as a next study to improve the typology results. Therefore, the effects of criteria 
and design considerations can define the form of projects more precisely. Also, Lunar projects which are seen more often in recent 
architectural competitions may be added to compare with Mars projects. The research can focus on the structural differences 
between the habitats for colonisation and first research travel purposes.  

Additionally, 4D printing technology is an epochal new method as a significant stepstone for the future of architecture. It is 
inevitable that 4D printing will lead 3D printing in the construction process. A recent study shows the big potential of control-based 
4D printing techniques with dynamic structures, stimuli-responsive constructs and even changing the features via sensory 
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feedback. (Zolfagharian, 2020) Also, it is highly possible 4D-printed structures will be in communication with artificial intelligent 
systems to evaluate and progress itself. Future works can issue this new generation printing technique as a smart sustainability 
solution for future space structures and how a structure in extra-terrestrial habitats may vary. 
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Abstract 

Climate change is fostered by and fostering environmental degradation. Extreme weather conditions have started to be experienced 
in an increasing frequency and magnitude. Construction activities are mainly carried out on sites and exposed to the weather 
conditions. Changes in the climate and extremities in the weather conditions can affect the occupational health and safety (OHS) 
performance in the construction industry (CI) adversely. For this reason, environmental risks are expected to have more impacts on 
the OHS performance in the CI potentially increasing risks of accidents and near misses. Smart site and smart site management can 
support the CI to deal with adverse impacts of the environmental risks on the OHS performance of the CI. Based on an indepth 
literature, this paper aims to investigate the way smart site and smart site management can enhance OHS performance of the CI 
supporting its resilience to the environmental risks. This paper is expected to be useful to academics, researchers, and CI 
professionals working in the relevant field. 

Keywords: smart site, smart site management, occupational health and safety performance, construction industy, environmental 
risks.  

Introduction 

Exterme weather conditions which can be considered as extreme can become the new normal due to the climate change. These 
unforeseeable extreme weather conditions can affect the construction process as well as the built environment adversely. 
Environmental risks (ER) can have devastating effects on the CI. ER can be considered as a two way arrow potential hazards caused 
by construction activities to the environment as well as potential hazards caused by environmental conditions to the construction 
activities. ER occuring in the construction phase can cause occupational health and safety (OHS) problems. Siraj and Fayek (2019) 
have identified the most significant 20 risk categories and ranked economic risks (1st), construction risks (3rd), ER (6th), OHS risks 
(15th). OHS is an important problem area in the CI as accidents can have deathly consequences. Project management in industrial 
environments can most of the time be insufficient with respect to OHS risks’ integration (Badri et al.,2012). As a business strategy 
OHS aims to provide healthy and safe working environment in all industries (Khan et al.,2019). Companies in developed countries 
focus on the working areas’ conditions to enable healthy and safe work environment to reduce adverse impacts on health, society, 
environment, economy etc. (Khan et al., 2019). Adaptation of information technologies developed especially after the fourth 
industrial revolution to the CI are the needs and requirements of this era. As extreme weather conditions occur in an increasing 
frequency and as construction activities mainly occur on site exposed to weather conditions, extreme weather conditions can 
adversely affect OHS performance in the CI. For this reason, ER’ impacts to the OHS in CI is expected to increase. Smart site can 
contribute to the solution of problems in the CI. Specific processes and activities in the construction process can be transformed 
into smarter ones to eliminate OHS risks caused by ER. Smart site and smart site management can support CI in dealing with 
adverse impacts of ER to the OHS in CI. Based on an indepth literature review, this research aims to investigate how smart site and 
smart site management can enhance OHS performance of the CI and its resilience to ER. 
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Literature Review 

ER and Sustainability Relationship 

Weather conditions can be experienced more extremely compared to the past causing certain risks in the environment. ER cover 
various fields including climate change, water scarcity, deforestation (Kobayashi et al., 2014). Urbanization and industrialisation 
can affect the environment and can be affected by extreme weather conditions adversely. All companies and industries can have 
environmental footprint (Environment Protection Authority Victoria, 2019).  

As concerns on the global environment increase due to increase in demand for natural resources, interdisciplinary and hollistic 
science and approach are needed to support and encourage risk management and sustainability (Kobayashi et al., 2014). 
Employers are responsible for ensuring that their business does not harm the environment through risk management, 
Environmental Management Plans, and Environmental Management Systems (EPAV, 2019). Environmental Management Plans are 
project and site specific plans covering management applications to eliminate adverse impacts of the Project to the environment 
whereas Environmental Management Plans focus on the big picture and covers environmental impact management processes and 
fullfilment of the requirements (EPAV, 2019). Efforts have been intensified to reduce/eliminate adverse impacts of the extreme 
weather conditions. ER are byproducts of humanities exploitation of resources and their efforts for a better life (O'riordan, 2019). 
Both individuals and industries’ harm to the environment causing ER.  

ER, Environmental Risk Management and CI 

CI is considered as one of the main causes for environmental pollution (Patil and Vichare, 2017). ER are part of all construction 
projects (Benner et al., 2016). Most of the publications highlight CI as one of the main causes for environmental degradation 
(Rahman and Esa, 2014). CI is one of the main actors in the ER. The construction phase has potential for having impact on and 
being affected by the ER. ER in the construction phase can appear due to soil and weather conditions, noise, dust and illumination 
levels at site (Ansah et al., 2016). Adverse weather conditions, natural disasters, accessibility to the area, pollution, security norms 
are among the ER (Theconstructor web site, 2019). Potential ER which need to be addressed include construction noise and 
vibration, air quality, energy efficiency/saving management, land and air management, management and protection of ecologic 
resources (Patil and Vichare, 2017). Main environmental concerns in the construction projects in the UK include contamination, 
waste, water pollution, nuisance claims and noise (Lexisnexis web site, 2016). Furthermore, extreme weather conditions, disasters 
as well as noise problem at sites are among the ER which can cause suspension of construction works at sites (Türker, 2015). ER 
can be categorised as direct risks (e.g. risks directly occuring due to project related issues) and indirect risks (e.g. risks affected by 
the project related issues indirectly) (Dione et al., 2015). The construction phase is related with ER.  

Risk and environmental risk management in the CI are important. Risk management in the CI is important aspect of project planning 
and management (Theconstructor web site, 2019). Taking the risks under control necessitates the ability to reduce and eliminate 
these pollutions (Rahman and Esa, 2014). Construction Environment Management Plan (CEMP) is an environment managemet tool 
for prevention of adverse impacts of construction projects on environment throughout the projects’ life (Patil and Vichare, 2017). 
Environmental Risk Assessment (ERA) is a process identifying and foreseeing environmental hazard risks assessing probability of 
emergence of factors capable of having adverse impacts on the environment (Patil and Vichare, 2017). ER in CI can be identified 
with these tools and techniques so that CI can cope with the ER especially in the construction phase.  

Management of ER in international projects is important for fullfillment of the contruction promise.  Taking environmental 
concerns into consideration and knowing the contract signed, understanding the environmental regulations, compliance to the 
local insurance laws, getting the expertise needed are important topics to manage ER in international projects (Construction 
Executive, 2015). Countries’ local characteristics and their approach to the environment can be different. For example, in China 
there are penalties whereas in the EU there is “the party that pollutes the environment pays” principle (Construction Executive, 
2015). Process approach is important in the eco-friendly construction enabling targets are divided into processes, reduction in 
costs, effective use of the resources, reduction in the duration of production cycles and costs (Borkovskaya et al., 2018). Integration 
of process management approach to the management of ER can be useful in international construction projects.  

There is relationship between ER and OHS in construction projects. CI is one of the most dangerous industries (Zhou et al., 2014). 
There is high accident ratios at sites (Carbonari et al., 2011), causing deadly consequences, high compensations and delays (Yi and 
Li, 2015). CI in Hong-Kong encounters labour shortage and OHS risks due to the increase in the average of the workforce as 
workforce is getting old (Chan et al., 2014). Companies wishing to avoid threats and risks, need to identify projects’ OHS risks and 
support project risk management team (Badri et al., 2012). Integrated health, safety and environment strategy is needed to 
minimize OHS risks in the work environment and to adapt to existing environmental arrangements (Sgs web site, 2019). 
Environmental health and safety cover laws, regulations, rules, guides and processes established to protect people and 
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environment (University of Notre Dame, 2019). One of the factors causing the inappropriate use of scaffolding risk is changing 
weather conditions which can result in harm to the workers’ lifes, damaged materials and deteriorated image of the company 
(Khan et al., 2019). Assigning relevant responsibility to a  supervisor trained in the scaffolding works can be recommended to deal 
with these adverse conditions (Khan et al., 2019). Failure in taking precautions against envrionmental risks can cause adverse 
consequences from the OHS perspective and reduce the OHS performance of the CI.  

Smart site and smart site management 

Adaptation of technologies developped with the industry 4.0 to the CI can be useful. CI’s potential contribution to the global 
economy is affected adversely as CI is behind most of the other industries with respect to digitalization (Gbadamosi et al., 2019). 
Trends in the CI aims to get benefit from the recent Technologies to enhance productivity and to support the decision taking 
process (Gbadamosi et al., 2019).Adaptation of the Internet of Things (IoT) to the CI can transform the sites into smarter ones (IOT 
Factory web site, 2018). The aim of smart site is to achieve safe, efficient and high quality construction (Zhou et al., 2018). 
Development of sensor technologies enabled development of automotic systems supporting health and safety control (Carbonari 
et al., 2011). As IoT can support monitoring and reporting real-time progress, movements and situations at site, IoT can be useful 
for forward planning, enhancing coordination, efficiency and reducing delays and uncertainties (Unearth web site, 2020). 
Development in IoT, AI ve Machine learning as well as softwares supported by them can support establishment of smarter systems 
and sites (Unearth web site, 2020). Smart site is a smart işletim/processing system to enable automatic functioning at high 
efficiency level changing the control mode of construction machinery  (if design web site, 2020). Smart sites enabled by adaptation 
of developed technologies to sites can support development of the CI. 

Management of sites transformed smarter with the help of technology developed is important. In complience of the developments 
of ICTs (Information and Communication Technologies), integration of BIM, big data, cloud computing etc. to construction 
processes can influence site management (Zhou et al., 2018). Application of ICTs to the sites can enable sites to be monitored at 
the real-time and potential advantages with respect to environment, quality, safety, malterial procurement, schedulling related 
areas (Zhou et al., 2018). For example, sensors can enable real-time safety notification preventing potential accidents and/or safety 
barriers to be installed at accurate zones (Zhou et al., 2018). Site workers can be monitored via staff monitoring system to enhance 
OHS performance at site (IOT Factory web site, 2018). Integration of sensors to the system is important for monitoring machinary 
and equipments and site workers (IOT Factory web site, 2018). Sensors and cameras can monitor site and workers and optimize 
efficiency at site as well as identify causes of noise to enhance OHS performance at site (Technology cards web site, 2019). Sensors 
can be integrated to the construction materials and equipments to monitor safety of construction workers at site  (Technology 
cards web site, 2019). Based on real-time monitoring principles, prototipes can be developed to identify risks to achieve proactive 
safety management (Carbonari et al., 2011). Smart construction can identify workers exposed to low air quality, high noise levels 
etc. to enhance the OHS performance (Technology cards web site, 2019). Construction safety information and knowledge sharing 
can be achieved through smart mobile phone technologies and smart applications (Yi and Li, 2015). Smart Construction Objects 
can support safety control at sites (Niu et al., 2017) as they can support identification of dangers and harmful particulars, vibrations, 
noise through smart tools (Niu et al., 2017). 

Technology companies can support and foster transformation of sites into smarter ones enhancing efficiency. For example, Pillar 
Technologies supply heat, humidity, and pressure sensors to be establised at sites (Pillar web site, 2020; Construction dive web 
site, 2020). Sensors can reduce fire risks through monitoring water leakages, dangerous high temperatures (Technology cards web 
site, 2019). Wearable sensors can indicate distractions, measure body temperature and heart beats, vicinity to high voltages (Pillar 
web site, 2020; Construction dive web site, 2020).  Massachusetts Technology Institute researchers have invented vests to protect 
workers against tocsins and high desibels (Pillar web site, 2020; Construction dive web site, 2020). Smart site management can 
support reduction in ER, OHS risks and can support development of CI. 

Discussion 

There is relationship among ER, OHS as well as smart site and smart site management. ER can cause OHS issues which can be 
minimized using sensor technologies and smart site (Figure 1). CI needs to deal with ER as they can harm OHS performance at sites. 
Smart site and smart site management can support the CI’s resilience to the ER and enable prevention of potential distractions 
which can occur due to these risks. Importance of CI’s resilience to the ER is increasing with the time due to the climate change’s 
impacts on the natural disasters and weather conditions which can obstacle smooth progress of construction works at sites. For 
this reason, relationship between ER, OHS, smart site and smart site management is gaining importance.  
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 Figure 1. Relationship among ER, OHS issues, smart site and smart site management 

 

There is a two side arrow type relationship between CI and ER as they can affect each other (Figure 2). CI activities environmental 
footprint can harm the environment whereas environmental conditions (e.g. extreme weather conditions) can affect the smooth 
work flow. Especially, the construction phase is exposed to ER which can increase OHS risks. Sites becomming smarter with the 
developments in technology and sensors. Smart sites can have higher capability in dealing with ER. Sites’ resilience to the ER can 
be enhanced with the help of smart site management. In this way, there can be possibility to reduce or eliminate accidents and 
near-misses. Furthermore, smart sites and smart site management can enhance sustainability performance of CI. 

 

 

 

 

 

 

Figure 2: Relationship between ER and CI 
 

Smartness at sites and site management can support proactiveness in OHS actions taken against ER caused accidents and near-
misses. Smart sites and smart site management can increase possibility for relatively more proactive OHS actions taken against ER 
caused accidents and near-misses (Figure 3). 

 

Figure 3: Proactiveness of OHS actions taken and smartness 
 

Conclusion 

CI’s ability to deal with ER can increase with the smart sites and smart site management. ER occuring at the construction phase can 
cause emergence of OHS problems and risks. Smart sites, smart site management and adaptations of smart technologies to the CI 
can contribute to the reduction in the accidents and near-misses. This study emphasises the potential role of smart technologies 
in enhancing resilience of the CI to the ER as well as in enhancing CI’s OHS performance. Changes in environmental conditions and 
extreme weather conditions can increase accident risks. Smart technologies can enable the workers to protect themselves from 
the accidents in a proactive way. Smart technologies, smart sites, and smart site management can enhance proactive actions to 
be taken to prevent or to reduce accident risks. Within the scope of this proceeding, based on literature review, smart site and 
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smart site management have been recommended to reduce ER caused OHS problems. This proceeding is expected to be useful to 
the academics researching on OHS issues and construction professionals working in the OHS related fields.  
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Abstract 

Cities need to be prepared for natural or human born disasters. Climate change increases risk of extreme weather conditions resulting 
in disasters. It is known, however, that the majority of cities have a poor capability in dealing with disasters due to their poor 
infrastructure, low resilience and over population. Smart cities must be resilient to disasters. Many technologies (e.g. machine 
learning (ML), artificial intelligence (AI), etc.) can be used to increase this capability of the cities to overcome disasters and to support 
their resilience to the disasters and climate change. The technology provided by smart cities can be effective in collecting many data 
such as weather forecast, geographical information, previous disaster pattern, situation of existing structures, population depends 
on location and etc. Collected data can be used by AI and ML in different phases of disaster management (DM) in smart cities. 
Architectural designers and city planners can collect and use this data to assess the risks and propose the best design option. On the 
other hand, authorized organizations such as municipalities and government can utilized AI and ML while managing the cities in 
terms of response and recovery phases of DM. This paper investigated the usage of AI and ML in the whole life-cycle of DM of smart 
cities. Utilization of AI and ML can be beneficial for transforming cities in smarter and more resilient to disaster.  
 

Keywords: Smart city, Artificial intelligence, Machine learning, Disaster resilience, Disaster management  
 

Introduction 

In the past sixty years, scientists claim that there is an increase in the temparature of atmosphere and oceans (Ghazali, et al., 2018). 
This means that, the world is under the threat of climate change and its adverse effects (Al-Amin, et al., 2019). Since climate change 
causes extreme weather events, it also brings along natural disasters such as floods, huricanes etc. (Banholzer, et al., 2014). Besides 
natural disasters, man-made disasters take place (Shi, et al., 2019). Due to increasing human density growing in certain areas (e.g. 
cities) makes humanity more vulnerable to natural disasters and human-caused dangers than ever before (Admiraal & Cornaro, 
2019). Therefore, disasters have become a serious problem to tackle in cities (Hartama, et al., 2017). In the context of addressing 
essential and urgent issues of climate change and disasters, cities should adopt emerging approaches to become smarter (Lee, et 
al., 2012). Considering the challenges expected by the cities in the future, the need to increase the effectiveness in the disaster 
management (DM) is widely accepted (United Nations, 2019). Adopting smart city applications and technologies can be one of the 
steps to improve DM (Fan, Cheng, Yahja, & Mostafavi, 2019). Importance of high life quality in smart cities (SC), the necessity of the 
DM system and the flexibility that smart city technologies can provide to DM in various disruptions caused by disasters are clearly 
understood (Alazawi, et al., 2014). There are various modern technologies that SC adopts.  Cities need to utilize these technologies 
to enhance their DM system for the challenges expected in cities. Several studies on the usage of ICT and IoT in DM are available in 
the literature. Number of researches, however, studying the contribution of AI and ML to DM is limited. For this reason, this paper 
investigates usage of AI and ML in the entire DM processes and emphasizes AI and ML’s role in establishment of disaster resilient 
SC. It is expected that this study can contribute to the design and planning of SC in a disaster resilient manner, the most appropriate 
planning of cities for disaster response, and the reconstruction of cities. This paper can be beneficial for architects, city planners, 
local and national authorities.  
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DM Processes 

Disasters are events that their timing is unpredictable and that can cause great damage, loss and destruction (Shah, 2011).  A holistic 
approach in DM is required to prevent disasters and reduce the damages that may occur in case of disaster (Shimi & Suresh, 2012). 
This approach is not only aimed at preventing disaster, but also a process that continues from preparations to reduce risks, 
intervention, and mitigation (Lawrence & Suresh, 2012). DM is considered as a series of organized processes involving planning and 
managing activities in case of disasters (Shah, et. al., 2019a). According to this understanding, DM should follow a cyclic pattern, 
known as the DM cycle (Enshassi, et al., 2018). Khali et al. (2014) and Holloway (2003) divide the cycle into two stages; pre- and 
post-disaster phases whereas Lettieri et al. (2019) and Vasilescu et al. (2008) state there are three cycle stages of DM; pre-disaster, 
disaster and post disaster. Chandraprakaikul (2010) and Cuppola (2015) state the cycle in four stages as preparedness, mitigation, 
response and recovery.  

In the pre-disaster stage, relevant data on disasters are collected, preparation plans are made according to the data and cautions 
are taken (Khaili, et al., 2014). In the preparedness phase of the pre-disaster stage, disaster preparedness plans are developed to be 
prepared against disasters and reduce their potential effects (He & Zhuang, 2016). In this phase, risk assessment models can be used 
to develop various scenarios according to disasters of different types and sizes, and to establish early prediction and warning systems 
(Hays, 2013). Morever, it deals with the temporary evacuation of people when disaster occurs (Pathirage & Khaili, 2016). Mitigation 
phase of pre-disaster stage is the activities to reduce impacts of potential disasters (Chandraprakaikul, 2010). Mitigation phase 
consists of  both structural and non-structural activities (He & Zhuang, 2016). The post disaster phase consists of response, recovery 
and reconstruction stages (Khaili, et al., 2014). Response and recovery phases continue until all systems return to the state before 
the disaster (Thurairajah, et al., 2008). In the response phase, organizations focus on search and rescue activities, distribution of 
emergency food, water and shelter (Thurairajah, et al., 2008). The most common goal in the disaster recovery phase is recover the 
buildings and infrastructure (Lindell, 2013). In this context, safer but temporary homes, electricity, sanitation and water can be 
provided by reconstruction stage (Enshassi, et al., 2018). Reconstruction stage covers efforts to rebuild the damaged property and 
the city as well as restore the life of the people.  All these efforts are expected to help reduce potential disaster impacts in the future 
and make society more sustainable (Labadie, 2008).  

Disaster Resilient SC 

SC have many definitions in the literature that define themselves from different perspectives. In the most general sense, it can be 
defined as an urban strategy supported by innovations and technology to enhance the quality of it's inhabitants and to solve the 
challenges posed by high population density (Hajduk, 2016). In other words, it is a concept that aims to increase the life quality, 
efficieny in urban operations and services as well as competitiveness of the city (Mohanty, et al., 2016). Disaster resilience is the 
capability of people, societies and cities to cope with the disasters (Combaz, 2014). Since cities are complex and continuosly growing 
systems, resilience is an important factor in the planning and design processes of SC (Arafah & Winarso, 2017).  Due to the integrated 
and interactive operation of all components of SC, it can increase city's flexibility and improve DM (Deroches & Taylor, 2018).  

Smart technologies can support resilience of SC (Remes & Woetzel, 2019). IoT, big data and other smart tools can be used during 
the y phases of DM (Akter & Wamba, 2017), because they provide the real time data and help to aggregate, integrate and process 
data (Shah, et al., 2019a).  Stasinopoulos & Chalaris (2020) propose collecting data from cities to provide better decision making.  
For instance, smart sensors can collect data about environmental conditions through automated weather stations and use these 
data to make disaster-resistant decisions about the city (Stasinopoulos & Chalaris, 2020). Shah et al. (2019a) support this idea by 
stating the necessity of data collection from various data sources to increase effectiveness in decision making related to DM. 

In DM, ICT can be used to emphasize risk areas, liabilities and understanding the population that is potentially affected (Rahman, et 
al., 2016). Firdhousa and Karuratane (2017) propose the usage of ICT in the whole lifecycle of DM. During the pre-disaster stage, 
IoT, GIS, big data and cloud system can be used to understand the abnormal situations and inform people (Firdhousa & Karuratane, 
2017).  For instance, Shah et al. (2019) propose an IoT based system that provides real time information about water conditions to 
monitor water levels in case of emergency (Shah et al., 2019a). Shah et al. (2019b) also stated that IoT can be used for earthquake 
detection and evacuation of people before the disasters. Rahman et al. (2016) proposed ICT as a tool for earthquake DM to perceive 
the risk of earthquake, alert people and evacuate them (Rahman et al., 2016). Moreover, big data can be used to define the potential 
hazards (Data-Pop Alliance, 2015). Sakurai and Murayama (2019) propose usage of the sensor network system to report 
vulnerabilities and to monitor disruptions in the city's infrastructure system. Besides that, thanks to the mobile data and online 
content, behaviour of people can be analysed and preparation plans can be developed (Data-Pop Alliance, 2015). 

In the disaster stage, ICT can be used mostly for the communication between parties (Firdhousa & Karuratane, 2017).  A framework 
proposed by Micheletto et al. (2018) aim to provide improved communication. Arbia et al. (2017) also present a framework based 
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on IoT for search and rescue operations. For instance, humanitarian aid can be enhanced by improving supply chain by volumes of 
data and digital transactions (Data-Pop Alliance, 2015). Moreover, IoT helps access real-time data for DM, so timely interventions 
can be possible (Zeng et al., 2011).  In the post-disaster stage, ICT is also proposed to be utilised to rebuilding the victim’s life 
(Firdhousa & Karuratane, 2017).  In terms of response and recovery efforts, satellite and drone images can provide quick images 
obtained from disaster area to assess damaged buildings and infrastructure (Data-Pop Alliance, 2015) . 

Social media is also suggested as a platform to collect data in DM processes (Shah et. al., 2019b). For instance, posts on social media 
can contain information about malfunctions in infrastructure (Fan et al., 2019) or current state of people during or after a disaster 
(Vieweg et al., 2014).  

Usage of AI and ML in the DM 

AI and related technologies have been developing since the beginning of the last century (Raikov, 2019). In the literature there are 
various definitions of AI. Darkoa et al. (2020) define AI as systems to create machines that aim to demonstrate reasoning ability, 
learn, communicate, perceive, plan, move and use objects. Kok et al. (2002) mention that AI is development of computers that adopt 
human-like thought processes. Shekhar (2019) defines it as a science that enables machine and computers to learn, judge and use 
own reasons. ML is the science that studies the learning theory that recognizes and calculates patterns in AI (Simon et al., 2015). It 
is an alternative to the approach of traditional engineering in terms of the design of an algorithm (Simeone, 2018). The development 
of ML has been processing as a branch of AI (Cioffi et al., 2020).  

There are limited number of studies in the literature examining the usage of AI and ML in DM. These studies mostly did not focus on 
all stages of DM (pre-disaster, disaster, post disaster) but addressed the issue from certain aspects. For instance, researches 
investigating disaster patterns based on past disasters data were found in the literature. Saravi et al. (2019) studied the application 
of AI and ML to collect data from previous flood disasters to learn the pattern of the flood and enhance the resilience. Valero et al. 
(2009) also proposed ML to collect data related to natural disasters from the news reports. This proposed system aims to 
automatically select the news report about natural disaster and extract the relevant data (Valero et al., 2009). Arslan et al. (2017) 
also propose utilisation of big data systems integrating them to AI and ML techniques to collect data related to flood disaster from 
internet, mobile phones, sensors, RFID system to understand correlations.  

There are few studies in the literature that propose usage of environmental data for disaster patterns. Joshi (2019) claims that AI 
can use seismic data to learn earthquake pattern, rainfall of previous years’ data to simulate flood pattern and weather-related data 
such us humidity, wind speed, rainfall, etc. to calculate hurricane pattern. Kia et al. (2012) also propose mapping of flood 
susceptibility based on data on rainfall, flow accumulation etc. Moreover, a ML algorithm was developed based on the historical 
landslide events and the landslide susceptibility factors to provide landslide risk map (GFDRR, 2018).   

There are papers in the literature that studied usage of AI in disaster damage detection. Vetrivel et al. (2018) propose to collect 
data of 3D point cloud and analyse them via AI for earthquake damage detection. Besides, Amit and Aoki (2017) propose landslide 
and flood disaster detection by using satellite images and analysing them via AI. In the study of Saravi et al. (2019), ML is aimed to 
be used to estimate the property and crop damage, injuries and deaths based on the flood type occurred. For example, in Guatemala 
City, data on the damage status of buildings have been collected through drones and 360° street cameras and seismically vulnerable 
buildings were identified by ML (GFDRR, 2018).  

Discussion 

Studies in the literature address specific parts of the DM life cycle. Many of these studies (Saravi et al., 2019; Valero et al., 2009; 
Joshi, 2019; Kia et al., 2012) focus on how to obtain a disaster pattern by collecting different types of data from social media, 
environment and past disasters and learning them by AI and ML. Other studies (Amit and Aoki, 2017; GFDRR, 2018; Arslan et al., 
2017) investigate how the data collected by smart tools can be analysed through AI and ML for the evaluation of the current situation 
in case of a disaster. This study focused on the usage of AI and ML to the entire DM processes as well as emphasized AI and ML’s 
role in establishment of disaster resilient SC. Many data can be collected from smart cities through smart tools and techniques such 
as IoT, GIS, sensors etc. (Figure 1). These data can be processed and analysed through AI and ML. The analysed data can be used at 
all stages of DM. Thus, the DM process becomes smart. This can increase disaster resilience and reinforce the smartness of SC. 
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Figure 1. Disaster Resilient Smart City Framework 
 

In the pre-disaster, AI and ML can be used for preparedness and mitigation (Konstantinidis, 2018; Cudzik and Radziszewski, 2018; 
Heteren, et al., 2020). First of all, AI and ML can be used in the design of the building structure (Konstantinidis, 2018). Konstantinidis 
(2018) studied usage of AI integrated with BIM for the design of earthquake resilient buildings. In this study, AI is used to optimize 
the structures according to their resistance and cost (Konstantinidis, 2018). Besides, Cudzik and Radziszewski (2018) proposed usage 
of AI to optimize the design of structure and selection of material type. By this way, the most suitable architectural and structural 
design can be developed for the building’s durability and resilience against natural disasters (Cudzik and Radziszewski, 2018). Based 
on this, AI and ML can provide a disaster resilient architectural design to the buildings in smart city. This can enhance the mitigation 
stage of DM cycle by preventing or reducing the possible impact of the disaster. For instance, Ay and Namlı (2017) studied the usage 
of AI for the detection of unlicensed constructed buildings to identify damaged, non-durable or non-regulatory structures (Ay & 
Namlı, 2017; GFDRR, 2018). 

AI and ML can also learn from the disaster pattern by analysing the previous disasters (Joshi, 2018; Kia, 2012) This disaster pattern 
can reveal the risky areas for disasters (Heteren, et al., 2020). ML can predict disaster potential by examining environmental data 
such as weather forecast and geophysical features (GFDRR, 2018).  Thanks to AI and ML, the regions that may be at risk in the future 
can be identified and strategies for risk prevention can be developed in the pre-disaster stage of the DM (Saravi et al., 2019; Valero 
et al., 2009; Joshi, 2019; Kia et al., 2012). A risk map developed on these data (Kia et al., 2012) can be considered in the design and 
planning of cities. As cities develop, these risky areas can be planned accordingly. ML algorithms can simulate the urban growth by 
focusing on the building heights and growth direction trend of the building area (GFDRR, 2018). This simulation can be used for 
more balanced planning of the city to reduce risk of disasters. Moreover, Yao et al. (2017), based on the data collected from 
volunteers in the study, determined how the city population is distributed according to the buildings through different algorithms. 
Thus, population distribution can be determined and issues related to resource allocation can be included in the preparation plans 
(Yao et al., 2017). 

AI and ML algorithms can be used in the response stage of DM process. This can facilitate the chance and effectiveness of 
humanitarian help and intervention. For instance, sharing of the social media can be processed and event detection and crime scene 
prediction can be made to detect the events occurring in the city quickly and to determine the scene of accident or disaster quickly 
(Shan et al., 2019; Valero et al., 2009). By providing instant information flow from social media applications, humanitarian aid can 
be directed to the required areas thanks to AI and ML (Shah et. al., 2019; Valero, et al., 2009).  

AI and ML can also indicate the most appropriate urban circulation possible based on the disaster assessment maps (Heteren, et al., 
2020). Grifth et al. (2017) conducted studies on humanitarian help logistics. According to their studies, route and map can be created 
for humanitarian aid with data analytics by taking into consideration the locations on the internet (Grifth, 2017). This can help 
humanitarian aid to be accessed in the fastest way as roads and streets can be arranged in a way to make humanitarian aid and 
intervention reach to the target quickly (Heteren, et al., 2020; Grifth et al., 2017). Therefore, these data should also be taken into 
account when planning city plans as AI and ML can assist humanitarian aid and search and rescue teams during disasters. Fana et al. 
(2019) studied the integration of AI in the DM. According to their model, AI may enhance the DM process by optimizing the decision 
making of stakeholders and increasing the visibility of humanitarian actions by providing network centric coordination (Fana et al., 
2019). This can make the disaster response even faster in terms of allocation of resources (Heteren et al., 2020).  In the post-disaster 
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stage of DM, data about the damage status of the buildings can be collected and the damaged buildings can be identified by ML 
(Vetrivel et al., 2018; Amit and Aoki, 2017). Thus, repair of damaged buildings can be facilitated and provided. 

Conclusion  

This study, focusing on the usage of AI and ML to the entire DM processes, emphasizes AI and ML’s role in establishment of disaster 
resilient SC. This study recommends usage of AI and ML in entire DM including the planning and design of disaster resilient buildings 
and disaster response. Climate change can increase disaster risk (Banholzer, et al., 2014). Therefore, while our cities become smart, 
they must also be resilient to disasters. At this point, DM has great importance in the design and planning of the SC. ICT, IoT, big 
data and other modern technologies of SC are used in various stages of DM. However, these usage areas of smart city technologies 
are generally gathered around warning people before disasters, search and rescue operations and providing communication after 
disaster. This study embraces the usage of AI and ML in disaster management as a holistic approach. The data collected through SC 
can be analysed through AI and ML in various decision-making mechanisms of the entire DM cycle. It can be used in pre- and post-
disaster stages and disaster stage of DM. City data will be integrated into the whole DM process, allowing DM to work with all entities 
in the city. By this way, as DM process becomes smarter, it can enhance disaster resilience of SC. Consequently, cities can become 
smarter and enhance their resilience to disaster. 

DM should be one of the parameters to be considered when growing and establishing our cities. Prevention of the effects of a 
possible disaster is one of the priorities in the management and construction of city. In addition, it is very important to minimize the 
possible effects in the event that disasters cannot be prevented. Short- and long-term master plans of cities should be made by 
considering disaster risk areas considering different disaster scenarios, streets, squares, gathering areas, etc. It should be designed 
in the light of these scenarios. Our cities should be made resistant to possible disasters and city plans should be updated accordingly. 
This research is expected to be beneficial for architects and city planners while planning and designing the SC as well as for  local 
authorities and governmental institutions while managing them. It can be contributed to construction industry in the designing and 
planning phase.  
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Abstract 

The concept of smart city, which aims to find solutions to problems such as increasing population, environmental pollution and 
rapid consumption of natural resources, has emerged with the development of information-communication technologies. The 
concept, which has undergone a layered transformation from its first appearance to the present day, has evolved into an 
understanding that focuses on city commons to find solutions to urban problems. In this study, first of all, the transformation of 
smart city concept and different smart city models will be explained with examples. In the next part of the study, smart city 
applications in Istanbul, Izmir, Ankara, Bursa, Eskisehir and Mersin will be categorized in order to understand evaluation of smart 
city concept in Turkey. 

Keywords: smart city models, ICTs, commons. 

 

Introduction 

The industrial revolution has caused cities to emigrate from rural areas. In 1950, 30% of the world's population lived in urban areas, 
and by 2014 it reached 54%. The United Nations World Urbanization Prospects Report (2018),  predicts that in 2050, 68% of the 
world's population will live in cities. The increase in population in cities caused transportation, health, education and 
environmental problems. With the introduction of technological developments in the solution of urban problems, in the last two 
decade many cities have started to adopt the concept of smart city (Mora  Bolici & Deakin 2017).  

Although there is no general definition of the smart city approach, its meaning in theory and practice and the ways of its 
implementation are constantly changing. In the literature, it is seen that smart city publications consist of  two main groups, while 
the first group defines smart cities as a balanced combination of social, cultural, economic, environmental and technological 
factors, the second group focuses on techno-centric interpretations (Mora Bolici &Deakin 2017). When the smart city concept was 
first used in the 1990s, it was considered as a means of modernizing the infrastructure systems of cities with the developments in 
information-communication technologies (Albino Berardi & Dangelico 2015). The developments in information-communication 
technologies  were on the background of the smart city approach. Adressing the smart city concept with a holistic approach, 
Hollands  (2008) claims that cities are trying to become smart by investing in information-communication technologies however 
the smartness of a city depends on the high learning, innovation  and interaction capacity of the people living in that city.  According 
to Allwinkle and Cruickshank (2011),  ICTs can serve as tools used to ensure that citizens have the capacity to change their living 
environment.   

The fact that information-communication technologies are the main tool used to make cities smart, caused the formation of a new 
market. In this context, large corporations such as Cisco, IBM and Siemens AG stand out as technological infrastructure 
developers(Albino Berardi & Dangelico 2015).  Cities use technologies produced by large corporations to find solutions to problems 
such as security, environment, infrastructure, transportation and energy that arise with the increasing population causes the 
citizen's inability to participate in the solution process and a top-down and technocentric smart city approach.  
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This paper focuses on conceptualization of smart cities inspired by the work of Niaros (2016). In the first part of the study, smart 
city models will be examined through Songdo, Barcelona, Copenhagen and Genht examples. In the second part, Istanbul, Ankara, 
Izmir, Bursa, Eskişehir  and Mersin samples will be examine to understand the  smart city approach in Turkey. In the second part 
of the study, the Smart Cities White Bulletin data prepared by the Ministry of Environment and Urbanization in 2019 and 
municipality web pages were used. 

Historical Background 

The development of information and communication technologies led to the emergence and transformation of the smart city 
concept. Information-communication technologies have been used in planning practice since the 1960s (Harris and Batty, 1993). 
The 1960s are the years when electronic data processing began, in which the data obtained was transferred to the computer 
environment. It has become easier to analyze the available data and produce alternatives with technological developments.  

By the 1970s, data were analyzed and logical conclusions were drawn. In this period, the first versions of Management Information 
Systems(MIS) appeared. In the 1990s, developments in information-communication  technologies began to be used for social 
interaction and communication, and Planning Support Systems(PSS) were created (Klosterman, 1997).  

The smart city concept emerged in the late 1990s as an approach that proposes the use of developments in Information-
communication technologies to make cities more functional, effective, competitive and sustainable. In this period, smart city was 
considered as a technology-based approach in which information and communication technologies were combined with traditional 
infrastructure, and isolated campus-type urban technology production centers, where individuality, consumption economy and 
competitiveness were centered and top-down and technocratic city solutions were developed. This technology-based approach 
forms the first layer of the smart city, and the main actor in this layer is the big technology companies. 

With the development of structures in the first layer and the dominant position of the smart city infrastructure and services, socio-
economic and cultural interactions in the second layer have gained importance, and the technology itself has become more than 
a goal, and the dimension of developing solutions to the problems in city life has come to the fore (Velibeyoglu, 2019). In the early 
2000s, an approach focusing on urban problems and improving the quality of urban life started to be adopted in order to attract 
qualified workforce. With this approach, technology regions where urban technological solutions are produced have also changed 
shape. Velibeyoglu (2016) has collected the features of these technology centers under four main headings: 

- Transformation from urban industrial production focus to new forms of economy production (Barcelona 22 @) 

- Mixed land use: Coexistence of living-working-play-entertainment areas  

- New business models, new attraction areas of the city and the country as the centers of innovation and creativity 

- High quality and interactive public spaces, good urban infrastructure, active communities and job opportunities 

These two approaches from the previous period are models that center consumerism and competitiveness. In this way, both 
approaches do not meet the promise of smart cities to produce sustainable solutions to urban problems. Batty et al. (2012) says 
that it is not enough that a city has the ability to organize city life through automatic systems to be called smart. Cities with the 
potential to create smart functions and systems for sustainability, equality and quality of life can be called smart. Recently, a smart 
city concept has started to be adopted in which individuals turn from consumers to producers, where sharing economy and 
commons-based development are at the forefront.  

In his study in 2016, Niaros analyzed the transformation of the smart city concept with corporate, sponsored, resilient and 
commons-based smart city models. Niaros uses two main axes when making the classification. While the 'Centralized / Global' 
includes more top-down smart city approaches on the vertical axis, the participation of the public in the production and design 
process of the technological infrastructure increases as we go towards 'Distributed / Local'. On the horizontal axis, commons-
oriented city solutions are replaced by big technology providers that focus on maximizing profits. The corporate smart city model 
of Niaros defines the most primitive version of smart cities, while the commons-based city model symbolizes the most mature 
smart city understanding. Smart city concept is evolving to commons-based smart city model today. 
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Figure 1. A taxonomy of the smart city (Niaros 2016) 
 
In the next part of the study, the smart city models will be explained primarily with examples. In the second part, the smart city 
technologies and application methods in Istanbul, Ankara, Izmir, Bursa, Eskişehir and Mersin cities will be evaluated in line with 
the classification of Niaros, and the phase of the smart city transformation of these cities will be examined. 

Songdo: A Corporate Smart City  

Large companies such as Cisco and IBM invest in corporate smart city models to create a new market and aim to turn cities from 
stupid to smart by providing services such as real time traffic solutions, crime preventation and environmental information (Niaros 
2016).  Although they claim to offer sustainable and citizen-centric technological solutions to urban problems, they are far from 
sustainability due to their motivation to maximize profit by selling as many products as possible. In addition, the citizen is in the 
role of user and data provider during the design and implementation phase of the projects. Corporations and managers consider 
citizen as a patient to be cured and trained. (Arnstein 1969). 

 

Figure 2. A corporate smart city concept of Songdo 
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Songdo, which is an example of corporate smart city, started to be built in South Korea in 2003 with a partnership of Gale 
Internationals and Cisco with a budget of 40 billion dollars. This approach aims to solve the problems created by the high 
population in mega cities by creating a system of sustainable smart regions around the city. Stanley Gale (CEO of Gale 
Internationals)  stated that Songdo is the first of the smart systems they plan to build and their goal is to design 20 more smart 
cities like Songdo (Hollands 2013). However, Songdo failed because it was the product of a top-down and technocratic approach, 
so large technology firms have begun to change their strategy to be more citizen-centric (Niaros 2016). Hollands (2013) defines 
Songdo as a big bussines park rather than a city.  

Barcelona : A sponsored smart city 

In this smart city model, while big technology companies are in the main role, it differs from the corporate smart city in terms of 
the nature of the produced technology. In sponsored smart city, technology firms have adopted a more transparent approach in 
terms of sharing data of  their products and implementation process (Niaros 2016). This transparency enables companies to shape 
their marketing strategies according to the needs of the market. In this model, citizen is also considered as a consumer as well as 
a data provider and user. 

In addition to the technological infrastructure, urban space is also considered as a consumption space designed according to the 
preference of the citizen in this smart city model. Urban transformation projects in which the old depression areas within the city 
center are transformed into attraction centers can be included in this smart city approach.  

 

Figure 3. A sponsored smart city concept of Barcelona 22@ Project 
Barcelona is a city where more than one smart city model is applied. However, in this article, 22@  project have been examined in 
order to set an example for sponsored smart city. Following its technology-driven development activities, Barcelona has become 
a sponsored smart city model for other cities through the transformation of the old industrial area of Sant Marti called Poblenou. 
This region is planned as an urban, technological, social and Economic Innovation Zone to revitalize the urban gap created by the 
reason that industry has left the region. The area, identified as 22@, has offices for universities, technology firms and 
entrepreneurship.  

Here, Districlima, a technology company for healing and cooling, is the service provider (March & Fibera-Rumaz 2014). Bakıcı 
Almirall & Wareham (2013), says that the Smart City Barcelona initiative generates and supports the development of innovation, 
uban growth and its citizens' quality of life, yet they observed a top-down approach in leadership. 

Copenhagen: The resilient smart city 

Unlike the first two smart city models, the resilient smart city has a bottom-up understanding. Instead of the technocratic and top-
down approaches of companies and administrators, there are tools where technological solutions are developed with a 
participatory and collaborative approach to urban problems such as co-working places, microfactories, makerspaces, 
hackerspaces, fablabs and medialabs, where more citizen-centric approaches are adopted (Niaros 2016). In this way, the 
technologies produced can provide solutions to the real problems of the citizens. 
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Technological solutions offered by companies in the previous two models in order to maximize profit are short-lived, technological 
tools that do not fully meet the need, and are therefore constantly updated with new solutions. But in co-working places, fablabs 
and medialabs, solutions produced by city residents who experience problems in everyday life are long-lasting. This contributes to 
sustainability by preventing unnecessary ICT use. The disadvantage of this approach is that these small-scale solutions designed 
for one city may not be applicable to other cities. In this approach, the form of participation takes the form of tokenism or citizen 
power according to personal abilities. 

 

Figure 4. The resilient city concept of Copengahen 
As an example of the resilient smart city model, Copenhagen Solutions Lab founded by the municipality of Copenhagen, works on 
intelligent technologies to create data-driven solutions suitable for the city and citizens. In order to protect Copenhagen for the 
future and to ensure green and efficient urban growth, urban  services and infrastructure are being optimised. For example, 
“Copenhagen Connecting” project through the citizens, businesses, research institutions and government representatives on an 
open platform is aggregated for the benefit of the city (Carlsen, 2014). Another initiative called” Smart Citizen Borgerpanel " 
enables citizens to participate in the development of innovative solutions and new kinds of digital technologies. 

 Ghent: The Commons-Based Smart City 

It is a demand-driven approach like the resilient smart city. The resilient smart city model has been developed with the aim of 
solving the problem of applicability to a single location, which is the main problem. Urban commons projects and bottom-up 
approach, which give positive results in the solution of small scale and urban-related problems in cities, are insufficient in matters 
that concern all the cities around the world. A central organization is required so that one fablab can transfer the solutions to other 
on issues such as environmental pollution, global warming, and the use of renewable energy. It consists of a combination of 
bottom-up innovation with public participation and top-down policies and planning concepts that will enable information sharing 
on a global scale (Niaros 2016). Here, as in the resilient smart city, participation takes the form of citizen power or tokenism 
according to the abilities of the citizens. 
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Figure 5. The commons-based city concept of Ghent 
City Commons Lab was established in the city of Ghent to regulate the relationship between local government and residents 
(Bauwens & Ozia 2017). For this purpose, the first Commons Transition Plan was prepared by Bauwens & Ozia in 2017. 

 As large companies like Uber cause inequality of income and opportunity, 'platform cooperatives' have been designed in which 
people can benefit from a number of services. City Commons Lab aims to effectively use the common and to create new partners 
such as platform cooperatives and to share this information with the labs located in other cities to provide knowledge. For this 
purpose, solutions to urban problems, including the formation process of City Commons Lab, new legal frameworks and 
organizational networks are shared as open data. 

In the second phase of the study, smart city  forms in different cities will be examined through the case of Turkey. In this section, 
unlike the first section, instead of examining a city that sets an example for smart city model, applications in Istanbul, Ankara, 
Izmir, Bursa, Eskisehir and Mersin will be classified according to four smart city models. 

Smart City Classification in Turkey 

Smart urban practices in Turkey differ in respect of the size, history and urban problems of cities. Istanbul, Ankara, Izmir, Bursa, 
Eskisehir and Mersin where different smart city models were applied, were selected for this research.  As a result of the research, 
it is observed that smart city applications are concentrated in corporate and sponsored smart city categories. There are resilient 
smart city applications in four of the six selected cities.  

Technological urban solutions implemented with corporate smart city  approach are in the fields of waste and environmental 
management, traffic management, renewable energy systems, urban security and technological infrastructure development. The 
most used technologies classified under sponsored smart city  approach are urban information systems, smart stops and parking 
systems, and e-municipal web pages.  

