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ABSTRACT 
Building production with additive manufacturing techniques increase. This technique accelerated 
building construction works. Building production with additive manufacturing techniques increase. This 
technique accelerated building construction works. Building construction using additive manufacturing 
techniques draws attention because it requires less skilled labor, can be built in a shorter time, reduces 
costs, and contributes to sustainability. On the other, this technique enables the on-site production of 
buildings and the construction of complex building designs. This study aims to investigate the effect of 
using sustainable materials on building energy consumption in constructing complex-designed 
buildings. The effect of using geopolymer, a sustainable material, on building energy performance in 
square and free-form buildings was investigated. Additionally, the buildings in these forms were 
modelled with single-layer and double-layer walls, and the impact of layers on energy consumption was 
examined. On the other side, the effects of building forms in different directions were also examined. In 
the study, the effects of different scenarios were examined using the building energy simulation 
program. As a result of the study, it was determined that the building form was effective in the energy 
consumption of the building. It was also found that in the free-form building, the exterior wall orientation 
affected the building energy consumption. When the exterior walls of buildings of the same form and 
orientation were made double-layer instead of single-layer, a 60% decrease in heating energy 
consumption and a 12% decrease in cooling energy consumption was observed. The study is important 
in terms of the relationship between free building form and energy consumption. 

 
Keywords: Geopolymer, Additive Manufacturing, Building Energy Consumption, 3D Printed Building, 
Industry 4.0 

 
 

1. INTRODUCTION 
The world population is estimated to reach 8.5 
billion in 2030 and 9.7 billion in 2050 [1]. 
Urbanization accelerates due to population 
growth. Housing demand is expected to 
increase by 60% with increasing urbanization. 
It is estimated that there will be a 75% increase 
in CO2 emissions with the increase in urban 
areas [2]. One of the most important causes of 
climate change is CO2 emissions. Reducing this 
emission in the construction sector is important 
for reducing the effects of climate change [3].  
 
The energy consumed for heating and cooling 
buildings and the energy consumed in industry 
constitute 40% of the total energy consumed [4-
5]. In addition, 65% of this energy consumed is 

provided by fossil resources. In Europe, 60% of 
the total energy is consumed by buildings in 
cities [6]. In addition, in the EU directive on 
improving the energy performance of buildings 
in 2018, it was stated that 50% of the energy 
consumed in EU countries was spent on heating 
and cooling buildings [7]. In Turkey, while the 
final energy consumption of buildings was 19.5 
MTEP in 2000, this value increased by 66% in 
2015 and reached 32.4 MTEP. The share of the 
building sector in final energy consumption 
reached 32.8%, surpassing the industrial sector. 
Therefore, it is important to reduce the energy 
consumption of existing and newly constructed 
buildings. Additionally, it is estimated in the 
studies that energy consumption will increase 
by 50% in 2050 compared to 2018 [8]. The 
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construction industry is looking for solutions to 
reduce energy consumption [9]. This situation 
shows the importance of new construction 
technologies. 
 
Industrial revolutions have changed the 
production methods of all sectors, as well as the 
construction industry. The first radical changes 
in the construction industry began with the 
settled life. The other radical change was the use 
of cement and steel. The radical change 
expected today is building construction with 
digital production techniques. The world is 
experiencing a big transformation with Industry 
4.0.  It is predicted that with the widespread use 
of industrial robots containing automation and 
artificial intelligence in construction, 
production speed will increase, and less energy 
will be used.  Research shows that the 
construction industry has serious potential and 
there will be radical changes in the construction 
industry within ten years [10-12]. In addition, it 
is estimated that with the development of digital 
production technologies, there will be 
developments in building materials, 
components, and design freedom [13-15].  
 
Digital production is a technique in which 
computer-aided design and production 
technologies are used together. This technique 
is important in the construction industry in 
terms of its suitability for on-site production and 
allowing the construction of complex designs. 
In some research, it is suggested the use of 
additive manufacturing, a digital production 
technique, in building construction [16-17]. 3D 
printing based on extrusion is one of the most 
widely used techniques in additive 
manufacturing.  The materials used in structures 
constructed with extrusion technique are 
different from the materials used in traditional 
construction techniques. The concrete-like 
material to be used in the extrusion technique 
must have sufficient extrusion capacity [18]. 
Therefore, the mortar created for printing must 
be fluid, have sufficient setting time and 
mechanical strength [19]. Research conducted 
in recent years suggests the use of geopolymer 
in 3D printing [19-20]. 
 
Geopolymer materials are formed by activating 
aluminosilicate materials such as fly ash, 
ceramic waste, metakaolin, and silica fume [21-
24]. Geopolymer has high application potential 
due to its high chemical and thermal resistance, 

ability to be obtained from industrial and waste 
products, contribution to the economy, and 
prevention of environmental pollution [20]. 
Research shows that approximately 820 million 
tons of construction waste is generated in 
Europe every year [25-26]. The use of 
geopolymer, developed from waste materials as 
an alternative to Portland cement used in 
construction, stands out with its contribution to 
the environment [27-28] (Figure 1). 
 
Since the 1980s, geopolymer materials have 
been viewed as alternatives to Portland cement 
because of their low CO2 emissions and 
performance advantages. Researchers have 
suggested the use of geopolymers in structures 
due to their properties such as high strength, 
temperature resistance and durability [29-30]. 
Geopolymer has potential for use due to its 
chemical and thermal resistance, rapid 
mechanical strength development, and 
economic and environmental benefits such as 
being a waste product [31]. These materials are 
resistant to acid attack, fire and high 
temperatures [32-34]. Since its discovery, 
geopolymer materials have also attracted 
attention as a promising material for building 
restoration. It is also used for concrete repair at 
airports, railways and military bases in 
Australia [34]. 
 
There are studies in the literature examining the 
use of geopolymers in building production. In a 
study, the static strength of fly ash-based 
geopolymer mortar after 3D printing was 
investigated. At