Fablab and co-working spaces, which are the products of the resilient smart city model, are located in Istanbul, İzmir and Eskişehir, 
among the selected cities. While Tepebaşı Future Lab and İzmir Fablab are social interaction-based organizations, Başakşehir Living 
Lab is a technology-based organization that aims to develop information and communication technologies.  
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Figure 6. Classification of smart city implementations 
1-environmental control center, 2-air monitoring quality center, 3-transportation management center, 4- traffic signalization systems, 5-adaptive traffic management systems, 6-floating solar power 

plant, 7-electronic control system (ECS) control center, 8-mobile ECS, 9-energy production facility from landfill, 10-domestic waste incineration & generation facility, 11-wonderland smart park project, 

12-integrated solid waste management system, 13-wireless communication system, 14-Ankara GNSS network, 15-smart transportation system, 16-zero waste programme, 17-smart water management 

system, 18-mobile air quality monitoring stations, 19-excavation tracking system, 20-Izmir transportation center, 21-illegal vehicle parking detection system, 22-wireless parking sensor, 23-geographic 

informations systems, 24-ınfrastructure license audit programme, 25-smart junction application, 26-excavation tracking system, 27-advert online supervision system, 28-solar power plant, 29-

Remourban Tepebasi, 30-traffic signalization, 31-solar powered animal irrigation systems, 32-Tepebasi City Institute, 33-smart junction systems, 34-iTaxi management systems, 35-smart recycling 

container, 36-IoT taxi cap, 37-Istanbul Metropolitan Municipality mobile traffic app., 38-Istanbul Metropolitan Municipality guider, 39-smart parking management, 40-Ankara Metropolitan Municipality 

mobile app., 41-cemetery information system mobile app., 42-electric energy tracking system, 43-smart public transportation system, 44-Izmir 3D city guide, 45-urban information system, 46-traffic 

information boards, 47-e-municipality app., 48-3Dmobile tourism atlas, 49-love chip, 50-urban information systems, 51-e-municipality web pages, 52-cemetery information system, 53-e-municipality 

web pages, 54-parkomat, 55-smart stops, 56-VR Mersin project, 57-transportation mobile app., 58-agricultural forecast and early warning system, 59-Basaksehir living lab, 60-Zemin Istanbul, 61-Hayal.İo 

platform, 62-Fablab Izmir, 63-Tepebasi Future Living Lab, 64-Idea Kadikoy, 65-Kentlab Mersin. 

Conclusion 

The concept of the smart city has developed and transformed in a layered way. This layering makes it easy to perceive the stages 
of cities in smart city transformations. The most functional smart city model is tried to be reached by removing the deficiencies of 
the previous models. Basic smart city infrastructures are the basic requirement for transition to advanced smart city models. Today, 
the smart city approach, which focuses on sharing economy, local commons and location sensitivity, has started to gain popularity. 

Based on the samples analyzed, it can be said that Turkey's understanding of smart cities in the embryonic stage. Smart city 
applications are concentrated in the areas of technology-based urban infrastructure and the applications that will affect the entire 
city have not been developed yet. Even though smart city applications focusing on the city's commons are being tried, these 
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applications are not at a level to transform the entire city. Cities must define carefully the motivation to adopt the smart city 
approach and strategy in Turkey in order to become successful examples.  
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Abstract 

With the smart city concept, the city is equipped with information networks that allow for a better understanding of the city’s 
functioning and the citizens’ collective behavior. The information fallacy both enriches and complicates the decision-making 
process. Decision support systems (DSS) present a useful method for data management for effective decision- making. Decision 
support systems are the computer-based systems that support the user’s decision-making under uncertainty and multi-criteria 
problem by providing alternatives. The study assumes that there is a mutual and inseparable relationship between smart city 
approach and decision support systems (DSS); the smart city concept offers an environment for the practical applications of DSS, 
and DSS amplifies the management of the smart systems. The study overviews of the state-of-art literature on DSS, and offers a 
comparative study, comparing the techniques of relevant applications, to uncover this relationship. Regarding the literature review, 
this paper presents the architecture of hybrid decision models -that combine different computational methods- for the 
establishment of smart decision systems based on the techniques of relevant studies. The research questions what is the 
contribution of the combination of different decision-making methods for problem-solving, and what are the potentials of the 
intersection of DSS with emergent technologies for data collection, processing, and evaluation in the scope of the smart city. The 
results of case studies’ analyses exhibit that the use of hybrid decision models provides better capacity in the smart decision-making 
process. According to results, the integration of emergent technologies (big data, machine learning, IoT) with hybrid decision 
models improves the intelligence of DSS and the performance of the decision-making process. The smart systems, using hybrid 
decision models, have more potential to increase the efficiency of city functioning and the life quality of citizens.  

Keywords: Decision support systems, smart city, hybrid decision models, smart decision systems.   

 

Introduction 

With the growing urban population and urbanization, the cities encounter a greater need in utilities, inadequacy in urban services, 
increase in traffic congestion, energy consumption and environmental pollution; consequently, a decay in life quality of urbanites. 
Motivated from these facts, the smart city concept has evolved in the 1990s to enhance ‘the collective intelligence of the city’ by 
connecting the urban systems with information layer (Harrison et al., 2010). The city is equipped with information networks that 
allow for better understanding of the city’s functioning and the citizens’ collective behavior. With the information fallacy, decision-
making becomes a data-driven process. Decision support systems (DSS) present a useful method for the management of the data-
driven process and informed decision-making.  Decision support systems (DSS) are the computer-based systems that support the 
user’s decision-making under uncertainty and multi-criteria problem by providing alternatives (Çağdaş et al., 2015). With the 
contribution of other computational methods, DSS can improve the intelligence of urban environment.   

The study assumes that there is a mutual and inseparable relationship between smart city approach and decision support systems 
(DSS); smart city concept provides an environment for the practical applications of DSS, and DSS amplifies the management of 
smart systems.  The study overviews of the state-of-art literature on DSS, and elaborates the techniques of relevant applications 
in the smart city, to prove the hypothesis. The focus of the study is exploring the smart decision-making process in the smart city 
through smart decision models, integrated with emergent technologies. The study overviews of the state-of-art literature on DSS, 
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and elaborates on the techniques of relevant applications in the smart city. Based on the literature review, this paper presents the 
architecture of hybrid decision models, that refer to the combination of different computational methods, for the establishment 
of smart decision systems. The research questions how the problem-solving approach differentiates in each decision-making 
methods, and what are the potentials of the intersection of DSS with emergent technologies to develop smart systems.  The paper 
is structured as follow; the first section conducts a literature review on decision support systems in smart city, the second section 
reviews the case studies that utilizes intelligent DSS methods in smart mobility, and third section discusses the case studies by 
comparing their methodologies and approaches for decision making. And lastly the third section points out the research question 
and discusses the concluding remarks. 

Literature Review 

Decision Support Systems  

Decision support systems are interactive computer-based systems that assist users in problem-solving processes under uncertainty 
(Arentze and Achten, 2007). Decision Support Systems are originated from information science, human-computer interaction, 
artificial intelligence, telecommunication, information processing, and computation (Drudzel and Flynn, 2002).  DSS requires both 
the active participation of the user in decision making and a computer model that utilizes quantitative methods to obtain decision 
alternatives in uncertain conditions. This feature makes DSS a connective element that associates the decision heuristics of the 
user with the scientific knowledge of the system (Arentze and Achten, 2007).  The use of DSS provides efficiency in time and 
decisions’ quality, increases the performance of the system, and facilitates organization and communication between different 
actors (Chichernea, 2014).  

Power (2007) categorizes the development of DSS into five categories as; model-driven, data-driven, communication-driven, 
document-driven, knowledge-driven, and web-based DSS. According to Power (2007), while model-driven DSS deals with algebraic 
decision analysis, optimization, and simulation models; data-driven DSS deals with data-processing, relational databases, and 
information systems management. Communication-driven DSS points out communicative and collaborative decision-making by 
creating an environment for information sharing, while document-driven DS copes with the management of multitude of 
documents, and web-based DSS achieves information management using ICT network through web services. Last but not least, 
knowledge-driven DSS is the origin of intelligent DSS since they exploit artificial intelligence for reasoning. Felsberger and other 
colleagues (2016) describes the first generation of the intelligent DSS methods as expert systems and data-mining, and second 
generation as genetic algorithms, neural networks, and fuzzy logic. The internet of things-based DSS and intelligent agents set also 
precedents for the second generation.  The study concentrates on the knowledge-based DSS, which are (1) genetic algorithm (GA) 
based DSS, (2) expert systems, (3) intelligent-agent assisted DSS, (4) neural networks, (5) data mining based DSS, (6) ambient 
intelligence or internet of things-based DSS, as shown in Figure 1. 

 
Figure 1: The types of intelligent DSS. 
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The classification of DSS types also demonstrates the evolution of DSS in time. The decision-making process has increased its 
capabilities from basic mathematical operations to learning systems, and information processing capacity in terms of velocity, from 
the bites to the gigabytes, and amount from limited numerical data to unlimited data sources in time. In light of these 
developments, the DSS gains more intelligence and becomes more applicable to be implemented in uncertain conditions. The 
evolution and intelligence of DSS is an enabler of the developments in smart city services.  

Decision Support Systems in Smart City  

Chichernea (2014) attributes the smart city as ‘a result of a long chain of decision support systems.’  The study assumes that there 
is a mutual and inseparable relationship between smart city approach and decision support systems (DSS); the smart city concept 
offers an environment for the practical applications of DSS, and DSS amplifies the management of the smart systems. Cities have 
difficulties due to a greater need in utilities, insufficient infrastructure and services, increasing traffic and congestion, more energy 
consumption, poor environmental conditions, and poor life quality with a high-dense population. This fact directs cities to become 
intelligent to serve the needs of inhabitants by using the urban systems and services in an efficient way considering liveability and 
sustainability. Motivated from these facts, the idea of a wired city has developed in urban development in the 1980s. The wired 
city is defined as the instrumenting of the city using network technologies (Dutton, Blumler, and Kraemer, 1987, as cited in Batty 
et al., 2012). According to the wired city concept, all infrastructure and services become connected and computable for the efficient 
use of urban systems (Batty et al., 2012). The smart city concept has evolved in the 1990s; by connecting the physical, social and 
economic infrastructure of the urban system with the digital infrastructure of information technology (IT) with intent to enhance 
‘the collective intelligence of the city’ (Harrison et al., 2010). The concept of the smart city emerges as a consensus about how 
information and communications technologies (ICT) with the objective to improve the understanding and functioning of cities, 
enhancing their efficiency, improving their competitiveness, and improving living standards of citizens (Harrison et al., 2010). Smart 
city approach aims to the efficient use of physical urban infrastructure for sustainability; gain insight in urban functioning; and 
develop smart solutions that improve citizens’ quality of life, equity, and inclusiveness (Batty, et al., 2012). The main domains of 
smart city are defined by Cohen (2018) regarding urban development goals which are smart environment, smart mobility, smart 
economy, smart governance, smart people, and smart living. The six dimensions of smart city are displayed in Table 1, within their 
components, actions, and objectives.   
 
 
 
 
 
 
 

Table 1: The smart city dimensions within their components (adopted from Cohen, 2018). 
Smart Environment  Smart Mobility  Smart Economy 

Components:  

-Attractivity of natural conditions, 

-Environmental pollution,   -Air quality, CO2 
emission, 

- Environmental protection, 

-Waste and resource management,  

Actions:  

Green buildings,  

Green energy management, 

Smart waste and resource  

-Aims to Sustainability 

Components:  

-Local and inter zonal accessibility, 

-Availability of ICT into transportation service, 
emission, 

- sustainable, safe and innovative 
transportation systems  

Actions:  

MaaS, integrated ICT, ride and bike sharing, 
Priorized active mobility 

-Aims to Sustainability and Accessibility 

Components:  

-Innovative Spirit, 

- Economic image and trademarks, 

-Flexibility of labour market, 

-ICT in economical activities  

Actions:  

Entrepreneurship and innovation, 
productivity, local and global 
interconnectedness,           -Aims to 
Productivity  and Innovation 

Smart Governance  Smart People Smart Living 

Components:  Components:  Components:  
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-Participation in decision making, 

-Public and social services, 

-Transparence governance, 

Actions:  

Participatory management and planning, 
open data, data platform, ICT and e-
government,                         -Aims to 
participatory and data-driven management 

-Creativity and flexibility, 

-Social and ethnic diversity, 

-Participation of public life, 

-Affinity to life long learning,  

Actions:  

Participatory management and planning, open 
data, data platform, ICT and e-
government,                         -Aims to inclusiveness 
and creativity, quality of life of citizens 

-Cultural facilities, 

-Health conditions, 

-Safety,  

-The quality of life of community  

-Tourist attractivity, 

-Social cohesion 

Actions:  

Vibrant culture, safe and healthy 
communities         -Aims to liveability and 
well being of society, 

 

Smart cities consist of multiple information networks that provide data to understand the functioning and physical form of the 
city; the material and energy flows, the behavior and movement of the people, etc. (Batty et al., 2012). The concept of smart city 
relies on the effective management of the urban services using ubiquitous computation. Ubiquitous computation leads to a big 
volume of data, with a wide range of variety and high processing velocity, that compose the three V of big data (Laney, 2001). Data 
is produced by various sensors (such as GPS traces and RFID tags) automatically or generated by human responses through mobile 
applications or social media usage (Batty, 2013). The management of the big amount of data with big variety in high velocity is a 
complex issue cannot be managed without the support of an intelligent computer-based system. The dynamic and multi-faceted 
nature of smart city systems with vexed amount of data points out the complexity and uncertainty in decision-making process 
(Hoang et al., 2019). The management of smart services entail many decisions in strategic, tactical and operational level 
(Chichernea, 2014).  

Hoang and Dupont and Camargo’s (2019) study demonstrates the mutual relationship between decision support systems and the 
smart city concept. The researchers (Hoang et al., 2019) generate a general map, that represents how the researchers implement 
decision-making processes in smart city projects, by conducting a systematic literature review based on 76 Scopus indexed articles 
related to DSS and smart city between 2008 and 2018.  The general map applies a bibliometric mapping method by establishing a 
network of keywords mentioned in the research articles (Hoang et al., 2019). Figure 2 displays the growing trend as a decision-
making method in smart cities.  The research question addresses what are different decision-making methods and how to improve 
the quality of the decision-making process in the field of the smart city. Regarding the research question, the next section 
investigates different approaches in the decision-making process using decision support systems. 
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Figure 2: A network analysis of the publications (Hoang et al., 2019). 

 

The classification of DSS types also demonstrates the evolution of DSS in time. The decision-making process has increased its 
capabilities from basic mathematical operations to learning systems, and information processing capacity in terms of velocity, from 
the bites to the gigabytes, and amount from limited numerical data to unlimited data sources in time. In light of these 
developments, the DSS gains more intelligence and becomes more applicable to be implemented in uncertain conditions. The 
evolution and intelligence of DSS is an enabler of the developments in smart city services.  

 

The state of art literature of DSS in smart mobility  

This section investigates the state-of-art literature on the use of DSS in smart cities, and discusses the mutual relationship between 
decision systems and smart cities over the case studies. Regarding the Cohen’s smart wheel, mentioned in Table 1, the study 
concentrates on the smart mobility domain. Hoang et al. (2019) reveal that most of the publication belongs to smart mobility 
domain with percentage of 38%, smart environment follows with 27 %, smart living with 12%, smart economy with 10 % and smart 
people and governance with 5% respectively. The reason of why smart mobility is commonly researched is the growing needs of 
solving traffic congestion in spite of urbanization and population to improve life quality of the citizens and sustainability of the 
cities using technology. The scope of the smart mobility shows a variation from the promotion of active mobility modes and public 
transportation with smart services (MaaS), the smart management of traffic system, shared mobility systems and to the 
autonomous driving in the future. The case studies investigate how to establish a smart mobility management system using DSS.  

In the selection of the case studies, the authors consider the level of decision, decision-making methods within their level of 
integrity. The decision levels are operational, management and strategic level. The author overviews the state of art both in the 
decision-making methods and smart mobility technologies. Regarding the developments in sensory technologies, all of the the 
case studies benefit big amount of data, involving sensory data or user data, considering the data dominance in the smart cities. 
The big amount of data with big variety provides to take the pulse of the city network. This paper examines how the big data are 
utilized with decision support system to make mobility services more intelligent. This paper aims to investigate the potentials in 
the intersection of DSS with emergent technologies in terms of data collection, processing, and evaluation in the smart city context. 
In addition, the author overviews the research articles that utilize multiple decision-making method for different stages of decision 
making. In this way, the paper aims to understand the impact of hybrid decision models on the performance of the smart system.  

Thomas and Kovoor (2018) develop a smart parking system to minimize waiting time and increase the efficiency of the parking lot. 
This smart parking system sets precedent for operational decisions They (Thomas and Kovoor, 2018) integrate radio frequency 
identification technology (RFID) with genetic algorithm method in the smart parking system (Figure 3). The system provides user 
to find a parking lot without exceeding the waiting time. While RFID collects real-time data about the parking condition, genetic 
algorithm optimize the searching process of the system. The system exploits the queue algorithm  to predict the waiting time and 
the length of the queue. The smart parking system also involves a smart mobile application that provides to inform users about 
the waiting time and parking spot of the vehicle. As Thomas and Kovoor (2018) demonstrate, the system increase the efficiency in 
the use of parking spot and waiting time.  This smart parking system (Thomas and Kovoor, 2018) is an example for operational 
decisions since decision-making is applied in short-term period in small-scaled context -a shopping mall-. 

 
Figure 3: The general framework of smart parking system (Thomas and Kovoor, 2018, drawn by author). 
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Wen (2010) develops intelligent  traffic management expert system (ITMES) by employing RFID technology. This systems provides 
to trace the suspected vehicles which are stolen or evaded the fee of ticket and taxes. The system consists of an RFID reader, a 
passive tag, computer, infrared sensors, server and a database system (Figure 4). The sensors collects data about the average 
speed by reading the tag on the vehicles,  and transmits this data to the servers which are located on the congested roads. The 
servers get the latest congestion message by updating themselves via the information-exchange with their neighbors using the 
flooding algorithm.  They also control whether the vehicle is suspicious or pay the taxes and tickets. The system can take real-time 
speed information, identify the most congested roads and send messages about the congestion level of the roads/ Finally, a  
dynamic navigation system can be offered to the drivers to avoid traffic congestion, and a dynamic tracing system for the 
governance. The intelligent traffic management expert system (ITMES) serves both for smart traffic management and smart 
governance. The intelligence phase of decision system expands with the contribution of sensory systems (Wen, 2010). Alam ve 
Pandey (2017) approach the traffic management problem by developing an intelligent traffic light control system. They (Alam ve 
Pandey, 2017) integrate radio frequency identification (RFID) technology with fuzzy logic method to control traffic congestion 
through the management of traffic light. The RFID readers detects the vehicles, and thusly, the researchers (Alam ve Pandey, 2017) 
assess the average speed of the vehicles, waiting time and queue length. The proposed DSS system decides the priority level of 
the vehicles (police cars / fire trucks/ ambulance with high priority) according to the vehicle type and density of the roads at the 
intersection. In this way the smart system can control the traffic in different conditions through the sequence of traffic lights 
without a traffic controller (Alam ve Pandey, 2017) (Figure 4). Both intelligent traffic management systems (Wen, 2010; Alam ve 
Pandey, 2017) set precedent for tactical level, since they are applied in medium-term period in medium-scaled context, such as a 
particular intersection, or highway. 

 
Figure 4: The general framework of intelligent traffic management system (Wen, 2010, drawn by author).  

 

 
Figure 5: The system architecture of intelligent traffic lighting system (Alam ve Pandey, 2017, drawn by author). 
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From the environmental aspect of traffic management systems, Miles, Zaslavsky and Browne (2018) employ Internet of Things 
(IoT) system to support decision-making in air quality management. The ambient intelligence has been employed for evidence 
based decision support. Both the traffic condition and atmospheric dispersion are modeled with computer simulations (Figure 6). 
The proposed DSS aims to monitor the the air pollution level, and analyze different mitigation strategies to reduce vehicle-
dependent air pollution. The system detects the critics area in terms of air quality within its geolocation information, apply one of 
the mitigation strategies (such as road ban, regulation) on this location, test the strategies on the computer simulation model, and 
develop different scenarios in terms of air pollution and traffic congestion by finding the shortest path for commuting with Dijkstra 
algorithm. The proposed DSS (Miles et al., 2018) sets an example of strategic decisions, since the decision-making process is applied 
in long-term decisions -the transportation planning- in large-scaled context -whole urban network-. 

 
Figure 6: The system architecture of the DSS  (Miles, Zaslavsky and Browne, 2018, drawn by author). 

 

Last but not least, Knowledge Model for City (Km4City), developed by Distributed Systems and Internet Technologies Lab (DISIT) 
research group (2015), sets also a precedent for strategic decisions. The system provides integrated data service in tourism, 
mobility and energy within service oriented application, enables open platform for control and monitor data in city level and 
presents SDSS for evidence based decision process for urban planners (DISIT, 2015). The objective of Km4City platform is to 
stimulate citizens according to city strategies and to support decision-making process about city infrastructure management. The 
smart system presents an open urban platform for a sentient smart city that monitors users’ movement in real-time and decision 
model that analyzes big amount of data about mobility, parking, traffic flow and user movement flow within the environmental 
data. The platform takes user data takes the travel behavior of users such as public transportation usage or active mobility patterns 
(walking and cycling) as input and presents the existing parking and transportation conditions as output. The platform adopts a 
data-driven decision approach and integrates decision support system with user data (DISIT, 2015). This smart DSS (DISIT, 2015) is 
based on Analytical Hierarchical Process (AHP), which is a combination of communication, data and knowledge driven decision 
system, for automatic collaborative decision-making. The decision system consists of a relational database, database interface, 
model core, server and users defined as client (Figure 7). As the research scale shifts from a particular road segment, to the city 
context and the scope shift from traffic management to the management of urban network, the decision gets more difficult and 
the system gets more complicated.  
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   Figure 7: The system architecture of Km4City (DISIT, 2015; drawn by author). 

 

Results and Conclusion 

This study examines the impact of emergent technologies on decision-making process in the scope of smart mobility. This study 
attributes the use of multiple decision methods in one decision system as hybrid or integrated decision systems. All of the case 
studies employ IoT and other sensory systems for data collection, the method for information processing and gain knowledge 
differs in each study. The smart parking system (Thomas and Kovoor, 2018) utilizes genetic algorithm for finding parking place 
decisions, while intelligent traffic management system (Wen, 2010)  utilizes an expert system for tracing and navigation decisions, 
the intelligent traffic lighting control system (Alam and Padney, 2017) utilizes fuzzy logic for priority decisions, air quality 
management system (Miles et al., 2018) utilizes computer simulations and Km4City (DISIT, 2015) utilizes an integrated complex 
model within the databases, servers, modeling  and interfaces. As the decision context expands, and the target of decisions extend 
s the decision model gets complicated as seen in Km4City DSS. The deterministic methods such as genetic algorithms are utilized 
for more defined problems under certain conditions. In smart parking system (Thomas and Kovoor, 2018), the decision problem is 
finding the most effective parking place in shorter time and the method is genetic algorithm. As the parameters increase and 
uncertainty increases, AI supported reasoning mechanisms are used to solve the problem. In intelligent traffic management system 
(Wen, 2010) the system utilizes expert system to propose a dynamic system, detect the suspicious car, process this information 
and inform the executors. Similarly, in intelligent traffic lighting management system (Alan and Padney, 2017) the priority depends 
on the type of the vehicle and density of the road, they increase the uncertainty of the problem.  Fuzzy logic has been employed 
as a stochastic method to reduce the uncertainty. Finally, the Km4City model benefits an automatic collaborative DSS, that utilizes 
communication and knowledge-based decision method, due to the difficulty to manage the multi-sourced information. Table 2 
illustrates the comparison of the case studies according to their decision method, level of integrity, context and level of decision. 

Table 2: The comparison table of the case studies.  

Case Study Decision method Level of 

integrity 

Purpose / 
Goal 

Context Level of 
decision 

Smart parking system 
(Thomas and Kovoor, 
2018) 

RFID + GA hybrid with 
2 methods  

to park 
effectively 

building level   operational 
level 

İntelligent traffic 
management system 

RFID + ES hybrid with 
2 methods 

to reduce 
traffic  

highway / road 
segment 

tactical level 
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(ITMES) (Wen, 2010) 

Intelligent traffic 
lighting management 
system (Alam and 
Padney, 2017) 

RFID + fuzzy l. hybrid with 
2 methods 

to manage 
priority of 
the wat  

an intersection 
/ road 
segment 

tactical level  

Air quality 
management system  

(Miles et al., 2018) 

RFID + CS hybrid with 
2 methods 

to develop 
air quality 
strategies   

city level strategic level 

Km4City (DISIT, 2015) big data + AHP 
(automatic 
collaborative DSS) 

hybrid with 
multi 
methods  

to monitor 
mobility 
network  

city level strategic level 

The case studies’ analyses exhibit that the use of hybrid decision models, combining different method, provide better capacity in 
decision-making process. The employment of sensory systems provides everything to be measured and included to decision-
making. The condition of air quality, traffic condition, type and number of vehicles and even the movement flow of people can be 
input for decision systems. More information provides more informed decision-making process. The user can model the traffic 
conditions with all parameters, as it is real. The decision-making process becomes more realistic, and DSS becomes more effective 
with smart infrastructure.  As the literature review study demonstrates, the integration of emergent technologies with decision 
support systems increases the intelligence of DSS, improves the performance of decision-making process, and enhances the quality 
of decision alternatives. The systems, developed with quality decisions, have more potential to increase the efficiency of city 
functioning and the life quality of citizens. With the developments of intelligent decision models, that utilize artificial intelligence 
(AI), and integration with smart systems, the role of DSS might start to evolve from decision-supporting to decision-making in the 
future. These intelligent hybrid decision models might become a partner of the urban planners for the management of the city.   
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Abstract 

The early design process has the most salient design decisions for architects. It is crucial to observe the impact of these design 
decisions in terms of performance-based design. However, because of the large amount of variance of the performance criteria in 
the early design parameters, the decision-making is highly arduous. The current study proposes a method to quantify output 
uncertainty and presents the relationship between independent and dependent variables for providing insight into the decision-
making process. The energy simulations for hypothetical office building based on TS-825 requirements are executed with cooling 
and heating demand (kWh/m2-year) outputs for two different regions, i.e., Erzurum as a cold climate and Izmir as a hot-humid 
climate. Researchers compute the input parameters' impact on building performance with quasi-random statistical sampling and 
filtering techniques. Respectively, ineffective parameters are eliminated with factor fixing, and factor prioritization (i.e., first-order) 
is realized to sort the most effective parameters with Morris Local Sensitivity Analysis. The interaction (i.e., second-order) between 
independent variables is analyzed using Global Sensitivity Analysis of Sobol'. The output weighting process is applied for rating each 
result combining the performance based on output variables for the factor mapping. It is the presentation of 100 best solutions in 
the aspect of the effective range of the input parameters for the most significant reduction in the variance of the output variables. 
The results are presented with Parallel Coordinate Plot (PCP) for each climate as a comparison. Consequently, the study shows how 
climate conditions are essential for building energy demand, and design options could be analyzed based on the impact of design 
decisions. 

Keywords: early architectural design, performance-based design, global sensitivity analysis, decision-making support 

 

Introduction 

In recent years, there has been a trend towards environmental design in building planning and construction under the influence 
of climate change.  In particular, the increase in energy demand has been accelerated due to industrialization and the growth of 
urban areas, and this has reached critical levels (Mumovic, 2009). In parallel with this situation, there was a need for analytical 
observation for efficient energy management for designers. Although many stakeholders are involved in the design process, 
architects have the greatest impact on determining the energy performance of buildings. Especially for the performance-oriented 
parameters for energy usage, etc., geometric volume dimensions, and surface properties (Granadeiro et al., 2013). 

Many designers try to design the building entirely at once, without including performance analysis and simulations in the design 
process (C.A. Morbitzer, 2003). However, as the project's design progresses, the need for change arises, and these changes lead 
to loss of money and time in the project. Because most of the time, the initial stages of the design process are returned (Hien et 
al., 2000). Figure 1 points out that the most significant influence on energy performance for buildings comes from the decisions in 
the early design process (Attia et al., 2012). For instance, the energy demand of the building could decrease between 30-40% 
without any additional cost, only determining reasonable envelope design and orientation of the openings (Wang et al., 2005).  
The focus on the early design is to search and evaluate design alternatives in the first place to preventing the design limitations for 
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final stages. Therefore, the importance given to the first design phase should be increased, and the performance-related design 
should be used to analyze the impact of the design decisions on energy usage. 

 
Figure 2. Representation of the process of construction and effectiveness of the decisions 

 

The simulations are not only as supporting tool for the decision-making process. The simulation-based workflow in early design 
can lead to producing quantitative outcomes for the energy usage of the design as a feedback tool, and designers can use these 
results for the more realistic decision-making process (Christoph Andreas Morbitzer, 2003). Unfortunately, most of the energy 
simulation tools cannot investigate the overall energy performance of building influenced by design variables (Yildiz et al., 2012). 
Energy simulations should be proactive in the aspect of giving feedback about design variations by ranking the chosen parameters 
(Attia et al., 2012; Kanters & Horvat, 2012; Rights, 2016). Consequently, designers could have the possibility to manage multiple 
input factors and define effective performance outputs. For some studies, statistical sensitivity analysis could be the answer as a 
technique that measures the output uncertainty and demonstrate the impact of the independent variables on the dependent 
variable for unbiased decision-making procedures (De Wit & Augenbroe, 2002; O’Neill & Niu, 2017; Østergård et al., 2015; Ruiz 
Flores et al., 2012). 

The performance-based design allows the designer to reach better energy and environmental performance by using design 
variables and constraints. In literature, point-estimation methodologies are popular among designers (Kämpf et al., 2010; Konis et 
al., 2016). The optimization works following the design automation philosophy: the executor who can be a designer or someone 
else, arrange the boundary values and constraints, and the generative tool forms the desired design solutions knowledge. The 
designer achieves just limited insight into the reasons behind the established design solution. Therefore, this limited approach 
could not present enough alternative evaluation for early architectural design. On the contrary, statistical sampling methods can 
provide a wide range of alternative production by analyzing the uncertainty of the process, and demonstrate the relationship 
between independent and dependent variables (Hemsath & Alagheband Bandhosseini, 2015). 

The uncertainty for the decision-making process at the early design is a known fact (Macdonald, 2002). As a solution, the Sensitivity 
Analysis (SA) can derive reliable knowledge for the non-linear relation between independent and dependent variables, which can 
be characterized as ‘Garbage-in, Garbage-out’ (Coakley et al., 2014). The framework of SA proposes useful computational ability 
to decrease problem complexity with ranking each parameter influence on defined model outputs (Firth et al., 2010). Sensitivity 
analysis is capable of in-depth exploration of the model attitude following quantifying the influence scanning for all variations of 
inputs (Iooss & Lemaître, 2015). In various studies, researchers tested several methods to compute uncertainty of the dependent 
variables, i.e., screening/decreasing inputs (Alam et al., 2004), meta-modeling by reducing the complexity of the energy model 
(Topcu & Ulengin, 2004), robustness framework (Burhenne et al., 2011). 

Sensitivity analysis (SA) has the capability to identify a-priori influence and to rank the sensitivity of the variables. It is a response 
to the ‘What-if’ question by measuring the regressions or correlations of particular inputs (Struck et al., 2009). Therefore, it is 
common among designers for observational works of architectural analysis (Kristensen & Petersen, 2016; Sun, 2015). SA methods 
are classified into two ways, which called local sensitivity analysis (LSA) or global sensitivity analysis (GSA) (Hemsath & Alagheband 
Bandhosseini, 2015). LSA performs better for the detection of the uncertainty of the input parameters around a specified point. 
On the other hand, GSA could scan the whole input set in terms of output activity, which contains an explanation for binary input 
interactions and non-linearity (Saltelli et al., 2007). Various studies have implemented LSA for building energy modeling to observe 
the local attitude of the input parameters with regards to static energy modeling, net-zero energy building design, thermal comfort, 
ventilation, and lastly, building design (Rasouli et al., 2013). Global Sensitivity Analysis frequently is used for early design building 
energy models, which scores the direct and total impacts of input parameters on the defined outputs (Menberg et al., 2016). The 
main differences from the local sensitivity analysis, all the chosen parameters get involved in the analysis process simultaneously 
(Kristensen & Petersen, 2016). In literature, GSA was utilized by researchers for different studies of building energy performance 



 ATI 2020: “Smart Buildings, Smart Cities” Proceedings 

26-28.08.2020, Yaşar University – Izmir - Turkey 
  

  

   282  

analysis (Ruiz Flores et al., 2012; Yang et al., 2016). In this study, Morris Method as screening techniques of LSA and Sobol' Method 
as variance-based of GSA were used for different steps.  

The current research aims to observe the impact of the early design architectural design decisions on the energy demand of the 
building. A statistical methodology consists of the factor prioritization by evaluating the effect of the independent variables. Thus, 
design teams can recognize how to focus on essential decision parameters at the early design stage. As the method consists of 
quasi-random sampling, designers can evaluate global design solutions based on generated building energy simulations.   

In this study, the aim was to form a prognostic law-driven model by combining the building energy simulation with the statistical 
sensitivity analysis to evaluate design alternatives on a broader scale. Preparing simulation-based statistical models can provide a 
high degree of valuable information about understanding the insight of the models with defining constraints by comparing the 
decisions by the results. 

Methodology 

The current study focuses on the early architectural design decision-making process in terms of analyzing energy performance with 
regards to physical and functional design parameters relation with annual heating and cooling demand (kWh/m2-year). The main 
idea of the process has derived from the concept of the early design decisions designate a common framework of the design 
process (Figure 2), therefore, the methodology aimed to select important input parameters with regards to providing low 
uncertainty level for the dependent variables. 

 
Figure 3. Flowchart of the proposed model 

Model Description 

The analysis geometry is a digital box model to observe the variables with less possible physical constraints. The test model (Figure 
3) is a rectangular single-zone office building. Its dimensions are 8 meters x 6 meters x 2.7 meters. Even there are the physical 
design variables that change the dimensions of the model, the interior volume of the building has taken as constant value as 129.6 
cubic meters (Szewczuk & Conradie, 2014). With this method, it is aimed to observe the effect of each physical variable separately.  
Because of the design solutions differentiate according to the environment and weather, the simulations were produced in two 
different locations to additionally compare climate difference impact on the early design energy modeling, e.g., Izmir is in ASHRAE 
climate zone 3A (2500 < Cooling Degree Days 10°C < 3500) and Erzurum is in ASHRAE climate zone 6B (4000 < Heating Degree Days 
18°C ≤ 5000) (ASHRAE, 2009).  
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Figure 4. (a) Location of Izmir and Erzurum; (b) Digital building model initial dimensions 

The construction material organization consists of basic EnergyPlus basic definitions, e.g., thickness, thermal resistance, and 
thermal mass features. The EnergyPlus of medium construction was adjusted between light and heavy constructions for the digital 
model to meet the requirements of both climates. The symbols before the material name identify the material type and the layer 
of the constructions (Table 1).  NoMass materials are responsible for varying thermal transmittance of u-value (kWh/m2-K) of the 
construction for variables, and They do not have any thermo-physical properties in terms of conductivity, density, etc. For each 
surface, there are different NoMass materials. The setpoint temperature values are different based on two different climate 
specifications. Setpoint temperature values refer to values that under which degree heating should be activated or above the 
which degree cooling should be activated; thus, the pre-defined values have a direct influence on energy demand (I. Yildiz & 
Sosaoglu, 2007). For Izmir, the setpoint temperature of heating is 22.0 °C and cooling is 26.0 °C. For Erzurum, the setpoint 
temperature of heating is 18.0 °C and cooling is 22.0 °C. 

Table 6. Construction materials of the testing box 
Construction Outside Layer Layer 2 Layer 3 Layer 4 Layer 5 
Medium Roof 
Construction 

M14a 100mm heavyweight 
concrete 

F05 Ceiling air space 
resistance 

F16 Acoustic tile - Material: No Mass: 
Roof 

Medium Exterior Wall M01 100mm brick I02 50mm insulation 
board 

F04 Wall air space 
resistance 

01a 19mm gypsum 
board 

Material: No Mass: 
Wall 

Medium Floor F16 Acoustic tile F05 Ceiling air space 
resistance 

M14a 100mm 
heavyweight concrete 

- Material: No Mass: 
Floor 

Each alternative solutions were produced by sampling techniques by using EnergyPlus building energy simulation software 
(Reference & Calculations, 2015). EnergyPlus works with text-based file mode, e.g., IDF (Input Data File). Researchers modified IDF 
to composed thermal and geometrical design variables using eppy.py python libraries (Philip et al., 2011). For statistical 
calculations, SALib.py statistical sensitivity analysis was chosen (Jon, Herman, Will, 2019). Due to the time constraints of early 
architectural design, it is difficult to handle the process manually. Therefore, researchers aimed to take automated serial 
simulations with batch-processing (Python Software Foundation, 2020). 

The Parameter Initiation and Output Score Weighting  

The proposed model leads to the search for design variable behaviors and their interactions between each other under different 
climate types conditions. The chosen variables are the ones that are finalized at the early design process, e.g., building shape design 
and construction material. Thus, during the ongoing process, all design process follows these initial decisions. For various studies, 
researchers executed analysis for the impact of the design variables at the initial steps  (Depecker et al., 2001; Østergård et al., 
2017).  

 

Table 7. Design variables of the model 
Type Physical Physical Physical Physical Physical Physical Physical Physical Physical 

Group HTT HTT HTT HTT HTT HTT HTT SG SG 

Decision 
Variable 

Width (x1) Length (x2) Height (x3) WWR North 
(x4) 

WWR East 
(x5) 

WWR South 
(x6) 

WWR West 
(x7) 

SHD North (x8) SHD East 
(x9) 

Range [6-10], meter [8-10], meter [3-4], meter [0.1-1.0] [0.1-1.0] [0.1-1.0] [0.1-1.0] [0.1-1.0] [0.1-1.0] 
 

Type Physical Physical Functional Functional Functional Physical Physical Physical Physical 

Group SG SG AC IG SG HTT HTT HTT SG 

Decision 
Variable 

SHD South 
(x10) 

SHD West (x11) Natural 
Ventilation 
(x12) 

Occupancy 
(x13) 

SHGC (x14) U Value of 
Roof (x15) 

U Value of 
Floor (x16) 

U Value of 
Wall (x17) 

Height of 
Context (x18) 

Range [0.1-1.0] [0.1-1.0] [0.5-4.0], 
m3/s 

[4-8], ppl [0.40-0.904] [1.41-1.69], 
W/m2-K 

[1.47-1.85],  
W/m2-K 

[0.45-1.77], 
W/m2-K 

[0.0-6.0], 
meter 

*Heat transfer by transmission: HTT, Solar Gain: SG, Internal Gain: IG, Air Changes: AC, WWR: Window-to-Wall-Ratio, SHD: Shading Depth, SHGC: Solar Heat Gain 
Coefficient 

 

The values of the prepared energy model properties are selected according to BEP-TR standards, ASHRAE 90.1, ASHRAE 62.1, and 
the EnergyPlus input data dictionary were taken as default as thermo-physical function library  (American Society of Heating, 2013; 
ASHRAE, 2004; Bakanlığı, n.d.). The variables for generating alternative states of the building modeled were arranged as functions 
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to modify the IDF file. The parameters are based on four different groups (Table 2), i.e., heat transmission by conduction, heat 
transmission by convection, air changes, and internal gain.  

The heating and cooling (kWh/m2-year) demand of dependent variables were chosen to visualize the impact of the climate 
conditions for different regions in detail, etc. Izmir and Erzurum. They were unified with the linear calculation by forming the total 
energy demand (kWh/m2-year) as a single score function (1). This modification can be beneficial to decrease the run-time process 
and give the fast results, and the holistic score approach facilitates comparison when seizing on large numbers of design options 
(Østergård et al., 2015). Furthermore, it supports the rendition of sensitivity analysis and provides more salient filtering for quasi-
random sampling. 

0.5 × (heating demand + cooling demand) = total energy demand     (1) 

Data Generation and Sampling 

Monte Carlo simulation techniques work based on pseudo-random sampling methodology with a low discrepancy to visualize the 
multivariate global design space (Figure 4-a). In this workflow, the researcher first defines input distributions and sampling 
strategies. Next, simulations are run with respect to outputs, i.e., energy demand. The methodology is highly popular in the field 
of building energy modeling to complete the deficiency of point estimated based energy simulations, e.g., optimization. They 
provide a global screening approach for the output variance (Haarhoff & Mathews, 2006). 

 
Figure 5. (a) Sampling Types; (b) Demonstration of the four-level grid, the arrows identify the eight points needed to estimate the elementary 

effects relative to factor X1 

The ranges of design variables were arranged as uniform distribution either discrete [0, 1, 2, …] or continuous [0-1] range values. 
The discrepancy of the variable shows the global design space, which represents the variation of output parameters. Therefore, 
the sampling technique provides independent variable sampling in terms of the probability distribution. The established parameter 
ranges were interpreted as central 95% confidence intervals. 

Global Sensitivity Analysis & Performance Filtering 

The building energy demand composes of multiple design parameters, e.g., building envelope design, building energy system 
design and performance, the operational building systems, occupant density and activities, and finally, indoor air and environment 
quality measurement. All of the parameters distinguish from each other in terms of their impact on different performance criteria. 
It is better to analyze holistically for improving the performance of the building. By analyzing the total influence and individual 
impact of the input factors, global sensitivity analysis has a huge role by determining the relative importance of the inputs while 
they all change at the same time in accordance with a basic sampling rule (Ruiz Flores et al., 2012). The process of this research 
has been divided into two parts in terms of methodological attitude. Firstly, Morris sensitivity analysis that depends on the 
degradation of the individual factor variance and visualization, secondly, Sobol' sensitivity analysis that is based on disaggregation 
of the total variance of the inputs and individual change by all the independent variables varied, simultaneously. 

Morris sensitivity analysis is the screening method that visualizes the performance of the input influences. It decreases the model 
size by extracting the inefficient parameters according to sequencing the independent variables activity. Morris sensitivity analysis 
has been realized with the Elementary-Effect method (Figure 4-b), which is the finite distribution of the decision variables. The 
analysis supplies significant representation by generating a large sample of input parameters to find which parameters are 
ineffective or to quantify the interaction between parameters. Lastly, it is suitable to show linear and non-linear relations(Waqas 
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et al., 2017). The idea is to create r different trajectories in the N-dimensional design space (Figure 4-b). The N-dimensional input 
space was normalized to [0,1] and was divided into p-levels by distinguished p-quantiles. Each trajectory includes N + 1 calculations 
for a reason one-parameter-changes (OAT) by defined equal steps at a time. Thus, each input parameter relates to the elementary 
effects method (EE) by determining the output value variation at r separate values. Input factor of Elementary Effect (EE) (2) is 
represented with the mathematical equation as follows (Saltelli et al., 2007):  

𝐸𝐸𝐸𝐸𝑖𝑖 = �𝑌𝑌(𝑋𝑋1, 𝑋𝑋2,......,𝑋𝑋𝑖𝑖−1,𝑋𝑋𝑖𝑖 + 𝛥𝛥,.....,𝑋𝑋𝑁𝑁 − 𝑌𝑌(𝑋𝑋1,𝑋𝑋2,.....𝑋𝑋𝑁𝑁) )�
𝛥𝛥

        (2) 

where ∆∈ [1/(𝑝𝑝 − 1), ⋯ ,1 − 1/(𝑝𝑝 − 1)]. Input factor distributions were produced globally, which discretized the input area with 
the trajectories. The local sensitivity analysis works as a one-parameter-changes (OAT). When input parameters change, at the 
background, Morris sensitivity measures the absolute mean value (μ*) and standard deviation (σ2) of the distributions as (3,4): 

𝜇𝜇∗ = 1
𝑟𝑟

∑  𝑟𝑟
𝑗𝑗=1 �𝐸𝐸𝐸𝐸𝑖𝑖

𝑗𝑗�        (3) 

𝜎𝜎2 = 1
𝑟𝑟

∑  𝑟𝑟
𝑗𝑗=1 (𝐸𝐸𝐸𝐸𝑖𝑖

𝑗𝑗) 2        (4) 

wherein both equations r represents the number of samples. The absolute mean value (μ*) points out the total influence input (Xi) 
on the output (Y).  If μ* of an input is high, which means the input factor has an interactive relation with output in which is not 
negligible. If σ2 has a bigger value than the mean; consequently, the computation of EE is highly impacted by the sample point. 
Basically, it means the input factor based on the values of other inputs, or the input has a non-linear relation with the specified 
output.  

The initial phase is the extension of the qualitative presentation of the analyzing values. It is special to quantify the total output 
variance for each model decision variable. The current method supplies a valid scale for determining which variable or variables is 
inefficient to define model output variance. On the other hand, by identifying the most influential variables on the output 
parameters, it is possible the deduce output variance with quantized technique (Rights, 2016). 

Secondly, Sobol' sensitivity analysis applied in which is one of the variance-based methods. It indicates the individual input 
influence on the output, interactions between input parameters, and total impact for the output parameters. Sobol' sensitivity 
analysis has been performed with Sobol' sequences low discrepancy method to screen the global design space. Its computing cost 
is more than Morris sensitivity analysis, but in terms of explanation of the interaction between two variables or total input variable 
influence on the output, it provides quite substantial outcomes. A pseudo-Random sampling of k-dimensional points has a high 
discrepancy. However, there are infinite sequences of k-dimensional points that act much confident with respect to this measure. 
They have the specification that as the sizes length N gets very large, the discrepancy reduces the size into the optimal rate. As a 
result, an estimated mean for a function 𝑌𝑌(𝑋𝑋1, 𝑋𝑋2, 𝑋𝑋3, ⋯ , 𝑋𝑋𝑘𝑘) were evaluated on points {𝑋𝑋𝑖𝑖1, ⋯ , 𝑋𝑋𝑖𝑖𝑘𝑘}𝑖𝑖=1,𝑁𝑁 from such a sequence 
can converge much more quickly than an estimated mean based on the same number of random points.  

The Sobol' sequence sampling returns a matrix that includes model input values. The pre-defined Saltelli sampling preferred, which 
is the basic extension of Sobol' sequence. For each sampling strategy, with respect to procedure 𝑁𝑁 × (𝐷𝐷 + 2) times, rows are 
produced in which N is the number of samples to generate, and D is the number of decision variables. In addition, if second-order 
calculation is implicated in the process, which is the value defining the total influence of all parameters on the output, the equation 
is converted 𝑁𝑁 × (2𝐷𝐷 + 2), and it seen to computing cost increases.  

Method of Sobol' is suitable when the model is non-linear, and decomposition of the output can be explained by Sobol' indices. 
Sobol sensitivity analysis has three indices that analyze the input conduction (Iooss & Lemaître, 2015). First-order (Si), the main 
effect of the index separately for each parameter without interactions, the higher value of Si, the bigger the influence on the ith 
factor for the variance of the output. Second-order measures the contribution of the output variance by the interaction of two 
model inputs. Total order (or Total-effect) (ST), this index measures the contribution to the output variance of Xi, including all variance 
caused by its interactions, of any order, with any other input variables. 

The variance-based model function is Y = f(X) where Y is the output and Y = (x1, x2, ..... xk) are k-independent variables that each 
parameter changes in accordance with their probability density as the Sobol' demonstrate that (Sobol, 2001), any square-
integrable mathematical function can be solved by a unique figuration of the high dimensional model (5) when the input 
parameters are independent of each other. 

𝑉𝑉𝑦𝑦 = ∑ 𝑉𝑉𝑖𝑖 +𝑘𝑘
𝑖𝑖=1 ∑ 𝑉𝑉𝑖𝑖𝑗𝑗 + ⋯ + 𝑉𝑉12⋯𝑘𝑘

𝑘𝑘
𝑖𝑖>𝑗𝑗         (5) 
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Where Vy is the total variance of the output parameters and Vi is the residual variance that has produced by Xi and Vi1….is and is to 
define collaborative fractional variance induced by {Xi1,.....Xis}. Therefore (6): 

∑ 𝐷𝐷𝑖𝑖 +𝑘𝑘
𝑖𝑖=1 ∑ 𝐷𝐷𝑖𝑖𝑗𝑗 + ⋯ + 𝐷𝐷12⋯𝑘𝑘

𝑘𝑘
𝑖𝑖>𝑗𝑗 = 1         (6) 

Where Si =Vi / Vy is the first order index about sensitivity that calculates the variance of Y induced by Xi. Sij =Vij / Vy is the second-order 
index that calculates the variance of Y explained by the interaction of two input parameters, i.e., Xi and Xj. For all the individual 
variances and interactions are scaled into [0, 1] and all equal to 1. While the measurements of the sensitivity indices are in the linear 
relation with the number of inputs (i.e., 2k-1) the computing cost of the calculation increases therefore in many cases, first-order (Si) 
and total order (ST) of the sensitivity indices are summarized in the one formula as follows (7):  

𝐷𝐷𝑇𝑇𝑖𝑖 = 𝐷𝐷𝑖𝑖 + ∑ 𝐷𝐷𝑖𝑖𝑗𝑗 + ⋯𝑘𝑘
𝑖𝑖≠𝑗𝑗 + 𝐷𝐷12⋯𝑘𝑘        (7) 

The total sensitivity index includes all the contributions of Xi (residual and collaborative) to the variance of Y; thus, when its value is 
close to zero, Xi can be determined as non-significant. At that time, the input factor can be counted as a default value by the 
implementation of factor fixing.  

Finally, the factor mapping is the extension of a sensitivity analysis to support the process by which parameter and parameter range 
can provide a valuable solution due to the definition of the problem. After applying quasi-random sampling with Sobol' variance-
based analysis, from the wide global design cluster, 100 best values are filtered on Parallel Coordinate Plot. Best values have 
corresponded to low energy demand in terms of heating and cooling demand. 

Results & Discussion 

For Morris Sensitivity Analysis, 21000 simulations, and for the Sobol' Sensitivity Analysis, 42000 simulations have been generated. 
There are 18 different decision variables that have named next to the covariance plot with their units. The plot presents all design 
variables and outputs in one chart and provides opportunity detail analyzes with brushing techniques. 

Factor Prioritization & Fixing 

The Morris sensitivity analysis is beneficial to illustrate the individual influence of the design parameters during the architectural 
design process. It could be a useful tool as a guide for architects, particularly for the early design process. All implications are 
implemented on the covariance plot with regards to their interaction (σ) and influence (mu*) on the output, which is the values of 
the weighted sum of heating and cooling demand (Figure 5). Eighteen different parameters were introduced in the model for the 
Morris sensitivity analysis with 1000 iteration, 18999 simulations have been executed for two different climates, separately. As a 
result, ten different parameters were evaluated effectively for the output parameter uncertainty for two regions. 

 

 
Figure 6. (a) Erzurum Covariance Plot; (b) Izmir Covariance Plot  
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Based on the Erzurum sensitivity analysis results (Figure 5), x1, x15, x7, x5, x4, x6, x3, x2, x16, x17,  were evaluated as effective, and 
highly interactive with other variables. Respectively, x8, x9, x10, x11, x12, x13, x14, x18 are the variables that performed a low degree of 
importance for the output. Namely, they are the least essential parameters that should be ignored or grouped as one design 
variable. As a result of the Izmir, x5, x7, x6, x1, x14, x4, x15, x3, x16, x2 were both effective for the output parameters and interactive 
with other design variables. For the reason of long sunlight hours of Izmir, decision variables of WWR provide more variation than 
other variables. Respectively, x18, x11, x17, x10, x8, x13, x9, x12 have performed low importance for the influence of the output. 
Therefore, these are the variables that are applied factor fixing and excluded from the second step detailed global sensitivity 
analysis. Consequently, envelope and construction-related parameters have performed a highly effective performance for the 
output distributions; therefore, their mu* ratio is strictly higher than the other types of design variables. In conclusion, it was 
decided to analyze the interactions and the effect of design variables on the energy demand outputs in detail. 

Variance-Based Individual and Total Effect 

The Sobol' sensitivity analysis provides variance-based observation with regards to individual and interaction on the outputs. 
Therefore, S1 is the symbol for the individual effect for the output variance, and the ST stands for the individual and total interaction 
effect of the output for the specified independent variable. In Figure 6, ten different essential parameters were analyzed in terms 
of the distribution of the model of the output. Blue vertical bars stand for the individual influence of an input parameter, and the 
orange vertical bars were used for the total effect of an independent variable due to the variance of the aggregated energy 
demand. Generally, the total index gives higher results than the first order (S1), whereas for some variables, it is lower than the 
first order. Ten different parameters were introduced in the model for the Sobol' sensitivity analysis with 1000 iteration, 21999 
simulations have been executed for each region. 
 
 

 

 
Figure 7. (a) Sobol’ Vertical Bar Plot for Erzurum; (b) Sobol’ Vertical Bar Plot for Izmir 

For Erzurum results, x1, x15, x5, x4, x7, x6 became more effective than the other parameters.  Except for u value of the roof (x15), u 
value related construction parameters have provided less influential results on the output. The same pattern happened in terms 
of envelope parameters of the geometry; only the width of the geometry has given effective results. However, all the window to 
wall ratio independent variables caused a wide variance on the selective output. For results of Izmir, x1, x5, x7, x6, x15, x4 design 
variables performed more than others in terms of first-order (Si) and total order (ST). Similar variables listed as necessary among 
all effective ten variables. On the other hand, the order of importance is different. In conclusion, envelope related parameters 
presented a dominant tendency for cold climate compares to other design variables. On the other hand, envelope and solar gain 
related parameters resulted in high importance and interaction for the hot-humid environment. 

Design Variable Range Filtering 

The filtering process was applied to drive the valuable ranges of effective design variables by extracting the 100 most effective 
results. A quasi-random sampling strategy leads to analyze all the global design space. It gives highly dependable results on how 
design variables have relations with each other and which variable range drives the most valuable outcomes for outputs, i.e., the 
effective range of a yearly weighted sum of heating and cooling demand (kWh/m2-year).  
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Figure 8. (a) The Distribution of 100 Best Performances of Erzurum; (b) Izmir 

 

The design variable valuable range values were extracted by using the generated data of Sobol' analysis (Iseri, 2020). Ten uniformly 
distributed design variables got some valuable ranges based on the lowest energy demand. Figure 7 points out the 100 best most 
effective variable distributions of Erzurum. Total energy demand values are between 56.53 to 81.31 (kWh/m2-year). The valuable 
ranges of each independent variable are positioned with respect to their first and third quartile values by the filled color of the 
values in Figure 7. For the Izmir Sobol' analysis results, the yearly weighted sum of cooling and heating demand is between 32.33 
to 55.47 (kWh/m2-year).  

Depicting the results of energy analysis with multiple variables is crucial to the easier interpretation of the complicated relations 
among design variables and outputs. Hence, Parallel Coordinate Plot (PCP) is a useful solution to demonstrate global design space 
with multiple parameters at the same plotting (Tomasetti, 2019). Each dimension of data corresponds to a vertical axis on the plot, 
and each data element is displayed as a series of connected polylines along the dimensions. The vertical axes classify the values 
from worse to best. For the early architectural decision-making, designers can categorize the results according to the energy 
performance of the unit and which parameter corresponds to the selected output value to present design alternatives. 

 
Figure 9. PCP representation of 100 best performances of Izmir 

 

Figure 8 demonstrates the most valuable ranges of most effective ten design variables and with total energy demand (Y1). The 
missing point of the PCP is that when the design alternatives are cumulated at very data-dense, the plot area becomes over-
cluttered; therefore, it is unreadable with regards to the user. The interactive brushing technique can be used to organize only 
values that are important for the designer at the specified point of the design. The implication of the brushing highlights a selected 
line or collection of lines to isolate sections of the plot that the designer is interested in while filtering out of the noise or dense 
data cluster. Designers compare design alternatives by using the brushing process for focused values of design variables.  
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Figure 10. (a) Brushing on PCP for Erzurum; (b) Izmir 

The early architectural design decision is highly interactive with the weather conditions, and the brushing implications presented 
that the brushing execution are the same for two regions. However, the number of alternatives is different for the two regions. 
Figure 9 shows the brushing implication of the 100 best design results. For the representation, designers applied filtering to x4 
between 0.4 to 0.6 and x6 between 0.2 to 0.3. The used selection criteria for Izmir present more alternatives than the results of 
Izmir. If the Brushing implication consists of different variables, the number of alternatives for the desired conditions could result 
in different.   

Conclusion 

The architectural design contains multiple design parameters that designers should focus on in a short time. Due to the uncertainty 
of the total energy demand of the unit at early architectural design, it is supposed to analyze how architectural design elements 
identify the energy demand (kWh/m2-year). Therefore, this research proposes a technique to observe the impact of the design 
variables in terms of energy demand in early architectural design. The methodology is the combination of two-step sensitivity 
analysis, energy simulations, and statistical filtering visualization. The process could be classified as a quasi-experimental study. 
Due to the observing technique differs from the experimental research, this research does not contain high degree control over 
all design variables and output parameters. The simulations were taken for two different types of climates, such as Izmir and 
Erzurum. The range of design variables is limited to the most popular physical and functional building parameters, i.e., heat transfer 
by transmission, solar gain, ventilation rate, and internal gains. Both Morris and Sobol’ sensitivity analysis has used to improve 
model calibration for identifying important parameters and interactions between design variables. Consequently, ten different 
design variables were selected for each region. Their interactions with each other and two outputs were illustrated with Parallel 
Coordinate Plot by selecting 100 best performances based on outputs. The designers can analyze and illustrate alternations at 
early design with interactive brushing techniques that users can instantly choose valuable range intervals according to result.  
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Abstract 

Retractable plane structure (RPS) is a family of structures that are assembled by utilizing set of plates connected by revolute 
joints. Utilizations of these structures have been seen usually in roof structures, kinetic facades, kinetic photovoltaic panels and 
shelter systems. One of the most important issues in the design processes of RPS is to determine the most suitable shape of the 
plates that form an enclosure without any gaps or overlaps in both closed and open configurations of the structure. Also there 
should not be any interference between rigid plates during retraction or expansion phases. In order to find the most suitable 
shape of the plates, researchers have developed many complicated numerical or kinematical analyses in literature so far. On the 
other hand, another approach based on mathematical tessellation technique can be used without the requirement of these 
complex analyses. Due to the usage of RPS on many different areas such as facades or roofs in architecture, it is just as important 
to be able to iterate them regularly. This study both focuses on the iteration of planar RPSs that are formed based on 1-uniform 
tessellation and develops a relation between iteration capacity of RPS and plane symmetry groups. By the help of developed 
relationship, it will be tried to realize whether this structure can be derived from 1-uniform tessellation and which tessellation 
should be selected before obtaining it. 

Keywords: Retractable Plate Structure, Plane Symmetry Group, Planar Mechanism 

 

Introduction 

In 20th century, architecture become in need of kinetic structures to deal with some pressures such as changing weather 
conditions, different functional requirements and even for aesthetic reasons. With the increase of kinetic structure usage in 
architecture, necessity to cover them by variety of materials has emerged over time. Coming across many difficulties in covering 
these structures by fabric materials, utilization of rigid plates instead of fabrics has gained great importance. Throughout the 
time, rigid plates have been started to be used not only as covering materials but also as structures by themselves that are being 
called as retractable plate structure (RPS). RPS is a family of structures that are assembled by utilizing set of cover plates 
connected by revolute joints. The most important issue to design RPS is to determine the most suitable shape of the plates that 
form an enclosure without any gaps or overlaps in both closed and open configurations of the structure. Also there should not 
be any interference between the rigid plates during retraction or expansion motion. In order to find the most suitable shape of 
the plates that match perfectly by forming assembly without any gaps or overlaps in their fully closed and open configurations, 
researchers use kinematical analysis and empirical design methods (Kassabian,You, Pellegrino, 1999), (Jensen and Pellegrino, 
2002), (Jensen and Pellegrino, 2005), (Lou, Mao, You, 2007), (Rodriquez and Chilton, 2003). On the contrary to these researches, 
Gazi and Korkmaz present a new design approach by utilizing mathematical tessellation technique without using any kinematical 
or numerical analysis (Gazi and Korkmaz, 2017). By the help of that research, designers have gained the capability by having 
required conditions to easily determine which uniform tessellation can be used for RPS design, also the same research proposed 
new methods to convert non-conditional RPS into the ones that fulfil required conditions. If the data obtained from that study is 
examined, it can be seen that some RPS that are produced by utilizing mentioned methods can be iterated infinitely and some of 
them cannot. However, having the capability to be iterated limitlessly on architectural surfaces such as faces, roofs, walls and 
etc. is another important issue for architecture. Thus, this study both focuses on the iteration of planar RPSs that are formed 

mailto:aylingazi@msn.com
mailto:koraykorkmaz@iyte.edu.tr
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based on 1-uniform tessellation and develops a relation between the iteration capacity of RPS and plane symmetry groups. By 
the help of developed relationship, this study is trying to answer the question of which 1- uniform tessellation should be selected 
to reach RPS that can be iterated limitlessly. 

Tessellation and Plane Symmetry Group 

Tessellation is an arrangement of closed shapes that completely cover plane without overlapping or leaving gaps. Tessellation 
can be categorized in many ways with respect to the form of the closed shape and its iteration method. In regular polygon 
tessellations, only regular convex polygons are used as tiles. Tessellations with regular polygons are usually represented by the 
number of sides of the polygons around any cross point in a cyclic order in the clockwise or anti-clockwise direction. For instance, 
in figure 1 the vertex represented by a red dot is surrounded by six triangular polygons; thus, this tessellation is represented by 
3.3.3.3.3.3 and for brevity these can be written in the form of 36. If the arrangement of identical shapes and angles at each 
vertex is the same, they are called 1-uniform tessellations. There exist eleven 1-uniform tessellations. Three of them are regular 
tessellations that are formed by identical polygons and eight of them are semi-regular tessellations that are formed by two or 
more convex regular polygons. Note that in these tessellations each vertex has the same pattern of polygons around it ( figure 
2). 

 

 
Figure 1.  36 Tessellation 

 

Figure 2. 1-Uniform Tessellation 

 
Tessellation can also be characterized by their symmetry properties (Stevens, 1981). This study  focuses on the planar 
tessellation and planar symmetry groups. In plane symmetry there are four basic symmetry transformations that can transform 
a shape from one location on a plane to a new location on that same plane when applied. These transformations are called as 
rotation, reflection, translation and glide reflection (figure 3). In a translation transformation any planar figure slides without 
turning or flipping by a given fixed distance and the direction without changing its size or shape. In a rotation transformation, 
any planar figure turns with a given angle around a fixed point. Reflection or flip is the mapping of all points of the original figure 
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onto the other side of an axis so that the perpendicular distances between the points of the image and the axis will not change. 
A glide reflection is a combination of two transformations, a reflection and a translation in the same axis (Seymour and Britton, 
1989). 

 
Figure 3. a) Translation b) Rotation c) Reflection d) Glide Reflection 

 

The study of the group of movements of the plane is called symmetry groups. In plane there exist seventeen different types of 
plane symmetry groups (Grunbaum and Shepard, 1987). All of the seventeen symmetry groups were classified in the late 19th 
century and have affected the art and architecture such as the Dutch artist Escher used symmetry groups on his paintings. The 
notation of symmetry groups are related to symmetry transformation. According to this notation seventeen symmetry groups 
are labelled as p1, p2, pm, pg, cm, pmm, pmg, pgg, cmm, p4, p4m, p4g, p3, p3m1, p31m, p6, and p6m. (For example, p2: 
primitive cell, 2- fold rotation symmetry, no glide reflections). 

 

When the 1-uniform tessellation and their symmetry groups are examined, 4.4.4.4 and 4.8.8 tessellations have p4m, 3.3.4.3.4 
tessellation has p4g, 6.6.6, 3.6.3.6, 3.12.12, 3.3.3.3.3.3, 3.4.6.4 and 4.6.12 tessellations have p6m, 3.3.3.3.6 tessellation has p6 
and 3.3.3.4.4 tessellation has cmm symmetry groups. 

 

Relation between the Iteration of RPS based on 1-Uniform Tessellation and Plane Symmetry Group 

There exist wide range of possibilities of the usage of retractable plate structures (RPS) in architecture such as roofs, facades and 
shelter. Thus the most important issue in RPS design process is to be able to configure suitable shapes of rigid plates that can be 
enclosed without any gaps or overlaps in both closed and open configurations and eliminating the possibility of contact between 
the plates during the deployment phase. There are many different approaches but as it was mentioned before this study focus 
on the design approach of RPS that based on 1- uniform tessellations ( Gezgin & Korkmaz, 2017). In this approach, shape of the 
platforms are determined as regular polygons and it is aimed to reach 1-DoF RPSs that can open and close without any gaps or 
overlaps. By considering 1-uniform tessellations’ geometrical properties, two conditions were presented to design retractable 
plate structures that are not allowed to overlap and form gaps in any configuration. Moreover, utilizing the duality of tessellation 
a method was proposed to find the extra link for those which do not hold the given conditions. Also, another method was 
developed to reach a single DoF RPS and present a systematic conversion of multi-DoF RPS to a single DoF RPS by using graph 
theory and duality of tessellation. All of the given methods and conditions focus on the design processes of 1-uniform tessellation 
and do not deal with any case of architectural usage. On the other hand, another important issue on the usage of RPS in 
architecture is the capabilities of the iteration. Because, RPS used on planar surfaces of architecture 
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such as wall, roof, or facade and the area that they covered varies according to the designer needs. In light of this, iteration 
capacity of RPS that utilize 1-uniform tessellation is so important in the design processes of RPS. 

 

Figure 4 displays the iteration capacity of 4.4.4.4, 3.6.3.6, 3.3.4.3.4 and 3.3.3.4.4 tessellations and their symmetry groups. As it 
can be seen from the figure, 4.4.4.4 and 3.6.3.6 tessellations can be iterated limitlessly. Each rigid plate can assemble with each 
other on the open form of RPS and can be closed without having any gaps or overlaps. On the other hand, RPS based on 3.3.4.3.4 
and 3.3.3.4.4 tessellations cannot be iterated infinitely. As it can be seen from the figure, after a certain stage, the plates cannot 
be assembled with each other anymore. 

 

 

Figure 4. Iteration Capacity of the 4.4.4.4, 3.6.3.6, 3.3.4.3.4 and 3.3.3.4.4 Tessellation 
 

Table 1 Relation between Symmetry group and Iteration Capacity of 1-Uniform Tessellation 

Tessellatio
n  

Symmetry Group Glide 
Reflectio

n 

Reflectio
n 

Rotation        Is there axis  
 
 
Reflection 

All Rotation  
Center on 
Reflection Axis 

Iteration Capacity 

4.4.4.4 
p4m  No Yes Yes Yes Yes Iterate 

4.8.8 
p4m  No Yes Yes Yes Yes Iterate 

3.3.4.3.4 
p4g No Yes Yes Yes No Do not Iterate 

6.6.6 
p6m No Yes Yes Yes Yes Iterate 

3.6.3.6 
p6m No Yes Yes Yes Yes Iterate 

3.12.12 
p6m No Yes Yes Yes Yes Iterate 

3.3.3.3.3.3 
p6m No Yes Yes Yes Yes Iterate 

3.4.6.4 
p6m No Yes Yes Yes Yes Iterate 

4.6.12 
p6m No Yes Yes Yes Yes Iterate 

3.3.3.3.6 
p6 No No Yes No x Iterate 

3.3.3.4.4 
cmm No Yes Yes Yes No Do not Iterate 
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Figure 5. Generation regions of p4m, p4g, p6m and p6 symmetry groups Schattschneider, 1978 
 

In order to further investigate this issue let’s focus on the table 1 that shows 1-uniform tessellations, their symmetry groups, 
related planar transformations and finally iteration capacities of the RPS based on that tessellation. As it can be seen, all of the 
symmetry groups have rotation transformation while none of them have glide reflection transformation. Moreover every 
symmetry group have reflection transformation except p6 symmetry group. Thus, it can be said that iteration capacity of the 
RPS is not related with the plane transformation of symmetry groups it is based on. However, it can also be seen that all 
symmetry groups except p4g and cmm have their rotation centre on reflection axis. However, on p4g symmetry groups the axes 
of reflection are perpendicular and none of the rotation centre lies on the reflection axes. At the same time in symmetry group 
of cmm, the centers of the rotation also do not lie on the reflection axis (Figure 5). In light of these facts it can be concluded 
that RPSs that are formed by using tessellations with symmetry groups having the axis of rotation and reflection in different 
planes can only be iterated finitely. 

 

Conclusion 

In today’s world in order to cope with rapidly changing environmental conditions and user needs, kinetic architecture is becoming 
increasingly important. Thus, this study focus on the RPS designs approach that utilizes mathematical tessellation technique 
without needing any kinematical or empirical analysis. Although this approach addresses the design process of RPS to find the 
most suitable shape, another important issue should also be considered in the design processes of architecture as the RPSs 
iteration capacity in order to verify if the RPS can be used limitlessly on covering surfaces. 

In light of this, proposed study develops a relationship between planar RPS that utilizes 1-uniform tessellation and planar 
symmetry groups. This study shows that symmetry group of the tessellation affect the iteration capacity of RPS that utilizes 1-
uniform tessellation. If the chosen tessellation’s symmetry groups’ have the property as all rotation centres are on reflection axis, 
the RPS that based on that tessellation can be iterated limitlessly like 4.4.4.4, 3.6.3.6, 4.8.8, 6.6.6, 3.12.12, 3.3.3.3.3.3, 3.4.6.4, 
4.6.12, 3.3.3.3.6 . On the contrary to this 3.3.4.3.4 and 3.3.3.4.4 tessellation’s symmetry groups rotations do not lie on the 
reflection  axes and if these tessellations are chosen for the RPS design, only a finite surface can be covered without having any 
gaps or overlaps, due to the fact that these RPSs cannot be iterated limitlessly. This study gives the potential aspect to the designer 
to choose suitable patterns on their design processes without needing any extra kinematical or numerical analysis. 
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Abstract  

Moving large architectural structures normally is only possible for solely horizontal motions and for structures balanced with large 
counterweights in order to omit the direct influence of gravity on the actuation forces, which otherwise are enormous. While vertical 
motions are desired, using counterweights has multiple disadvantages: they generally are huge for which they require a lot of space 
in the design, they are difficult to integrate in the design, and because of the large weights, the structural loads to hold the 
counterweights become enormous for which designs with high strengths are necessary. This altogether makes counterweights 
expensive and unattractive.   

This work presents the design approach of inherent balancing applied for moving architecture and shows how balanced structures 
can be obtained that need no counterweights. In these designs the architectural elements balance one-another with which balance 
is fully incorporated within the design. Three design approaches for inherently balanced moving architecture are presented that 
are based on the balanced pantograph linkage as building block, which are classified as designs by combining balanced 
pantographs, by patterning bisected balanced pantographs, and by incorporating balanced pantographs. Design examples are 
illustrated and new conceptual designs are presented of a circular and an oval balanced umbrella canopy, a balanced ‘Tipi tent’, 
the balanced ‘Inside‐out house’, the balanced Wing‐type bascule bridge, the balanced ‘Flipper building’, and the balanced 
‘Turnround roof’.    

Keywords: Inherent gravity force balance, Design method, Moving architecture, Deployable structure, Linkage  

Introduction  

The beauty of moving (kinetic) architecture is based on its geometry of motion. Designed structures considered as linkages with 
movable joints, having the capability to express wonderful alternating shapes, either for aesthetics or for functionality. In practice 
however, designs can only be realized if they can be produced sufficiently stable and safe. Because of the large dimensions of 
architectural objects, the weights of elements such as façades and roof sections are significant for which an enormous (driving) 
power is needed to withstand the gravity force to move the structure or to hold it in place. This is also at  high risk since the 
structure can collapse by failure of the driving power.   

Because of these difficulties most of the developed large moving architecture has only horizontally moving elements for which 
gravity plays no significant role besides friction [1]. In case of vertical motions, designs exist having incorporated balance masses 
or counterweights to eliminate the effects of gravity, which for instance is common in movable bridges [2]. However, these balance 
masses are in general enormous of size and weight, increasing the structural forces and the complexity of the design significantly. 
Therefore it is an expensive solution which in many cases is not even possible to implement.   

A relatively new balance method is the method of inherent balancing which aims at designing moving structures that are balanced 
without the need of balance masses, resulting into lightweight solutions [3,4]. Inherently balanced linkage architectures then are 
used as a starting point in the design from which a variety of inherently balanced linkage designs are derived. The simplest 
inherently balanced linkage architecture is the balanced pantograph.  

The goal of this article is to show how a balanced pantograph linkage can be used as a building block in the design of inherently 
balanced vertically moving architecture. First the pantograph linkage is explained together with its balance conditions. 
Subsequently three approaches are presented for composing inherently balanced architectural designs by (1) combining balanced 
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pantographs, (2) patterning bisected balanced pantographs, and (3) incorporating balanced pantographs. For each approach 
illustrations of practical design examples are presented including new concepts.   

   

The balanced pantograph linkage as a building block  

Figure 1 shows a pantograph linkage, which can be considered as a specific version of Sylvester’s pantograph or a modified version 
of Scheiner’s pantograph from 1603 [3,5]. It consists of the parallelogram linkage P1AP2S with link lengths a1 and a2. In A there is a 
revolute joint between links AP1 and AP2, in P1 there is a revolute joint between links P1A and P1S, in P2 there is a revolute joint 
between links P2A and P2S, and in S there is a revolute joint between links P1S and P2S. In S there is also a revolute joint with the 
fixed base about which the pantograph can move with two degrees of freedom. These motions can be observed by rotating either 
link P1S or link P2S about the base joint S. All links are considered rigid.    

  

  
Figure 1: Pantograph linkage balanced with its center of mass in base joint S for any pose, shown for (a) the general situation and for (b) the 

situation when all links are mass symmetric.  

  
Each of the four links has a mass mi with the mass center located at a distance pi from one of the link joints and at a distance qi 
normal to the line through the link joints, as illustrated in Figure 1a. The conditions for which the common center of mass (common 
CoM) of the four links is located precisely in joint S for any pose are named the force balance conditions and can be written as [3]:  
                                              (1)  

                    (2)  

                  (3)  

                    (4)  

This means that when these conditions are fulfilled, the pantograph is gravity force balanced for any motion with a stationary 
common CoM in S.   

The pantograph shown in Figure 1a is the general balanced case with mass asymmetric elements, i.e. the link CoMs are located off 
the line through the link joints with 0. The specific balanced case when all links are mass symmetric, i.e. when the link CoMs are 
located on the lines through the link joints with 0, is illustrated in Figure 1b. This design is a little simpler and may be preferred in 
practice. The shape of the pantograph links does not need to be straight, they can have any curvature or shape as long as the link 
CoMs are located at the balanced locations. In the next sections it will be shown how the balanced pantograph can be applied as 
a building block in the design of gravity force balanced moving architecture.  

Architectural designs by combining balanced pantographs  

Balanced pantographs can be combined in a variety of ways without losing the overall balance properties. Figure 2 shows the 
conceptual design of a movable balanced Tipi tent in two poses. It consists of three pantographs with curved links in series as a 
moving frame together with tent fabric to close the surfaces in between. The front and the back pantograph are supported by   
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Figure 2: Conceptual design of a balanced Tipi tent in two poses, composed of multiple pantographs in series with fabric in between.    

curved pillars which also hold a horizontal beam that is supporting the central pantograph in the middle. The center of mass of all 
the movable parts is at the height of the horizontal beam for any of its poses. In principle this structure can be observed as a single 
pantograph as in Figure 1a but with a large depth, balanced for the conditions (1‐4) and accomplished with three harder sections 
for the frame with softer parts in between.  

Balanced pantographs can also be combined as shown in Figure 3 in which two of them are placed oppositely and are connected 
with a revolute joint in B. In this configuration each pantograph is balanced individually for the conditions (1‐4), independent of 
the location of B and of its motions. Based on this combination, Figure 4 shows the conceptual design of the Inside-out house, a 
building where the inside and the outside become one [3]. This design allows the roof to be pulled down causing the house to 
open up by upwards motion of the façades for balance. Because of its inherent balance, this motion requires minimal efforts to 
overcome solely potential friction in the moving joints. Each side of the house can be compared to the Tipi tent in Figure 2 with 
the center of mass of each side located for any of its poses in the pivot S of the supporting pillar.  
     

  
Figure 3: Inherently balanced composition by combination of two balanced pantographs placed oppositely and connected with a revolute joint  

in B. The two joints S are the two base pivots.  
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Figure 4: Conceptual design of the Inside-out house, a building where the inside and the outside become one. By pulling the roof down the  

façades move upwards for perfect balance (2011 [3]).  
  

Architectural designs by patterning bisected balanced pantographs  

A balanced pantograph can be bisected along line z as illustrated in Figure 5, which is the line through S and A in the pantograph 
of Figure 1. The pantograph is divided and the motion of each side is constrained to one degree of freedom by a slider along line 
z in A. The two halves can be separated with an offset d by additional links in between, which means that joint S in Figure 1 is 
divided into two separate joints O. The center of mass however remains in the middle at line z.   

  

  
Figure 5: Bisected balanced pantograph, which is half of the balanced pantograph to be used in designing patterns of (spatially) moving  

balanced structures.  
  

The bisected balanced pantograph can be applied in the design in a variety of ways. When the lengths a1 and a2 are equal then the 
bisected half of the balanced pantograph can be used as a building block to obtain various (spatially) balanced patterns. When a1 

and a2 are unequal then patterning is only possible for specific and more complicated conditions. For simplicity only the former 
case will be discussed here.     
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Figure 6. Conceptual design of a circular balanced umbrella canopy of which the upper hub moves up and down to close and open the canopy.  

  
Figure 6 shows a conceptual design of a large size circular balanced umbrella canopy in two poses. This type of composition was 
studied in detail in [5 ] and consists of 5 bisected balanced pantograph arms of Figure 5, circularly oriented about the vertical mast. 
Contrary to common umbrella canopy designs where the top is fixed, here the top part is the moving hub, moving up and down 
to close and open the canopy, respectively, while the center of all masses remains stationary at the lower fixed hub which is part 
of the mast. Also the weight of the fabric cover can be included, independent of hanging straight down as shown on the left side 
or of being rolled up as illustrated on the right side in the illustration of the opened pose.   

Because of its inherent balance, independent of its size and weight it can be opened and closed with minimal effort. When closed, 
the canopy is very compact with the size of the fixed and moving hub determining the size of the internal space, which may be 
useful for storage. More knowledge about the circular pattern possibilities for circular umbrella canopy designs can be found in 
[5].    

  
Figure 7: Conceptual design of an oval balanced umbrella canopy of which the elliptically shaped upper hub moves up and down to close and  

open the canopy.   
Bisected balanced pantograph arms can also be composed in an elliptical pattern as illustrated in the conceptual design of an oval 
balanced umbrella canopy in Figure 7. Here the top is a large elliptically shaped moving hub, which moves up and down for closing 
and opening, respectively, similarly as the canopy in Figure 6. The fixed hub has the same size and shape and is supported by two 
masts. The number of bisected balanced pantograph arms in this design is not fixed, it is illustrated for 6 arms, 3 symmetrically 
placed on each side, but there can be more as well. The oval shape allows the umbrella canopy to cover a larger elongated area 
as compared to the circular umbrella canopy. This can be practical for instance to shade an outside buffet.  
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Figure 8: Gravity balanced retractable structures based on a single bisected balanced pantograph arm. In (a) there is one main architectural  

element while in (b) both links are applied as architectural elements.  
  

Just a single bisected balanced pantograph can already be used to obtain gravity balanced designs. In Figure 8 it is illustrated how 
the bisected balanced pantograph arm of Figure 5 can be applied as a retractable structure. Since the structure is not a complete 
balanced pantograph the center of mass does not remain stationary, however it moves solely horizontally staying at the same 
height as O and therefore it is gravity balanced for all motions.   
  
Figure 8a shows a design where link OP1 is considered to hold the main architectural element AP1, while Figure 8b shows a design 
where both links are main architectural elements. The design in Figure 8a was used for the concept of the Wing‐type bascule 
bridge shown in Figure 9, a movable bridge balanced without counterweight. In this specific design the bridge is not perfectly 
balanced since it moves a little downwards when opening which is in order to compromise with the load of the wind. The actuation 
of the bridge consists of driving the slider in A up and down along its straight vertical path.   
  

 
    

Figure 9: Conceptual design of the Wing‐type bascule bridge which is balanced without counterweight (2012 [3])  
Two Wing‐type bridges can be combined in a pattern as illustrated in Figure 10 where they together form one large balanced 
movable bridge. Also they can be patterned as illustrated in Figure 11, which in fact is comparable with the full illustration in Figure 
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5. The advantage of the designs in Figure 11 with respect to the designs in Figures 8‐10 is that they do not generate bending 
moments on the base pillars since their centers of mass remains stationary also in the horizontal direction. The design in Figure 
11b shows the possibility for a slope where both sides of the bridge move asymmetrically for force balance.   

  

  
Figure 10: Mechanism of the Double Wing‐type bascule bridge of two oppositely placed single balanced Wing‐type bascule bridges.   

  
  
  

  
Figure 11: Mechanism of a balanced Double Wing‐type bascule bridge with both wings on a central pillar which therefore does not experience 

any bending moments. Shown for (a) a horizontal road and (b) a road on a slope.   
  

Although the mechanisms in Figures 8, 10, and 11 were explained in the context of balanced movable Wing‐type bridges, they of 
course can also be imagined as being any other balanced retractable architectural structure.   
  

Architectural designs by incorporating balanced pantographs  

A third approach in this article for composing inherently balanced designs is by incorporating balanced pantographs. Various 
mechanisms can be found which include one or more parallelograms that can be transformed into pantographs and therefore 
have potential for an inherently balanced design. For instance the Peaucellier‐Lipkin straight‐line linkage consists of a 
parallelogram that can be transformed into the pantograph of Figure 1b as shown in Figure 12a [7]. In this linkage joints B0 and B1 
are pivots with the fixed base and when moved as illustrated in Figure 13, point S traces a perfectly straight horizontal path. This 
motion can be seen as that the pantograph is being carried by the three other links. For straight‐line motion the conditions a1=a2, 
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l5=l6, and l7=|B0B1| must hold, which allows the size of the parallelogram to be altered independently from the size of the three 
carrying links.   

  

  
Figure 12: a) Balanced linkage based on the Peaucellier‐Lipkin straight‐line mechanism with the center of all moving masses in point S, which 

solely moves horizontally by means of an incorporated balanced pantograph with two virtual links; b) Equivalent mass model.   
  

There are a variety of ways to balance the Peaucellier‐Lipkin straight‐line linkage among which the approach of balancing the 
linkage with respect to the point tracing the straight horizontal line [7]. Special and new here is the situation that in the design the 
straight line does not need to be traced physically, for which links P1S and P2S can be eliminated and then solely exist virtually. This 
results in very interesting possibilities for a balanced architectural design.   

The conditions for which the new linkage in Figure 12a is gravity force balanced can be derived from [7] as:  

                            (5)  

                (6)  

with equivalent masses ,  , and  . Figure 12b shows an explanation of these equivalent masses with which the moving masses 
of links B0P1, B0P2, and B1A are included in the joints of the pantograph and are included in the balance conditions of the 
pantograph. The mass of each of the three links is modelled with two equivalent masses of  
which the second parts  , , and   are located stationary in the base pivots.   

  
Figure 13: Gravity balanced linkage of Figure 12a for two poses left of the central pose to illustrate its motion.  

   
Figure 14 shows the conceptual design of the Flipper building which is composed of two sections that are based on the balanced 
linkage in Figures 12 and 13. In this design the roof segments need to be significantly large or extended as compared to the 
supporting links, which is advantageous. Essentially the two roof segments balance mainly one another for which the influence of 
the mass of the supporting links on the design is marginal. As can be observed, this design allows a rather outstanding range of 
motion, from fully covering a large inner space to being deployed far away to the outside, yet shadowing a large outside space.   
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Figure 14: Conceptual design of the balanced Flipper building of which the roof can cover and uncover a large area in a spectacular way with a  

rather outstanding range of motion and deployability.  

   

Another straight‐line mechanism that is well‐known is the Chebyshev linkage shown in Figure 15a [8]. It consists of the two links  
A0A1 and A2A3 with equal length (l1=l3) and a link A1A2 with half the length of the base link A3A0 (l4=2l2). For the condition that 
l1:l2=5:2, point S halfway link A1A2 traces an approximate straight line. In Figure 15b it is illustrated that this linkage has two 
pantographs as a geometrical basis which are combined in a configuration known as Burmester’s focal linkage with f as focal point 
[8]. The Chebyshev linkage is composed of links aligned with these pantographs. In this case the pantographs are only used as a 
graphical tool for synthesis since in the real design in Figure 15a no mass of a pantograph link is directly present. The force balance 
condition for which the center of the moving mass of the linkage in Figure 15a is in point S for any motion can be written as:   

           0                 (7)  

with    and  .   

  

  
Figure 15: (a) Balanced Chebyshev approximate straight‐line mechanism and (b) its geometrical basis with two pantographs in a composition  

known as Burmester’s focal linkage.  
  

Figure 16 shows the conceptual design of the balanced Turnround roof that is based on the linkage in Figure 15a. The roof is shown 
with a wave‐shaped design, however it can have many other shapes as well. Beautiful of this concept is that the roof can move in 
an approximately balanced way from a perfect horizontal pose to a perfect vertical pose on either the left or the right side, 
exhibiting a significant balanced rotation of 180 degrees in total. This makes the design a façade and roof in one.  

During motion, the center of mass in S moves slightly up with a maximum of 0.24% relative to base link A3A0 at about halfway the 
horizontal pose and both vertical poses. Since in these three poses the center of mass in S is at the lowest heights, these three 
poses are very stable with the mass helping to stabilize. This means, on the other hand, that some effort is needed to keep the 
roof in all other poses in between, although this effort is significantly small.   
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Figure 16: Conceptual design of the Turnround roof, a roof that can rotate from a perfectly horizontal pose to a perfectly vertical pose on both 

sides with almost perfect balance, making it a façade and roof in one.  

Conclusion  

In this paper it has been shown how inherently balanced vertically movable architecture can be designed based on a balanced 
pantograph linkage as starting point and as building block, resulting in designs without the need of counterweights. Three 
approaches for this were presented. The approach by combining balanced pantographs showed to be a straightforward approach 
to obtain designs with a variety of possibilities. Conceptual designs of a balanced Tipi tent and the balanced Inside-out house were 
presented. The approach by patterning a bisected balanced pantograph showed to lead to a complete other class of possible 
designs, from very simple to as complex as desired. Conceptual designs of a circular and an oval balanced umbrella canopy were 
presented and also of the Wing‐type bascule bridge, a movable bridge balanced without counterweight. The third approach by 
incorporating balanced pantographs resulted in two very specific new solutions. The conceptual design of the Flipper building and 
of the Turnround roof were presented, showing large ranges of deployable motion.  
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Abstract  

Building parts that are adaptable to changing environmental conditions are sought out in today's architecture. Proper solutions can 
be offered by deployable planar surfaces. The general objective of the current study is to develop a deployable system that can be 
used as a part of a building. A novel method of design that is capable of creating 1 DoF adaptable surfaces with a network of a unit 
mechanism is described. The developed surfaces are planar in the fully deployed position and spatial during both deployment and 
the compact position. Initially, a unit that has a triangular shape in the deployed position is generated to be used in all deployable 
regular convex polygons. This unit is topologically a Bennett variation of Sarrus’s overconstrained 6-bar, 1DoF plano-spherical 
mechanism. The 6-bar unit is an assembly of a planar 4-bar loop and a spherical 4-bar loop connected with two mutual links. In the 
repetition, the congruent linkage units are symmetrically rotated in varying numbers depending on the number of sides of the 
related polygon. The unit dimensions are adapted considering related polygons. Deployable regular tessellations are designed with 
the assemblies of these deployable polygonal modules. Links and joints are revealed with kinematic diagrams for the kinematic 
designs.  

Keywords: Deployable surface, plano-spherical linkage, polygon, regular tessellation  

Introduction  

The concept of movement that equips a designers’ unique work, gives a great opportunity to create unique dynamic designs. The 
pressure caused by physical, environmental, social and cultural needs results in consideration of the fourth dimension in 
architecture (Zuk & Clark, 1970).  Changing lifestyles, recently generated materials and the rapid progress in transportation and 
production procedures reveal different conception and methods for art and architecture. The development of technology and 
mechanism science, in terms of both theory and application, allows art and architecture to have movable, adaptable characters. 
Besides the great development of information technology, increasing demand for a cleaner world also plays a major role in the 
construction of these highly functional, creative structures (Kronenburg, 2003). The need for adaptable forms is currently intended 
to be fulfilled by developing a novel method for designing a deployable surface.   

A deployable surface can be described as a building part that allows movement to respond to the changing environmental 
conditions and user needs. Movable architecture and structures are examined under various titles with respect to their 
characteristics. Kinetic architecture and deployable structures are the most widespread terms that are studied. Kinetic architecture 
is described by Zuk & Clark, in their book (1970), as an adaptable form of architecture that is based on the mechanistic-
technological approach. Kinetic architecture is also defined as “buildings, or building components, with variable location or 
mobility and/or variable geometry or movement” (Fox & Yeh, 2000, p.2). Deployable structure is “a generic name for a broad 
category of prefabricated structures that can be transformed from a closed compact configuration to a predetermined, expanded 
form, in which they are stable and can carry loads” (Gantes, 2001, p.3). Emilio Pérez Piñero is the first of all structural designers in 
the field of modular and deployable architecture (Escring, 1996). Theodore Zeigler, Felix Escring, Frei Otto, Santiago Calatrava, 
Buckminster Fuller, Chuck Hoberman, Charis Gantes, Sergio Pellegrino, Zhong You, Yan Chen, Robert Kronenburg, Gökhan Kiper, 
Yenal Akgün and Feray Maden are some of the outstanding names working in the fields of kinetic architecture and deployable 
structures.  
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Mechanisms in art and architecture that use rigid links are designed through kinematic synthesis and analysis processes. The 
present study thus detects and designs the characteristics of motion in the mechanisms generated. Kinematic designs involve a 
systematic generating process to determine basic characteristics of the mechanism including the numbers and types of links and 
joints, angular positions of links and mobility of the mechanism. Revealed mechanisms vary depending on their utilization and 
purpose. The forefront position of load-bearing capacity in structure design has a direct effect on the number and type selection 
of links and joints. Links, as bars and plates that are used not only for motion transmission but also for covering purposes as in 
buildings, can have their form as their outstanding characteristic. Linkages are the most widespread type of mechanisms that are 
applied to architecture. The rigid bars can resist heavy loads with revolute joints. Plate links are also preferred over bar links in 
architectural design due to the advantage of cover. The primary advantage of using revolute joints rather than the other type of 
joints is that they are capable of maintaining the lubricating grease in between surfaces and therefore have a longer life span 
(Norton, 2004). Having 1 degree of freedom (DoF) is another main factor that enables to control the movement with one actuator. 
Due to the aforementioned reasons, a single DoF unit designed with a linkage (including bars, plates and revolute joints) is intended 
to be generated in this study.   

Various studies about the planar linkages used in architecture, in which links are designed as plates for covering surfaces, are 
conducted. A foldable support structure is designed and proposed to be covered with triangular or angulated plates that can be 
attached as well as membrane use by Kassabian et al (1999). Jensen and Pellegrino’s expandable structures are firstly designed 
with bars and covered with plates, secondly with two layers of fully plate structures (2002). Surface closure is provided by the links 
that are designed as rigid panels in the retractable structure design by Hoberman in the Olympic Arch at Utah, in the 2002 project 
(2004). After analyzing retractable plates and deployable reciprocal frames, a novel method for designing deployable plate 
structures forming polygons in the deployed position, the Swivel Diaphragm, is proposed by Rodriquez and Chilton (2003). A novel 
linkage type for polygonal and polyhedral shapes is generated by Kiper et al. (2008). The retractable roof of You and Chen is 
designed and analyzed using planar double chain linkages with plates (2012). Gazi and Korkmaz propose a new approach for the 
architectural use of one-uniform tessellations that is designed with retractable plates (2017).   

The current paper makes a remarkable contribution in terms of offering a proper solution for covering planar surfaces with 
assemblies of plates and bars in plano-spherical linkage units which reveal spatial dynamic forms in deployment. The unit is also 
adaptable to all regular convex polygons by virtue of its triangular shape in the deployed position. A single module, as well as 
assemblies of the modules in various combinations, can be used in surface design. The current modular approach and method of 
assembly provides the opportunity of many 1 DoF configurations to be designed.   

Definition of the Method  

Regular convex polygons are selected to obtain a deployable planar system. The development of a unit adaptable to all regular 
convex polygons is aimed. A movable primary unit design that is relevant to the current design problem is generated. The primary 
unit is the assembly of a planar 4-bar loop and a spherical 4-bar loop. The planar surface is generated in the deployed configuration 
and reveals 3D forms through the spherical loop during movement. This unit is topologically Bennett’s (1905) variation of Sarrus’s 
overconstrained 6-bar, 1 DoF plano-spherical mechanism.   

After the primary unit is generated, it is adapted to be repeated in regular convex polygons by changing the link dimensions and 
connection angles. In addition to the repetition, the congruent primary linkages are symmetrically rotated in varying numbers 
concerning the number of sides in the related polygon. In this repetition, by using mutual links, 1 DoF deployable surfaces are 
synthesized from the assembly of 1 DoF units.   

The following procedure is the repetition of deployable modules to cover the planar surfaces leaving no gaps or overlaps in the 
deployed position. Deployable regular tessellations are designed with the assembly of these deployable polygon modules. Mutual 
links and connections are selected considering the assembly of two or more polygons to move without collision or overlapping.   

Types and numbers of links with joints are revealed with kinematic diagrams. The mobility analysis of the unit is revealed with 
Freudenstein and Alizade’s formula. The kinematic diagrams and models are generated using Autocad© and Solidworks© 
programs.  

Kinematic Design of a Primary Unit  

The first decision is made about the primary linkage unit design which is aimed to be used in a movable surface. Regular convex 
polygons are examined to develop an adaptable unit. These are triangle, tetragon, pentagon, hexagon, etc. Firstly, the regular 
convex polygons are broken up into as many triangles as the number of polygon sides. The triangles formed with lines that are 
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drawn from the geometric center to the vertices of each polygon are shown in Figure 1. Thus, the triangle is selected as the primary 
unit’s deployed form.  

  

  
                 Triangle                               Tetragon                   Pentagon                            Hexagon  

Figure 1. The break-up of regular convex polygons into triangles.  
The simplest planar linkage is 4-bar. Thus, a 4-bar linkage that has a triangular shape in its fully deployed configuration is generated. 
A 6-bar linkage is subsequently developed with 2 additional plates to cover a surface. The design steps from a triangular shape to 
a plano-spherical 3D linkage are shown in Figure 2.  

  

  
Figure 2. The design steps of a primary unit from a triangular shape to a plano-spherical linkage  

  

This 3D linkage is topologically Bennett’s variation of Sarrus’s 6-bar, 1 DoF, overconstrained mechanism (Bennett, 1905) in case 
the top revolute joint of the four-bar loop in figure 2 is removed. Bennett describes the Sarrus linkage and two other variations as 
double-spherical (spherical and spherical),  plano-spherical (planar and spherical) and double-planar (the Sarrus linkage) (Alizade, 
Kiper, Dede, & Uzunoğlu, 2014). The joint axes of spherical mechanisms intersect on a finite point whereas joint axes of planar 
mechanisms are parallel. Bennett defines the variations as two imaginary four-bar loops (spherical and/or planar) that are 
assembled with two common links. One of the four-bar loop is planar and the other is spherical in the plano-spherical loop.  

Bennett’s plano-spherical linkage topology in the primary unit design is shown step by step in Figure 3. The plano-spherical linkage 
defined by Bennett with the model and the plan for the disconnected state of links R and S are shown in Figure 3a. The first four-
bar loop in which A, T, U, B links are connected with revolute joints is planar while the second four-bar loop in which A, R, S, B links 
are connected with revolute joints is spherical. The ATUB loop is assembled with the ARSB loop with two common links: A and B. 
The intersection of revolute joints in the ATUB loop occurs on an infinite point, thus their axes (Y) are parallel to each other while 
the axes of revolute joints at the ARSB loop intersect on a finite point (X). The point X acts as a virtual hinge that is categorized as 
a redundant joint during motion (Bennett, 1905).  

A 6-bar primary linkage unit that has identical topological properties with the Bennett plano-spherical mechanism is generated.  
A and B are used as common links in the assembly of the ATUB planar four-bar loop with the ARSB spherical four-bar loop. The 
DoF of the mechanism thus remains the same with the use of two common links. The axes of the revolute joints of the ATUB planar 
loop are parallel to each other (Y). The revolute joint axes of the ARSB four-bar spherical loop intersect on a finite point (X). The 
triangular shape in the deployed position of the unit is generated by the selection of the shapes, junction procedures and 
dimensional ratios of the links. R and S are right triangular shaped binary links. The joint axes between A-R and S-B links have right 
angles to the ATUB loop joint axes (Y). The dimensions of the links R = S, A = B, and T = U (see Figure 3).   

The mobility calculation of Freudenstein and Alizade is used for calculating mobility including the number of loops in the 
mechanism (Alizade, Bayram, & Gezgin, 2007). The mobility formula of Freudenstein and Alizade’s is:  

  
Where  is the mobility, L is the number of independent loops in the mechanism,  is the active motion space dimension (

),  is the total number of links in a mechanism,  is the number of  DoF joints.  
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The numbers of independent loops are determined via Euler’s formula for polyhedra (Alizade et al., 2007). The Euler equation is:   

  
Where  is the number of independent loops, j is the number of joints and n is the number of links.   

The top view of cad models and the kinematic diagram of the 6-bar plano-spherical mechanism are shown in Figure 4. The length 
of link no. 1 is equal with link no. 2, the length of link no. 3 is equal with link no. 4 and the length of link no. 5 is equal with link no. 
6. Link no. 1 is taken to be fixed, and link no. 2 is input link. Considering these parameters the independent loop 
calculation of the 6-bar plano-spherical overconstrained ( ) unit is  

  
Considering these parameters the mobility calculation is,  

.  
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Figure 3. Plano-spherical mechanism models and plans when the R and S links are disconnected from each other and the mechanisms are  
flattened  

(a)Bennett’s plano-spherical mechanism  
(Source: Redrawn by the author from Bennett, 1905)  

(b)The developed unit with only plates  
(c)The generated deployable unit with two plates R, S and four bars A, T, U, B.  
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Figure 4. Kinematic diagram and motion sequence of the 6-bar plano-spherical mechanism  

Repetition of the Primary Unit in the Deployable Polygons  

Each regular convex polygon can be broken up into triangles by a line drawn from the geometric center to the vertices (Figure 1.) 
Triangles are congruent (identical in shape and size) in each polygon. Primary linkage unit dimensions and angles are adapted to 
the triangles that are used. Units have rotational symmetry around the centers of the polygons and they are repeated as many 
times as the number of the sides of the polygon. The units are assembled from the center of the polygon with two mutual links. 
This method provides each deployable polygon single DoF.   

The assembly of three congruent 6-bar plano-spherical loops of the Deployable Triangle is shown in Figure 5. The first six-bar loop 
(links no. 1, 2, 3, 4, 9, 10) is assembled to the second six-bar loop (links no. 1, 2, 5, 6, 11, 12) and the third six-bar loop (links no. 1, 
2, 7, 8, 13, 14) with two mutual links (no. 1 and 2). In this mechanism, links no. 1 and 2 are congruent links and have 6 nodes. 
Congruent bars no. 3, 4, 5, 6, 7, 8 and congruent plates no. 9, 10, 11, 12, 13, 14 are binary links (2 nodes). Link no. 1 is the fixed 

link and link no. 2 is the input link. A rotation of 120 rad.) is generated by link no. 2 between the compact and deployed 
positions of the mechanism.   

The assembly of four congruent 6-bar plano-spherical loops of the Deployable Square is shown in Figure 6. The first 6-bar loop 
(links no. 1, 2, 3, 4, 11, 12) is assembled to the second 6-bar loop (links no. 1, 2, 5, 6, 13, 14), the third six-bar loop (links no. 1, 2, 
7, 8, 15, 16), and the fourth six-bar loop (links no. 1, 2, 9, 10, 17, 18) with two mutual links (no. 1 and 2). In this mechanism, links 
no. 1 and 2 are congruent links and have 8 nodes. Congruent bars no. 3, 4, 5, 6, 7, 8, 9, 10 and congruent plates no. 11, 12, 13, 14, 

15, 16, 17, 18 are binary links (2 nodes). Link no. 1 is the fixed link and link no. 2 is the input link. A rotation of 90 rad.) is 
generated by link no. 2 between the compact and deployed positions of the mechanism.   

The method used for the deployable triangle and square is used for repetition and assembly in the design process of the other 
deployable polygons.   

Repetition of Deployable Polygon Modules in Regular Tessellations  

Either the single deployable polygon module or the repetitions of these modules are used for surface covering. Regular 
tessellations that consist of systematic repetitions of deployable polygons are selected in the present study. These provide 
coverage of a surface with no gaps and overlaps in the deployed position.   
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Regular tessellations consist of regular convex polygons. Triangles, squares and hexagons are repeated in line with the symmetry 
in the regular tilings. The tiling elements are the vertex, the edge and the tile. The edges have identical lengths in each tessellation. 
The vertices are the endpoints of the edges and all the vertices are the same type in a uniform tessellation. A uniform tiling is 
denoted by the surrounded polygons in a vertex (n1. n2 .n3…. nr) in which n is the number of corners in a regular polygon (n1-gon, 
n2-gon… ) and r is the number of intersecting polygons in a vertex (Wei & Wang, 2019).   

 
Figure 5. Kinematic properties of the deployable triangle module.  
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Figure 6. Kinematic properties of the deployable square module.  
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The square tiling that is called 44 (4.4.4.4) is shown in Figure 7. The tiles are adjacent in case two tiles have a common edge. For 
example, T1’s adjacents are T2 and T3 that have a common edge (Grünbaum & Shephard, 1987).  

  

  
Figure 7. Tiling elements of the regular tiling 44  

  

There are three types of regular tessellations (36), (44) and (63) in which the vertices have the same type of congruent polygons 
(see Figure 8.).  

  

  
Figure 8. Regular tessellations  

  

The modules are adapted to the polygons in regular tessellations in the current condition. The plan of the selected tilings and 
number of polygons are shown in Figure 9. These polygons have equal-length sides which are modeled which are 50 cm length.  

  

  

Figure 9. Selected parts of the regular tessellation plans for assembling the deployable polygon modules that are broken into triangles.  

  

The deployable polygons are assembled one by one to the selected adjacent polygon. When two adjacent polygons are assembled, 
two links are used as mutual links. Two mutual links assure that the mobility remains 1 DoF. For example, the assembly of two 
squares is shown in Figure 10.   

The assembly method is used in mutual links between two deployable polygons. For example, the assembly of two deployable 
squares that are each assembled of four identical plano-spherical units is shown in Figure 10. The links no. 5 and 6 are the mutual 
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Abstract 

Life cycle assessment is a method that evaluates the environmental impacts associated with all stages of a product's life, from raw 
material extraction to processing, production, transfer to site, use, repair, maintenance, disposal or recycling. BIM can be used in 
the construction industry for many purposes such as design, modelling, conflict detection, cost estimation, planning, prefabrication, 
energy analysis and facility management. The main ingredients in sustainable construction are quality, cost and time savings. 
Sustainable designs are aimed at reducing the negative effects of resource consumption on the environment and creating healthy 
environments. 

Integration of Life Cycle Assessment (LCA) into Building Information Modelling (BIM) creates data on all processes from the project 
stage to construction, use, demolition, even demolition to the redesign stage, and the negative consequences of these processes 
can be reduced. Temporal, financial problems or auxiliary methods that may arise during the process can be determined in advance. 
Thus, this integration provides solutions for designers, users and contractors that reduce material, time loss and environmental 
burdens. 

In this study, it is planned to evaluate the integration of BIM and LCA in order to ensure sustainability in the construction industry. 
With the integration of BIM and LCA tools, sustainable material selection will be provided in the early design stages. In this study, 
SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis of the integration of BIM and LCA was carried out. As a result 
of the SWOT analysis, strengths and opportunities have been found to have a greater impact. 

Keywords: Building Information Modelling (BIM), Life Cycle Assessment (LCA), Sustainability, Building Life Cycle Assessment (BLCA) 

Introduction 

Building Information Modeling (BIM) is explained from different perspectives in various sources. National Institute of Building 
Sciences (WBDG, 2017) defines BIM as 'a digital representation of the physical and functional characteristics of a facility' (WBDG, 
2017). BIM is an approach that can be applied throughout the project life cycle starting from the feasibility stage to the building 
operation and demolition of the building. BIM can be used in the construction industry for many purposes such as design, 
modeling, clash detection, cost estimation, planning, prefabrication, energy analysis and facility management (Özorhon, 2018). 
Current concepts related to BIM can be listed as innovation, integrated project delivery, lean construction, sustainability, off-site 
manufacturing, smart cities, Geographic Information Systems(GIS), Enterprise Resource Planning (ERP). According to the projects 
delivered by the traditional method, BIM approach is expected to be done in a short time, with low error amount, with low cost, 
with high quality. 

Giel and others (B. Giel, Issa, & Olbina, 2019) have compared similar projects where BIM is used and not used. According to the 
results, BIM is a useful investment for employers. It was noted that the return on investment was over 16% in case studies. Issues 
that impede barriers to BIM adaptation (Sawhney, 2014): mentality, project delivery network, technological barriers, assessments 
of qualified resources, high hardware and software costs, legal and commercial barriers. 

Sustainability is built upon three pillars: economic, social and environmental (Hauschild, Rosenbaum, & Olsen, 2017). 
Sustainability in the construction sector, the built environment has an environmental impact which is primarily due to the 
resources consumed in the construction processes. According to European studies, about 40% of the energy consumed in the 



ATI 2020: “Smart Buildings, Smart Cities” Proceedings 

26-28.08.2020, Yaşar University – Izmir - Turkey 
 

    

   331  

European Union is spent in the construction sector. Moreover, the construction sector is an expanding sector and energy 
consumption is constantly increasing. Furthermore, the construction sector accounts for approximately 40% of natural resources 
and 40% of total waste worldwide (ISHN, 2010). The second is that the construction sector is the main source of economic income. 
The construction sector corresponds to one-tenth of the economy globally. Third, buildings and infrastructures in the urban 
environment also have a major impact on the social status of the person, which is necessary to improve the well-being and quality 
of life of citizens (Ronald Rovers, Antoinet Smits, Cuno van Geet, Rolinde Oosterheert, 2002). 

Construction sector is distinguished from other sectors due to being project based and almost every project has unique 
characteristics. Each project requirement list is shaped by different factors such as individual customer demands, land data and 
climatic data. For this reason, the designs are expected to be flexible and modular and to perform well with simple changes 
(Nawari, 2012). In all different life cycles, the design phase is the one that has the highest potential to affect the project and adds 
value. When construction reaches the stage of construction, only minor changes are possible at higher costs because the project 
loses the flexibility to change (Khasreen, Banfill, & Menzies, 2009). It is aimed to produce long-lasting structures in the construction 
industry. All materials used in the structure have certain lifetimes, the requirements for these lifetimes are defined in detail by 
ISO 15686-5 (ISO15686-5, 2017). Furthermore, construction has much greater uncertainty during construction as product diversity 
can undergo changes throughout the life cycle (Nawari, 2012). Throughout its life cycle, each construction project has different 
characteristics in terms of various stakeholders and interests. The construction process itself involves companies of various sizes, 
although small and medium-sized ones are dominant (Burke, 1999). 

Construction is considered a low-level industry in investment in research and development (Mimarlık ve sanallık, 2008) which 
naturally hinders any development or evolution. There are several features inherent in the construction industry, which can lead 
to inefficiency in sustainability. Firstly, the various stakeholders involved and the characteristics of each project do not conform 
to any form of standardization (Nawari, 2012). The second is that there is often insufficient cooperation between stakeholders. 
On this basis, lack of trust or lack of open communication has negative consequences for this industry. Third, the tender process 
is often based on economic concerns rather than generating value. In fact, lack of collaboration and effective communication is 
one of the main causes of wasted resources. As a result of these deficiencies, situations where the same information can be 
entered many times during a single project can be encountered. T8he time spent at the beginning of the project (28%) is really 
important, the remaining time is used more inefficiently (Global sustainability report, 2019). Considering all these, the necessity 
of a collaborative environment emerges. 

Near Zero Net Energy (NZNE) by the energy Performance of Buildings Directive (EPBD) the building means that the energy obtained 
from itself  is close to the energy it spends. Net Zero Energy Building (NZEB) is the name given to buildings whose annual energy 
consumption equals the renewable energy it produces (Sesana & Salvalai, 2013). These types of buildings minimize the greenhouse 
gases they give to the environment. EPBD has announced that public buildings should be near Zero Net Energy (nZNE) by 2019 
and all new buildings by 2021 (Pless & Torcellini, 2010)(European Commission, 2016).  

Building Life Cycle and Stages 

According to the Construcion Specification Institute (CSI), the life cycle of a building from concept to construction, from use to 
demolition follows a series of stages (Construction Specification Options, 2010), (Ofluoğlu, 2014). According to CSI, the building 
life cycle stages are: concept project, project delivery method determination, design, construction documentation preparation, 
procurement (tender/bargaining/purchase), construction, building/facility management, and going back through the concept 
project phase to the next stages (Construction Specification Options, 2010).(Figure 1) 
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Figure  1.  Building Life cycle assessment (Irish Green Building Council, 2018) 

 

A. Design Phase 

It is the first phase after its conceptual design. The design is started by the architects by obtaining the land information obtained 
from the topographical and geological engineers. In the later stages, it also covers the static, mechanical and electrical projects of 
the structure. Simple modelling can be used to help support design decisions. Performance-related simulations and designs are 
used to try to make decisions about building form, building direction, material selection, construction methods, save money and 
time before the construction activity. 

 

B. Project / Construction Phase 

It aims to provide effective data sharing and good communication between project stakeholders, conflict detection with the help 
of three-dimensional model before construction, to reduce or eliminate any extra construction costs, to try to reduce the time 
loss that may occur during construction, to determine the schedule of the work machines and the work force. It has become 
possible to produce complex and special geometry building elements in advance or on site with computer aided techniques. Thus, 
all stages from the beginning of design to construction can be controlled in digital environment (Ofluoğlu, 2014). 

C. Facility Management Phase 

The model created in the computer environment also answers certain questions during facility management. As a result of 
integrating these data into a software, the facility's management model can be kept up-to-date, maintained, leased, and personnel 
management through this model. 

D. Repair or Demolation Phase 

Disruptions in certain functions and materials occur over time in structures. Depending on the climate or installations, 
malfunctions must be repaired and the building may continue to be used as a result of these repairs. The demolition phase is the 
last phase of the building life cycle before it goes back to the beginning. If the materials from the demolition can be reused, they 
can be reused or recycled. Disposal that cannot be reused is transferred to solid waste landfills. 

The ideal design process is cyclical, so the design should be revised at every stage of the project. The use of BIM in the project life 
cycle; It includes various fields such as visualization, design / modeling, energy analysis, clash detection, construction planning, 
cost estimation, fabrication / site drawings, prefabrication, facility management. These areas also provide improvements in many 
areas such as occupational safety and health, architectural education, virtual reality, Geographic information systems (GIS), 
Cultural Heritage BIM (HBIM), and smart cities (Diara & Rinaudo, 2018), (Hetemi, Ordieres-Meré, & Nuur, 2020). 
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BIM Use in the Project Life Cycle 

A. APPLICATION AREAS 

A.1.Visualization 
In the BIM approach, three-dimensional models can be easily created simultaneously drawing the building's plans  (Benli Yıldız 
and  Sahtiyancı, 2019). Created the three-dimensional visuals provide a better understanding of how the final appearance of the 
building looks like. The ability of the designer, client and employer to see the contours of the project enables better decisions 
about the aesthetics and functionality of the project (Hergunsel, 2011). 

A.2. Design/Modelling 
BIM, from the point of view of the discipline of architecture, the shape, size of the building, the relationship with the environment, 
spatial arrangement of the spaces provides more dominance over the design. The object-based parametric property of BIM allows 
architects, mechanics, electricians, civil engineers and manufacturers to influence various functions on the same building model. 
All architects and engineers work on the same model and prepare the models belonging to their own disciplines. This process 
initially extends the project process, while shortening the construction time (Ii et al., 2015), (Liu, Nederveen, & Hertogh, 2016).  

A.3. Energy Analysis 
Designers can make these analyses at the project design stage by associating them with energy analysis tools. The method applied 
today is to make energy analyses after the building design is finished, but it is not possible to make changes at this stage. It is 
easier to guide the design with analysis during the design phase using BIM. The orientation of the building, the design of semi-
open spaces, the location of door window spaces, eaves, sun breakers, and the choice of materials, in terms of thermal comfort 
are of great importance. Meanwhile, important steps have been taken in terms of sustainability by selecting the most suitable 
alternative energy sources from the charts created as a result of their analysis (Kua & Wong, 2012), (Wong & Zhou, 2015). 

A.4. Conflict detection 
Geometric overlaps of architectural, static, mechanical and electrical systems are taken from all disciplines and compared to 
determine, control and correct them. In the investigations, conflict analysis is done, coordination is provided by making the 
necessary interventions. Thus, construction time is shortened, costs are reduced, problems between the contractor and the 
administration are reduced and sustainability is contributed (Charehzehi, Chai, Md Yusof, Chong, & Loo, 2017).  

A.5. Construction schedule 
Built models can be provided with access to the construction process and a virtual image of the construction process is obtained. 
BIM also provides benefits such as pre-construction planning, storage, location of cranes scheduling, capacity selection. 

A.6. Cost Estimation 
It is possible to make a reliable cost estimation from the quantities taken from the model created with BIM. In addition, a quick 
cost return can be made for any changes to the project. Thus, the correct feasibility study is carried out in the first phase before 
the employer's budget is exceeded. Modelling is important for increasing precision and data sharing in order to obtain the correct 
quantity (Özorhon, 2018). 

A.7. Fabrication/In-site Drawings  
Field drawings can be created with the completed model and thus the problems that may arise can be identified. In case of any 
change, it can be easily applied in this model (B. K. Giel, 2009). 

A.8. Pre-fabrication 
Pre- fabrication means that production is done in a controlled factory, rather than in the site. Also, it provides advantages in terms 
of sustainability of construction and safety of workers (Jaillon & Poon, 2014)  As a result of building design with BIM and detailed 
modeling, access to construction dimensions and information of pre-manufactured construction elements can be provided. In this 
way, the prefabricated elements can be transferred to the construction site by making them off site in the process such as the the 
rough construction. The coding that will be done during the design phase will provide ease of description during the construction, 
transportation, installation and even repair of the prefabricated element. 
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A.9. Examination of Compliance with Regulation 
Each country has its own zoning plan and zoning regulations. For this reason, the projects should be done in accordance with the 
regulations issued and these projects should be checked and approved by their competent authorities. Projects drawn with BIM 
increase dominance over the project, shorten the duration of these controls and facilitate the process. 

A.10. Facility Management 
BIM can be used in restoration, planning and maintenance operations. Thus it is possible to reduce building life cycle costs.  

The analyses, improvement studies and evaluations to be made within the scope of Building Life Cycle Assessment (BLCA) not only 
contribute to the sustainability policies of the project stakeholders, but also ensure that the buildings planned to be built receive 
high scores and certification degrees in Sustainability Certification systems (Erke Tasarım Danışmanlık, 2016). 

Building Information Modelling (BIM)  and Life Cycle Assessment (LCA) 

 
Life cycle assessment in the building Industry can be categorized by 4 levels: material, product, building, or industry (Figure 2). 
This chart shows that the main point on which they are all based is the Life Cycle Inventory (LCI). This information is mostly 
obtained by construction materials manufacturers as part of their own materials sustainability studies  ( Benli Yıldız, Arslan & 
Yılmaz 2020). The data of the materials and products are required to be known by the architects, so that more sustainable 
materials are selected during the project phase. At the building level, firstly customers must request a sustainable building. The 
awareness and wishes of the building owners and construction supervisor in this regard is going to shape the construction phase. 
At the industry level, policy makers and government managers would be aware of the importance and size of the issue and would 
be able to establish regulations in this direction. With all these developments, it could be requested to stay below a certain 
environmental load in the building designed with regulations, customer demands or the consciousness of architects. In this sense, 
in order to make the right decision in the early design phases, the LCA study should be integrated with BIM (The American Institute 
of Architects, 2010).  

 
Figure 2. Life cycle element stages  (The American Institute of Architects, 2010) 

 

Materials based software such as GABI, Simapro; building based Athena Impact Estimator, BEES (Building for Environmental and 
Economic Sustainability), industrial based economic Input-Output (EIO) based LCA methods could be used. Since LCA's entry into 
literature, sustainable material libraries (such as BRE (Building Research Establishment), national or European Union sustainable 
material library etc.) have been established. In these soft wares and data sets, we find environmental effects by entering quantity 
information together with material details. Tally, a plug-in that integrates LCA into Autodesk Revit, a BIM software, is programmed 
in accordance with US standards (Soust-verdaguer, Llatas, & García-martínez, 2017). With the ecodesigner, OneClick LCA 
programs, BIM software can be used to make LCA studies and create data to sustainable building certification systems. Simpler 
tools combining LCA with BIM are also being developed by some academics (Meex et al., 2018).  
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Life Cycle Assessment (LCA) by Building Information Modeling of buildings can potentially be performed in the same software 
environment. Based on this point, it is possible to recognize the building elements that will be made of LCA directly through BIM, 
to remove their quantity and to calculate the environmental loads according to this quantity.  Life Cycle Assessment (LCA) experts 
have very high expectations of workability and positive return with BIM (Jung & Joo, 2011), (Naneva, Bonanomi, Hollberg, Habert, 
& Hall, 2020).  

The LCI datasets of raw materials, intermediates and final products can be processed into BIM-based software, so structural 
elements and components can be environmentally defined (E. Yılmaz, Arslan, & Bideci, 2019). However, to date, the LCA carried 
out on the basis of a digital model still requires LCA expertise, as it is not so easy or systematic. At BIM base, there are often 
simplified analysis due to the actual input data from the project. The sub-materials of these analysis need to be defined and 
identified. These are mostly quantity categories that are removed from the model and integrated into the LCA software with an 
environmental database, then the LCA leaves the model. Some software can perform LCA directly in the model, but the 
assumptions taken into account are still very limited and databases are not connected. The data considered are generally limited 
to the surfaces and quantities of the main materials such as concrete, steel and wood. Air conditioning systems and other heating 
systems are not considered (Decloedt, 2019). This situation is expected to change very quickly, its effect on processes and software 
development will change. BIM should be able to access environmental data directly from the model (Piemonte, 2007). As a result 
of the integration of BIM and LCA, material information can be drawn from the model created in BIM, and the environmental 
effects of the materials used such as global warming potential and ozone depletion potential can be determined. The next step is 
to return to BIM from the information obtained and the necessary integration and changes are provided. Then it is possible to 
achieve sustainability goals, apply for Sustainable Building Certification or be marketed at higher prices (Piemonte, 2007). 

Today, the LCA is unfortunately not a choice factor, but more results. There is no complete confidence in the LCA when choosing 
materials for a construction project. However, BIM software and BIM software vendors play an important role in effectively 
integrating LCA into the digital model, making LCA actors full-fledged stakeholders in building design (Piemonte, 2007)(Bueno & 
Fabricio, 2016),  (Figure 3). 

 
Figure  3.  LCA and BIM intersections (Bueno & Fabricio, 2016). 

 
The first approach is based on the direct extraction of project data from the BIM model and construction throughout its entire life 
cycle. BIM is used as the main source of information and manual data re-entry is prevented. Results are reached in the decision 
making process with real-time evaluation. In this way, it is integrated into the first design stage in environmental criteria. 
Environmentally different alternatives are compared and the most suitable one is chosen. Moreover, at the design stage, it 
evaluates the elements one by one in terms of materials and elements and thus improves the selection process. Secondly, the 
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different LCA related structural elements contain various information about the properties of BIM objects. In this way, when the 
designer chooses an element from BIM, he can control the environmental characteristics of the objects included in his library at 
the design stage. This environmental information is equally important as the features that remain in the decision making process. 
In other words, this approach can be seen as follows: The first step towards the inclusion of environmental criteria is pre-design 
and design stages. Moreover, rough construction and the LCA of the building can be done mainly based on a list of different 
features of the elements included in the material-oriented prediction model. 

Results 

SWOT (Strengths, Weaknesses, Opportunities, threats) analysis of BIM and LCA integration has been done. As a result of these analyses 
their strengths, weaknesses, opportunities and threats tabled. 

Table 1. SWOT analysis, strengths   
STRENGTHS 

Longer use of environmental criteria by various stakeholders. 

Increased efficiency in environmental assessment enables this work and less time is spent. 

Avoiding re-entering manual data: Once the construction information has entered the BIM model, there is no need to 
re-enter it for the LCA and the designer can easily access this information to make a decision. 

In the early design stages, more information about the project was produced and it provides more benefits in general. 

Higher efficiency of environmental assessment due to its early design stages (e.g. In relation to decision making) 

There is a chance to compare the foreseen environmental performance with real performance and to learn from 
experiences. 

It provides ease of calculating material scores, especially in sustainable building certification systems. 

Table 2. SWOT analysis, weaknesses  

WEAKNESSES 

Lack of trained workforce; different stakeholders in the construction sector are required to include environmental 
criteria in their assessments. 

The LCA process and way of presenting data are not standard. Data can be presented in different standards.  

Lack of environmental data to carry out LCA; countries need to create their own sustainable material libraries. 

Assumptions need to be made for LCA calculation, so the rate of uncertainty of the assessment increases. 

* Interoperability between BIM and LCA software is not sufficiently developed. Further research and development 
work is needed in this area. 
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Table 3. Swot analysis, opportunities 
OPPORTUNITIES 

In the construction sector it is becoming mandatory to consider environmental criteria. For this purpose, various 
initiatives are initiated by different governments and the European Union. 

The demand for sustainable projects and construction in the construction sector is increasing. 

In the construction sector, a tool with such features is really needed. 

The way of working in the construction industry needs to be changed; such an integrated tool and its implementation 
in the early design stages can contribute to this change. 

BIM is already widely accepted in the construction industry. If LCA and BIM are integrated, this would be even more 
acceptable for stakeholders.  
The benefits from BIM implementation will serve as a trigger for LCA performance in the early project phases. 

Table 4. Swot analysis, threats 

THREATS 

Generally, construction industry stakeholders are not aware of the importance of evaluating environmental issues at 
an early stage among project criteria. 

Some stakeholders may refuse to follow this step due to the effort required to integrate the LCA tool into the early 
design stages. 

There is a lack of research and development in the construction industry. 

There are a wide variety of stakeholders with different characteristics in the construction sector. This hinders 
standardization in the industry and makes it difficult for innovations to be implemented. 

There is a lack of interoperability between different software systems. 

There are not enough legal obligations, incentives and awareness regarding sustainable buildings in Turkey. 

 

Conclusion 

After evaluating the SWOT analysis of the integration of LCA and BIM, their strengths and opportunities are more than their 
negative features. However, it has been concluded that this issue needs further development. The inclusion of LCA in BIM is one 
of the requirements of the concept of sustainability to enhance environmental, economic and social performance in the 
construction sector. A holistic approach should be taken into account the three dimensions of sustainability. Certain improvements 
must be made to projects to ensure sustainability. The first of these improvements should be project development and 
improvements in the design phase within the project stages. Otherwise there will be more cost increases and time losses. One of 
the main objectives of the construction sector is the desire to achieve sustainable structure from existing information and 
technology. In order to meet this demand, the integration of BIM and LCA and the two are appropriate processes and tools. The 
interoperability environment of BIM and LCA should be supported by a more collaborative framework. Different stakeholders 
involved in the project contribute to the development of BIM communication and collaboration. For higher environmental 
performance, the relevant criteria should be considered in the initial design project. In this context, LCA is one of the most widely 
used tools in terms of material and building sustainability. 
While supporting sustainability, social and economic development in construction, it also targets low environmental impact. The 
construction industry should evaluate the building as a sustainable design tool according to different performance criteria. With 
the integration of LCA and BIM, an approach to broader sustainability will be achieved and productivity will increase. These studies 
can accelerate by creating the green material data sets of the countries themselves. This interoperability should be supported and 
expanded with local software companies. 
Through the integration of BIM and LCA, the performance of buildings according to various criteria can be compared to different 
alternatives. The integration of LCA and BIM supports sustainability with important aspects and opportunities. With the inclusion 
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of various LCA-related information into BIM's specifications, sustainability in construction can be increased as a result of the added 
information, objects, materials and element choices. Today, the concept of sustainability in the construction sector is material-
oriented, and this can be considered an opportunity. 
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Abstract  

Building Information Modeling (BIM) is one of the most important development that has started to be used in Architecture, 
Engineering and Construction sectors. It shows an integration characteristic with various phases of building production. It provides 
some advantages to building experts on time, cost and quality in construction sector. For this reason, it is seen that the use of BIM 
increases in the world. BIM has also started to use In Turkey’s construction sector since 2013.  On the other hand, there are several 
deficiencies regarding BIM in Turkey. One of them is the lack of technical personnel equipped with architecture skills and lack of 
employee at high level of BIM specialty. It is thought that architecture education have an important role at this point. For this 
reason, it is aimed to make a research for the integration of BIM with the architecture education in Turkey by this study. As the 
first step of the study, an information about BIM and the barriers of BIM usage are defined. After this, the integration practices 
and methodologies of BIM and architecture education in the world had been written. After the research on the integration practices 
in Turkey, a comparison between the findings of two views had been done. At the end, a route for the integration of BIM with the 
architecture education in Turkey had been tried to be foreseen.  

Keywords: Building Information Modeling (BIM), Architecture Education Practices, Integration of BIM with  the Architecture 
Education,  A route for the BIM Integration in Turkey. 

 

Introduction 

One of the most important developments in the Architecture, Engineering and Construction (AEC) industry in recent years is the 
widespread use of BIM, which increases efficiency in terms of time, cost and quality in the building industry.  It is observed that 
the data in the projects have increased recently and the projects have become more complex with the developments in the project 
scales and the innovations brought by technology. Causes such as the scale's growth and the increase in project complexity also 
increased the importance of collaboration between stakeholders throughout the project design and construction process. In order 
for this cooperation to take place effectively, information must be managed correctly. Otherwise, project costs may increase due 
to decreased productivity and delays in projects (Becerik-Gerber & Rice, 2010). Digital transformation and technology are used to 
increase efficiency. In the AEC industry, this is achieved through BIM (Becerik-Gerber & Rice, 2010). 

According to research by McGraw Hill construction (2014), it is said that the use of BIM is increasing in many countries around the 
world (Figure 1). In this sense, it is seen that many countries such as USA, UK, Singapore, Australia, Japan, Brazil, South Korea, as 
well as Scandinavian countries have adopted the BIM system (Figure 2) (Bahadİr, 2018). UK and USA are among the leading 
countries in BIM in the construction industry. In 2014, BIM usage rates were investigated between 2007 and 2012 by McGraw Hill 
Construction in North America. As a result of this research carried out with the participation of 592 people from different 
disciplines in the industry, the BIM usage rate increased from 28% to 71% in 5 years (McGraw-Hill Construction, 2012). In the UK, 
the rate of BIM usage between 2011 and 2018 increased from 10% to 70% (NBS, 2018). 
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Figüre 1. Percentage of Contractors at High/Very High BIM Implementation Levels (By Country)  ( McGraw-Hill Construction, 2014) 

 
 

Figüre 2. Global BIM Regulation Evolution (McAuley, Hore, & West, 2017) 
 

Building Information Modeling (BIM) is the sharing of information by creating a digital model of the designed project with the 
necessary software. It is a working systematic in which this information is used throughout the entire life cycle, including the 
design, construction, use and demolition of the building. BIM is an integrated application that allows effective collaboration 
between different professionals in the industry. In this respect it allows for a more efficient working system during the whole life 
cycle of the building, it is possible to understand the needs and budget estimates of customers, make faster decisions, make 
quality designs, save time and cost, efficiency, effective project management and information management, sustainability and 
collaborate with project stakeholders. 

Despite these benefits, the use of BIM is not widespread in the world and in Turkey. According to Berstein and Pittman (2004), 
business, technical and human problems are seen as obstacles to BIM. Park and Kim (2014); identified these barriers as a lack of 
BIM standards and customer demand, interoperability, resistance to changing existing practices, lack of knowledge, skills and 
training. On the other hand, Newton and Chileshe (2012) defined the obstacles as education and training costs, initial costs, change 
of business practices of companies, transition to BIM, difficulty of finding competent technical personnel. 
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The study addressed the obstacle of lack of technical personnel with an architectural point of view. It is thought that architecture 
education can contribute to reducing or eliminating this obstacle. Integration of the BIM system with architecture education is 
important at this point. In this sense, primarily within the scope of the study; the role of the BIM system in architectural education 
in the world and in Turkey, at what level of education, and in what way it is integrated, have been investigated. 

However, architecture education is widely discussed in various national and international architecture meetings today such as; 
Communication Group Meeting of Heads of Departments of Architecture Schools, Architecture and Education Congress (MOBBIG), 
International Union of Architects Congress (UIA). In addition, organizations such as the National Accreditation Board for 
Architecture (MIAK), the National Architectural Accreditation Board (NAAB-America) and the Royal Institute of British Architects 
(RIBA-England) on an international scale carry out studies on architecture education. Fort his reason, it is also thought that such 
corporations are important during the integration process of BIM in architecture education. 

The Integration Practices and Methodologies of BIM and Architecture Education in the World 
With the increasing use of BIM systems in the AEC industry in recent years, the need for graduated technical personnel who know 
BIM in the sector has also increased. In the world, this demand is met by the provision of BIM trainings at various levels in various 
faculties of various universities. It is seen that the need for experts trained with architectural skills is mostly met by institutions 
providing architectural education. 

Looking at the use of BIM in the world, it has been reported that there are institutions providing BIM education in Australia, 
Canada, China, Finland, Netherlands, Singapore, Japan, Czech Republic, Hong Kong, New Zealand, Norway, South Africa, Sweeden, 
UK and USA. It has also been seen that these institutions are not the only ones providing architecture education, they provide BIM 
integration with AEC (Architecture, Engineering, Construction) programs (NATSPEC, 2017). Some of the institutions mentioned 
are included in Table 1. 

 
Table 1. BIM education around the world 

 
Nation Education Institution 

Australia 11 institutions have shown the greatest uptake of BIM in their 
undergraduate curricula. Construction Management 
programs appear to be showing the fastest creation/uptake 
of BIM education courses. Many technical colleges are 
providing courses where BIM is incorporated into the 
syllabus. 

Australian Institute of Architects 

Australian Procurement and 
Construction Council 

Australian Construction Industry 
Forum 

Ausrtalian BIM Advisory Board 

Canada BuildingSMARTCanada (bSC) and Canada BIM Council 
(CanBIM) are jointly moving ahead with the implementation 
of the Canadian BIM Education Strategy. 

BuildingSMARTCanada (bSC) 

Canada BIM Council (CanBIM) 

Institute for BIM İN Canada (IBC) 

Finland Universities and polytechnics provide BIM education. Large 
companies such as Skanska and Senaatti arrange focused in-
house training as required. The Skanska use BIM for 100% of 
its own production 

National Common BIM (COBIM) 

BuildingSMARTFinland 

Singapore There are 11 Institutes of Higher Learning (IHLs) providing a 
total of 33 full-time programmes and 20 part-time 
programmes with BIM curriculum. Third-party BIM software 
educational vendors were also crucial in training, especially 
for professionals. 

Nanyang Technological 
University 

National University of Singapore 
Institutes of Higher Learning 
(IHLs) 

Building and Construction 
Authority Academy (BCAA) 

Source: (NATSPEC,2017) 
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According to 2013 UK report of the BIM Academic Forum (BAF), which included 60 members from 29 higher education institutions 
across the UK, including universities in the Republic of Ireland the target curriculum of Building Information Modeling (BIM) is 
being explored. BAF, a group of representatives from many UK universities created to support the academic aspects of BIM, has 
focused on the development of a 'BIM Academic Framework'. Under this framework, a roadmap for a longer-term vision is 
proposed to place BIM learning at appropriate levels within 'discipline-specific' undergraduate and postgraduate education (BAF, 
2013). In the Civil Engineering, Architecture and Building (CAB) section of Coventry University, which is located in UK, one of the 
countries where the BIM system is used most intensively, the use of BIM has started to be integrated into undergraduate 
programs. At this point in this section; The aim is to develop BIM awareness and skills that will be required for effective, cross-
disciplinary collaboration. 

The digitalization efforts of today's architectural education are tried to be fulfill with a 2D system mostly defined as CAD-centric. 
Despite that, the BIM system is an object-oriented and more than two multidimensional system. In this sense, it can be said that 
there are differences between the BIM system and the traditional CAD system in terms of workflows. Barison and Santos (2010a); 
They found that the integration of BIM in higher education institutions is predominantly carried out over a single course. However, 
it is more possible to realize the multidimensionality in BIM's structure with interdisciplinary integration. In this sense, it is not 
enough to apply the BIM system only in design studios that are software-oriented and the basis of architectural education, but 
also to integrate into other areas of architectural education such as construction information and restoration (Cheng, 2006). 
Similarly, cooperation with other disciplines is important in this regard. Another one of the countries where the BIM system is 
used the most is the BIM integration practices in the USA; In this context, various levels of BIM degree programs such as Civil 
Engineering, Architecture, Architectural Engineering, Construction Engineering and Construction Management are encountered 
to support the AEC industry (Ali & Zia, 2016). About 30 universities in the USA are accredited to provide degree programs in all 
three AEC disciplines. In addition, all of these offer some 'BIM courses' as part of the curriculum (Table 2). 

 
Table 2. BIM courses in the US universities 

 
Course No Course Name University 

CNMG 2318 Building Information Modeling University of Arkansas at Little 

ARC 1300P Building Information Modeling for Construction 
Management 

Georgia Institute of Technology 

CEE 110/210 Building Information Modeling Stanford University 

AE 597G Building Information Modeling Execution Planning Pennsylvania State University 

CM 1223 Graphic Communication Skills John Brown University 

CM 414 Virtual Construction University of Washington 

CM 470 BIM and Integrated Practices University of Southern California 

CGT 46000 BIM for Commercial Construction Purdue University 

MCM 602 Construction Information Modeling Philadelphia University 

ECIV 309 BIM in Construction Montana State University 

CM 4 Construction Graphics California State University 

AE 1312 Introduction to BIM Milwaukee School of Engineering 

ENGR 2100 Intro to Engr/Computer Graphics Clemson University 

Source: (Ali ve Zia, 2016) 

 

Barison and Santos (2010a) investigated how BIM can be integrated into lesson plans of higher education institutions. In this sense, 
he determined that integration can take place in three categories as introductory, intermediary and advanced according to the 
level of teaching BIM (Table 3).  BIM stated that it can be considered as an effective lesson plan under the headings of 
prerequisites, goals and objectives, contents, teaching methodologies, activities, BIM models, teaching resources and evaluation 
(Barison and Santos 2010a). 
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Table 3. Universities, programs and BIM courses included in the review 
 UNIVERSITY AUTHOR(S) PROGRAM BIM COURSE 

Introductory U. of North Carolina 

Mountana State 
University 

U. of Wisconsin-
Milwaukee 

Israel Institute of 
Technology 

Auburn University 

 

California State 
University 

Nelson 

 

Berwald 

 

U. of 
Wisconsin-Mil 

Sacks and Barak 

Taylor, Liu & 
Hein 

Kymmell 

Architecture 

 

Architecture 

 

Architecture 

 

Civil Engineering 

 

Construction Management 
(CM) 

Construction Management 

BIM 

 

Digital Graphics and Design 

 

Computers in Architecture 
(Arch 382) 

Communicating Eng. 
Information 

Constr. Info Tech. Digital 
Constr. Graphics 

Building Information 
Modeling 

I.II 

Intermediary Texas Tech. 
University 

USC 

 

University of Utah 

 

Queensland U. Of 
Tech. 

 

NJ Institute of 
Technology 

 

Texas State 
University 

 

George Mason 
Univeristy 

 

University of 
Washington 

California State 
University 

Purdue University 

 

Norwegian U. Of 
Sc.&Tech. 

 

Cal Poly 

Rex and Park 

 

Becerik-Gerber 

 

Scheer 

 

Nielsen et al. 

 

 

NJ School of 
Arch. 

 

Mulva and 
Tisdel 

 

George Mason 
U. 

 

U. of 
Washington 

Kymmell 

 

Shmelter and 
Cory 

Hjelseth 

 

Kormon and 
Simonian 

Architecture 

 

Engineering and CM 

 

Architecture 

 

Architecture 

 

 

Architecture 

 

 

Architectural Eng. 

 

 

Civil,Environ.,Infrastructure 
Eng. 

 

Construction Management 

 

Construction Management 

 

Computer Graphic Tech. 

 

Structural Engineering 

 

Digital Media II 

 

Building Information 
Management 

BIM, Design Studio 

 

BIM Unit (Arch. Tech. and 
Science VI) 

 

Design Studio 

 

 

Design Studio I and II 

 

 

BIM (CEIE499/690) 

 

 

Advanced Project 
Management Concepts 

BIM III 

 

Commercial Constr. BIM 
Course 

Design of Bld. and 
Infrastructure 

MEP Coordination Studio-
Laboratory 
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CM and Civil Engineering 

Advanced Cal Poly 

 

Virginia Tech. 

 

Texas A&M 
University 

Penn State 
University 

Georgia Tech. 

 

California State 
University 

University of North 
Texas 

 

Dong 

 

Ku 

 

Texas A&M U. 

 

Poerschke et al. 

 

Georgia Tech. 

 

Kymmell 

 

Arnold 

Architecture,CE  and CM 

 

CM,Building Construction, 
Arch. 

Architecture, CM 

 

Architecture, Civil 
Engineering 

Graduate courses 

 

Construction Management 

 

Construction Eng.Tech. 

Int. Design Studio and 
Int.Bld. Envelopes 

Several BIM Courses 

 

Integrated Design Studio 

 

Integrated Design Studio 
(ARCH 497A) 

BIM : Case Studies 

 

BIM IV 

 

Senior Design Class 

Source: (Barison and Santos, 2010) 

 

Barison and Santos (2010a) mention that the details of the project model change according to the BIM learning levels (Figüre 3). 
In this respect, BIM learners at introductory level are referred to as BIM modellers; BIM learners at intermediate level are assigned 
as BIM analysts; and advanced level learners are assigned as BIM managers. In this respect, at the stage of integration of the BIM 
system into architecture education, the ratio of requirements for BIM Specialist positions in the construction sector should be 
taken into consideration. 
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Figüre 3. Framework of categories of BIM courses Source: (Barison and Santos, 2010) 

 

Becerik-Gerber et al. (2011) In his research on BIM, which he sees BIM as technological innovation in AEC programs, he included 
a survey about AEC disciplines in higher education schools in the USA in 2009. According to the survey results; It has been seen 
that 56% of all programs in the USA offer BIM courses that started in architecture schools. At the same time, it was concluded that 
almost all of the programs that have not yet included BIM in their curricula are planning to integrate them into BIM system 
programs in the near future. Finally, it has been revealed that 72% of the departments in the faculty of architecture think it is 
important to learn the BIM study systematic at the academy and industry cooperation point in the future (Becerik-Gerber et al. 
2011). 

Hietanen and Drogemuller (2008) stated that the first step for BIM system's undergraduate level teaching method can be possible 
by integrating the system into the content of the existing course or by giving it as a single course. After that; He stated that it can 
be emphasized with individual talent such as modeling and analyzing the model, and in the following years, it can be applied in 
more detail by cooperating and working. In the last year, it may be possible to train competent graduates in BIM by working on 
real construction projects in cooperation with companies proposed by Kymmell (2008). For this reason, in the training of graduates 
of architecture and engineering programs that will serve as BIM specialists, a lesson plan with a series of BIM content should be 
planned to achieve this achievement during undergraduate studies. The first activity, Digital Graphic Representation (DGR), the 
second activity should be combined with the Design Studio and Building Technology, the third and final activity, the Management 
lessons (Barison and Santos 2010a).  

The Integration Practices of BIM and Architecture Education in Turkey 

In recent years, the increasing use of BIM in the construction sector in Turkey, BIM specialist training institutions and organizations 
tends to increase. In this sense, in Turkey; It is seen that Continuing Education Centers (SEM) in private institutions, companies, 
architecture and construction offices, individual courses, universities and universities take part in BIM training (Kalfa, 2018). The 
universities and departments in Turkey, which include the BIM system in their curriculum, are summarized in Table 4. 
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Table 4. Courses about BIM systems in universities of Turkey 

 
University Department Program City 

İstanbul Culture University Architercture Bachelor Istanbul 

İstanbul Technical University Construction Management Un.graduate Istanbul 

İstanbul Technical University İnterdis. Construction Project Management Un.graduate Istanbul 

Beykent University Design and Construction Management Un.graduate Istanbul 

Mimar Sinan University Architecture Bachelor Istanbul 

Yıldız Technical University Architecture Un.graduate Istanbul 

Yıldız Technical University Architecture Bachelor Istanbul 

Izmir Institute of Technology Architecture Un.graduate Izmir 

Middle East Technical University Building Science Bachelor Ankara 

Karadeniz Technical University Architecture Bachelor Trabzon 

Karadeniz Technical University Civil Engineering Un.graduate Trabzon 

Izmir Economy University  Architecture Bachelor Izmir 

Source: (Kalfa, 2018) 

 

When the levels of education are examined in the universities giving BIM education in Turkey, it is known that the trainings have 
not yet spread to the course plan of the departments. The research shows that the trainings are mostly provided by the certificate 
programs given in the SEMs within the departments and that such trainings can be used for a certain fee. In this respect, ITUSEM, 
Antalya SEM and METUSEM can be exemplified as SEMs that provide trainings at different educational levels with different training 
periods. It is known that ITUSEM has provided 70 hours of training in 3 courses as of 2015, BIM Process training, BIM Practice 
training and BIM Specialist Certificate program and at the end of the trainings received, it has got the internationally valid ITU BIM 
Specialist Certificate. In METUSEM, BIM training is provided with a total 80-hour training method consisting of 5 main modules. 
At the end of the training, it is known that a certificate has been issued similar to ITUSEM. 

Apart from universities in Turkey, various architecture offices, companies, companies using BIM software and distributors are also 
aware of the lack of technical personnel related to BIM. Such organizations also provide individual or corporate BIM trainings, 
mostly for a specific fee. The trainings received are complemented by international or achievement certificates. 

Discussion and Conclusion 

Findings of the research for the integration of BIM with the architecture education in Turkey are given in Table 5 and Table.6 as 
below.  

 

Table 5. A comparison for the integration practices of BIM and architecture education between in the world and in Turkey 
  Practices 

in the 
world 

Avustralia, 
Canada, China, 
Finland, 
Netherlands, 
Singapore, 
Japan, Czech 
Republic, Hong 
Kong, New 
Zealand, 
Norway, South 

The integration 
is seen both in 
architecture 
and in AEC 
education, 
especially by 
Civil 
Engineering, 
Architecture, 
Architectural 

There is inter-
institutional 
cooperation 
(between 
academy and 
private 
sector). 

USA, Ireland 
and UK are 
seen ready 
for the 
integration of 
BİM with the 
higher 
education. 
They have 

There is a 
forum in 
Ireland 
named BIM 
Academic 
Forum 
(BAF). 

No findings 
about the 
registration 
fee of BIM 
courses at 
institutions. 
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Africa, 
Sweeden, UK 
and USA are 
seen as the 
countries 
which give BIM 
education in 
their various 
institutions. 

Engineering, 
Construction 
Engineering and 
Construction 
Management 
programs. 

regulations 
for this. 

in 
Turkey 

Turkey is one of 
countries 
which gives 
BIM education 
in its various 
institutions. 

The integration 
is seen both in 
architecture 
and in AEC 
education, 
especially by 
Civil 
Engineering, 
Architecture, 
and 
Construction 
Management 
programs. 

There is inter-
institutional 
cooperation 
(between 
academy and 
private 
sector), but 
not in 
common. 

Turkey is not 
ready for the 
integration of 
BIM with the 
higher 
education as 
the countries 
in the world. 
BIM is a new 
subject for 
Turkey from 
2013. 

There are 
some 
voluntary 
groups in 
Turkey, but 
not as big 
as BAF. 

BIM courses at 
institutions 
have some 
registration 
fee. 

 

 

Table 6. A comparison for the integration methodologies of BIM and architecture education between in the world and in Turkey 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Methodologies 

in the 
world 

Integration may be in 
introductory, 
intermediary and 
advanced categories 

After the education, 
BIM professions are  
classified as BIM 
modelist (introductory),  

BIM Analyst 
(Intermediary) and  BIM 
Manager (advanced). 

BIM education 
mostly starts at 
higher education, 
then improves with 
special courses or 
trainings at 
professional life. 

Integration can be 
seen with only one 
lesson or the whole 
curricula. 

in Turkey 

Integration may be in 
introductory, 
intermediary and 
advanced categories at 
some private 
corporations or 
institutions. 

After the education, 
BIM professions are  
classified as BIM 
modelist (introductory),  

BIM Analyst 
(Intermediary) and  BIM 
Manager (advanced) at 
some private 
corporations or 
institutions. 

BIM education starts 
at higher education 
at some universities 
but generally starts 
and improves with 
special courses or 
trainings at 
professional life. 

Integration can be 
generally seen with 
only one lesson, 
not with the whole 
curricula. 
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Over the last decade there has been significant progress in using of BIM. According to findings of this study shows that Turkey is a 
new country at the integration of architectural education with BIM. For this reason, there is not more BIM professions, especially 
at Universities. BIM professions are generally seen at private sector. Therefore, more collaborations about BIM studies should be 
done between universities and other private organisations. Because of the lack of BIM professions in academician, Turkey is not 
also seen ready for the integration at the whole architecture or  other higher education’s curricula at bachelor’s degree. If an 
integration for the whole curricula is necessary, it should start from minimum master’s degree level in Turkey. For bachelor’s 
degree, the integration needs an arrangement on the whole curricula. This big change is not an easy problem to solve at 
architecture schools in Turkey. In this respect, BIM integration should be only one or more lessons scale for Turkey.  In addition to 
these, BIM integration should be done in such various professions as digital lessons, design studios, building science lessons, 
building construction projects, restoration projects and construction management lessons at architecture education in Turkey. 
The lecturers of the lessons and studios should have collaborations and make basic principle decisions in this respect. By this way, 
integration should not only be in modelling or analysing level, but also various disciplines aspects. Also, BIM education fee should 
be more appropriate for students. At last, the integration should be more discussed in such national architecture meetings as 
Communication Group Meeting of Heads of Departments of Architecture Schools, Architecture and Education Congress (MOBBIG). 
There are some voluntary groups in Turkey, but not as big as BAF. Also, integration should be required for accreditation for 
voluntary organizations such as the National Accreditation Board for Architecture (MIAK) in Turkey. Rethinking about BIM courses 
registration fee should be important to increase BIM professions in Turkey. 
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Abstract 

With the use of today's technology, any documentation, recording, management, representation and valorisation form of 
archaeological heritage is almost overwhelmingly possible. Along with this practice, the science behind this technology is 
developing rapidly. There are uncountable number of companies, public and academic institutions which develop digital tools and 
methodologies for accurate data acquisition and processing (e.g. implementation of 3D Laser Scanners, photogrammetric survey, 
data management platforms). While as-built environment data such as in heritage field has been recording with the state-of-the-
art tools, there are a number of critical concerns regarding the generated information and metadata management. For example, 
even after using 3D laser scanner technology on-site, the generated as-built metadata is mostly limited to 2D drafting. The results 
are indeed more precise compared to conventional documentation process. But at the end, the resulting geometric representations 
themselves are not sufficient without the knowledge on conservation terminology, practice and culture. Besides there is a risk of 
knowledge credibility and sustainability despite the increasing advances in fully-automated or semi-automated data capture 
technologies. Yet, decision making practices for conservation are not technologically supported as data processing is still 
conventional in most of the cases especially in Turkey. Additionally, within the almost immense scope of cultural heritage data 
capture and process, knowledge management and building information modelling is becoming more urgent areas of interest in 
connection with better conservation and restoration policies. To address this challenge, the project is designing a knowledge 
management model that optimizes intervention decision according diagnostic of recorded archaeological heritage asset(s) which 
is utilized by heritage BIM (hBIM). 

Keywords: Cyber archaeology, Heritage diagnostics, hBIM, Intervention decisions, Paradata 

 

Introduction 

The study is a part of an ongoing PhD thesis, which focuses on the experiment regarding knowledge management of an 
archaeological heritage building, so-called Heroon in Erythrae, Izmir. While the thesis involves both the building and the scattered 
blocks, this paper discuss BIM environment process of a sample stone block, from the site, as an experiment.  

Building information modeling (BIM) is a well-known application environment which involves life-cycle of a building design. In fact, 
the BIM environment is equipped with multi-dimensional database options. It could be operated as 3D database (Bonduel, Bassier, 
Vergauwen, Pauwels, & Klein, 2017). 

This work basically is limited to the procedure of conducting stone element in the information model environment. Dislocated 
block remains have been surveyed with photogrammetry and recorded in an inventory database.  

Research Aim and Scope 

The knowledge about past, particularly in terms of cultural heritage artifacts, is incomplete in the ways of its interpretation and 
know-hows remain discreet beyond pure material culture of today. To uncover cultural heritage knowledge explicitly, a set of 
workflows should be carried out by experts.  
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Conventionally, a typical conservation project can be described as following steps, 1) archival, historical, comparative research, 
2)recording, 3) material and deterioration analyses as well as temporal and spatial analyses, 3) restitution,4) decision-making, and 
finally intervention actions and monitoring. These conservation actions are not yet standardized but quite similar globally.  
 
These analysis and research result in evaluation parameters, priorities and formulate the restitution studies that help the 
diagnostic of the cultural heritage for the final step, conservation project. In brief, conservation project of the heritage asset(s) 
has documentation, analyzing, synthesis and action processes.  
 

The main reason behind recording the cultural heritage (CH) data by using advanced technologies is to provide optimized and 
scientifically evaluated raw-data for cultural heritage conservation process. There is no doubt the importance and in fact 
existences of heritage data, but in order it to be called information and provide knowledge there should be standards and 
systematic methods and above all management platforms. Hence, there are novel paradigm improvements on such areas like 
data and knowledge management with respect to heritage management. 

Despite the advantages provided by remote sensing technologies, such as photogrammetry and terrestrial laser scanning, the 
range of the applications not fully exploited yet, and error prone. In fact, most of the high-quality data is limited to 2D visuals. 
Although, 2D drawings like sections and plans provide ample of information about the heritage including material, construction 
technology etc., that is limited to the users preferences and not quite able to convey holistic data and thus knowledge of the 
heritage subject.  

However, with the help of the advanced survey technologies having high accuracy geometrical and numeric data is possible. That 
metadata is the point cloud data.  Point cloud is the 3D projection of an object formed by three dimensional points. The resolution 
and the accuracy of the point cloud depends on both the hardware and software tools.  

It is possible to have section profiles and rectified images from point clouds, which helps to generate 2D drawings. These section 
profiles represent the real geometry of the object and the images, orthophotos, reference the color and surface data of the 
scanned object. However, in heritage data, contrary to contemporary design and buildings, the data itself is multi layered and 
heterogenic. The building elements has not only geometrical and numeric data but also material information and deformation 
data, as well. In fact, heritage object sometimes carries intangible data like scripts on a stone block. Besides, heritage information 
is an alive and interactive process, even after an Intervention, re-analyzing and decision-making process could be revisited to 
sustain the knowledge it holds.  

The conservation actions could be taken anytime and the recording of the once applied preservative works also should be recorded 
and collected. Thus, information-based knowledge management is a required process. These issues particularly stand out when it 
comes to work on an archaeological heritage. Archaeological heritage accommodates tangible and intangible data, and the 
construction technology is not covered in current BIM environments. For that reason, the parametric design technology and 
reversed engineering process should be taken to imitate the heritage architectural information.  

Since the case work is an archaeological heritage and the modelling technology is reversed engineering for as-is phase of it, 
heritage/historic BIM (HBIM) decided to be the final management platform of the study. With thanks to temporal and spatial 
information modelling capabilities of the BIM platforms.  

HBIM Methodology 

Until recently, the cases worked on the BIM environment was only for non-existing buildings, but with the collaboration and 
improvements to import point cloud data into those software, existing buildings are becoming another subject of the BIM 
environment. Given that change of pace of the field, heritage experts started to experiment within BIM, and since then defined 
existing historic/heritage building information modelling as heritage/historic BIM (hBIM) (Murphy, Mcgovern, & Pavia, 2009).  

With the preliminary architectural conservation (Fai, Filippi, & Paliaga, 2013) and heritage management works (Megahed, 2015) 
hBIM has been discovering and identifying by experts in the field. The focus of these works is linking point cloud into BIM process, 
which is called scan-to-BIM in the field. 

Scan-to-BIM process involves converting point cloud metadata into, with semi-automated or manual methods, mesh or NURBS 
(Non-Uniform Rational B-Splines) model and then into parametric models which could be operated in BIM environment. To 
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establish scan-to-BIM project, particularly parametric models, commercial software have been testing in the academy. Although 
promising studies have been conducting, the methodology is not yet fully formed. 

In this paper, mostly manual parametric modelling of the so-called Heroon building`s stone element generated with the help of 
data from inventory database and point cloud metadata. After primary data acquisition, photogrammetry, numerical and 
geometric data of the block presented.   

Case Study 

Erythrae archaeological site is located west of the Karaburun Peninsula in Izmir.  The excavation campaign started in 1965, and so-
called Heroon remains have been discovered in 1977 and dated to 4th century BC  (Akurgal, 1979).  The building is situated at 
northwest to the theater remains (Figure 1). The Until 2019 July, the building has not been neither studied nor excavated by the 
archaeologist. In 2019 survey and the architectural studies conducted by the author.   

 

 

 

 
Figure 1. So-called Heroon, Erythrae  (Akurgal, 1979). 

In the present study, one of the abovementioned scattered stone block elements, an orthostate stone named ERT-HE-111, have 
been illustrated as a sample of the work.  

The survey of the building (both TLS and photogrammetry) and remaining stone block element (photogrammetry) result in 
abundance of data of the area (Figure 2). After initial hands-on field work, which helped with deciphering of the material, structural 
and temporal data at hand, inventory sheets have designed and implemented for the elements, over 180 pieces.  

The inventory sheet covers the id, geometric, numeric, physical condition, probable location, structural and material raw-data as 
well as additional information of the stone block elements. After the field work, the inventory digitized in a database system, 
interoperable with BIM software, for the future decision-making process and sustainable documentation.  
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Figure 2. Heroon (point cloud-TLS) top view, scattered stone block elements (in purple region)  

 

The recorded stone blocks surveyed via photogrammetry, from the images of quite fast taken photographs due to limited 
conditions at the time and processed in the software with medium quality resolution.  The point cloud generation implemented 
in two steps, sparse point cloud and dense point cloud, respectively (Figure 3). During the point cloud phase, stone block scaled 
and oriented. Following the metadata, point cloud, generation of the stone with the help of an orthophoto management software 
automated profiles and front, back, left and right orthophotos of the object has been created in accordance with the point cloud 
orientation (Figure 4).  

The orthophotos, section profiles and point cloud of the object then imported in a NURBS based modelling software which is also 
interoperable with the BIM software to generate solid model of the element. This process involves, 1) importing coordinated point 
cloud and orthophoto images, 2) creating polysurface (NURBS surface) from section profiles and orthoimages, 3) merging 
polysurface and creating solid model, 4) information mapping of the stone from the data in the inventory sheet, 5) and finally 
having mapped geometrically and numerically stone block in 3D and with information laced on it (Figure 5). 

 

 
Figure 3. Sample stone block element photogrammetry process, sparse point cloud (left), dense point cloud (right)  
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Figure 4. Orthophoto management of the block  

 

During parametric modeling execution, every information from the inventory data layered semantically as much as possible to be 
exported separately for the sake of prevent redundant information and effort duplication. Also, until the final step, BIM 
environment, the orientation and scale of the object strictly fixed and was not manipulated.  

The newly created model of the object is then importable and parametrizable in the BIM environment, via mass family generation. 
Considering the existing stone has physical deformation and heritage data parametrization was not performed on the dimensions 
but information and data mapping conducted. On top of that, hypothetical construction relations of the ashlar block generated 
from this database as well. In this context, blocks generated via BIM environment as parametric objects and they even guided 
more robust work the hypothetical connection elements and such for the entire study (Figure 7). 

 

 
Figure 5. Modelling process  
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Figure 6. Parametric model in BIM environment, HBIM  
 

 

Figure 7. Hypothetical structure technology 
 

Results and Future Works 

This research's ultimate reasoning is to define options, resolutions of interventions stages, for the optimization of robust decision-
making process of heritage knowledge. With the conventional conservation process, it is possible to have raw-data and generate 
smart- metadata with today's technology (3D laser scanners, drones, etc.) and digital tools (e.g. information and archive 
management software, virtual reality and so forth) which provides sustainability of the heritage data.  
 
It bears mentioning that the diagnostic and more importantly decision-making part of the process is still manually and subjectively 
documented and carried out. To elaborate this, the contribution of this research is aimed at contribute closing the research gap 
when moving from metadata to knowledge representation and explicitly enabling the formation process to the "what-to-do and 
how-to-do" s for the knowledge interpretation (calculated and stochastic decision making) regarding intervention decisions. 
Subsequently, this projects intention essentially is to develop knowledge management model for archeological cultural heritage.  
 

In conclusion, as a part of an in-progress PhD thesis, this paper examines the prevailingly difficult questions of fusing heterogenous 
data and both intangible and tangible values of the cultural heritage asset(s), specifically with experimenting on an archaeological 
heritage. Correspondingly those questions in its core below: 

• develop knowledge management (paradata) model 
• create first steps of nationwide heritage management tool 
• design a platform for digital access of the archaeological heritage in Turkey 
• optimize CH decision making process 
• sample London Charter and Seville Principles 
• contribute in the advancement of national CH regulation and principles 
• What is the mechanism behind diagnosis- intervention- curation triangle of CH conservation? 
• What is the structure of decision making, both in terms of calculated and stochastic methods? 
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• To which extend metadata can be integrated regarding both tangible and intangible CH? 
• What is the optimized option to implement if also we aim at preserving and using information coming from existing 

information management platforms? 
• What model should be developed to integrate holistic (diagnostic, intervention, and curation of AH) knowledge but 

remain optimized in terms of technology? 
• How can we model decision making process as a concept of paradata? 
• Is it possible to have national contribution by analyzing existing regulations like London Charter ad Seville principles? 
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 Abstract  

As cities cope with rapid population growth and urbanization, planners, politicians, and architects have become progressively 
interested in high-rise buildings as a ‘vertical city’ paradigm. Also, after the second part of the 20th century, there has been a big 
interest in tall buildings as a symbol of growth, prosperity, and development. These positive aspects of high-rises make them 
considered like a solution to rapid urbanization. During the recent years, as a solution for the problems of sprawl, environmental 
and ecological concerns, sustainable approaches for high-rises has gained importance and visibility in the literature. As a major 
energy consumer, high-rise buildings are generally incompatible with the image of sustainability. However; new developments in 
technology and design enables to construct more energy-efficient, smarter and high performance tall buildings. This paper 
examines the critical design strategies and factors to achieve high-performance and sustainable high-rises applying innovative 
technologies. In addition to their environmental aspect high-rise buildings also have a big impact on the social, economic, cultural 
and physical dimensions of the city. Thus, this paper focus to present a comprehensive design approach to sustainable high-rise 
development as a conceptual framework. The methodology of the research based on the literature review. Sustainability of high-
rises will be examined with three main pillars of sustainability; environmental, social, and economic factors and identify a set of 
guidelines that can help to achieve sustainability for tall buildings.  

Keywords: Sustainability, high-performance tall building, conceptual framework  

Introduction   

In the twenty-first century, rapid population growth, urban sprawl, global warming, natural sources shortage, air pollution, and 
global conflict have been the major problems that threatened the future of the world. According to United Nations Report (2001); 
30 percent of the world population lived in urban areas in 1950, the percentage of urban dwellers increased to 47 percent in 2000 
and it is projected to increase to 60 percent by 2030. As rapid urbanization, population growth and scarcity of land, high-rises have 
become seen as a solution as a vertical city paradigm. Moreover; tall buildings have become a symbol of growth, prosperity, and 
development of the cities over time. After 2000, there has been an unprecedented construction of high-rises in worldwide. 
According to Council of Tall Buildings and Urban Habitat (CTBUH,2020) data, there has been an unrivaled increase in the number 
of tall buildings in the last decade. Furthermore, this boom of high-rises has led to the construction of higher buildings in greater 
numbers. Accordingly, there is an increasing need for sustainability research on high-rises. Considering that globally an estimated 
60% of all materials are used by the construction industry and building sector uses nearly 60% of the world’s energy to heat, 
ventilate and light buildings, sustainability issues became an important term for the construction industry for the future of the 
world (Al Marashi,2008).   

There is no universal description of a ‘tall building’. Cities differ in how they define their ‘tall’ criteria. For example, while the 
building higher than 22 m accepted as ‘tall building’ in Germany, buildings over 20 m height defined as ‘tall’ in the UK. According 
to Council of Tall Buildings and Urban Habitat (CTBUH,2020); the definition is subjective, considered against one or more categories 
such as height relative to the context, proportion, and embracing the technologies relevant to tall buildings. Tall buildings that 
achieve significant heights are classed in two subgroups: a building with 300-meter height or taller is ‘supertall’ and 600 meter or 
taller buildings is ‘megatall’. Today, there are 173 supertalls and 3 megatall buildings completed globally.  

In recent years, developing technology and construction techniques enable to build intelligent and high-performance tall buildings 
that contribute to energy efficiency of high-rises. In addition to environmental aspect, the physical and social integration of tall 
buildings into the city also has a big role to achieve the sustainability. Therefore; in addition to the environmental and economic 
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dimensions of sustainability, the social dimension should be equally addressed. This paper aims to provide a comprehensive 
account of key issues that should be considered for achieving sustainable high-rises (Kodmany,2018).  

Sustainability As a Framework  

The Brundtland Report – also known as ‘Our Common Future’- was published by United Nations World Commission in 1987 which 
is attempt to resolve the conflicts arising out of the aspirations of the world The most frequently used definition of sustainable 
development created in this report as ‘development that meets the needs of the present without compromising the ability of 
future generations to meet their own needs’ (WCED, 1987). Sustainable design aims to encourage the use of renewable sources, 
environment-friendly design, the positive impact of health, liveability, alternative strategies for energy and intelligent building 
technology. Over time sustainability has evolved and become even more complex and comprehensive. Politicians, planners and 
architects have been expanded the definition of sustainability to nearly all human activities. A sustainable future is a future where 
the healthy environment, social justice and economic prosperity are maintained simultaneously to ensure the well-being and 
quality of life present and future generations (Kodmany,2018). From this point of view, sustainable development is a continuing 
process that implies the integration of the three essential and inseparable aspects of development: environment, social and 
economic dimension. Thus, sustainable design addresses many interconnected design and planning issues such as, land, housing, 
water, energy, economic growth, transportation, public space, waste recycling, etc.  

Environmental sustainability is the capability to increase the value of the environment and its features, while ensuring 
conservation and renewal of the natural sources and the environmental heritage. It consists of three main strategies; energy 
efficiency, water conservation and material conservation.  

Social sustainability can be described as compatible development with the balanced evolution of society, advancing an 
environment favorable to the compatible cohabitation of socially and culturally diverse groups, while at the same time 
encouraging social integration with improvement in the quality of life for all segments of the population (Polese&Stren, 2000). 
Therefore, the physical and social integration of the building is crucial for achieving a socially sustainable community. According 
to McKenzie (2004), social sustainability has five main elements to achieve the goals; equity, diversity, interconnectedness, quality 
of life, democracy and governance.  

Economic sustainability consists of strategies that are created within the framework of high efficiency, low cost, healthy 
improvement and development.  

The interconnection among these three pillars expressed by the ‘Three E’s balance rule’ ecology, equality and economics. 
Sustainability aims to create a balance between these three dimensions across different scales (Figure 1).  

  
Figure 1. Three Dimensions of Sustainability  

Dimensions, Strategies and Technologies for Sustainable High-rises  

High-rises need more energy than low rise buildings during their life cycle including construction and demolition phases. 
Considering their big impact on the natural environment and social life, evaluation them within the framework of sustainable 
design becomes a necessity rather than an option for the future of cities and, the world. Crompton and Wilson (2007) described a 
sustainable tall building as ‘ one which emits no pollution land, air and water, and can be economically occupied throughout their 
design life, whilst contributing positively to the local community’. The sustainable tall building with the simplest definition, is the 
one that is sensitive to use of resources throughout their life cycle, does not create environmental pollution, protects the health 
and comfort of users, fulfilling economically these criteria and also provide positive opinions to the local community. In this point 
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of view, it is important to consider the social dimension as well as environmental and economic dimension for high-rise 
sustainability.  

Environmental Dimension  

Tall buildings have a large carbon footprint throughout their construction, operation, maintenance, and demolition at the end of 
their life cycles. Considering they are the big consumer of the energy during their life and their big effect on the environment, 
resources and the nature, it is necessary to take precautions to reduce their harmful effect to the environment. Today, it is easier 
according to the past decades to improve the strategies for the ecological sustainability of high-rises with developing technologies 
and construction techniques. In this context, the environmental dimension of high-rise sustainability can be classified as energy 
efficiency, water conservation and material conservation strategies.  

Passive Energy Design  

Passive energy design can be described as designing for improved comfort conditions over external conditions without the use 
of any electro-mechanical systems. Use of passive energy design strategies such as the orientation of the building, natural 
ventilation, passive heating and cooling, landscaping by vegetation can help reduction in energy consumption and achieve visual 
and thermal comfort inside of the building. An early fundamental design decisions that designers make in respect to form, site, 
size, skin and the core design, etc. relative to specific site context and natural environment have a major impact on building’s 
energy consumption. Energy efficiency can be achieved by considering the macro and the microclimate of the site, applying 
bioclimatic and passive solar design features and taking advantage of the natural resources on site.  

The geographic location, the width of the building, the size of the windows, the height of the ceiling and orientation of the building 
in relation to the seasonal paths of the sun across the sky all have a significant impact on daylight provision. (Kodmany,2012) . The 
required energy for lighting, heating and cooling can be greatly reduced by passive solar gain. High-rises are less constrained than 
other types of buildings by the geometry of the site or the layout of the surrounding streets. Thanks to their verticality, more 
ground area can be given and allocated to public uses, recreation spaces and other activities. A maximum advantage from the 
daylight can be taken by shaping the plan arrangement of the building to suit the activities within. The crucial elements for 
gathering sunlight are the fabric of the facade and area assigned to windows, form and location of the building. Natural ventilation, 
sun shading, location of service cores, wind scoops, designing atriums and sky courts are the other important low-energy passive 
design strategies for achieving energy efficiency.  

The core design of tall buildings is crucial to allow natural daylight and ventilation. For example, in hot climates, the core oft he 
high-rise can reduce the solar gain by shielding, while positioned to maximize the advantage of natural daylighting. However, in 
cold climates cores can be placed to protect from the cold winds. In addition by utilizing from the wind, can provide considerable 
energy used by mechanical air conditioning systems. By allowing air into the building natural ventilation can be achieved. Fresh 
air also creates healthier inner environment and increases the comfort level of users.  

Façade Technology  

The facade covers 90 to 95 percent of the exterior surface of the tall buildings, that is, the facade area becomes more significant 
compared to the roof areas. Therefore, the energy gain and loss for high-rises largely depends on the materials and technology 
used in facade treatment. Facades not just offer the aesthetic appearance and architectural expression but can also be 
advantageously used to control interiors of the building because it represents the ‚envelope or ‚skin‘ of the building. Tall building’s 
facade with transparent glass curtain walls that allow sunlight to penetrate lead to increase cooling and heating loads. Sunlight 
should be managed appropriately. Thus innovative window systems have been developed to include elements that both minimize 
and maximize the sunlight. For example, Al Bahr Towers in Abu Dhabi, have automated dynamic solar screens that respond to the 
sun movement. Solar screens on the facade automatically and dynamically respond to the angle of the sun which improves the 
control energy consumption, glare and solar radiation with the ability to provide natural light into the building (Figure 2).   
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Figure 2. Al Bahr Tower, Abu Dhabi (www.archdaily.com)  

One of the recent engineering solutions for the benefit from the facade is to use double skin or triple skin facade with ventilation 
systems. These facades provide controlled ventilation that maintains a constant connection between the surrounding 
environment and an air gap enclosed by the outer skin (Behr,2000). Double glazed with argon filled cavities and glass coatings can 
increase U-values of the sunlight. With the developed technology it is also possible to control the sunlight with an automotic 
shading system on the facade. These systems are designed according to sunlight analysis based on sun angle and direction. Also, 
facades have the big potential to use photovoltaic panels on them to generate electrical energy from solar energy and wind 
turbines to generate electrical energy from wind energy. Moreover, different types of applicable films are also available to enhance 
the performance of lighting, heat gain and loses.   

Intelligent Systems and Smart Design  

Intelligent buildings refer to a building that has intelligent-like capabilities that responded to pre-programmed stimuli to optimize 
its electrical, enclosure and mechanical systems to serve the users of the buildings (Yeang,1996). Innovative building technologies 
such as computer-aided smart or intelligent building systems have an important role in the management of energy usage. The 
increased trust in automated systems and computer technology can be used towards achieving the sustainable functions of tall 
buildings. Building management system (BMS) is a central control system that used to manage the operations of various building 
systems such as, security, elevators, communication, HVAC systems, fire protection, etc. The environmental data collection and 
control system generally incorporated within the BMS and can also be used for controlling passive components such as shading 
devices and opening windows (Ali, 2008).  

Despite the tall building can be designed to be energy efficient, also their actual performance of the building in this area needs to 
be verified and evaluated. Computer software programs are developed for evaluation methods and provide the tool to determine 
the energy performance and life cycle costs of the buildings. In this point, in recent years, there is a changeover in architectural 
design, from conventional computer-aided design (CAD) tools towards more intelligent BIM platforms. BIM gives opportunities 
and tools for planning, designing, constructing, analyzing and managing buildings to professionals. Parallel to other contributions 
of BIM, it is also identified as the critical solution for performance-based architectural design with its integrated simulation tools. 
Simulation-based design is particularly effective during the early phases of design when they have the maximum impact on the 
overall performance of a building. Building performance simulation tools are systematically used in the design of high-performance 
buildings to predict, assess and verify building performance. The performative simulation tools can give designers the ability to 
improve performance across a range of criteria. The efficient and correct use of performative simulations in design processes can 
prevent unnecessary energy consumption and improve sustainability.  

Renewable Energy Systems  

High-rises has a big potential for harnessing solar and wind energy due to their heights. Therefore, with technological devices, tall 
buildings have the potential to meet their needed energy from renewable sources such as wind, sun, biomass and geothermal 
energy.   

Photovoltaic panels (PV) is a method to produce electrical power by converting solar radiation into direct current electricity using 
semiconductors that exhibit the photovoltaic effect. Efficiency and electrical output of PV’s rely on the geographic location of 
them. New environmental computer-based programs can help to optimize the photovoltaic panels into the building. Solar 
collectors are also beneficial for harnessing solar energy.   
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Figure 3. Bahrain World Trade Center, Bahrein (www.inhabitat.com)   
The wind is another common use renewable energy source which can be advantageously tapped at a higher altitude of high rises 
where the wind speed is attractively large. Wind turbine is used as a wind energy converter that converts the wind’s kinetic energy 
into electrical energy. The wind turbine system provides a big advantage to the tall buildings for harvesting wind energy. Wind 
turbine efficiency based on building’s aerodynamics, wind direction, wind speed, local wind patterns, site plan layout, the form of 
the building etc. Therefore, wind turbine design should be considered at the early design phase. Bahrain World Trade Center in 
Dubai, is one of the famous example that implements the wind turbine system (Figure 3). Also in Pearl River Tower in China, the 
building has a curved glass façade that directs airflow through narrow openings in the façade that will drive wind turbines to 
generate electrical energy (Figure 4).  

  

Figure 4. The Pearl River Tower, Guangzhou, China (toubspot.weebly.com)  
  

Bioenergy is another renewable sources that refer to electricity and gas generated from organic matters such as plants, timber, 
wood, organic waste, agricultural crops, etc. Geothermal energy is one of the most plentiful renewable energy sources of the 
world. Geothermal energy can be used for cooling and heating purposes or be harnessed to generate electricity.  

Emerging New Technologies  

New developments in technology provide new advanced techniques to sustainable tall building design. Technology transfer is 
referred to the process that materials and techniques developed in one industry, field or culture are adapted to serve another (Ali, 
2008). It provides various opportunities for the architectural field such as nanotechnology. Nanotechnology provides extended 
strength materials that save space taken up by structural supports. (Kodmany, 2012)) Nanopaint materials can act as a purifier of 
air and reduce air pollution. Solar nanotechnology is another application that thin silicon, inorganic and organic solar cells derived 
from nanocrystals can transform sunlight into electricity. Tiny solar cells can be printed on flexible materials to harness solar 
energy with nanotechnology. These materials have a big potential for the sustainability of next-generation highrises.  

Fuel cells are another technological devices that generate electricity and heat like electrochemical engines. It is essentially a reactor 
that combines oxygen and hydrogen to produce heat and electricity. Fuel cell is commonly used in airplanes and space crafts but 
now they are also used in the building sector. For example; Conde Nast Building in New York City. The building generates much 
electricity by using solar panels and hydrogen fuel cells. Its cost is high compared to other devices that produced electricity from 
natural sources but with future mass production, it can be more available (Figure 5).  
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Figure 5. Conde Nast Building, New York, USA (www.nyc-architecture.com)  

Water Conservation  

Tall buildings consume a big amount of water compared to low rises so they have major responsibility for water conservation. One 
of the strategies in the conservation of water is rainwater harvesting. Rainwater can be collected from the building’s roof and 
facades, filtered and can be used for toilets, gardening and washing machine, etc. Another method is grey water recycling. The 
method is based on the collection of water from the shower, washbasins, bathroom and reused in irritation, toilets. Recycling grey 
water in high-rises make a significant difference in the amount of waste water transported to city sewer systems.  

Material Conservation  

Production and consumption of building materials have various negative effects on the environment. Extracting, processing, 
manufacture and transportation of building materials can cause ecological damage. Therefore; considering tall buildings are big 
material consumer, strategies for material conservation is crucial for environmental sustainability. Use of accessible materials from 
the local market, use of recycled or recyclable materials, preferring easy maintenance and long term material firmness are 
important strategies for material conservation in tall buildings.  

Social Dimension  

The selection of proper site and organization of the site is a deterministic factor for the physical and social sustainability for 
highrises. Tall buildings should respect and physically embrace the existing urban environment with their height, shape, form and 
mass. In addition, it should make a contribution to its functional relation with the surrounding context as well as relate to the 
materials, scales, proportions of existing buildings. For example, Trump Tower in Chicago, has a modern-looking tower while 
respects the historic neighboring by having similar building top, modules and horizontal belts (Figure 6-a). Tall buildings possibly 
can have a negative visual effect on sensitive historic fabric. If the building will locate nearby monuments or historical areas, 
buildings should be oriented with respecting to the visual and functional viability of these elements. For example, the sloping form 
of 122 Leadenhall Building in London was designed to protect the view of the nearby Cathedral and Church (Figure 6-b). Another 
important issue is the connection between public spaces of tall buildings and surrounding urban places. Dynamic social relations 
between the building and its surrounding make a positive contribution for social integration of buildings in terms of the public 
realm.  

  

  
Figure 6. (a) Trump Tower,Chicago (Kodmany,2012); (b) 122 Leadenhall Building, London (www.theleadenhallbuilding.com)  

 

http://www.theleadenhallbuilding.com/
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Accessibility  

High-rises can contribute to the development of transportation facilities by acting as a transportation hub by including train 
stations, several stop points or transition pathways. Tall buildings should be easily accessible with public transportation and with 
other alternatives such as walking, cycling, car, etc. Further, they should be affordable to various social classes of a society to 
encourage integration. If high rises groped together like clusters they need to be complemented with a network of open spaces 
easily accessible.  

Entrance Floor  

The entrance floor design is a critical point of tall buildings as it is how the high-rise is connected to the street life and surrounding 
city. Entrance level is crucial to communicate with urban life. It acts as a transition pattern between the outside and the inside of 
the building. The entrance level has a big potential to welcome people inside of the building and also strengthen the connection 
between the building and urban habitat. The height balance of the entrance floor with the surrounding built environment is 
another critical point for the physical and social integration of tall buildings. In the contrary, ‘high rises can also create a sterile 
urban environment, isolating its internal functions from street life’ (Tulu, 2014). In this case, created the barrier between 
pedestrians and building that can cause decrease in the usage of the building. Therefore, designing open and urban spaces around 
high-rises can facilitate their livability and usage by including social life at the entrance level. Also, several entrances can be a 
better choice than a single for multi-functional buildings to use the ground floor more properly.  

Facade and Vertical Design  

The facade is an important element that creates an interface between the building and the environment. The external appearance 
of the building is a way of architectural expression that defines how to building exposes itself to the city. In addition, transparency 
and continuity of the entrance floor can be provided with facade material. The integration with the street life can be shaped with 
this transparency by creating fluidity and balance between the exterior and the interior life.  

The vertical connection between the inside and the outside urban environment can be provided by proper vertical design. Tall 
buildings can be considered as ‘vertical city’ due to their height and having all living facilities within their inside. Therefore, vertical 
transportation inside of the building is important for successful indoor circulation. Also, atrium, inner garden, and green areas like 
vertical landscape design inside of the building can be beneficial for internal users with creating common social spaces. Besides, 
atriums can contribute to the indoor environmental comfort by providing natural ventilation and wind circulation. In the example 
of Menara Mesiniaga building designed by Kean Yeang and T.R.Hamzah in Kuala Lumpur, design of sky courts, terraces create the 
fluidic sense of transition from the outside to the inside (Figure 7-a) Moreover they provide ventilation and natural daylight 
throughout the building by connecting its exterior façade directly to its core. Green areas that surrounded the façade, provides 
integration with entrance floor landscape area and visual continuity. (Sev, 2009).   

Skyplanes and sky bridges have the potential to enrich both high-rises and cities by sharing of resources between towers, improve 
evacuation options in case of natural disaster, horizontal movement between towers and reduce energy consumption. In addition, 
skybridges can be used as common areas for socializing by users. For example, The Pinnacle@Duxton Housing Project in Singapore, 
Sky bridges give the opportunity not only circulation and linking functions but also create significant urban habitat in the sky (Figure 
7-b).  

  

 

Figure 7.(a) Menara Mesiniaga, Kuala Lumpur (www.arcdaily.com), (b) Pinnacle@Duxton Housing Project, Singapore (www.archdaily.com)  
 

http://www.archdaily.com/
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Urban Skyline  

High-rise buildings have a big physical impact on the frame of the city and city silhouette. They can increase the visibility of cities 
and, make a more memorable image. City skylines consist of different urban elements such as public places, roads, trees and urban 
squares, etc. but a single tall building has a big potential to change the whole frame by itself. Thus, high-rises directly related with 
the urban skyline. Moreover, they provide guiding symbols and create a newcomer’s first impression of the city. They have the 
potential to function as gateways due to their recognizable heights and forms. One of the important point to consider is that 
conservation of historical views should be protected in urban skyline as much as possible. In addition, with emerging towers, the 
cities around the world becoming aesthetically similar and their skylines evolving similarly. For example Miami, Warsaw and 
Melbourne skylines look quite similar in terms of verticality (Figure 8).  

  

Figure 8. Skylines from top: Singapore, Melbourne and Miami (Images are adapted from shutterstock.com)  

Urban Microclimate  

Tall buildings may cause different microclimate for their surroundings according to seasonal and geographic conditions. The 
position and direction of high-rise buildings affect daylight exposure, shadow, and wind impact particularly, on the pedestrian 
realm. Depending on its height, position, mass and form, high-rises can act wind tunnels at street level and also shading on the 
environment. High-rises produce an adverse effect on the microclimate due to wind corridors and turbulence around at ground 
level causing inconvenience for pedestrians (Kodmany,2012). Estimating the possible microclimate effect of the building at the  
design stage, software programs can be used for wind and shadow analysis.  

Economic Dimension  

Tall buildings are expensive in terms of initial investment cost because they need more materials, energy and harbor comparing 
to low-rises. In addition, they also consume more energy throughout their life cycle. However, in the long term, they have the 
potential to consume less energy than other types of buildings since they have many energy effective attributes. Because tall 
buildings can be more advantageous than low rises in terms of implementing renewable energy systems due to their height. 
Furthermore, with improving technology, it is possible to produce as much energy as they consume, or they can act as batteries 
by producing even more energy than they consume and they can contribute to energy to the city’s power grid. Evaluating the long 
term, as well as short term impacts of decisions to the local and global economy is a crucial point for achieving the economic 
sustainability of high rises.   

High rise buildings have the potential to promote the city and contribute the local economy with increasing local and foreign 
investment. Globalization has extremely promoted local economy and consequently the construction of high-rises. For example 
in Shenzhen, China was a small village in the 1970’s but it was transformed to a modern city of skyscrapers now as one of the 
fastest-growing cities in the world. Moreover, in cities that have high land prices, tall buildings can be a solution to profit from the 
small land area by providing maximum usable areas vertically and they can be a viable solution to the densification problem of 
world cities.   
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Discussion  

The paper mainly presents a framework to achieve sustainability for tall buildings with underlying three main pillars of 
sustainability; environmental, social and economic. However, the sustainability of tall buildings is not easily attainable; there are 
many certain challenges should be addressed. Therefore, the sustainability of high-rise buildings is criticized by many scholars. For 
example; Ken Yeang (he is a leading figure on sustainable high rise development) stated that high rises are not an ecological 
building type. Especially they are one of the most un-ecological of all building types (Yeang, 2008). He illustrates ‘un-ecological’ 
aspects by arguing that high rises require complex structural systems to build so that they can able to be durable greater wind 
forces and require excessive materials. They also need more energy throughout their life cycles. These problems mainly based on 
their vertical orientation. Jan Gehl (Danish urban planner) argues that low rise buildings are more suitable for human scale and 
they offer more opportunities for social interaction. (Gehl, 2011). Similarly, Jane Jacobs argues that tall buildings do not support 
active pedestrian life and create unsafe streets (Jacobs, 2016). The discussion session of this paper aims to raise awareness about 
difficulty to achieve sustainability of tall buildings. Moreover, it aims to help architects and planners to develop a higher level of 
sustainable tall buildings by avoiding the ‘unsustainable’ aspect of tall building sustainability.   

Environmentally, tall buildings have a large carbon footprint from their construction to the demolition phase because of their 
scales compared to other building types. They need more material to construct and consume a big amount of energy during their 
life cycle. They can create notable demand for transportation and infrastructure systems, creating traffic congestions and 
overcrowding. In addition, high rises also could affect the historic city skyline and surrounding character. They can cause 
discomfort to pedestrians by creating an adverse effect on microclimates such as wind corridors. Also, they create a shadow on 
nearby buildings, green spaces, streets, etc. and can prevent natural ventilation and cause reduce access to natural light.  

Socially, according to social science literature, people have several concerns about living in a tall building such as the perception 
of safety, family living, the disparity in quality of life, raising children, neighbor relationship, outdoor space and street connection 
and so on (Kodmany, 2018). Moreover, high rise life can cause the poor relationships with personal communication that may result 
in mental depression. High rise tenants may feel a psychological strain from being separated from and feeling of living in an isolated 
capsule. In the natural life aspect, generally low rises seem like closer to nature, and more related to the city life. Tenants can 
perceive that they become out of touch with the city. Another negative aspect of the social sustainability of high rises is that they 
can be vulnerable to unwished tragic events such as terrorist attacks. They can be a potential target due to their crowded 
population and promotional value for their city. For example, World Trade Center Towers in New York, was the target of the 
terrorist attack on 11 September 2011.  

Economically, high rises need structural systems to carry high wind and earthquake loads, sophisticated foundations, high-tech 
elevator, fire-resistant, and electrical systems. Therefore, they require an extra premium. In addition, tall buildings need efficient 
vertical transportation systems such as elevators that create high operational costs. The taller the building, the more elevator it 
needs. For example, Shanghai Tower has 106 elevators and Petronas towers have 78 elevator for vertical transportation. Due to 
their scales, they require more material and energy to be built. So their initial investment is higher compared to low rises  

Conclusion  

In the 21st century, rapid population growth, urban sprawl, global warming, air pollution. shortage of natural sources, and global 
conflict have been the major problems that threatened the future of the world. As cities cope with population growth and 
urbanization, architects and planners have become progressively interested in high-rise buildings as a solution as a vertical city 
paradigm. Also, tall buildings have become a symbol of development, prosperity, and growth of the cities in the period of the time. 
Therefore, espeically after the year 2000, there has been an unprecedented construction boom of high-rise building in the 
worldwide. Moreover, this boom of high-rises has led to the construction of higher buildings in greater numbers. Considering that 
globally 60% of all materials are used by the building sector, 60% of the world’s energy consumes by the construction industry and 
construction boom of tall buildings, sustainability issues became a necessity rather than an option for tall building development 
(Marashi, 2008).  

As a major energy consumer, high-rises generally seem incompatible with the image of sustainability thus there are many critics 
on the sustainability of high-rises. However, developing technology, the innovation of construction techniques allow to built 
smarter and high performance tall buildings that help to achieve sustainability. Any assessment of the environmental impacts of 
tall buildings should take into account many aspects of their impact on their internal and external surroundings. Therefore; in 
addition to their environmental aspect, tall buildings also have a big impact on the social,economic and physical dimensions of the 
city. In this context, this paper provides a comprehensive approach to achieve sustainability for high-rises by underlying three 
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main pillars of sustainable development; environmental, social, and economic dimensions. In the environmental manner, there 
are many strategies to increase their harmful effect on the nature and achieve energy efficiency in tall buildings with passive 
energy design, façade technology, intelligent systems, smart design, renewable energy systems, water and material conservation. 
The future of the tall building sustainability depends on techniques and methods used by architects and engineers to design 
sustainable, intelligent high-rises. These methods and technological applications also have the potential to improve living 
conditions and social life. Also, the physical and social integration of the tall buildings into the city is crucial point for social 
sustainability. Accessibility, entrance floor design, façade and vertical design, urban skyline and urban microclimate are the key 
points to integrate the high-rises to the city. In terms of the economic dimension of tall buildings, the initial cost of green highrises 
can be 5 to 10 percent higher than low-rise traditional buildings, but in long term, sustainable high-rises have lower operational 
costs than low rises. Moreover, with improving technology, they have potential to produce as much as energy they consume or 
they can act as batteries by producing even more energy than they consume and they can contribute to energy to the city’s power 
grid in the long term.  

Consequently, the sustainability of tall buildings is a crucial issue for the future of the cities and the world. This paper provides a 
comprehensive framework of important sustainability strategies for tall building development by including the recent 
developments and opportunities in the technological era.  
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Abstract 

Fresh water resources are becoming more and more scarce. Global warming and environmental pollution foster this scarcity. Cities 
have started to experience water scarcity problem which might be intensified in the future. Furthermore, water losses and leakages 
observed in the cities need to be reduced. Water scarcity can cause health problems and reduce wellbeing of citizens. For this 
reason, municipalities need to enhance efficient use of water resources and apply smart water policies (SWP). Smart cities having 
smart water infrastructure can be a key for managing water resources in an efficient, effective and secure way. Furthermore, SWP 
can be achieved through the implementation of smart water systems (SWS). Based on an in depth literature review, this paper 
aims to investigate SWS in smart cities and their integration to the SWP. Suggestions for SWP are provided. This paper is expected 
to be useful to the academics, researchers, politicians, urban planners working in the relevant field. 

Keywords: urbanization problem, water policies, smart water systems, smart water policies, urban water security. 

Introduction 

Fresh water resources are disappearing day by day due to various reasons such as population growth, global warming, urbanization 
rate and environmental pollution. For example, the European Commission estimates that the current and future situation of water 
resources in Europe will worsen if the temperature increase continues due to climate change (European Commission website, 
2019). Climate change has important impacts on health and fresh water sources (Abedin et al., 2019). In the absence of clean 
water, basic hygiene measures cannot be implemented (Unicefturk web site, 2017). Water scarcity and decreasing fresh water 
sources make it difficult to have access to water causing many health problems. In the absence of water, people die or are forced 
to migrate to reach water (Unicefturk web site, 2017). According to the United Nations, 2.1 billion people did not have access to 
potable water in 2017 (National Geographic website, 2019) whereas they had access to contaminated water putting the 
population at risk for diseases (e.g. diarrhea, cholera, dysentery) (National Geographic website, 2019). 2 billion people do not have 
a toilet (Water website, 2020). Drinking water is important especially for healthy growth of children and it can prevent diseases 
such as typhoid from drinking water, and prevent diarrhea, which is among the most important causes of child death (Water 
website, 2020). In addition, in every two minutes one child dies due to a waterborne disease (Water website, 2020). In developing 
countries, 80% of the diseases are based on unsafe potable water (Abedin et al., 2019). Pollution, drought, decrease in the 
biodiversity and changes in the quality of water are listed among the main ecological problems related to water (Uyar, 2018). Even 
airborne pollutants released from transportation and industry can accumulate into the rivers, lakes and seas adversely affecting 
the water quality (EEA website, 2019). Access to fresh water is very important for economic development (e.g. fishing) (National 
Geographic website, 2019). Furthermore, due to the rapid urbanization and resulting water scarcity, sustainability of water 
resources becomes important and a challenge especially for the cities due to large amount of water leakages in the pipes (Xu et 
al., 2014). Water management is a concern in the world (e.g.  in the public services in the USA $8.7 billion loses occur each year 
due to water leakages) (Muggeridge, 2017). The scarcity of water problem is expected to become more severe in the future and 
80 countries accomodating 40% of the world's population are already experiencing water shortage (Uyar, 2018). Water scarcity 
can cause health problems and reduce wellbeing of citizens. For this reason, municipalities need to enhance efficient use of water 
resources and apply smart water policies (SWP). Smart cities (SC) having smart water (SW) infrastructure can be a key for managing 
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water resources in an efficient, effective and secure way. Furthermore, SWP can be achieved through the implementation of SW 
systems (SWS). For all these reasons, this study aims to investigate SWS in SC and their integration into the SWP. 

The current status of the world water resources 

It is important to review and understand the state-of-the-art of the global water resources and challenges. More than 70% of the 
earth is covered with water (European Environment Agency web site, 2019). Glaciers and icecaps contain about 70% of the amount 
of fresh water in the world, whereas groundwater is by far the most abundant and currently available freshwater source (Grida 
website, 2020). Only 3% of the total global water is fresh water whereas the remaining is salt water similar to those found in the 
oceans (National Geographic website, 2019). World's total water supply is approximately 332.5 million cubic meters of water of 
which approximately 96% is salty (USGS website, n.d.).  Furthermore, it is not easy for people to access most of the fresh water 
available in the world (National Geographic website, 2019). 1% of the global water resources are directly available to human use 
(National Geographic website, 2019). 

Water usage in agriculture, industry and municipalities has increased nearly 6 times since 1900 (Our World in data website, 2018). 
OECD countries extract approximately 20-25% of fresh water resources in the world whereas the BRICS countries extract 45% and 
ROW countries extract 30-33% of fresh water in the world (Our World in data website, 2018). In 2014, India became the largest 
fresh water using country with over 760 billion cubic meters (Our World in data web site, 2018).  

Surface freshwater resources are not evenly distributed around the world, and Brazil, Russia, Canada, Indonesia, China, Colombia 
and the USA are the countries having the most surface freshwater (National Geographic website, 2019). Regarding the freshwater 
resources at the continent level, America has 45% of the global water resources (Fao website, n.d.).  

Approximately 20% of the global population live in water scarce areas where each person receives less than 1000 cubic meters 
annually (National Geographic website, 2019). According to the UNICEF report on "Progress in Drinking Water, Sanitation and 
Hygiene: 2017 Update and First Situation in Sustainable Development Goal", 30% people do not have reliable potable water in 
their homes, whereas 60% people live without sanitation with favorable conditions (Uyar, 2018; World Health Organization; 2017).  

Global water shortage is expected to be experienced in the future. According to the water hazards index to be experienced in 
agriculture’, Turkey is among the first 15 countries at risk in the period 2024-2050 (Uyar, 2018). Abandount amount of water is 
needed to take care of animals and provide them with food (Eschooltoday website, 2020). Steady hunger and thirst can reduce 
quality of life (Eschooltoday website, 2020). 

Global warming can affect the quality and amount of fresh water resources. As climate change has potential impacts on water 
resources (Fao website, n.d.), climate change’s effect on water resources should be considered in the the future water planning 
(Fao website, n.d.). At least 11% of the European population are affected by water scarcity causing the total drought cost in Europe 
to be 100 billion Euros for the last 30 years (European Commission website, 2019). Climatic conditions and intensive farming have 
caused land degradation and water scarcity in the Mediterranean region (European Environment Agency Report, 2012). Climate 
change can adversely affect human health adversly due to water scarcity, and lack of healthy drinking/potable water as 
experienced in the southwestern Bangladesh (Abedin et al., 2019). Water scarcity affects the economy as well (e.g. health 
expenses, difficulties in production) 

Increase in the environmental pollution can adversely impact quality and amount of fresh water resources. Necessary activities 
and networks should be developed to increase water supply so that the water supply-demand balance is achieved in sufficient 
quantity and quality despite of increasing demand for water due to the economic development and increasing world population 
(Karwot, et al., 2016). Production activities can foster demand for energy which can have adverse impact on water resources. For 
example, although the development of the hydroelectric sector is encouraged as it is a clean and renewable resource to meet the 
increasing energy demand, it can affect the nature adversely in the construction and operation processes of hydroelectric power 
plants (Uyar, 2018). Sustaining production, on the other hand, relies on water resources, quality and availability. As sufficient 
amount of water at certain quality is necessary for agricultural production, preventing water pollution can be beneficial for farmers 
(Berglund et al., 2017). Water quality target at the land can be achieved by reviewing the theoretical grounds and determining the 
pollutants for the land to manage widespread water pollution problem (McDonald and Roberts, 2006). 

Water consumption and water scarcity in cities 

Considering public health and economic welfare together, the quality of drinking water that reaches to the taps through 
underground pipe distribution systems can be considered as a critical component (Folkman, 2018). Depending on the urbanization, 
the high rates of water consumption in cities can attract attention. Sustainable access to safe potable water is a problem in many 
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cities (Heland et al., 2015). Increase in population, income and consumption levels and the demand for food products create 
additional pressure on water resources (Uyar, 2018). Municipal water is the most visible water consumption in general and it is 
important for our needs such as drinking, cleaning, washing, cooking, which we use for domestic and public services (Our World 
in data web site, 2018). Around 70% of freshwater extraction are used for agricultural purposes worldwide, and the average rate 
of agricultural water is 90% for low-income, 79% for middle income and only 41% for high income (Our World in data website, 
2018). Agricultural production is one of the most important economic activities in rural areas in Europe (Berglund et al., 2017). 

Water scarcity currently experienced in some regions may be experienced in all cities in the future. As the global population grows, 
water stress and water scarcity appear to be a common concern due to increasing agricultural, industrial and local water demands 
(Our World in data website, 2018). Excessive drought and frequent floods increase the risk of decreasing freshwater resources in 
the future (Europan Environment Agency website, 2020). Primary factors affecting water scarcity include population trends and, 
trends depending on climatic conditions increase in the water demand due to socio-economic developments (European 
Environment Agency website, 2020). 

Considering today's conditions, due to the increasing urbanization rate, it is difficult to respond to water demands especially in 
cities because the per capita water consumption in urban areas than in rural areas (Xu et al., 2014). Access to safe and potable 
water in cities can be considered as a major concern, especially in developing countries (Xu et al., 2014). Water scarcity can affect 
health, hunger, education and poverty (Eschooltoday website, 2020). 

Water consumption habits and patterns can be considered in the evaluation of decreasing fresh water resources globally. For 
agriculture purposes 70%, for industrial use 19% and for domestic use 11% of global water resources are used (Uyar, 2018). The 
USA spends 42 million gallons of water daily for daily life at home (Infrastucture Repord Card, 2017). In the USA 80% of drinking 
water comes from surface waters whereas the remaining 20% comes from groundwater (Infrastucture Repord Card, 2017). There 
are approximately 155000 active drinking water systems in the USA (Infrastucture Repord Card, 2017). 

Although water consumption per capita varies all over the world (e.g. Americans consume approximately 500 liters of water per 
day) (Lenntech website, 2020). Daily lifestyle habits influence the water consumption rate (e.g. people in urban life consume more 
water than those in rural life, or young and old people tend to use less water than average) (Lenntech website, 2020). Some 
environmental attitudes can be associated with water saving behaviors (Grafton et al., 2009). The large amount of water bills that 
come to households can encourage households to change their water consumption habits (e.g. taking a shower instead of taking 
a bath) (Grafton et al., 2009). Pricing based on measurement of the consumers’ water consumption can be considered as an 
effective policy for management of demand for residential water (Grafton et al., 2009). 

Infrastructure systems in cities may have leakages in existing network pipes depending on a number of problems. Daily water 
consumption curves can provide important information about the physical condition of and water leakeages in the current 
network (Kılıç and Cinal, 2013). Prevention of water losses during the transmission, elevation and distribution of water throughout 
the network is necessary in addition to supplying water from new sources (Saghi and Aval, 2015). Measures are taken by scientific 
and systematic planning in the UK and many countries to prevent leakages in the water supply (Saghi and Aval, 2015). 

As water leakages in distribution systems can cause socioeconomic losses and cost, it is important to detect and prevent water 
leakages (Xu et al., 2014). The American Society of Civil Engineers stated that old pipelines causing water leakage can cause lose 
of 7 billion gallons of water daily (Berst, 2014) whereas the World Bank stated that water leakages and standard theft and billing 
errors cause approximately $14 billion loss (Berst, 2014). Problems in water networks can cause significant service losses which 
can cause significant social and economic losses (Folkman, 2018). 

Nearly 45 million m3 of water is lost per day in developing countries due to water leakage (Kingdom et al., 2006). Since water 
leakages in homes cannot be detected directly by water retailers, water conscious consumers can track their water usage via water 
meters (Blom et al., 2010). Medium and long term plans need to be made for reducing water consumption of consumers in cities 
(Bak, 2018). There may be risks of water pollution due to changes in network performance (Bak, 2018). There are many reasons 
for water leakages in cities’ water network system. In many countries, water distribution systems are becoming increasingly 
inadequate and poor due to various reasons (e.g. high urbanization rate, deterioration of infrastructures, and aging pipes and 
pumps) (Kılıç and Cinal, 2013). Inefficient water systems cause 48 billion m3 of water loss each year, which corresponds to an 
economic loss of more than $14 billion (Kılıç and Cinal, 2013). Water leakages can occur due to various factors: material, age and 
diameter of the pipes, pressure, use of unsuitable materials, temperature effect, corrosive waters, soil movement, pressure of 
cars on the road and ground surface, poor quality connections, climatic conditions, and installations not complying with the 
standards (Saghi and Aval, 2015). It is challenging for municipalities to prevent thin cracks due to the frozen ground and 
temperature differences in the winter period as well as to build winter-resistant pipe systems as pipes continue for long distances 
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at the underground, it is difficult (Hurst, 2019). Lack of water and changes in the network parameters can cause water pollution 
in water networks (e.g. decrease in consumers' demand for water may result from decreased water flow in the same pipe 
diameter) (Bak, 2018). 

Water and sewage companies tend to give importance to the integration of advanced systems to overcome the difficulties arising 
from underground pipelines (Karwot et al., 2016). ICT are at the center of efforts to increase efficiency in infrastructure and 
distribution studies/works (March et al., 2017).  

SC and SWP are important to solve water scarcity. Globally, the United States is known as the largest industrial water consumer, 
extracting more than 300 billion m3 of water annually, whereas China is the second largest industrial water consumer consuming 
more than 140 billion m3 (Our World in data website, 2018). International organizations and developed countries have worked to 
offer new solutions to prevent waste of water and to draw attention to insufficient water resources (Saghi and Aval, 2015). Water 
leakage control in distribution systems can contribute to the protection of water resources (Xu et al., 2014).  

Usage of Intelligent network, ICT technologies in the water flow and in the intelligent control of the infrastructure elements, can 
enable bidirectional communication between the elements enabling each element to work individually and independently (Lee 
et.al, 2015).  

SC having SW infrastructure 

SC having SW infrastructure is a key for managing water resources in an efficient, effective and secure way. SC with SW 
infrastructure can be a key to manage water resources efficiently and safely. SC can be described as the idea of urban 
development, where (ICT) information and communication technology and (IoT) internet of things technologies are used together 
(Bak, 2018). The SC was proposed by the USA in 1990 and developed to find the best solution for city planning (Sun and Zhang, 
2020).  

The SC can be expressed as a place where digital and telecommunication technologies are used to enable traditional networks 
and services to operate in a more efficient way for the benefit of the cities’ residents and business world (European Commission 
website, n.d.). SC can enable participation and socialization of all people (Sun and Zhang, 2020). The new SC concept can enable 
increase in the service efficiency through integration of data and services as well as through reduction in costs and state’s workload 
(Sun and Zhang, 2020). SC is related with enhancing efficiency in the urban transport networks, water supply, waste disposal 
facilities as well as illumination and heating of buildings (European Commission website, n.d.). Efficient implementation and high 
acceptance of new technologies contribute to achieving SC goals (Sokolov et al., 2019). 

The SC strategy has the objectives of being an innovative, efficient and resource-saving city, providing solutions that can enhance 
the quality of life for residents and saving resource in energy (Sokolov et al., 2019). New SC, acting together with technologies, 
can be used as a tool for solving urban area problems (Jiang, 2020). SC can collect, convey and process information intelligently 
and efficiently (Jiang, 2020). Sustainable cities can support implementation of greener policies that can reduce the adverse effects 
of the city on the environment (Mazke et al., 2019).  

SC concept is important for governments and private sector to make cities smarter as well as to monitor and manage cities’ systems 
(Muggeridge, 2017). SC concept is engaged in the solution of the concerns emerging due to rapidly growing cities, and need for 
cities to grow in a sustainable way enabling its residents to work efficiently and maintain high quality of life (Muggeridge, 2017). 
SC have been widespread all over the world. Many countries have introduced innovative policies to transform their cities into SC 
(Kummitha, 2019). Approximately 300 cities in China have launched pilot projects for SC construction (Sun and Zhang, 2020).  
Moscow, Kazan and Winterthur are among the SC (Sokolov et al., 2019). All these three cities have similar SC features, 
characteristics of demographic, economic, transportation and infrastructure, social, planned, sustainability and effective use of 
resources, access to information and adaptation of technologies into the processes (Sokolov et al., 2019). In Singapore, there are 
many sensors and cameras to monitor everything from cleaning to traffic (Buntz, 2016). SC, integrated with developing 
technologies, can prevent water losses. To be smart in water management, cities need to use water sensors (Brears, 2016). 

 “SW” refers to the water and wastewater infrastructure that can enable water to be managed effectively (Muggeridge, 2017). SW 
system can collect real-time data on water flow and distribution in cities (Muggeridge, 2017). Usage of ICT, IoT, appropriate 
monitoring sensors and systems can motive people to reduce their water consumption (Bak, 2018). 

Advanced technologies can be used to save water resources in SC. SC information systems with high technologies are more 
efficient than traditional urban systems (Jiang, 2020). SC solutions have the ability to process data from leak detection devices 
(Berst, 2014). Some companies working in this field offer platforms with modules for water data analysis, and these platforms 
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include the ability to collect and analyze real-time data (Berst, 2014). Smart technologies concept includes sensors and network 
that collects and presents water system data, as well as special data management software that analyzes data (Berst, 2014). Water 
production and distribution systems improved by the ICT technologies can maximize efficiency and prevent losses (Byeon et al., 
2015). 

SW management, integrated with the ICTs to monitor water resources, can identify problems, improve efficiency and coordinate 
management as well as support the involvement of the public by overcoming supply difficulties (Heland et al., 2015). In many 
research and innovation projects, special attention is paid to the usage of GIS-based systems when creating useful tools (Karwot 
et al., 2016). 

Smart Leak Detection Tools: There are many sensor technologies that aim to investigate underground pipes of water plants and 
detect potential leaks (Berst, 2014). Artificial intelligence and robotics can be used as tools to stop leakages (e.g. Artificial 
intelligence technologies can listen carefully to the sound of the water flowing in the pipes, and robots can feel the pressure 
difference created by a small leak in the pipes) (Hurst, 2019). Thus, millions of gallons can be prevented from leaking into the soil 
with the partnership of municipalities and companies that adopt these technologies (Hurst, 2019). 

AMR (automated meter reading) and Data Management: Smart meter reading technologies have been developed for electricity, 
gas and water services (Berst, 2014). These AMR-enabled meters allow it to read data via a radio signal without having to go to 
the facility (Berst, 2014). 

Household SW Metering-Remote Meter Reading: Since 2009, it is aimed to develop SW networks aiming at high quality and 
efficient, and reliable water distribution (Dong et al., 2015). Smart meters devices can be considered as important tools for 
enabling water enterprises to have detailed information on urban water usage (March et al., 2017). Together with smart meters, 
more efficient and sustainable urban water supply networks can be created (March et al., 2017). With the developed software, it 
can detect leakages in water usage and warn water retailers and homeowners against water leakages (Blom et al., 2010). 
Furthermore, behavioral change requests to change consumption trends can be even more effective when SW meters and a 
consumer come together through these systems (Blom et al., 2010). Users can install SW meters to monitor their water 
consumption in real time (Brears, 2016). Smart meters can notify customers against excessive water consumption, encourage 
them to look for leakages and provide them water saving tips (Brears, 2016).  

Water Network Partitioning: Water network partitioning refers to a smart partitioning network that enables more effective 
application of techniques for water balance and pressure control (Nardo et al., 2013). District Meter Areas are smaller permanent 
network sections with slide valves and flow meters (Nardo et al., 2013). 

SW grid: SWG technology has been developed to provide water safety, enhance water quality and provide ICT-based water 
management solutions and contribute to meeting the water needs of consumers and suppliers (Lee et al., 2015). 

Water supply system should provide effective protection in case of unwanted problems in infrastructures (Rak and Urbanik, 2015). 
In the future, these infrastructure systems, smart management of smart measurement, can be protected via providing smart and 
new generation strategies by considering possible crime, terrorism, sabotage or disaster (Rak and Urbanik, 2015). 

SW Quality Monitoring System: Despite the developments in SWQM technologies, there is still no universal template program 
for monitoring water quality (Dong et al., 2015). With developments in technologies, quality monitoring systems should become 
cheaper and more reliable and a platform can be created for enabling balance between cost and ease of application (Dong et al., 
2015). 

SWP and Suggestions 

Many countries are developing SWP to prevent water shortages. The main aim of the EU water policies is to protect existing water 
bodies and ensure that every European has access to a sufficient amount of safe and quality water (European Commission website, 
2019). Policies have been developed for transition to a water-saving economy (European Commission website, 2019). For example, 
Miami-Dade County parks in Florida have suffered from leakages in water systems due to aging infrastructure, the municipality 
implemented an IBM solution integrated with sensors and smart meters to remotely examine water consumption values and 
detect leakages using the smart devices, laptops and office computers, and became able to respond to the system in almost real 
time (Berst, 2014). 

Policies have been developed to finance infrastructure (e.g. wastewater treatment plants, sewage systems) and finance "green" 
measures to keep the water in an ecological balance (Markowska and Gancheva, 2017). Development of decision support systems 
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for the controling, monitoring and fault detection of water distribution networks as well as of management support systems for 
maintenance and reliability of components and information systems are important for the demand side (Karwot et al., 2016). 

The Design of SW Market Institutions: Most of the large and complex water systems in the world are based on central authority 
in solving and allocating basic coordination issues, and they face important problems which become more complicated when 
issues such as the transportation and consumption of water are added (Murphy et al., 2000). “Smart markets” can reduce 
coordination problems and costs of transactions as well as provide important advantages in solving properly designed problems 
(Murphy et al., 2000). 

The Alternative Technology Association (ATA), is Australia’s leading and non-profit organization, whose activities are to promote 
water savings, renewable energy and good building design through lawyer studies and magazines (Blom et al., 2010). ATA has 
carried out studies suggesting the development of new policies and integration of technology into these policies to enable SW 
meters to have a large scale application (Blom et al., 2010). 

Policies need to foster/encourage implementation of SWS. Application of SWS are important for enhancing sustainability of water 
resources and efficiency in the water management. New water facilities and supply systems should be built especially in 
developing countries to meet the increasing demand for water due to rapid urbanization (Xu et al., 2014). Even in the developed 
countries water demand and supply in cities are becoming more and more important. For example, in the US, 237,600 waterline 
outages occur annually costing about $2.8 billion (Berst, 2014). Smart technologies can contribute to sustainable usage and 
efficiency of water resources especially in fast developing cities (Berst, 2014).  

SWS in SC need to be integrated to the SWP. As effective use of water resources is needed, it is important that municipalities and 
governments establish SWP. In response to the growing concerns of the global population on sustainable development in cities, 
it is important to develop policies related to the development of smart and sustainable cities (Macke et al., 2019). We need to 
make changes in the way we use and treat water so that we can continue benefitting from clean water, healthy oceans and rivers 
(European Environment Agency web site, 2019). Water can be used for agriculture, various industrial applications as well as in 
fossil fuel and nuclear power plants (Our World in data web site, 2018). As land use, agricultural patterns and industrial 
development can affect water resources, integrated strategies should be planned and coordinated on the water’s impact on all 
industries on each other (WHO website, 2020). The need for water savings is closely related to sustainable development (Bak, 
2018). 

Lack of water can affect economic development and geopolitics of different areas as well as access to clean and usable water 
(National Geographic website, 2019). Water leakage control in distribution systems is essential for sustainable urban development 
(Xu et al., 2014).  

Integration of SWS in SC into the SWP can ensure efficient usage of water resources. SC concept affects sustainable urban water 
resources management (March et al., 2017). Governments need to encourage the integration of innovations and technologies 
into the systems (Partzsch, 2009). 

The municipalities, achieving proper functioning of infrastructures in the cities, allocate responsibility to specialized companies 
that they work together for the protection of connection and precise parts in the infrastructure systems (Rak and Urbanik, 2015). 
Effective policy needs to be established for achieving SW measurement, while adapting smart technologies into existing 
infrastructure systems, beased on the assessment of various factors (e.g. the cost and benefit of integration, the success and 
failure of existing protection efforts, the strategies to encourage the consumers to lesser water usage by sharing the information 
detected with smart metering) (Blom et al., 2010). 

Water production for new services should be carried out in a way the natural environment is not affected adversely (Byeon et al., 
2015). As the SWG technology defines and allocates new tasks to the water managers of the future SC, new information can be 
obtained for future planning of water infrastructures (Lee et al., 2015). With the adaptation of energy efficient applications to SC 
and SWS, energy efficiency can be achieved in the operation and maintenance of the water infrastructure (Lee et al., 2015). 
Infrastructure systems should be safe and efficient (Rak and Urbanik, 2015). Furthermore, national regulations, international 
standards and their requirements in water supply should be taken into consideration (Rak and Urbanik, 2015). 

All water supply systems should be monitored with respect to all possible threats (Rak and Urbanik, 2015). The government can 
provide incentives for enhancing water efficiency and supporting innovation (Partzsch, 2015). Society’s participation in sustainable 
city policies can enhance success of these policies (Macke et al., 2019). 
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 Conclusion 

This paper investigates SWS in SC and their integration to the SWP. Fresh water resources are being decreased day by day, and 
this scarcity is becoming more and more severe due to various causes such as global warming and environmental pollution. Water 
scarcity does not only affect the economy due to commercial activities globally, but also the spread of infectious diseases. Shortage 
of access to the safe water in urban areas compared to rural areas can be clearly noticed in today's conditions. Water leakages 
are seen especially in cities due to a number of problems in the infrastructure systems. These leakages, at the large scale, can 
cause significant water losses. SC with SW infrastructure can have the opportunity to manage water resources more efficiently. 

This study investigated SWS in SC and their integration into SWP. Within the scope of this study, it is considered that SC with SW 
infrastructure is a key to manage water resources efficiently, effectively and safely. The use of modern technologies in SC can 
support saving the water resources. It is important for municipalities and governments to develop SWP based on smart 
infrastructures to use water resources effectively. It is important for SWP to be developed as contemporary and solution-oriented 
policies by relevant public institutions such as municipalities and governments. SWP and regulations should foster smart 
technologies to be used in cities. SWP need to be supported by relevant SW regulations. SC should effectively use state of the art 
of the ICT technologies to effectively implement SWS. As water leakage problems can pose a threat to water resources, it is 
recommended to establish smart infrastructures using current technologies such as leakage detector to prevent water to be 
wasted. Furthermore, SWS and SWP should be integrated effectively in SC. It is important to draw attention to the sustainability 
of the water resources management by raising awareness of citizens while creating new water policies. This paper is expected to 
be useful for academics, researchers, politicians and city planners working in the relevant field. 
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Abstract   

The need to create sustainable buildings, as well as increased environmental awareness, have increased the interest in the 
application of bio-architecture as an alternative to conventional building materials. In this context, the expansion of bio-based 
products and their widespread use in buildings are among the priorities of the European Union's development strategies and 
research areas. Bio-based materials are a promising resource for buildings in the 21st century with their possible contributions to 
sustainability concerns. Capped mushrooms, which are type of fungi, have an important place in the material cycle in nature, 
especially during the decay process. These fungi produce a whitish-mesh structure called mycelium at their roots while they grow. 
Mycelium is easy to produce and has the potential to be a renewable biomaterial in the construction sector. On the one hand, it is 
possible to recycle waste, and on the other hand produce design outputs during the production process of mycelium. In this regard, 
this paper aims to discuss the possibilities of using mycelium in architectural design and applications. Within the scope of the study, 
the pioneering works in the literature are examined in detail. These works incorporate different types of mycelium, substrate, 
production methods and design methods. Results show that both laboratory and production experiments are necessary to realize 
such works. Future studies will focus on the design of a building element with mycelium and waste substrates at its core.  

Keywords: mycelium, biodesign, bioarchitecture, biomaterials, living architecture, innovation  

  

Introduction   

The building industry, which is one of the main locomotives of global economy, accounted for 40% of CO2 emissions with nearly 
20% of total greenhouse gas emissions releases to the atmosphere. Another major impact of the construction industry on the 
environment is the continuous exploitation of natural resources, minerals and other materials used and stored in the 
constructions. Although, these are all limited as source to comply the needs of growing market, 50% of raw material consumption 
by weight over the globe is used within the building industry (Pacheco-Torgal, 2015). Therefore, the building industry is facing 
unprecedented challenges to reduce the environmental impact of current consumption practices (Adamatzky et al., 2020). Non-
biodegradability and long lifespan of these processed building materials prevents them from returning to nature. To reduce the 
negative impacts of constructions, searching for a toolkit of materials that show good performance and are in harmony with 
nature is one of the pioneering research areas of this century.   

Biomaterials are one of the most promising materials in this toolset. Most of the biomaterial research, process the knowledge of 
nature through the lens of today’s conventional industrial production processes. The main goal of this type of research is to obtain 
a material in order to create products with desired properties and is in harmony with its environment in response to sustainability 
concerns. In this context, mycelium of capped mushrooms, which is a family of fungi, is a recent research topic with a wide 
diversity of use in buildings and building technologies. It is easy to create complex shapes with mycelium composites and has 
short growth periods in optimum conditions. Mycelium based composites show additional properties such as fire resistance, 
sound insulation etc. based on their substrates. These make it a unique part in the toolkit for designers. This paper aims to 
evaluates and discuss the innovative approaches of mycelium use in building industry. In this context, it focuses on four case 
studies from the aspects of types of mycelium, types of substrates, design methods and production methods.   
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Literature  

Fungi are a kingdom of organisms, one of the oldest inhabitants of the earth with a primal role in natural ecosystems as 
decomposers (Cossio et al., 2012). Mycelium-based composites have been developed into a wide range of products such as 
packaging, construction and insulation materials, leather-like textile materials and transparent renewable films (Attias et al., 
2019). Mycelium-based composites with different structural or visual properties can be produced by changing the mushroom 
type and substrate; this allows the composite to be used in different functions. In addition to the familiar design approaches 
related to mycelium, several studies involving live mycelium are also being conducted (Adamatzky, 2020).    

Fungi, consisting of single-celled, multicellular, or spore-producing organisms, are a group fed with organic matter. 80,000 to 
120,000 species have been documented in the mushroom kingdom, but there are thought to be about 1.5 million species (Jones 
et al. 2017). In literature reviews, it is seen that Ganoderma and Pleurotus species are preferred more widely. Among the reasons 
for this are their rapid growth and strong resistance. The fact that they are common species also made them preferable. Among 
the companies that started mass production for mycelium-based composite production, Ecovative produces their products using 
genetically modified mushroom according to its own patent. Thanks to the modification, fruit formation is not observed in this 
fungus, thus it is convenient to use for designers. However, there is no production continuity of this mushroom since it does not 
produce spores due to the lack of a fruit. Growth environment has to vary depending on the type of mushroom. Growth 
temperatures and moisture balance are important factors for the mycelium-based composite to grow.  

Mushrooms are grown on a wide variety of substrates (feed medium). To keep the cost of mycelium composites low and facilitate 
the recycling of wastes, low-cost agricultural plant-based (Karana, 2018) or forestry by-products or wastes are widely used as 
fibrous substrates such as straw or particulate substrates such as sawdust (Jones et al. 2020). Substrate selection and composition 
rates vary depending on the type of desired product. Different substrate combinations significantly affect the mechanical 
performance, strength, and hardness (Lelivelt, 2015) of the mycelium-based bio composite (Karana et al. 2018). In addition, fiber 
type, particle size, and processing of the substrate, depending on the chemical composition, affect the strength of the material 
(Lelivelt, 2015; Karana et al. 2018). Lelivelt (2015) stated that in different substrates (hemp varieties and wood), mushroom 
species and different sterilization conditions, non-woven hemp is compatible with mushrooms and provides high pressure 
resistance. Ghazvinian et al. (2019) aimed to increase the mechanical and chemical properties of mycelium-based composite 
blocks in wall construction, and the results of compressive strength tests on block samples showed that straw-based bio-
composites could not bear loads and that chip-based bio composites could be used in place of conventional stacking units when 
sufficient reinforcement was used.  

Mycelium based materials are a novel study topic with wide interest. Many researchers employ a similar production methodology, 
which begins with molding the substrate into desired forms that would form a base to feed the inoculated fungi and to generate 
mycelium networks. According to the design and material expectations, forms are generated by either growing monolithically or 
assembling units. Majority of the studies continue their process from here by killing the living fungal tissue by heating or freezing, 
since the dead mycelium solidifies its connections and act as a binder that holds substrate particles. All these processes require 
certain environmental conditions and sterile work to form a healthy mycelium network.  

In the last two decades, there is limited number of architectural examples designed and built with mycelium-based composites. 
All of these designs belong to the last twenty years. In the first examples, the designs were produced by molding by functioning 
similar to traditional masonry systems suitable to the nature of the material (Eg: Hy-Fi tower). It is also frequently seen that more 
support is obtained from computer aided drawing programs and computational design methods during design and production 
process. In more recent proposals, there are several for building with live fungal tissue in order to benefit from its biological 
potential. Some others intend to use mycelium base to grow vegetation. Designing and building with mycelium-based composites 
has the potential to create exciting work in the partnership of architecture, computational design and biodesign.   

  

Methods   
The method of this paper is case study. The cases examined have proposed and produced building materials using mycelium. They 
have also made different architectural propositions to design with this material. All the selected projects had the common purpose 
of making architecture more sustainable, yet they also had additional purposes as is mentioned during the first part of the case 
studies.   

Although the production of building materials from mycelium has become popular recently, its technical knowledge is not yet well 
established. All the projects in this paper made experimental observations to further technical knowledge. It is known that the 
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properties of the mycelium-based composite material changes according to fungi and substrate types, therefore all the cases 
feature research for suitable fungi and substrate types. The type of fungi, which type of substrate they prefer, and the types of 
substrate and physical properties of the material are discussed given in the second part of the studies.  

The collected information was transferred to make use of computational design programs or traditional design methods. The 
design methods, where and how the growth takes place, are examined in the third part of the studies.   

Case Studies   

Living architecture is defined as the use of natural life organisms in sustainable construction. The cases here have the potential to 
become living architecture since they incorporate an alternative building material developed with living materials. The case 
studies here have something to say about living architecture and the use of mycelium-based composite materials. These cases 
are “Claycelium” by Justin Sheinberg and Mert Gonul, “Growing Architecture Through Mycelium and Agricultural Waste” by 
Eduardo Mayoral González, “Fungal architecture” by an H2020 project consortium and “Building a living house with mycelium 
and trees” by the Vision-Division workshop of Politechnico Milano.   

Case 1. Claycelium  

“Claycelium” is a research project that was created by Justin Sheinberg and Mert Gonul. The objective of their research is to 
produce a completely natural building material with almost zero ecological footprint. They wanted to create a composite material 
using mycelium to improve the structural properties of clay, which is a local material, and to create a food producing architectural 
pavilion as a solution to the decline of agricultural production near living places due to rapid urbanization. In this study, material 
knowledge was developed through experiments, analyses were done with computational design programs and on-site application 
was done with additive manufacturing technologies.  

The study started with material experiments consisting of five phases; the interactions of various nutrients (hemp, sawdust, 
ground coffee, orange peel and biochar) with mycelium were tested. In phase 2, combinations of multiple nutrients and their 
effect on mycelium growth were tested, in phase 3, the substrate materials were combined with standard clay to spread the 
mycelium throughout the clay. In the 4th phase, the viscosity of the suitable material for construction was tested and at the same 
time it was examined, whether the clay would be combined with the mycelium in the cavity formed during the preparation of the 
material with the 3D manufacturing method. At the last phase, different soil mixtures were examined to accelerate plant growth.  

After composite (20% ground coffee, 30% clay, 20% sawdust, 12% mycelium and 18% water) for Claycelium was chosen then they 
investigated the material’s use in robotic construction technology. Material viscosity, design porosity, mycelium growth algorithm 
and mycelium supported designs have been tested on prototypes built by 3D printers. From submersion and stress tests 
concluded that Claycelium is 19% stronger in tensile strength than traditional clay blocks.  

Later this material was proposed for a design of an agricultural pavilion in a selected area within Barcelona. Optimum construction 
months, which consider both humidity and temperature for the growth of mycelium, solar radiation, pedestrian circulation, and 
form were analyzed with Grasshopper and its add-ons. Later, the construction can be carried out with on-site 3D printers (Fig 1).   
 

 
Figure 1. Visualization of construction proposal for Barcelona and growth of vegetation over structure  
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Case 2. Growing architecture through mycelium and agricultural waste   

Eduardo Mayoral González (2009) aimed to explore the possibilities of producing usable structures and shelters by changing the 
scale and composition of mycelium panels developed by Ecovative Design. The Greensulate panels are originally used for 
insulation and packaging purposes. González’s study aimed to grow plants on growing mycelium-based bio-composite units for 
obtaining a cultivated habitat designed with 3D CAD modeling.  

The design process has two stages; at first, the properties of Greensulate and basic steps for growing the material are described. 
Since Greensulate is an organic material, possibilities of growing grass or other plants were mentioned, and some trials were 
done. To create a self-illuminating design was aimed and bioluminescent fungi species were examined. In this context, Panellus 
stipticus was chosen for the design proposal.  

The second stage is the modeling section; Grasshopper and Rhinoceros programs were used to create a modular design with 
various algorithms to meet the needs of the design for an urban pavilion. Two different molds modules were designed, and 3D 
printed. A design pattern using tree branch-like modules was developed.  

    

  
Figure 2. Visualization of Twisted Box Topology and Irregular Prism One Generation Greensulate porous glowing green wall   

The printed molds were first sterilized and filled with pre-boiled agricultural wastes. Later, the fungus seeds were spread on the 
waste and the molds were placed in bags in a humid environment to allow them to grow. During the growth process, the mold 
modules were fixed. González placed the disinfected tree branches into the molds with agricultural waste, in order to use them 
as reinforcements to increase the structural strength. However, there is no information about the materials and conditions, such 
as fungi species, agricultural waste or the type of branch used, or the length of the process, growing conditions and production 
environment. As a result, the conceptual design scenario is shown in Fig 2.  

In his study, González presents several potential scenarios for the use of the mycelium wall, which he proposed to generate 
temporary habitation places. His idea is to create a settlement system that serves the city as an organic extension, minimizing 
transportation costs and thus reducing pollution and fuel consumption. Moreover it is possible to say that these structures can 
have the potential to support food cultivation and air purification.  

Case 3. Fungal architecture   

Funded by European Union’s Horizon 2020 research and innovation program FET OPEN “Challenging current thinking", Adamatzky 
et al. (2020) propose a conceptual design for a monolithic living fungus based building with a concept at the cross section of 
Biofabrication, Functionalizing and Computing of living substrate. To achieve that, the group intended to enhance mycelium with 
nanoparticles and polymers to create mycelium-based electronics and to form a fungal computer.  Conducted by the architect, 
this fungal building would self-grow into desired geometries while presenting the self-repair and waste management properties 
in addition to being an environmentally adaptive structure that responds to stimulations. Representing a "biological" intelligent 
building paradigm, the proposal outlines the potential of non-regular approaches that can be an alternative to current 
unsustainable building methodologies and materials used in the industry.   

The group outlined the possibility to control the growth and branching scheme of the mycelium network with a range of chemical 
and physical stimuli. Chemo-attractants such as oxides lipids, carbohydrates, peptones and some amino acids and chemo-
repellents like sucrose, tryptophan and salt were proposed to be used in order to operate the growth. Stimulation with light and 
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volatiles were also pointed as having the potential to direct growth. The group built a small scale prototype in Y form (Figure 3, 
left). Design principles behind the proposal employs the principles of Kagome (triaxial) woven structures as a combined stay-in-
place mold and reinforcement for the mycelium/substrate composite. Woven structure was filled with Pleurotus djamor 
inoculated substrate. This open mold was then wrapped by cellophane film with holes (Figure 3, mid). However, there is no 
information over the substrate mixture or growth conditions.  

  
Figure 3. Prototype production by woven kagame structures (left, mid) and test setup (right)   

To test the potential of information transfer over the mycelium networks, group set pair of electrodes from several points over 
fruiting body or directly into substrate (Figure 3, right). As the fungal tissue responds to thermal and chemical stimulation, the 
electrical current is monitored through these electrodes with a high resolution datalogger. The experiments show that electrical 
activity recorded on fruiting bodies might act as a reliable indicator of the fungi`s reactions to thermal and chemical stimulation 
since these fruit bodies react like input ports of the fungal computers. This reaction, which can be observed as voltage spikes, can 
be used for transfer signals between distant parts of the mycelium network with a message propagation speed of 0.5 mm/sec. 
The group suggests that future works might lead mycelium networks to serve as analog computers and carry potential to respond 
the environmental changes as passive computers (Adamatzky et al., 2020).   

Case 4. Using nature in architecture: Building a living house with mycelium and trees  

This study by the Vision-Division workshop of Politechnico Milano aims to develop a sustainable house that is self-repairing, 
compatible with its environment, has low cost, is carbon-free and consumes waste. This project uses mycelium as an outer shell 
on a tree house structure to obtain living architecture. Its aim is to create an igloo-like structure with strong live trees and leave 
empty spaces to be filled with other materials, in this case with mycelium-based bio-composites. Aeroponic shaping method, 
where roots are formed rather than branches, is preferred to generate the main skeleton of the house. The main idea is to plant 
seedlings in an aeroponic box so that the roots exposed to light grow to the desired extent. After the trees are taken out of the 
box, they are planted in the desired area. A few years later, the roots will thicken and become as hard as the branches. With the 
development of the outer shell, the structure will be completed.  

A methodology to build a house using live tree structures and an outer shell of mycelium is shown in Figure 4. Aeroponic root 
forming would start with the tree species, Ficus benjamina. Mycelium form Ganoderma applanatum and sawdust waste were 
used as a suitable material for the outer shell. Colonized substrate was used to grow mycelium layers with high grafting rates. 
First, cardboard sheets must be prepared to create the desired shape for the outer shell. Formed cardboard sheets were sterilized 
in an autoclave, and the colonized substrate was placed between two cardboard sheets moistened with distilled water. Later, 
these layers can be immersed in liquid starch to allow growth of mycelium, and the layers should be sterilized, grafted with the 
colonized substrate, and placed in the tree structure. After the mycelium has colonized the entire outer shell, it must be dried 
outdoors. Drying is done both to increase the resistance of mycelium bio-composite and to stop growth. Finally, a coating such as 
pine tar should be applied to prevent superficial mildew and insect attacks. Developing living architecture will play an important 
role in the transition to a harmonious world where buildings respect nature and people (Vallas & Courard, 2017).  
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  Figure 4. Visualization of methodology process for building a “living” house   

  

Results and Discussion   

In the early examples of the utilization of mycelium-based materials in architecture, the designs were produced by molding and 
the material functioned similar to traditional masonry systems. When the current studies are examined, this approach has been 
replaced by a design method carried out by establishing partnerships with computational design methods. In addition, there are 
conceptual designs in which mycelium is maintained as a living organism, this has the potential to develop a regenerative and 
more sensitive design approach by replacing unsustainable conventional methods in future processes. The common point in all 
the examined cases is to minimize the harm that people give to nature and to investigate the potentials of using a bio-composite 
by including the mycelium as an element of the design process. An overview of the projects can be seen in Table 1. The utilization 
of the type of fungi, type of substrates, production and design methods are discussed below.  

               
Fungi are a group of living creatures with many members, from microorganisms such as yeast to mold and mushrooms. Since the 
properties of the material change according to the mushroom type, the type of mushroom can be determined according to the 
purpose. In all the cases, the preferred fungi are mushrooms, and they fall into the Basidiomycota section and Agaricomycetes 
classification in taxonomic classification (Webster & Weber, 2007). If production will not be carried out in controlled 
environments, it is very important to determine mycelium depending on the climatic conditions and seasonal conditions. There 
can also be other considerations, for example Gonzalez wanted to use bioluminescence for Greensulate material and chose the 
Panellus stipticus fungi.   
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The technical and aesthetic properties of the material differ with the use of different substrates. Therefore, different substrates 
have been tried in the examined cases. Sheinberg and Gönül (2019) aimed to create a building material using substrate consisting 
of ground coffee, sawdust, and mycelium to improve the structural properties of clay, which is a local material. As a result of the 
tests, it was observed that the material strength improved by 19% compared to a traditional clay brick. González (2010) used the 
substrate consisting of local seed husks, agricultural wastes and mycelium in the mycelium-based bio composite panel named 
“Greensulate” and aimed to create an insulation panel with better structural properties by making changes in its content. It is 
stated that the panel has 20% more strength and density than a foam. Vallas and Courard (2017) aimed to form the outer shell of 
the tree house by using sawdust and mycelium as a substrate. Adamatzky (2020) aimed to create living buildings using live 
mycelium. To operate the growth, chemo attractants and chemo repellents were proposed to be utilized. It is observed that 
selection criteria apart from the strength of the substrates, was applied in accordance with the targets of the case studies. Locality, 
waste assessment, low cost in the selection of substrates are other common and prominent criteria in these studies. In addition 
to the substrate selection, it has been observed that additives were also used to accelerate the growth of mycelium.  

The cases show that researchers use similar approaches to produce mycelium-based biomaterials. Basically, mycelium and 
substrate are placed within a mold to incubate until the desired colonization levels are reached. Generally computational design 
programs are included in the mold production process; this gives the designer great flexibility in this process by increasing the 
formal diversity of the composite to be created. Although the process is similar the material properties, mold design and molding 
techniques are changed in the examined cases. Adamatzky et al. (2020) point out the substantial risks of this process as 
contamination and difficulty in controlling integrity over a monolithic structure during growth, and claim that innovative 
architectures can co-exist/co-evolve with living substrates however further research is necessary for this.   

The cases in this study show the general approach of current designs, in which mycelium-based biomaterials are integrated into 
the field of architecture. The cases show innovative samples where computational design methods are included in the design. 
Sheinberg and Gönül (2019) increased structural features by mixing mycelium composite with clay; they aim to increase the 
gradually decreasing agricultural production with urbanization by making use of their material. They also produced prototypes 
with 3D printers. González (2009) basically developed a design idea to obtain a cultivated habitat consisting of mycelium, which 
is bioluminescent. In this context, it has made some changes in the content of a mycelium-based composite product from the 
industry and developed two different design proposals with support from computational design programs. Adamatzky (2020) 
aimed to create living buildings using live mycelium, with a design approach different from the other cases. Vallas and Courard 
(2017) proposed the development of a sustainable house that can repair itself, which is compatible with its environment, has low 
cost, does not emit carbon, and consumes waste. At this point, a design proposal has been developed in which the mycelium 
composite is formed in the shell of a tree house structure.  

Conclusion   
Conventional construction methods are known to have a significant share in exacerbating environmental problems such as the 
decreasing natural resources and increasing global warming. At this point, interdisciplinary studies are becoming more and more 
important in the technological and scientific developments of the 21st century in order to design more sustainable cities and 
buildings. In current design approaches, it is observed that developments in biology, bioengineering and biotechnology have been 
added to the partnerships it has established with the disciplines of design and architecture. In this context, myceliumbased bio-
composites have been selected with the idea that it has the potential to be used as a renewable biomaterial especially in the 
construction industry; The pioneering studies in the international literature on the subject are examined under the headings of 
mycelium type, substrate, production methods and design methods. As a result, different fungi and substrate types affect the 
technical and aesthetic properties of the created material; computational design programs are frequently included in designing 
the mold, in which the mycelium and substrate are incubated, thus provide flexibility to the designer. Production techniques in 
which living fungus tissue is dried after completely wrapping the substrate have been used due to the ability of dead mycelium to 
act as a stabilizer and binder. As can be seen from the examined cases within the scope of this study, mycelium-based bio-
composites offer an alternative to conventional construction methods, both by reducing waste by contributing to waste recycling, 
and by incorporating digital design methods and biology into the architectural design process. The architectural design practice 
of including mycelium-based bio-composites has potentials that can be evaluated in different ways. In this direction, a structural 
element that focuses on generating a mycelium-based bio-composite for architectural use with local fungus type and wastes will 
be in future studies.  
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Abstract 

Minimizing the environmental damage during the production of building materials is among the primary problems of the building 
sector. Buildings and settlements are responsible for 40% of the CO2 emissions that increase global warming worldwide. The 
construction sector consumes about 3000 m3 of natural resources every year, and structural activities make up about half of the 
world's energy use. Recently trending “green building sector” has been developed as a solution for this problem. On the one hand, 
the “green building label” issued by various certification systems promotes an environmentally friendly building production process, 
on the other hand, green buildings are prestigious projects and considered as social responsibility for large institutions and 
organizations. This article introduces a trending research area of green material solutions suitable for green building certification 
systems. As an alternative to existing materials production technologies, these green technologies are highly ecological and 
environmentally friendly processes, and the raw materials used do not contain toxic substances. “Bacterial biocalcification” is a 
process in which some bacterial species produce a cement-like output by hardening the sand/soil or similar particles in a controlled 
environment. Bacterial calcification process was used by the authors to enhance the microstructural characteristics of cement-
based materials and the microstructure of calcite produced by the microorganisms were analysed in the research project funded 
by TUBITAK; 117M837. In addition to the state of the art knowledge and some case studies introduced in this article, the 
microstructural analysis results of the research is shared to explain the biocalcification process in detail.  

Keywords: bacterial calsification, MICP, self healing, green building, eco-friendly materials 

Introduction 

The buildings use energy and raw materials, produce waste and emit harmful atmospheric gases, throughout their life cycle, 
starting from construction to demolition. Throughout the life cycle, a green sustainable building should save energy and be safe 
for human health. The energy of building materials used in construction is an important factor for energy-efficient building 
systems.  A green sustainable building is supposed to reduce resource consumption, to minimize its impact on the environment, 
and not to be a threat to human health (Stanaszek-Tomal, 2020). The production of traditional building materials like cement, 
concrete and brick is responsible for larger part of the CO2 emitting to atmosphere. Therefore, the searching of alternative 
materials and technologies become important to save energy and to minimize the green houses gases (Reddy and Jagadish, 2003; 
Dhami et al., 2013a). In recent years, the benefits of the microorganisms to production of building materials discerned. Bio-
mineralization is a process that a living organism produces several minerals via metabolic activity and bacterial bio-mineralization 
of calcium carbonate (biocalcification) appears an alternative method in the building industry. Other minerals synthesized by bio-
mineralization processes may include silica, iron oxides and hydroxyapatites (Lowenstam, 1981; Dhami et al., 2013b; Dhami et al., 
2013a).  

Calcium carbonate production of a living microorganism via metabolic activity is called as “microbial-induced calcium carbonate 
precipitation (MICP)” or “bacterial biocalcification” in shortly. Microorganisms can penetrate and reproduce themselves in soil or 
any such environments, the environment is not to be disturbed unlike the chemically synthesized cement. Therefore, this 
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technology is novel and eco-friendly (Sarayu et al., 2014). When we look around, the examples of biomineralization is everywhere. 
In the nature, there are many samples of the buildings which are built deftly by gifted lives, with local materials, not by using 
excessive energy: Coral reefs (Pomar and Hallock, 2008; Achal et al., 2015a; Dhami et al., 2013b; Chen et al., 2019; Tambutté et 
al., 2007), sponges (García-Hernández  et al., 2019; Voigt et al., 2017; Uriz, 2006), termitte mounts (ant hills) (Achal et al., 2015a; 
Sarayu et al., 2014;  Dhami et al., 2013b), limestone caves (Muangsong et al., 2020), etc. Table 1 shows some examples in the 
nature and their major inorganic and organic components. 

 

Table 1. The examples of nature and their major component responsible for mechanical strength (Achal et al., 2015a).   
Biological material Inorganic or organic component  

Coral reefs Calcium phosphate/hydroxyapatite 

Spicules in sponges Amorphous silica 

Mollusk shells, Reptile eggs Calcium carbonate/aragonite 

Mollusks, Bird eggs Calcium carbonate/calcite 

Bone, Dentine, Tendons, Muscle Collagen 

Arthropod exoskeletons Chitin 

Silk Fibroin 

 

For these reasons, these systems, already exist in nature, serves as a valuable resource to search biological materials and a source 
of inspiration to develop a construction material. 

MICP Mechanism 

There are mainly four groups of microorganisms involved in the precipitation of calcium carbonate (Stocks-Fischer et al., 1999; 
Hammes and Verstraete, 2002; Dhami et al., 2013b; Achal et al.; 2015a): 

(a) Photosynthetic microorganisms (Cyanobacteria and microalgae)  

(b) Sulphate reducing bacteria (Desulfovibrio groups , such as D. Magneticus) 

(c) Organisms utilizing organic acids 

(d) Bacteria involving nitrogen cycle in mineralization (Bacillus group, such as Bacillus pasteurii (S.pasteurii) ) 

Since all of four groups consume CO2 and produce CaCO3, their carbonate precipitation mechanisms are similar but their 
catalyztors change. Among these four groups, biocalcification via urea hydrolysis is the simplest and most widely used method for 
precipitation of carbonates for various technical applications. The mechanism for CaCO3 precipitation by urea hydrolysis is shown 
below: 

 

𝐶𝐶𝐶𝐶(𝑁𝑁𝐻𝐻2)2 +  𝐻𝐻2𝐶𝐶 → 𝑁𝑁𝐻𝐻2𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻 + 𝑁𝑁𝐻𝐻3                                     

𝑁𝑁𝐻𝐻2𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻 + 𝐻𝐻2𝐶𝐶 →  𝑁𝑁𝐻𝐻3 + 𝐻𝐻2𝐶𝐶𝐶𝐶3 

𝐻𝐻2𝐶𝐶𝐶𝐶3 ↔ +𝐻𝐻𝐶𝐶𝐶𝐶3
− + 𝐻𝐻+ 

2𝑁𝑁𝐻𝐻3 + 2𝐻𝐻2𝐶𝐶 ↔ 2𝑁𝑁𝐻𝐻4
+ + 2𝐶𝐶𝐻𝐻− 

𝐻𝐻𝐶𝐶𝐶𝐶3
− + 𝐻𝐻+ + 2𝑁𝑁𝐻𝐻4

+ + 2𝐶𝐶𝐻𝐻− ↔ 𝐶𝐶𝐶𝐶3
2− + 2𝑁𝑁𝐻𝐻4

+ + 2𝐻𝐻2𝐶𝐶− 

𝐶𝐶𝐶𝐶2+ + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 → 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶2+ 

Four important parameters effecting MICP were reported as pH, the concentration of dissolved inorganic carbon, the 
calcium concentration and the availability of nucleation site (Hammes and Verstraete, 2002). The saturation rate of carbonate ion 
concentration is controlled by first three parameters. It is considered that the cell surface of the bacteria behaving like a nucleation 
site ease the CaCO3 precipitation (Phillips et al., 2013; Dhami et al., 2013a). CaCO3 precipitation can be occur in liquid phase or on 
the cell wall. (De Muynck et al., 2010). The positive charged calcium ions in the solution are accumulated on the negatively charged 

(1) 

(2) 
(3) 

(4) 

(5) 

(6) 
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cell wall of bacteria. If the urea is in the bacteria media, dissolved inorganic carbon (DIC) and ammonium (AMM) are released to 
environment. When the calcium is in the bacteria media, supersaturated level can be achieved as locally, calcium carbonates 
precipitate on the cell wall and crystallize. After a while the whole cell becomes encapsulated and it results in the death of the 
cell. Imprints of the bacteria can be observed after their removal in Fig. 1.  Polymorphs of CaCO3 that can be produced by 
biocalcification are vaterite, aragonite, calcite. 

 

 

        

Figure 1. Imprints of the bacteria observed after their removal  (a, b) (TUBİTAK 117M837) 
 

Economically, the production and reproduction of bacteria can be predicted as an expensive process due to the high costs of 
standard nutrients (Arulanantham et al., 2012). However, the researchers have also searched alternative sources of urea and 
calcium to increase the performance of bacterial biocalcification and to perform it more economically in laboratories in the all 
steps of the mechanism. In other studies on bacterial calcification to date, it is searched some alternative sources such as sea 
water, eggshell, limestone powder, calcareous sand, milk industry wastes, etc., as a source of calcium, corn maceration fluid as a 
nutrient medium (Choi et al., 2017; Choi et al., 2016a; Liu et al., 2018; Amiri vd., 2018; Achal vd., 2009; Achal vd., 2010). Human 
urine (Lambert and Randall, 2019), fertilizer (Cuzman et al., 2015a; Fahmi et al., 2018), carbondioxide (Kaur et al., 2016) and pig 
urine (Chen et al., 2018) etc., are tested as a source of urea. The utilization of waste materials supports the opinion that large-
scale bacterial production is also possible (Cuzman et al., 2015b; Soleimani and Shsahandashti, 2017). 

Applications of Biocalcification 

In a sustainable green building approach, factors such as increasing the life of the building, optimizing the need for renovation and 
choosing the right material play an important role. In recent years, the benefits of microorganisms have become noticeable in the 
production of building materials, and the use of bacterial biocalcification is more popular day by day. Below, the studies obtained 
from the literature about engineering applications of bacterial biocalcification are classified and explained. 

Bio-based binders 

The purpose of the binders is to form a material or element that works in a single piece, holding together granular materials such 
as sand/soil. The binder property of cement is often used in building materials, structural elements, even in loose ground to 
improve sand properties or reinforcing to erosion. As a sustainable alternative to the binding properties of cement, bacterial 
biocalcification can be used to hold the sand grains together. In the studies, it is reported that biocalcification is effective to bind 
sand grains. For example, Achal et al. (2015b) are reported that the increase in compressive strength in the range of 17-36% and 
the decrease in the water permeability when the bacterial solution used together with other binding materials. This property is 
being studied by many researchers in the area of soil improvement (Ivanov et al., 2008; DeJong et al., 2010; Burbank et al., 2011; 
Achal et al., 2011; Achal et al., 2012; Cheng et al., 2014; Chang et al. 2016; Choi et al., 2016b; Yu et al., 2020), modifying sand 
properties (Whiffin vd., 2007; Dummi Mahadevan and Zhao, 2017; Xu and Zhou, 2017) and reinforcement of sand pile and plugging 
(Stocks-Fisher vd,, 1999; Nemati and Voordouw,  2003), etc. 

Binding property of biocalcification led researchers to search for eco-friendly block elements as alternative to the clay brick, a 
traditional building material. For example, there are studies on soil-cement blocks obtained by adding some cement to sand and 
soil material in the literature. Dhami et al. (2013a) investigated the potential of producing calcite and improving the properties of 
soil-cement blocks using Bacillus megaterium. Treated blocks showed a significant reduction in water absorption, better freezing-

(a) (b) 
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thawing resistance and an increase in compressive strength due to calcite precipitation on the surface and plugging of the voids. 
Scanning electron micrographs analysis showed the precipitation of the calcite crystals on the surface of the cell wall. X-ray 
diffraction and energy-dispersing X-ray analysis confirmed that the precipitates formed as CaCO3 are calcite crystals. It has been 
reported that this technology has the potential to produce durable and eco-friendly building blocks. 

In addition, a very limited number of biocalcification studies have been found in sandstone production in the literature. Rong vd.  
(2012) obtained bio sandstone with microbial culture containing alkaliphilic bacteria, then tested the compressive strength of 
these samples and characterized them using XR-CT, SEM and MIP. The compressive strengths can be obtained up to 6 MPa. When 
the samples are examined, the weak sandstone area is collected at the top. The lower region microstructure is denser than the 
upper region. Bernardi et al. (2014) tried to turn sand samples into sandstone with the help of bacteria, and compared the 
properties of the bio-bricks with the bricks produced by mixing hydraulic lime and cement into the sand. In the study, S. pasteurii 
was used with broth and peptone nutrition in urea-calcite medium. It is determined that the bricks have a compressive strength 
of 1 MPa and 2 MPa. Sand-based bricks with added bacteria after different processing times showed similar strength with sand-
based bricks containing 27% lime and 12-18% cement by weight. 

Lambert and Randall (2019) investigated the use of MICP in the development of biobricks using human urine. They first stabilized 
urine with calcium hydroxide. The urine reduced by using S.pasteurii to form carbonate ions. These ions then combined with 
calcium ions in the urine solution to form calcium carbonate. This calcium carbonate was then used as a bio-cement to bond loose 
sand particles together in the form of a brick. The maximum compressive strength achieved for a bio-brick is 2.7 MPa. It seems to 
be a good result compared to traditionally produced bricks.  Cheng et al. (2020), by using the MICP property of S. pasteurii, has 
created a bio-binder to produce sandstone-like bricks, also called ‘‘bio-bricks. The results showed that the produced bio-bricks 
can be an alternative building material to clay bricks in terms of strength and water absorption, and it is also a green alternative 
to traditional fired clay or cement bricks. However, since negative results were obtained in terms of salt resistance and fire 
resistance compared to classical brick, researchers state that bio-brick should be developed in this direction. The binding 
properties of bacterial biocalcification has also led researchers to make different designs for many functions in the design of 
architectural and urban environments. Urban furniture is being explored in many applications, including the design of children's 
playgrounds. In this regard, Biodesign Team Turkey has some activities, designs and publications (Demirci, 2019; TBT, 2016; Deniz 
et al., 2017; Keskin Gündoğdu et al., 2018). 

Bio-based admixtures  

Many researchers studied on the improving the properties - such as compressive strength, water absorption amount, porosity and 
chlorine permeability- of cement paste and mortar, concrete and geopolymer containing mixtures by using biocalcification 
(Ramachandran et al., 2001; Ghosh et al., 2005; De Muynck et al., 2008a; Achal et al., 2009; Bang et al., 2010; Liu et al., 2016; 
Amiri et al., 2018; Mondal and Ghosh, 2019; Achal et al., 2013). For example, Ramachandran et al. (2001) studied on cement 
mortars contained the S. pasteurii. It was recorded that the compressive strength values increased up to 61% (Mondal and Ghosh, 
2019). Abo-El-Enein et al. (2013) used S. pasteurii in their study, added the bacterial solution with the mixture water and observed 
a 33% increase in 28-day compressive strength, and a decrease up to 40% in the water absorption capacity. Mahesvaran (2014) 
cured cement mortar samples in 2 types of bacterial solution. While the compressive strength of the samples cured in the solution 
with B. cereus increased by 38% and with B. Pasteurii increased 29%. De Muynck et al. (2008a) tried various improvement methods 
on cement mortar samples, kept the samples in the solution containing Bacillus sphaericus during different times and found that 
chlorine permeability decreased by 10-40%. Andalib et al. (2016) added the solution with Bacillus megaterium to the concrete 
mixture with the mixing water. They reported a increase by 24% in concrete strength. 

In the literature, it has recently started to investigate the properties of geopolymer mixtures containing bacteria (Dwi Wulandari, 
2018; Chatterjee et al., 2019) For example; Chatterjee et al. (2019) prepared various mixtures with geopolymer and cement 
containing Bacillus subtilis. They investigated the mechanical and durability properties of the hardened samples. They stated that 
the chloride resistance increases in the exceeding range of 45% with the addition of bacteria to the mixtures when compared to 
mixtures without bacteria, and their compressive strength also improved. In addition, it has been reported that bacterial mixtures 
have increased tolerance to high temperatures such as 400°C. 

Bio-based protective layers 
Structures are protected from moisture, salt, carbon dioxide and other harmful substances, usually with polymeric coatings such 
as polyurethane or using various emulsions. It is expected that a cover material should be impermeable for undesired material 
but allows the surface to breathe.  It is known that a calcium carbonate layer can be formed on the surface by biocalcification and 
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this formation is very similar the structure formed by cement (De Muynck et al., 2008b; Qian et al., 2009; De Muynck et al., 2011) 
Based on this feature, Liu et al. (2020) tried to create a calcium carbonate layer by MICP mechanism on the ancient clay roof tiles 
to protect from rain erosion. The experimental study carried on the tiles of a building called Hakka Tulou, a historical building in 
China. Hakka Tulou is a large rural house made of rummed earth. About 46 of such structures were added to the UNESCO World 
Heritage List in 2008. The mixtures were prepared in different concentrations of bacterias 1x107 to 1x109 cell/mL and different 
cementation reagents of 0.5 to 1.5 mol/l, respectively. MICP coatings forming from the bacterial solution and cementation 
reagents were applied on the surface of the tile by brushing as layers. In the study, many tests applied to examine the applicability 
of MICP for surface erosion control, such as static contact angle test, capillary water absorption test, Karsten tube test, durability 
tests, acid resistance test, water vapor permeability test (WVP) test, color change test. The results showed that MICP significantly 
increased water resistance by changing the surface microstructure of the tile, it was observed an effective bacterial concentration 
threshold. It provided suitable durability with little negative impact on the air permeability and color of the material. It was shown 
that the MICP technique can be used to make the ancient clay tiles more resistant to weather conditions by closing the cracks 
were effectiveness was visually verified by SEM images  (Liu et al.,2020). It was also understood thar the bio-coating made the 
surface impermeable by increasing the contact angle value above 90°. 

Bacterial crack healing  

Some studies carried on restoration of marble, limestone element or sculptures by bio-mortars (Tiano et al., 1999; Li and Qu, 2010; 
De Muynck et al., 2010; Zhu et al., 2014; Minto et al., 2018). As an example, Le Metayer-Levrel et al. (1999) and Orial et al. (2002) 
used the biological mortar,they obtained as a result of various trials, on the small sculptures of Amiens Cathedral (France) and at 
the door of the Argenton-Château church. According to the visual examinations after 2 years, the restoration in the restored parts 
was found to be successful (De Muynck et al., 2010)  

In the doctoral study of Çıplak (2018), a bacterial isolation and identification were made from thermal water sources,  a biological 
mortar was developed with B. cereus, which is known to have high capacity to produce calcite, and it was applied to micro-cracks 
in artificially aged test stones. In the study, physical, physico-mechanical, microstructural and morphological analyzes were carried 
out. It was determined in the study that the surface of the original material shows a continuous and harmonious structure with 
biological mortar in all samples where mortar was applied, therefore it was stated that this method can be used for repairing 
micro cracks and micro voids in historical travertine works. 

MICP technology is also used with a self-healing approach to eliminate cracks in concrete and cement. The crack size larger than 
0.8 mm is more difficult to repair, but it has been reported that bacterial biocalcification can redimiate the cracks (Luo et al., 2015). 
Self-healing approaches show promising results in crack healing in the early stages of crack formation (Anne et al., 2010). Tab. 2 
shows the approach and degree of self-healing methods used in the literature, these may vary depending on the source of calcium 
supplied to the bacteria. 
 

Table 2. The approach and degree of self-healing methods 
The approach Deep and width of the crack Referance 

Encapsulation max 35 mm crack depth were filled Mostavi et al., 2015 

Direct using of bacteria max 27.2 mm crack depth were filled Achal et al., 2013 

Bacteria and encapsulation max 0.970 mm crack width were healed 

Wang et al., 2014 
Wang et al., 2012 
Muhammad et al., 2016 
Dong et al., 2013 
Qian et al., 2015 

 

In the mechanism of encapsulation, capsules rupture due to damage, cracking, etc. In this way, healing agents are realised into 
the damage area and the self-healing mechanism is triggered (Jonkers and Schlangen, 2009; Van Tittelboom and De Belie, 2013). 
The minerals produced by bacteria through biocalcification cause closing of cracks and voids. Thus, permeability and voids of the 
materials or structure are reduced and durability properties are improved. There are many studies in the literature on the self-
healing approach for cementetious materials (Jonkers et al., 2010; Reddy et al., 2015; Goyal et al., 2015; Meera et al., 2016; 
Haşıloğlu Aras, 2016; Bhaskar et al., 2017; Wang et al. 2018; De Belie, N., 2019; Gao et al., 2020; Mullem et al., 2020; Tezer, 2020; 
Rauf et al., 2020). 
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The authors of this article are working on an ongoing project entitled “Design of self-healing microbial cementitious systems with 
enhanced microstructure”. The aim of the project is the enhancement of the microsture of the cementitous systems by 
biocalcification products, eliminating of the voids and cracks, and development of the durability and strength. In the study,  
compressive strength, flexural strength and water absorption capacity values were analysed to determine the microstructure 
healing. As a result, bacterial biocalcification had a positive effect on the microstructure of the specimens. The compressive 
strength of the specimen with S.pasteurii, increased in the range of 10-20% in 7 days, 7-10% in 28 days. The flexural strength of 
the specimens increased in the range of 22-47% in 28 days.The water absorption capacity decreased in the range of 12% according 
to the control mixture. Calcium carbonate molecules formed by ureaz enzyme activity of S. pasteurii were detected through SEM 
microscopy and supported through EDX analysis. According to SEM images, the molecules occurred as cubic and spheral calcium 
carbonate polymorphs Fig.2 and Fig.3.  

 
Figure 2. Biocalcificaiton products in different size and shapes created by S. Pasteurii (left:200x, right: 500x) (TUBİTAK 117M837) 

 

 
Figure 3. Biocalcification products in different size and shapes created by S. Pasteurii (cubic shape on the left:2500x, spheral shape on the right: 

10000x) (TUBİTAK 117M837) 
Recently, the first large-scale application in Belgium made by Mullem et al. (2020). In the study, a roof slab of an inspection pit 
was poured with self-healing concrete. As a bacterial additive to concrete, a mixture, called MUC+ made from Mixed Ureolytic 
Culture and anaerobic granular bacteria, was added to the concrete during mixing. In experimental part of the study, laboratory 
control samples obtained from same concrete batch with roof slab were investigated and some examinations were realized under 
working condition of roof slab. Laboratory tests showed that cracks at the bottom side of the specimens and cracks due to wet/dry 
cycles had the best visual crack closure. In addition, the sealing efficiency of the samples was achieved over 90%.  

Among the studies, there are other large-scale applications in the field. For example, the self-healing mechanism by using bacteria 
has been utilized in a highway bridge in the USA (Dry, 2001), in the repair of an area damaged in a tunnel in the Netherlands 
(Tziviloglou et al., 2016), in a water treatment tank (Morse and Jonkers, 2019) in an irrigation canal in Ecuador (Beltran and Jonkers, 
2015; Wictor and Jonkers, 2016); in concrete panels near the highway in England (Davies et al., 2018). 
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Other applications 

Environmental remediation, such as biological degradation of organic pollutants, separation of heavy metals in water, separation 
of calcium from waste water (Ferris et al., 2004; Fujita et al., 2008; Hammes et al., 2003; Renford et al., 2009; Mahanty et al.,2015), 
modifying of filler in plastic and rubber (Yoshida vd., 2010), the underground storage of carbon and long-term sealing of geologic 
cracks in large-scale structures (Ghosh, 2019) are also in the application area of the MICP mechanism. Among of researches about 
soil improvement and protection of natural resources in the literature; Chou et al. (2012) studied the changes of the 
geomechanical properties of sand using S. pasteurii. Zomorodian et al. (2019) examined the MICP process of S. pasteurii as a 
method for reducing wind erosion of loose sand and silty sand deposits. Sharaky et al. (2018) conducted a study on improving the 
sandy ground using S. pasteurii with different methods. As a method, the injection with fixation and without fixation and mixing 
method were used. The method with fixation gave better results than the non-fixation in the same conditions. In addition, MICP 
were used for surface treatment of recycling aggregate and it was reported water absoption capacity decrease in the range of 
15% (Grabiec et al., 2012; Qiu et al., 2014).   

Conclusion 

In recent years, the benefits of the utilisation of microorganisms in production of building materials are discerned; and bacterial 
biomineralization of calcium carbonate appears as an alternative method in the building industry. There are many application 
areas as a binder, admixture, protective layer, bio-mortar for healing of the limestone, marble and self-healing agent on 
cementitious systems. In addition, as mentioned above, the applications have started in the field. Self-healing mechanisms are 
promising for prolonging the life of the structures, saving time, energy, cost and natural resources required for the renovation of 
buildings. Using bacteria as a bio-mortar to fill the crack is promising for more durable restoration applications. It is observed that 
there is a great potential to produce eco-friendly green block elements, urban furniture with biocalcification mechanism. An 
increase is expected in production of niche products, since these bio-products are wide open for commercialization. As seen in 
the studies mentioned so far, bacterial biocalcification provide an increase in the mechanical strength, as well as a decrease in 
water permeability and penetration of water from surface through calcite layer. Bacterial biocalcification, which is a cement-like 
binder-forming mechanism in a natural process using bacteria, offers the advantage of creating innovative and eco-friendly green 
structures. This is an important step towards sustainability and a field of developing work. 
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Abstract 

Smart cities (SC) aim to enhance capabilities of the city and reduce the challenges encountered in urban life. One of these efforts is 
on mobility in the city. Smart mobility includes improvements in transportation and logistic systems of the city. Thanks to the 
information and communication systems technologies, data from people, urban entities such as traffic jams, parking lots etc and 
critical infrastructure of the city can be collected. The collected data can constitute a real time urban model that can be used in the 
urban planning and management to enhance the quality of mobility in the city. This paper studies the BIM integration to the 3D 
urban models to improve smart mobility in SC. Because the understanding behind BIM can integrate all smart mobility entities to 
provide a holistic system. In this way, these entities of intelligent mobility can work together. Also, with this BIM integrated city 
model, smart mobility becomes part of the SC and works with the entire city model. This study aims to be beneficial for AEC industry 
and governmental institutions in the planning, construction and management of SC. 

Keywords: smart city, smart mobility, smart transportation, 3D urban model, BIM  

Introduction 

Rise in the population of the world and consequently rapid urbanization can cause increase in the complexity in urban life and 
cities’ adverse impacts on the environment (Mohanty, Choppali, & Kougianos, 2016). It requires a new approach to manage the 
city and deal with the cities’ problems (e.g. poverty, unemployment, inequality, shortage of resources, etc.) (Eremia, Toma, & 
Sanduleac, 2016). This new approach should aim to manage the cities, supporting economic, social and environmental 
competitiveness of them (Alonso, Aletà, & Ruiz, 2016). At this point, smart cities (SC) are considered as a feasible solution for 
these challenges (Wu & Chen, 2019).  

There are many definitions in the literature that deal with SC in different aspects. Basically, it can be defined as an approach that 
integrates all components of the cities with technology to enhance living conditions for its citizens (Samih, 2019). This is a holistic 
and integrated approach in which all systems of the city work together (Barletta et al., 2020). Information and Communication 
Technology (ICT) and other related mobile technologies are one of the prerequisities of the SC to improve their operations and 
integrate all infrastructures (Mohanty, Choppali, & Kougianos, 2016). This technological perspective of SC are based on IoT, big 
data, Machine Learning, etc. (Tsiatsis et al., 2019) Thanks to them, cities can become able to work as a single entity and to solve 
all their challenges (Eremia, Toma, & Sanduleac, 2016).  Moreover, implementation of SC can enhance quality of life, provides 
transparency and government opennes for all stakeholders of the city (Ismagilovaa, et al., 2019). 

There are six dimensions of SC including smart mobility dimension (Albino, Berardi, & Dangelico, 2015). This paper concentrates 
on smart mobility dimension of SC and focuses on urban mobility. Smart mobility represents more than just implementing an 
effective transport system and resolving congestion. It aims to ensure sustainable integration of all systems specific to mobility in 
the city, based on the participation of advanced technology and citizens of the city. For this reason, this study proposes the 
development of BIM integrated city models as an essential tool to provide smart mobility. Thus, it aims to be beneficial to the 
entire AEC industry and govermental institutions including municipalities. 

Smart Mobility 

Benvolo, et al. (2016) define smart mobility as a series of cordinated actions that aims to improve efficiency and sustainability of 
cities. It enhances urban performance and citizens’ quality of life by the usage of ICT in smarter way (Papa & Lauwers, 2015 ). 
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Smart mobility can enable connectivity through big data and provide the real time mobility data to its users (Tomaszewska & 
Florea, 2018). Smart mobility aims to improve transportation systems in a city (Camero & Alba, 2019) and reduce congestion in 
cities (Appio, Lima, & Paroutis, 2019). However, it is more than only transportation and traffic since it can enhance transportation 
of people and goods, support the economy of the city and improvement of daily life (Aletà, Alonso, & Ruiz, 2017). Smart mobility 
intends to reduce traffic congestion, decrase the cost of transfer, improve speed and provide safety of citizens (Benevolo, Dameri, 
& D’Auria, 2016). Moreover, it can reduce the adverse effect of transportation such as air and noise pollution and reduce 
consumption of resources (Tomaszewska & Florea, 2018).  

Smart mobility connects several technologies to each other (Olaverri & Member, 2016) such as ICT, intelligent transportation 
systems, automative technology, embedded systems, IoT, sensors and big data (Faria, Brito, Baras, & Silva, 2017). Thanks to the 
these platforms, cities can become more accessible and efficient (Alavia, Jiao, Buttlar, & Najnef, 2018). There are many researches 
on the usage areas of these platforms for smart mobility in SC. Based on the literature review, these usage areas can be examined 
in seven main categories (e.g. time, route destination, environmental benefits, safety improvements, parking, traffic congestion 
and economical investments) as summarized in Table 1. According to Talari et al. (2017), utilization of the data obtained from 
traffic can provide estimation of arrival times and monitoring of traffic congestion. Furthermore, Korczak & Kijewska (2019) 
mention the usage of IoT to identify the route destination and optimization. Moreover, Rathore et al. (2018) state that the quickest 
route to destination, the most intensive road, duration to reach rotation can be estimated by vehicular network and road sensors. 
Zanella et al. (2014) also claim that sensing capabilities along given roads can help to determine the optimum route. Furthermore, 
Pimpinella et al. (2019) studied that vehicular networks and road sensors can enable reduction in air pollution caused by vehicles 
and ensure transportation safety. Moreover, real time traffic data can notify the city authority when an accident, road blockage 
etc. occurs (Rathorea, et al., 2018). Moreover, IoT can provide smart parking and solve parking problems by utilizing data from 
sensors embedded in cars and city (Al-Turjmana & Malekloob, 2019). Thanks to these sensors embedded in cars and at roads, 
movements in and out of the parking lots, the demand and the improvement plans can be tracked (Tsiatsis, et al., 2018).  

 

Table 1: Smart mobility usage areas and tools 
Usage Area Tool Main Function Authors  

 

 

 

 

 

 

Time  

Data Estimate arrival times Talari, et al., 2017 

Sensors and the 
GPS 

Provide realtime data on arrivals and departures 
of public transport  

Tomaszewska & Florea, 
2018 

Real time data Reducte time wasted in traffic jams Papa & Lauwers, 2015  

Traffic lights with 
digital sensing 

Reduce traffic delays Bamwesigye & 
Hlavackova, 2019 

Sensors and GPS Reduce delays by optimising transportation 
schedule and capacities 

Dia, 2016 

ANPR and CCTV Calculate journey durations.  The Climate Group, 2014 

 

 

 

 

Route & 
destination 

identification 

IoT Identify the route destination and optimization Korczak & Kijewska 2019 

Vehicular network 
and road sensors 

Identify quickest route to destination Rathore, et al., 2018 

Sensing 
capabilities 

Determine the optimum route Zanella, et al.,2014 

Sensors Select the most efficient route  Tomaszewska & Florea, 
2018 

ITS aplications Navigate the optimum route Papa & Lauwers, 2015  

GPS and GNSS Provide mapping service to driver The Climate Group, 2014 

 

 

 

Vehicular 
networks and 
road sensors 

Reduce air pollution caused by vehicles Pimpinella et al., 2019 

Sensors Reduce noise pollution Benevolo et al., 2016 
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Environment  

ITS aplications Reduce fuel consumption due to the usage of 
optimum route 

Papa & Lauwers, 2015  

ICT Reduce pollution Papa, Gargiulo, & Russo, 
2017 

Smart 
transportation 
System 

Decrease the carbon emission that is caused by 
transportatio by the usage of hybrid cars. 

Bamwesigye & 
Hlavackova, 2019 

Smart mobility 
applications 

Promote energy savings through bike/car sharing, 
autonomous and electrical vehicles  

Chen, Ardila-Gomez, & 
Frame, 2017 

Signals Reduce fuel consumptions by signal controls and 
transit signal priorities 

Chen, Ardila-Gomez, & 
Frame, 2017 

ICT Enhance safety Papa, Gargiulo, & Russo, 
2017 

Real time data Notify the city authority when an accident, road 
blockage etc. occur 

Rathore, et al., 2018 

Signal system Enhance safety by increasing the capacity of 
intersections. 

Chen, Ardila-Gomez, & 
Frame, 2017 

Radar Detect incidents The Climate Group, 2014 

 

 

 

Parking 

Sensors Solve parking problems Al-Turjmana & 
Malekloob, 2019 

Sensors Movements in and out of the parking lots, the 
demand and the improvement plans can be 
tracked 

Tsiatsis, et al., 2018 

Machine Learning Improve smart parking Tomaszewska & Florea, 
2018 

 

 

 

 

 

 

 

 

 

 

 

Traffic 
Congestion 

Data Monitor traffic congestion Talari, et al., 2017 

Embedded digital 
features 

Light synchronisation for traffic decongestion Tomaszewska & Florea, 
2018 

intelligent 
transport system 

Diminish traffic congestion (Chandra, Harun & 
Reshma, 2017). 

Smart traffic lights Inform users about traffic at each junction. (Papa & Lauwers, 2015 ) 

Algortihms Manage and simulate urban traffic  (Nellore & Hancke, 2016) 

ICT Reduce congestion Papa, Gargiulo, & Russo, 
2017 

Smart 
transportation 
system 

Reduce congestion through shared bycycle system Bamwesigye & 
Hlavackova, 2019 

Sensors Reduce congestion by road accident detections Chen, Ardila-Gomez, & 
Frame, 2017 

Smart 
transportation 
system 

Promote reduction in car usag through car sharing Chen, Ardila-Gomez, & 
Frame, 2017 

GPS Estimate traffic levels The Climate Group, 2014 

Economical 
Improvements 

 Reduce transfer costs Benevolo et al. 2016 
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In the literature, case studies examining smart mobility applications in SC around the world have been found. Each case study 
focuses on different applications or projects. One of these is to make concrete improvements in transportation by analyzing traffic 
congestion with sensors installed on the roads in Cambridge (Brown, 2020). Moreover, Anyang’s smart transportation platforms 
provide real time traffic monitoring, alerts police and fire stations in case of accident and prevent traffic congestions (Tomás, 
2017). Another example is the IoT application used in the railway’s method throughout Germany, which is used to detect before 
possible defects occur (Kinney, 2018). Besides, In Oslo a mobile application has been developed for families who send their 
children to school on foot to follow the road maintenance and infrastructure planning program to be sure of road safety (Rorholt, 
2016). A centralized traffic light control was provided in Bologna by installing sensors to increase potential traffic accidents 
(Borioni, 2012).  

BIM Integrated City Models for Smart Mobility 

BIM is one of the current developments in the AEC industry in the digitalization era (Panteli, Kylili, & Fokaides, 2020). Basically, it is 
a platform that provides a process to model, produce, communicate and analyse (Sacs, Eastman, Lee, & Teicholz, 2018). It is the 
digital expression of a building, enabling stakeholder integration, strengthening collaboration as well as adding, extracting, updating, 
changing and sharing information throughout the life cycle of a building from its construction to its demolition (Yang & Liao, 2015). 
BIM technology is integrated into the construction and occupancy processes of buildings (Milyutina, 2018). It is used for data 
collection and analysis, visualization, simulation, coordination (Azhar, 2011; Yang & Liao, 2015). By this way, the efficiency and 
qualification of the building projects can be guaranteed by BIM (Xu et al., 2014).  

Since SC are urban systems that work integrated with each component there is a need for 3D urban models (Månsson, 2015). 
However, current city models are mostly used for representing the designed objects of the geometry with the geospatial 
information (Xu et al., 2014). These models, based on GIS, provide geometric, topologic, semantic, and visual aspects of the cities 
(Sung et al., 2019). Because, even if BIM technology is used in the building industry and has a large amount of data, there is a lack 
of communication between buildings and urban infrastructure (Anjomshoaa, 2014). Information sharing, however, is still a serious 
deficiency in these city models (Xu et al., 2014). Therefore, current 3D city models should enpower by BIM technology to enhance 
stakholder integration, information sharing, planning and management of the cities (Shahrour, et al. 2017). Visualization and 
evaluation of multiple metrics by these models can help SC to deal with the complex information and their share between the city’s 
stakeholders (Marzouk & Othman, 2020). Moreover, BIM provides information models for design, concept, planning and operation 
(Shaikh et al., 2017). Ugurlu and Sertyesilisik (2019) proposes the integration of GIS and IoT to the BIM model to make the smart 
city model real time and to establish, develop and manage SC, throughout its entire life cycle. 

Discussion 

Data management platform, such as BIM integrated city models can generate and process the information as well as link all 
dimensions of the smart city (Mgbere, Knyshenko, & Bakirova, 2018). Since smart mobility is one of these dimensions, these models 
can also contribute to smart mobility approach. Since infrastructure projects generally have a multi-stakeholder structure and 
therefore adopt a phased project approach, strong coordination is required between design, engineering and construction teams 
(V1 Media, 2015). In order for the city's mobility to become smarter, all mobility assets and relevant stakeholders need to be 
integrated. This is only possible with the development of BIM based city models. Thus, all roads, highways, bridges, sea 
transportation, railways, parking areas, bicycle paths, etc  and smart city solutions such as car and bike sharing, traffic and incident 
detection etc. can work together. There is interaction between BIM based city model and smart mobility. Accordingly, smart mobility 
entities collect data through the technology proposed by SC. Collected data can be used by BIM model and provide the integration 
of all entities. This integration can provide transparency, strong communication and colloboration, better planning and design, cost 
savings, modelling, simulation and analysis  (V1 Media, 2015). For instance, Wang et al. (2014) mention that BIM-GIS integration 
helps to make traffic based analysis for optimizing the design of SC.  Chong  et al. (2016) also state that BIM model can be used to 
monitor traffic flow and plan better urban mobility. BIM model used for smart mobility should be included in the smart city model 
as smart mobility can work with SC.  

Conclusion 

SC can support cities to deal with the problems experienced in urbanization. It aims to use ICT such as big data, IoT, sensors, machine 
learning, etc and integrates all components of the city to enhance life quality of citizens. One of these components is smart mobility. 
It is based on smartness of transportation of people, goods, services and all related systems. There are many technologies to be 
used for providing smart mobility. However, these technologies alone do not integrate all mobility systems. IoT and GIS integrated 
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BIM city model can enable a single real time platform. Thus, these city models can contribute to planning, design and management 
of the mobility infrastructure of the cities. This model can integrate all stakeholders of the mobility infrastructure and help to 
enhance management of the transportation and mobility systems. Moreover, this model can contribute to smart city model to 
strengthen the smart city approach. Usage of BIM in smart mobility can help to integrate all entities of mobility and the entire smart 
city.  
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Abstract 

 The perception of the city is an amalgam of the myths about its substance, as well as its spatial reality. The following paper 
investigates how the engagement with the smartphone has created a shift in perception and embodiment that affects the 
relationship between the moving body and the city. The urban environment can be perceived as a stacking of layers of physical 
space (buildings, infrastructure, parks, houses) overlaid by invisible mediated information and data (stories, memories, Google 
maps, Instagram images). While some components like buildings and infrastructure are visible to the naked eye, others are invisible. 
However, all of them coexist and equally contribute to the contemporary experience of the city. The networked human moves 
across the city while consuming and reproducing representations of the places it encounters. This paper explores the rituals 
performed in everyday life with the smartphone and how the engagement with this technology allows a news form of embodiment. 
By combining these frameworks, the author explores how the networked public becomes a producer and consumer of 
representations that have the power to amalgamate desires, which lead to movement in physical space and site-specific 
consumption. The smartphone becomes a pivotal point between the physical and virtual worlds, allowing the user to access and 
interfere with physical and virtual layers of space, continually transforming how the public understands the city. The images and 
videos circulated through geo-locative applications introduce new places to the networked public and propose ways to inhabit 
those spaces through site-specific consumption. This paper uses media studies theory to read how the smartphone operates as an 
always-available extension of the body that functions as a screen, a camera, a map, and a small computer. In a new, data-enhanced 
that has emerged, storytelling and the circulation of representations of the surrounding space affect the experience of the city.  
This paper explores how informational flows create new topologies, new embodied experiences, and new futures for our cities. 

Keywords: smartphone, representation, space, embodiment,geolocative media  

Introduction 

In our contemporary moment, experiences and movements are massively recorded, represented, and remediated, taking the form 
of snapshots or videos. Although the collective public can produce a multitude of images and videos and share them into their 
networks, those images are scattered across the globe, almost bombarding us with information we are unable to decode. As Vilém 
Flusser writes:  

 Almost everyone today has a camera and takes snaps just as almost everyone has learned to write and produce texts. 
Anyone who can write can also read. However, anyone who can take snaps does not necessarily have to be able to decode 
photographs.( Flusser, 2000, p. 57) 

The smartphone, which doubles its usage as both a screen and a camera, has invaded the urban sphere. Virtual representations 
of space are now collectively produced by the public and massively consumed through smartphone screens. Physical space or the 
city's lived experience has become overlaid with an extra digital layer of information that is accessible on the move. Users have 
the freedom to produce new representations of space that add or remove symbolism in the places they inhabit. Those 
representations shape desires of mobility and produce specific consumption scenarios that can only be fulfilled after arriving in a 
destination. Upon arrival, the user will produce a representation of the moment in the place he experienced and share it with his 
networks who will sooner or later, in one form or another, seek to fulfill the desire shaped by their network. Destinations are not 
merely architectural objects and structures. Added symbolism has been placed upon them through mediated representations and 
myths that structure the idea of place. 

Representations of places that are circulated across social media and mediated walking while engaging with the consumption and 
production of images, narratives, reviews, and algorithmic equations create new symbolism and mythologies about places. Myths 
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create desires of movement and site-specific consumption. Destinations can vary in scale and size, just like the consumption 
scenario. It is irrelevant if the place of consumption is a hip restaurant, a punk concert, a flea market in India, a city, an entire 
country, or a wild animal reserve, but the choreography performed with the smartphone remains unchanged. The following essay 
explores the reciprocal interaction between physical space, the human body, and the collective production of media. This paper 
theorizes that collective engagement with the production of representations of place re-shapes the city's virtual layers. 

 

The city as a layered cake 

 

 
Fig.1 The city as a multilayered cake. Edited by the author 

 

Let us try and imagine the city differently. Let us imagine it like a multilayered cake (fig.1).  The city is composed of different layers 
or networks of things. Different moments, movements, interactions, and assemblages of functions have shaped the urban texture 
we experience today. For example, in New York, we have a network of green spaces, a layer of housing buildings, a layer of streets, 
a layer of sidewalks, the layer of the water, shops, businesses, highways, bridges, touristic attractions. All those structures and 
environments we experience and live among now belong to different historical layers. Some buildings belong to the urban texture 
of the early 20s, and others are relatively recent. Let us imagine that every decade of architecture belongs to a different layer. 
Then we have the layers of transportation and infrastructure. Not all layers are visible, and we do not experience all of them 
simultaneously. The environments surrounding us at any given moment are, in a sense, the result of a power play and an intense 
relationship between human interests, laws, and chaos. Embedded on top, imagine all those stories and memories that each of 
us has attached to different places. 

Let us imagine the audible stories, the novels, and the movies, let us imagine all those stories overlaying specific places, almost 
like an invisibility cloak. The first virtual layer of the city lives within people and cultural objects. The myths, desires, stories, and 
memories form a virtual layer. On top of that, we have the virtual layers that take place within the digital memories of our 
smartphones. Each geolocative application on a smartphone creates and feeds a different invisible layer. Yelp creates a layer of 
restaurants with reviews from customers attached to them. Tinder creates a layer of singles that are only allowed to interact when 
they offer their geographical location. Instagram creates a layer of representations and narratives attached to specific places, and 
so on. The physical space experienced is an assemblage of the interactions of the layers that have pre-existed. This creates an 
interplay between the visible and the invisible, the actual, and the virtual. 

Influenced by Henri Lefebvre's theory of space, this paper looks at space as a product of multiple moments and layers that one 
after the other generation after generation have left traces in the city to produce the urban fabric we experience today. Henri 
Lefebvre was a Marxist sociologist, theorist, and philosopher, interested in the effects everyday movements and behaviors have 
on the production of space. Lefebvre's The Production of Space became an inspiring tool to deconstruct the reciprocal relationships 
between the smartphone; it is the user and the city. Another theorist whose concepts are used to construct the arguments is 
Michel De Certau, who sees everyday practices as revolutionary acts shaping the city's social construction. 
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Lefebvre states that there is a strong relationship between space and the body (Lefebvre, 1991, p. 40).  Bodies are the way for 
humans to perceive space, and at the same time, architectural space dominates the body and forces it into individual movements. 
In the contemporary moment, representations of space are produced collectively by the public and more widely available than 
ever through social media and online applications. Physical space or the lived experience of the city has become overlaid with an 
extra digital layer of information that is accessible on the move. Users have the freedom to produce new representations of the 
space that add or remove symbolism in the representational spaces. Destinations have never been merely architectural objects 
and structures. Added symbolism has been placed upon them through mediated representations and myths that structure the 
idea of place. The remediation of spatial representations creates desires for movement and spatial consumption. Physical space 
responds to these new desires of the individuals who are both a producer and a consumer. The collective public can access, 
produce, interfere, strengthen, and consume the representations of place. 

For Michel De Certau3, “the act of walking is to the urban system what the practice of speaking is to language.” (Certeau, 1988, p. 
94)  Movements create lines on a map; pedestrians define space with the choices they make from available options and render 
the operation that made it possible. A trace is left behind from the process. Just like Lefebvre, he also sees urban space and the 
experience of space as multilayered construction that is an assemblage of everyday practices of the public, buildings, and layers 
of history. De Certau saw rhetoric in walking, just like he saw productive creativity in all acts of everyday practice. As De Certeau 
writes, "walking potentially produces new urban relations" (Certeau, 1988, p. 100). Smartphones help the walker define his route 
and make choices. If walking affects the urban environment's production in visible and invisible ways, then looking down at a 
phone, consuming and producing images, and allowing the virtual layers to inform decisions that take place in physical space have 
an impact on the urban texture we experience. According to the ways of walking, depending on how each individual chooses to 
move in the city, the repetition of a path or the discovery of a new route redefine space. The footsteps of the collective affect the 
city. So what happens when all the footsteps follow the paths that are highly influenced by algorithms and virtual maps?  

In A Thousand Plateaus, Deleuze and Guattari introduce the idea of Strata, which is very similar to the idea of layers as a tool to 
conceive how the actual and the virtual, the physical and the imaginary constantly interact and interfere with each other. Deleuze 
and Guatarri start by defining the Strata as Layers or Belts (Deleuze & Guattari, 1987, p. 40). Just like the city cake and the multiple 
layers of the city, the experience of placeness is a result of an intensive relationship between the visible and the invisible. In a 
sense, the forms that surround us, what we experience in physical space, are a result of the dynamics that take place in some 
invisible layers that we cannot perceive through sight. 

In The Autonomy of Affect, Massumi talks about the affective relationship between the actual and the virtual. For him, the virtual 
is "a lived paradox where what are normally opposites coexist, coalesce and connect, where what cannot be experienced cannot 
but be felt-albeit reduced and contained” (Massumi, 2002, p. 30). Massimi defines affect as the two-sidedness of emergence, as 
an interaction between the actual and the virtual: 

What is being termed affect in this essay is precisely this two-sidedness, the simultaneous participation of the virtual in 
the actual and the actual in the virtual, as one arises from and returns to another (Massumi, 2002, p. 30).   

In a sense, affects, or virtual synesthetics, are unrealized potentialities of the virtual that can be used to produce effects in the 
actual. For example, when a friend visits a square in Florence, Italy, she takes a photo eating ice cream, tagging the ice cream 
company. This representation inflicts a desire to consume ice cream. One will try and move towards a square to consume ice 
cream as well, keeping n mind where the friend ate this ice cream and influenced by her virtual representation I will try and move 
to consume similarly. As we move connected in the city between physical and virtual layers, the smartphone offers the ability to 
access as many layers as the applications downloaded on a smartphone allow. For the first time, each member of the public has 
the ability to interact and affect invisible layers of the city. In a sense, everyone can interfere with the virtual and circulate affect 
through networks. Data, algorithms, and the collective representations within different apps initiate desires that are actualized in 
the city's physical space. Algorithmic equations and user data scattered across the virtual layers influence and initiate movements 
and acts of consumption that occur in actual space.  Desires and spatial consumption benefit the capitalistic regime by influencing 
site-specific ways consumption scenarios. 

Social media allow users to interfere with the virtual layers of space that are accessible through smartphone applications. They 
can express themselves and their opinions and define their consumerist or mobility choices according to the network's collective 

                                                                 
3 in The Practice of Everyday Life, he writes about ordinary people and how using everyday practices like speaking, walking, and storytelling 
appropriately alters the norms around them. He sees the creative component in everyday life and how the general public can become the 
producers of culture. 
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contribution. Companies and advertising agencies participate as well in this choreography of desire production. Algorithms use 
the data and the representations provided by the users to promote specific products to specific people, according to their likes, 
hashtags, and google searches. Since our digital identities are connected under one email or name, searches in one platform can 
deliver advertisements in a different one. 

Augmented Spaces 

In his book Smartphone as Locative Media, Jordan Frith defines the contemporary urban experience as hybrid space: physical 
space as it is experienced through an additional layer of information. Lev Manovich calls these same environments augmented 
space, defined as "the physical space overlaid with dynamically changing information" (Manovich, 2010, p. 305). The new body of 
the wanderer of the city produces and consumes data as it moves through this new intersectional space, the physical space of the 
city as it has become embedded with mediated representations. The virtual and the physical are mutually accessible and malleable 
while the user moves. The access to the virtual does not require a domesticated screen; it can happen in public space.   

Contemporary technologies are finding ways to augment space and objects with data to better facilitate everyday life functions 
through the monitoring of users (Manovich, 2010, p. 307). Information accessed by the user changes according to location. 
Through the use of the smartphone, data such as images, videos, and even reviews can be extracted from space and added on 
virtual maps. Concurrently, physical space is augmented with data that takes the form of extra information accessed through 
Google Maps and applications by GPS and Wi-Fi networks. Contemporary technologies monitor users or convince them to monitor 
their actions and then extract data from them. When users need information, they can access information produced by other 
users or applications. 

Frith introduces the smartphone as a form of mobile media like the earlier forms of the paperback or the Walkman. These forms 
allowed people to "mediate their experiences of mobility" and to enhance their experience of movement (Frith, 2015, p. 20). Frith 
demonstrates the reciprocal interaction between mobile digital and the physical space, as people try to engage with more 
information about the places they inhabit. He sees how the world of atoms interferes with the bits' world to create a different 
experience of the "hybrid space" (Frith, 2015, p. 3). He discusses how hybrid spaces are formed through the combination of social 
interaction, digital information, and physical space and how the extra layer of information becomes a part of the place for the 
user (Frith, 2015, p. 8). His study focuses on how technologies have shifted the user’s experiences of physical space. Spaces and 
routes are deemed as desirable or undesirable by the connected public. Those new experiences create a circulation of desire and 
consumption that produce shifts in ideas of place and desires. The virtual layer of the city that is constantly being shaped by the 
public creates new modes of consumption. 

Willingly recording and tracking movements, impressions, thoughts, and moments opens up the place for a new form of 
surveillance. In Postscript on the Societies of Control, Gilles Deleuze describes how the disciplinary societies based on spaces of 
enclosure have now mutated into societies of control that have turned individuals into dividuals, little points, or masses of data 
inside a networked environment  (Deleuze, 1992, p. 3). Control is almost like a spirit; it has a gaseous ability, it lays itself inside 
motivation, and it gets internalized and constantly mutates to adjust to the need of everyone. Control exists in modulation and 
the production of motivational forces. Power now lies in access to information, the ability to sell services, and the ability to market 
ideas (Deleuze, 1992, p. 6). For example, diet and fitness applications like My Fitness Pal, are promoted as tools that allow us to 
monitor and help ourselves in an attempt to achieve a healthy body. The users keep records and data of what they consumed to 
track their caloric input, they monitor and control themselves, while submitting and sharing data with a network that shares with 
them the same goals and ideas. In a world ruled by the smartphone, we live in a version of Gilles Deleuze's control society.  

Applications like Tinder, access data embedded in physical space creating new spatial connections between people across 
networks. For example, when a user opens Tinder, the application accesses their geographical location in space to connect them 
with other singles within a 25 km radius. It is impossible to connect with singles in Singapore or Dubai. If we like each other, we 
can meet in the physical space of the city on a real date. Unlike the VR fantasies of the 90s, new technologies have not trapped 
humanity in separate computer-based cyberspace, but instead, they have developed an engagement with the physical 
surroundings. Augmented reality works on actual things in actual space, adding information directly to the user's immediate 
physical space. The user is not detached from physical space, but as Lev Manovich would put it, the displays on his phone transform 
his "phenomenological experience" (Manovich, 2010, p. 308).  

There are many cases in which media artists use augmented reality to merge the past with the present, the visual experience of a 
space with audible narratives of the past. Through art projects, what is real is merged with what rests in the imagination producing 
experiences in real space. For example, Mendi and Keith's Obadike project Compass Song (Obadike & Obadike, Keith, n.d.), is a 
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smartphone application that allows the smartphone user to experience the rich history of Times Square in New York audibly. A 
voice accompanies the user as he navigates through the bustling crossroads allowing him to detach from the surrounding 
environment and connect with a different virtual layer. As he walks around, he can enrich his knowledge about the place, by 
accessing a poetic layer of its mythology, very different from the lived experience of Times Square.  Artistic projects like this open 
up space to imagine different realities and worlds. At the same time, on the move, they retrieve memories on a digital layer 
accessed through the smartphone and allow users to engage with their surroundings differently. 

A Distracted Gaze 

Architects are trying to find ways to enhance this new spatial potential of augmentation in their designs through the use of screens. 
Instead of determining how this new mobility, this new body of the user, is changing spatial awareness and gradually even the 
city itself. With the emergence of the smartphone, the biggest shifts are taking place within the perception of the user and how 
they influence space in an improvised, unconscious way. Scott McQuire, in his essay "The politics of public space in the media 
city," discusses how screens can be incorporated in the city's public space (Mcquire, 2007). Personal individual screens have 
already flooded urban space with mediations that are individualized according to each user’s preferences. Today the real challenge 
has become to make the public pay attention to any mediation that is not individually curated from their networks of choice and 
tailored to their preferences. 

Screens have conquered public space, pacifying, and entertaining the people. The screen of the smartphone entertains the journey 
in space, adds a digital layer of information to the physical space while forming a new virtual gaze that moves from the physical 
world to the virtual and back. Every movement produces images and data that are sold to global corporations like Google, where 
we willingly track our movements, reviews, and representations. Representations produce desires and desires need to be fulfilled 
by a movement that is connected with site-specific acts of consumption that produces capital. 

Concurrently, trusting algorithms and locative media for spatial navigation have atrophied spatial awareness as one becomes more 
dependent on the smartphone, trapped in a controlled environment where every movement is tracked and tied with the 
production and consumption of information. Observing each other's actions on social media, internalizes self-surveillance but also 
circulates judgments for others who do not behave appropriately in public space. For example, Instagram users often record and 
photograph on the subway those who behave in an impolite way according to their subjective taste, performing tasks like eating, 
spreading their legs, dancing on poles, or carrying weird items.  They record those moments as a part of their own life, but at the 
same time, they critique others in their virtual networks when they behave in a non-normative manner, in the realm of public 
space. Being aware of how easy it has become to record actions, commutes learn to police themselves aware of the omnipresence 
of recording devices. 

In Window Shopping: Cinema and the Post-Modern, Anne Friedberg writes about the mobilized virtual gaze, female mobility and 
the post-modern. She extends the notion of the flaneur introduced by Walter Benjamin in his essay On some Motifs on Baudelaire4 
(Benjamin, 2007, p. 172) into a virtual flaneurie that was made possible through the introduction of cinema and VCR that created 
a mobilized “virtual” gaze (Friedberg, 1993, pp. 2–3). This “virtual” gaze allows spectators to travel through space and time and 
access new experiences. Friedberg brings together notions of cinema, postmodernism, architecture, and feminism with her focus 
on the mobility of the gaze that was finally allowed to travel to different spaces and times, with the aid of new media and new 
consumerist spaces. 

                                                                 
4 In his essay On Some Motifs in Baudelaire, Walter Benjamin describes the figures that emerge in Baudelaire’s writing affected by the experiences 
of the new metropolis. He recognizes a connection between “the figure of shock and contact with metropolitan masses” (156).  The crowds exist 
in Baudelaire’s writing as a hidden, omnipresent element and the flaneur; the figure of modern subjectivity is the figure that emerges from a 
chaotic metropolitan environment. Although the flaneur gets lost in the stream of people with ease (167), he is definitely not a part of the 
metropolitan crowd himself. 
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As the years go by, the virtual gaze has been transformed to cater to new modes of existence. Screens have gradually become 
smaller and invaded urban space, where virtual and physical spaces coexist able to animate every experience in the urban 
environment on the move. In the early years of cinema, the screen and the moving image was a spectacle only encountered in a 
specific place in the city, the movie theater. In the 1950s, the screen became smaller transformed into a TV set and invaded the 
living rooms. Today the screen has become an individualized device that follows the subject in its everyday practices. This is an 
attempt to the extent of the notion of the mobilized "virtual" gaze in order to integrate the new bodily experience produced by 
the use of the smartphone (fig.2). 

In Atlas of Emotion, Guiliana Bruno sees the observer not as a disembodied eye but as a physical entity, a moving spectator, a 
body making journeys in space (Bruno, 2002, p. 56).  Maybe cinema first mobilized the viewer's gaze, but now with the help of the 
virtual layer, one can engage with different perspectives, viewpoints, bird's eye views and produce our own representations of 
the city on the move. We move together with the smartphone device, observing, consuming, and producing new spatial 
representations. The virtual gaze that Friedberg described in her book assumes an immobilized body, a seated spectator that is 
pleased only through sight. Cities are not solely experienced through the site. Everyday practices rely on the embodiment, how 
we sense space, how we move around it, and how we present our bodies in space. The gaze today is distracted, perceiving 
scattered stimuli between the virtual and physical space. The moving body makes journeys through space, while the gaze is 
distracted between stimuli perceived in the virtual and the physical. The virtual gaze and the gaze of the moving body have now 
become one. 

Bodies and consciousness are changing to engage with those new activities; this back and forth movement from the physical to 
the virtual space. New bodies allow new embodiments, and new embodiments allow new experiences. Today, we experience the 
city through the screens and the headphones we carry and wear. Applications on our smartphones blend virtual with the physical 
space. Way-finding rests on the backs of our smartphones as web applications use our position in physical space to show us 
relevant information. We walk around while our movements are being recorded, scattering data on pools of information. Being 
lost, unsure, and making choices on the spot without thinking is relegated to the "smart phoneless" past. 

In the Introduction of ArchiPop: Mediating Architecture in Contemporary Culture, Medina D. Lasansky describes how the public 
recognizes, desires and consumes the built environment through their own experiences and spatial representations from the 
media (Lasansky, 2014, p. 2). The city is not a static pre-defined environment but a space that slowly changes with its inhabitants 
to fulfill their new ideas, needs, and desires  (Lasansky, 2014, p. 11).  In the last seven years, Instagram has become a means of 
remediating lifestyles, consuming and producing digital content, and promoting a locative experience of one's daily life. Instagram 
users are navigating places seeking the mediated images they consumed while producing digital representations of the places 
they encounter. 

Fig.2 The migration of the screen. Edited by the author 
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Conclusions 

Media representations, generated collectively by the public in online platforms like Instagram, transform and strengthen the 
mediated destination's representational space but also built proposals in physical space. Instagram posts and live stories today 
display destinations, places, and architectural elements, which create a collectively produced form of geographically located 
representation. The images and videos circulated through Instagram not only introduce new places to the Instagram community 
but concurrently propose ways to inhabit those spaces to their full potential. The ideas of space circulated through networks in 
social media imply specific recommendations on how space should ideally be used or consumed.  

In a sense, this is an interpretation of Stuart Hall's Circuit of Culture. According to the theories Hall has developed on 
representation, all moments of the "cultural circuit": consecution of identity, production, consumption, regulation of social 
conduct and representation, produce and circulate meaning in the form of concepts, images, and ideas through systems of 
representation (Hall, 1997, p. 4). Languages and representations are used as signs that represent concepts, ideas, or feelings 
through signifying practices. What is different now is that in our contemporary culture, representations in the form of images, 
texts, and videos are intensely circulated on a virtual layer that eases attached to the physical world and accessed. Figure 5 
demonstrates how a reciprocal relationship that initiates spatial consumption and movement develops when the collective uses 
smartphones to produce, consume, and circulate meaning on the move. 

The circulation of mediated representations of place through networks strengthens and reinforces qualities of space. The 
networked smartphone user moves across the city, constantly consuming and reproducing representations of the places they 
encounter. They move around following suggested modes of consumption of space either during holidays or leisure time and as 
they arrive at those spaces, they translate those experiences in more representations. The collective networked public is gradually 
becoming a productive consumer, a designer of desires that can be fulfilled through the consumption of space. At the same time, 
they become an important collaborator to the production of ideas of places that are now widely available, disposable, and 
individualized.    
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Abstract 

Cities are complex systems that are constantly changing, transforming and evolving over time like an organism. Information 
produced by these complex systems is too big to analyse with traditional methods. Especially in historic cities, urban data grows 
with the information that belongs to the past. Nowadays, historical urban textures are being corrupted as a result of increasing 
urbanization activities. Protecting local identity and the integrity of the urban texture are very important aspects not only for the 
architectural heritage but also bonding with future generations. Therefore, there is a need for new methods and tools to deal with 
big data while designing new buildings in cities with historical texture. In this scope this study aims to evaluate existed 
computational design approaches in the literature, which use computational tools during the analyses and design phases in historic 
textures. Subsequently, the study will try to propose a conceptual framework for design processes of new buildings in historic 
environment in the context of computational design. First, the study will explain the complex nature of historic urban textures. 
Secondly, exemplary studies of computational analyses methods will be lined up. Similarly, computational design processes will be 
sum up from different studies based on tools and why they are chosen. After the literature review, the study will offer a conceptual 
framework in the context of computational design area in order to objectively analyse the big data produced by the city and design 
new buildings in the historic urban context. 

Keywords: Historic Urban Textures, Computational Design, Data Analysis, New Design Processes 

Introduction 

New building designs may be needed in historical cities for various reasons. The approach to be applied in this new design process 
is especially important when it comes to traditional cities with organic texture. Historical cities with organic-patterns are areas 
where discovery of formation rules can become difficult due to their complex nature based on the interrelationship of their parts. 
Thus, for ensuring continuity of the historic patterns of the city, the complex tissue needs to be analyzed in depth and realized 
through an objective interpretation.  In this context, the aim of this study is to frame a computational design model which can be 
applied in historic cities. The proposed model combines data production, analysis, design and optimization processes to feed each 
other and tries to provide automation in design process, as well as, enables designers to find the formation rules of the city by 
analyzing the big data produced by the city in depth. To draw this conceptual framework, a literature review study is conducted 
and some of the computational analysis and design studies in historic cities are evaluated in terms of their collected data, 
computational tools that they use, and generative rules that they produce. After the evaluation phase, a conceptual framework is 
drawn, which can be used in the new design processes in the historic cities. The proposed can be used in historic cities during the 
new design processes to ensure that new proposals can integrate with the existing structures in various dimension. Also, the 
model provides an urban database and an analysis method, which is objective and a bias-free, can be used by authorities in 
planning regulations in historic cities. The design phase of the model produces a vast number of results and optimization phase 
can help testing the results according to certain criteria. By this way, the model can also enrich the design language while ensuring 
continuity of the historic texture. 
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Cities as Complex Systems 

As containers and magnets of societies (Mumford, 1961), cities have shaped the most important artifacts ever produced by 
humans since the urban revolution in 4th millennium B.C. Mesopotamia and some of our most fundamental terms and concepts, 
such as citizen, police, politics, are originated from the urban life (Portugali, 2000). Cities are transformative tools and main forces 
behind the transmission of cultures among generations and they intensify cultural and physical power inside of them. According 
to Mumford (1961), to explain the phenomenon of the city, we have to go deeper by following the urban structure and functions 
throughout the history. Rural settlements, habitats of nomads, even before, shelters and caves give clues about elements that we 
refer to the urban environments.  

Lynch (1981) expressed that cities are too complicated, too far beyond our control and affect a vast number of people who are 
subject of various cultural variations. According to Kostof (1991, pp.37-40), we can define the term ‘city’ from various angles. For 
instance, “cities are places where a certain energized crowding of people takes place. Cities come in clusters; a town never exists 
unaccompanied by other towns. It is therefore inevitably locked in an urban system, an urban hierarchy. Cities are places that 
have some physical circumscription, whether material or symbolic, to separate those who belong in the urban order from those 
who do not. Cities are places where there is a specialized differentiation of work and where wealth is not equally distributed 
among the citizens. Cities are places of written records and favored by a source of income, trade, intensive agriculture. Cities are 
places that are intimately engaged with their countryside to protect and provide services for and distinguished by some kind of 
monumental definition. Finally, cities are places made up of buildings and people; the city forms, its actual function, and the ideas 
and values that people attach to it makes up a single phenomenon.” 

Regarding the above definitions one can stated that cities are complex systems composed of many interrelated small elements. 
Complex system can be defined in this context, as a system based on simple rules or interactions that give rise to unanticipated 
spatial outcomes. Thus, for understanding of the whole, the dynamics of how the parts behave in relation to one another are very 
important. In the complex systems, the whole becomes not only more but very different from the sum of the its parts and this 
property gives complex systems an emergent characteristic. Emergent systems show spontaneity in that their parts to achieve 
global order (Batty,2005). 

Communities of organisms that exhibit social behaviors construct intricate structures collectively to extend their probability of 
survival as a community. In this context, termites and human communities share a similar instinctive behavior. Not only living 
things, but also economy, an internet, an immune system and a brain as a part of the living thing also create complex working 
mechanisms to maintain their tasks. The complex Systems are an interdisciplinary area that try to clarify how big numbers of 
simple elements organize themselves as a whole, behave collectively, use information, create patterns, and even learn and evolve 
without any central controlling mechanism. In the complex systems, communication and sharing information among simple 
components lead to complicated and global behavior that is hard to predict beforehand (Mitchell, 2009). According to Mitchell 
(2009, pp.12-13), “collective behavior”, “signaling and information processing”, and “adaptation” common characteristics of the 
complex systems. As a result, the complex system can be defined as “a system in which large networks of components with no 
central control and simple rules of operation give rise to complex collective behavior, sophisticated information processing, and 
adaptation via learning or evolution Mitchell (2009, p. 13).” The decentralized, emergent and organized behaviors are sometimes 
called self-organizing (Mitchell, 2009). Self-organization is a phenomenon, which is related to the urbanism at the end of the 20th 
century. The Self-organized system arranges its internal structure without dependence of external causes. exhibits phenomena of 
nonlinearity, instability, fractal nature and chaos (Portugali, 2000).  

While associating the term "complexity" with urban environments (Johnson, 2011), we define cities not only as a container that 
concentrates urban elements in a particular area, but also as a self-organizing structure. In cities, we can witness interaction, 
feedback, adaptation to changing of a social or an economic environment, local information and the continuity of a whole over 
time. Cities exhibit a global behavior that reflects to the appearance and structure of the whole. Thus, city is a complex system 
which is far more than the sum of its parts due to the endless local interaction. According to Jacobs (1961), how cities look and 
how they work depend on each other. Also, cities are systems that produce problems of organized complexity and urban entities 
create an organic whole with endless interaction and constant change. While actual cities are heavily shaped by top-down forces, 
such as zoning, laws and planning commissions, it has been recognized that bottom-up forces play a critical role in city formation, 
creating distinct neighborhoods and other unplanned demographic clusters (Johnson, 2011). 

According to Jacobs (1961), the fact that cities are complex systems makes them one of the organized complexity problems. In 
accordance with the nature of these problems, it is necessary to focus on the process and the relationship between the parts and 
find outliers in the system that give the city its unique characteristic. rather than the parts of the whole itself. Thus, we can say 
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that the most important factor that create complexity in cities is the process. Cities are the product of the historical process. 
Bifurcations, experienced in this process, represent the critical points where the system passes from one stable structure to 
another. These bifurcations make it impossible to examine the formation process of the city on a linear line. When we consider 
the urban system as a complex phenomenon, we also understand that it is necessary to study its nonlinear history in order to 
understand its formation and solve its complex nature (de Landa, 1997). Therefore, we realize the emergent properties of cities 
and discover that we need analysis methods to reveal the relationship of parts to find out these properties. While modelling cities, 
breaking the whole into parts, examining them one by one and then adding the parts together cause missing all kinds of emergent 
properties arising from mutual interaction of parts of the city (de Landa, 1997). 

The Complex Nature of Historic Cities 

Historical cities are multi-layered structures that have emerged as a result of centuries of formation process and bear the traces 
of different generations. In this study, historical cities will be defined as traditional environments that develop as an organic 
texture and without a pressure of centralized planning decisions. Traditional urban spaces are dated back to the pre-industrial 
period. “Traditional urban space can be regarded as the evolved state of urban form immediately prior to the onset of large-scale 
industrialization and urbanization Carmona et al., 2003, p.20)”. The traditional urban form is generally classified into two 
categories: organic or planned. According to Kostof (1991), cities with organic form may also be the result of centralized planning 
force. But in this study, we focus on historic cities as traditional urban environments which are defined as the "spontaneous”, 
“grown”, “generated” and “geomorphic” city. This kind of cities are "developed without benefit of designers” and are “subject to 
no master plan but the passage of time”, topography, and “the daily life of the citizens”. Their patterns are “irregular”, “non-
geometric”, and “consist of organic-curved streets and randomly defined open spaces” (Kostof, 1991, p.43). 

Alexander (1966) divides cities into two groups, which are built on two different structures: “natural” and “artificial” cities. The 
historical city can be an example of the natural city concept. Cities contain small parts coming together to form a system. In this 
sense, historical cities have a semi-lattice structure in terms of the construction and relation of their parts. In other words, the 
parts that make up the historical texture and the clusters in which they concentrate, form a semi-lattice structure that is 
overlapping, interconnected in different directions and intersecting at different points. Thus, in the historic city, the interaction 
and feedback between urban elements increase in many ways and opportunities are provided for situations that can develop 
spontaneous behaviors and decisions. In the historic cities with a semi-lattice structure, the complex nature of urban systems is 
more noticeable. Therefore, without analyzing this network structure, the factors underlying the urban formation become difficult 
to understand. 

According to Ben Hamouche (2009, p.219) the degree of irregularity of a geometry can be a sign for its complex nature. Organic-
patterned traditional cities, mainly characterized by their irregular geometry and morphologies of traditional cities controlled by 
a deep-rooted structure. Growth, self-similarity, randomness, unpredictability, dynamism, non-linearity, order and disorder are 
some basic concepts provided by the science of complexity for revealing this underlying structure. As a result, in the organic 
patterned historic cities, incremental process of development, slow urban growth, small actions of dwellers, time and intensity of 
individual actions in space cause complexity (Ben Hamouche, 2009). 

In this context, we can ask the question that how computational tools can help us to reveal this underlying structure of complex 
historic cities. Salingros (2012), explains urban morphologies as a series of computations occurring a long period of time. Thus, 
urban design can be conceptualized as a computational process applying algorithms composed of very many interactive steps. In 
traditional societies urban design tends to be highly intuitive using human perception and intelligence for determining both the 
shape and position of buildings within an urban area. This is the result of a highly sophisticated set of complex computational 
processes responding to the environment which can be carried out interactive computation. Interactive computation is a dynamic 
computation with a feedback mechanism. This leads to an adapted form according to the multiplicity of existing conditions on the 
ground, and the constraints dictated by established human needs. Interactive computation can encourage the emergence of large-
scale system coherence Salingros (2012). In this sense, computational methods can help both analyzing and intervening process 
of traditional cities by the help of its algorithmic and rule-based tools.  

Designing New in Historic Cities 

According to Mumford (1961), cities are a product of time. Thanks to the material structure of the cities, the past is transferred to 
the present day with urban elements. Also, the culture and history travel between generations and urban values and habits go 
beyond the present time. The city is a historical text, and the distinctive feature and ultimate character of the city becomes the 
memory of the city that was built over time with a piecemeal process.  
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Many historical cities in the world, are under intense urbanization activities (Shaukland, 1996). The city, on the other hand, is the 
most important artifact where new generations can discover their own past as a part of daily life. Therefore, protecting historical 
cities means protecting the identity they represent (Shaukland, 1996). Historical city elements disappear due to the wear of time, 
the disappearance of past uses, the abandonment of their owners, and neglect, and at some point, new designs are needed within 
the historical texture. At the same time, wars, migrations, and modern infrastructure needs can cause these textures to be broken 
apart, emptied or new areas of construction are needed to add for growth. In this study, it is aimed to draw a framework for the 
method that can be utilized during the new building design process in or around the historical fabric. 

Tanaç Zeren (2010), stated that the concepts of ‘style’ and ‘proportion’ constitute the basis of the design criteria of the new 
building to be built in the historical environments. In general, we can divide the new building approaches produced in historical 
texture into 4 groups: imitation of an existing style, emulation to the traditional one and respectful and contradictory approach in 
a contemporary form. The continuity of the values carried by the historical cities can be achieved thanks to the integrity of the 
new designs created based on environmental and historical data. Thus, conservation does not only end with protecting existing 
structures, it also requires ensuring integrity and continuity with the new designs and the historical city. In other words, new 
structures added to the texture are also responsible for ensuring the continuity of the historical texture. 

Computational Analysis and Design Methods in Historic Cities 

In order to handle the complex structure of cities, we need design protocols merging analysis and design phases, rather than 
dictated top-town planning decisions (Gourdoukis, 2010). Evolving digital technologies offer many tools to analyze and model 
complex systems. In this section, some of the examples of computational analysis and design methods applied in historic cities 
are evaluated to better understand what kind of tools and approaches these techniques can offer to designers while they design 
new structures in historical cities. The integrated structure of historic cities requires specialized analysis and design tools as in 
below studies. Evaluating the information produced by the city with an objective method, interpreting it and using the results as 
an input in new design processes are extremely important in terms of preserving the integrity of the historical texture.  

Topçu and Kubat (2007) utilize Space Syntax methods to reveal morphological characteristics and numerical data of two historical 
towns in Anatolia. Space Syntax is a theory which enables us to comprehend how culture can relate to the patterns of architectural 
and urban design. Measurements of convexity, axiality, integration and intelligibility provide insights about accessibility of urban 
functions, nature of the urban grids, open space structures, and integration of urban layouts. This study presents a methodology 
for mathematical interpretations of settlement morphologies and a tool for comparison of different urban morphologies.  

Sökmenoğlu and Sönmez (2013) propose Data Mining techniques a way to produce urban knowledge from raw urban data. The 
method tries to identify land-use patterns in Cihangir, which is a historic quarter in İstanbul, by the help of Clustering and 
Association Rule Analysis both for an urban and a building scale. Also, after discoveries land-use patterns, resulting associating 
rules becomes a fitness function for an evolutionary design process which generates new vertical land-use patterns.  

Nguyen (2016) utilizes Alexanders’s (1977) generative method, which describes pattern and form languages, to reveal shaping 
forces of the form of the traditional city in Vietnam between the seventeenth and nineteenth centuries. In this study, 15 of 
Alexander’s properties and 10 of the Lynch’s qualities are combined into a new set of properties of urban elements. Lynch’s 
qualities allow for the assessment of the city on a large scale – the perception of the city in its movement and through time. In 
addition, Alexander’s properties offer criteria for assessing the level of coherence, especially when the study focuses on small-
scale elements such as buildings. Also, The Coherent Index is developed and implemented to assess the impact of generative 
forces on the urban form. The research uncovers the underlying shaping forces of the traditional urban form. These forces are 
found in the core group of patterns with the highest Coherent Index; this group represent the most important forces that 
determined the urban form between the seventeenth and nineteenth centuries. As a result, in addition to finding the shaping 
forces of the urban form, this study can also enable these forces to become rules for new designs in traditional settlements to 
enhance continuity of the existing patterns. 

Atak and Çağdaş (2017) apply fractal dimension computations on Germir which is a traditional neighborhood in Kayseri to establish 
a relation between spatial elements and the dynamic formation process of the city. These computations are carried out on the 2-
dimensional settlement plan and its two small parts in order to discover the compatibility of the parts and the whole. Fractal 
computations are also applied to street silhouettes and facade details, and similar fractal values are discovered at different scales 
of the city. As a result of this formal analysis, the determined fractal value can be a new design parameter of the city. Also, this 
value can be used to test the compatibility of new structures to the existing texture. 
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Heinrich and Ayres (2017) propose a shape analysis method, which can be described under the Pattern Recognition techniques, 
to characterize multi-scale attributes and aggregate properties (homogeneity and heterogeneity) of urban tissues. Historic city 
maps and Open Street Map data of present-day cities are used in the analysis phase. First, morphological features are depicted at 
micro-sale. After, micro-scale shape descriptions are examining to find out their aggregation properties at the macro-scale. The 
proposed approach can identify the morphological complexities of urban structures, compare morphologies of different areas, 
and reveal special artifacts in the existing urban patterns. 

Pozas and Gonzales (2018) generate a methodology to discover building typologies in an area which consist of 300 historic 
settlements with different characteristics. A big variety of data is collected in 4 different levels such as physical parameters, urban 
development parameters, architectural parameters and construction parameters. 2000 vernacular houses are classified based on 
4 different level of parameters to reveal representative building typologies in the area. As a result of the data classification 12 
different building typologies are discovered. The study offers a method to classify diverse urban data, identify the main urban 
characteristics and process the urban data of historic urban textures.  

Table 1: Computational Analysis Studies in Historic Urban Areas 
Study Data Analysis tool to 

produce knowledge  
Results 

Topçu and Kubat 
(2007) 

Settlement plans Space Syntax Mathematical interpretations of settlement morphologies 
A tool for comparison of different morphologies 

Sökmenoğlu and 
Sönmez (2013) 

GIS-based Database Data Mining Identification of land-use patterns 
Support land-use allocation in new urban developments 

Nguyen (2016) Written and Drawn 
Documents  

Pattern and Form 
Language 

Finding generative forces  
Construction rules and norms that generate new urban forms  

Atak and Çağdaş 
(2017) 

2D vector data: 
settlement plan; street 
silhouettes; building 
façade details 

Fractal Dimension To understand the level of complexity in different levels 
Fractal value for new designs to achieve harmony 

Heinrich and Ayres 
(2017) 

Historic city maps 
Open Street Map Data 

Shape Analysis  
(Pattern Recognition 
Method) 

Measure complexity 
Comparison morphologies 
Detecting special artifacts 

Pozas and Gonzales 
(2018) 

Territorial, urban, 
architectural, 
construction data  

Data Mining  Classification building typologies 
Processing diverse data of historic areas 

 

The computational design methods carried out in historical cities should try to understand the original structure of the tissue by 
integrating the design process with the preliminary analysis phase, and produce various alternatives for designers to discover the 
most compatible design option with the existing texture. The following studies focus on computational methods and include 
generative design processes that can be used in new building design in traditional historical cities. 

Duarte et al. (2006) proposes a parametric shape grammar method to produce similar urban morphologies with the traditional 
urban patterns of Marrakesh. The study contains three consecutive phases. In the first phase, basic shape rules are produced 
based on analysis of the previous works. The second phase, ten basic shapes rules are applied in an area iteratively to simulate 
urban growth and detect potential problems. In the last phase, the field work is conducted to collect additional data from the case 
study area. At the end of the study, 3 different grammars are produced: urban grammar, housing grammar and negotiating 
grammar. The last one mediates between the other two grammars and regulates the permutation of spaces between adjacent 
lots. The model uses a bottom-up design approach, produces unpredictable results and encodes the underlying syntactic rules of 
the formation of the urban patterns.  

Coates (2010, p.123) tries to understand “the text of vernacular” and re-generate them with several algorithms by inspiring real 
urban forms. For instance, one of these experiments, Coates (2010) constructs generative rules which is applied on randomly 
distributed structures to check their positions and move or delete them in terms of the access criteria to the road. The floodfill 
algorithm is used to check that a house can reach a bit of main street. This iterative process based on formation rules shows that 
production of similar complex structures with the traditional self-organized settlements can emerge with a very few but effective 
underlying rules of the morphology.  

Popov (2010) produces two different modelling tools for traditional cities. The first one is X-Y Automaton, which is Hillier’s X-Y 
syntax employing Cellular Automata and the second one is X-Y Agent Based Model. The former one has 3 states and three 
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generative rules applied to the all structures in the grid synchronously. Results are very abstract and symbolic and the rigid 
rectangular grid of the automata prevents producing formations similar to real urban boundaries which are vague and organic. 
The latter utilizes Agent Based Modelling to produce more organic results. In this model, different sizes of structures can be used, 
street-like patterns emerge and system spreads with a variety of routes and circuits. Both models use a bottom-up design 
approach, produce unpredictable results and set by designers based on a theoretical background from Hillier’s theory of Space 
Syntax.   

Gürbüz et al. (2010) proposes fractal-based design approach defined as a subset of shape grammars to produce new urban design 
alternatives. In the first phase of the study, the traditional neighborhood in Gaziantep is analyzed in terms of fractal calculations 
and four parameters are determined to use in generative fractal-based design process. Scaling, rotating and adapting generating 
forms to the chosen locations are adaptations applied by the designers after the generative process finish. Therefore, this method 
gives the designer a chance to intervene in the form after the generative system produces the form. At the end, the suggested 
design model is created for defining the compositional characteristics of the local architectures and generating new forms which 
suit to the characteristic of the existing patterns for ensuring the continuity of the formal characteristic. 

Lee and Kim (2016) presents a Cellular Automata-based genererative design strategy to create modern interpretations of  
traditional Korean house. The first step explores spatial configurations of traditional Korean House. The plans of sample houses 
are analyzed and functional relations between spaces are discovered. Different types of internal and external cells and associated 
transition rules are determined. In the simulation phase, two type of restrictions are applied on population and the location of an 
entry. In the last stage, 3-dimensional productions are made from the selected plan layout.  

Wang et al. (2017), try to explore a method applicaple for the organization, evolution and generation of compact rural settlements. 
The study describes generative rules governing planned and self-built spaces based on their evolution for a model applicable to 
rural settlements which are composed of many elements and interrelations hard to describe simple principles. At the end of the 
analysis phase, evolution rules of planning space and self-built space are extracted, and an algorithm is designed for the study on 
dynamic mechanism of spatial evolution in rural settlements with a degree of dynamic self-organization. 

Table 2: Computational Design Studies in Historic Urban Areas 
Study Scale Data Finding Generative Rule Design Method 
Duarte et al. (2006) Urban and 

architectural scale 
Morphological data 
from a real area 

Preliminary shape analysis for description of 
urban forms 

Parametric Shape 
Grammar 

Coates (2010) Urban Scale Bird’s eye view of a 
settlement plan  

Assumptions on the morphology of a 
generic self-organized city 

Rule-Based Design 

Popov (2010) Urban Scale Bird’s eye view of a 
settlement plan 

Assumptions on the morphology of a 
generic self-organized city 

X-Y Automaton 
X-Y Agent Based Model 

Gürbüz et al. (2010) Architectural Scale Morphological data 
from a real area 

Defining the compositional characteristics  
Fractal calculations 

Fractal Based Shape 
Grammar 

Lee and Kim (2016) Architectural Scale Morphological data Spatial analysis Cellular Automata 
Wang et al. (2017) Urban and 

architectural scale 
Morphological data 
from a real area 

Preliminary analysis of lots and buildings 
shapes and classification method 

Rule-Based Design 

To conclude, principles guiding analysis processes (labelled as A) and design processes (labelled as D) are: 

• A1: Revealing factors that underlie morphological formation and are difficult to discern.  
• A2: Making accurate generalizations about the character of the tissue by doing the analysis on as much data as possible. 
• A3: Abstraction of parameters and relations: to be able to quantify and encode urban parameters identifying the organic 

whole. 
• A4: Discovering social structures, land-use patterns, formal characteristics of urban areas or buildings, complexity degree 

of urban forms and morphological aggregations.  
• A5: Producing urban knowledge out of raw urban data.  
• D1: Depending on preliminary analysis phase 
• D2: Producing generative rules explaining the relationships between small elements of the city, applying generative rules 

iteratively and synronously to all parts to enable unpredictable results and emergent properties as in the historic city.  
• D3: Mostly, generating abstract and symbolic resulting forms to enable designers to make further operations on final 

forms in the post-production phase.  
• D4: Mostly, constructing bottom-up, rule-based approaches.  



ATI 2020: “Smart Buildings, Smart Cities” Proceedings 

26-28.08.2020, Yaşar University – Izmir - Turkey 
 

    

   430  

Conceptual Framework for New Design Processes in Historic Cities 

The historic city has gained its current form by a piecemeal and slow formation process that has been going on for centuries. There 
are various social, cultural, economic, topographic and climatic data under the traditional city form, and the mutual relations of 
these data determine the urban morphology. While designers interfere with the complex system of the historical city, they need 
objective methods to evaluate urban data and the factors affecting the city's formation process. In this context, designers need 
computational tools to analyze urban data easily to understand the effect of urban attributes and the interrelationships of the 
attributes on urban texture in the early stages of design. Following of the data production and analyzing phases, generative design 
tools can help designers to generate various options suitable for the character of the traditional texture through objective analysis 
of the data. At the same time, evaluation processes that will facilitate finding the optimum solution according to the specified 
criteria should be added to the design process. Based on this framework, the aim of this study is to present a conceptual 
framework, which consist of consecutive stages that transmit data reciprocally, for new design processes in historic cities (Figure 
1).  

 
Figure 1. The Framework of the Proposed Computational Design Model  

The purpose of the data production phase is to collect and organize the data of the urban texture for the application of the model 
and to create a database of the urban texture by enriching existing data with the help of numerical tools. Creating a database for 
the historic city may help current and future studies in terms of archiving collected data. All possible raw data that have shaped 
the city over the years can be collected to be applied for the data production operations. Social, cultural and economic data, 
morphological features of city structures, topographical and climatic properties should be encoded and transferred to the Historic 
City Database. Space syntax methods, fractal calculations, shape analysis and GIS operations can be used to enriched the data as 
mentioned in the previous examples. GIS can offer tools for database operations and help designers to reach more databases 
from other institutions and perform spatial analysis tools to the wider regions to produce new data. In other words, the more and 
various data about the city, the discovery of urban patterns becomes easier in the analysis phase. The multitude of data that will 
shape the design method makes it easier to identify patterns and anomalies that cannot be captured within the complex city 
system. Additionally, GIS can perform as a computational medium for organizing, cleaning, storing, visualizing and diversifying the 
data.  

The data analysis phase includes operations for revealing the relationships of urban features, anomalies in the patterns of cities 
which represent unique singular structures within the tissue, and patterns frequently aggregated together. This analysis phase, by 
processing the raw data, provides the discovery of the formation rules which constitute a knowledge about the formation process 
of the city. Data Mining as a part of the knowledge discovery process from databases (Fayyad et al., 1997) can be used to perform 
a series of actions to reveal the relationships between variety of urban attributes which are independent and irrelevant to each 
other. As a result, the database created during the data production is analyzed in depth at this stage, and rule sets are produced 
for the data-driven design phase in the historic urban texture. At this stage, Data Mining can provide various analytical methods 
to allow multidirectional analysis of the collected data to reveal the layered historic urban fabric. 

The design phase ensures that the formations rules produced during the data analysis phase are converted into generative rules 
within the data-driven design method. Generative rules for the new building designs can be constructed in different scales ranging 
from a single building to the scale of a large settlement. Thus, generative design methods can help us to constitute the data-driven 
design phase. Generative design process should produce complexity, unpredictable and self-organized patterns and have the 
ability to adapt to the changing environment (McCormack et al, 2004) as historic cities do for centuries. Generative design methods 
also enable automation in design (Gu, et al, 2010). It is an area that provides efficiency in design automation, architecture and 
engineering in terms of cost, time and human resources. Different computational approaches can be used to realize automation 
in the generative design. These approaches can range from simple rule-based systems to more complex systems, including artificial 
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intelligence. In the generative design process, the emergence of forms enables designers to look at the design problem and the 
production of the final products from another point of view and enrich the design process. Generative design, as a computational 
method based on algorithms, can be supported by environmental relations and fed from the context. Generative systems produce 
unpredictable results, can be defined through the relationship of the smallest units and reveal emergent behaviors that affect the 
whole form. By doing so, they allow designers to discover different possible configurations through the design process. Same with 
the historical urban fabric, in the generative system formation rules, among the smallest interrelated units, have the potential to 
produce complex structures compatible with tissue by being applied to the urban units synchronously for generations. This process 
offers a vast number of different design solutions to the designers. Also, the generative system can create abstract forms that 
enable designers to apply more formal operations or functional adaptations in the post-production phase.  

The purpose of the optimization phase is to evaluate the final results according to certain criteria, which can be used to measure 
the compliance of the results to the traditional texture, and eliminate the inappropriate results to find out the best fitted options. 
Evolutionary Algorithms can be used in this phase, to reduce the number of the elements in the set of the generated forms.  

Conclusion 

Overall, this paper proposed a hybrid method combining different stages to offer a framework for new design processes in historic 
cities. The model was based on an assumption of complex nature of historic cities. Thus, in the beginning the paper tried to explain 
cities as complex systems and the complex nature of historic cities in particular. After assessing examples of computational analysis 
and design methods used in historic cities from previous studies, some principles are determined guiding analysis and designing 
phases. Based on this evaluation a conceptual framework is drawn which has 4 consecutive phases feeding one another: data 
production, data analysis, data-driven design and optimization phase. This model can help designers to deeply analyze complex 
historical structures of cities, find formation rules, apply them into a generative design process and test resulting forms in terms 
of their compatibility to the historic urban texture. With this approach, authorities can ensure the continuity of historic texture 
and local identity embedded into the existing form.  
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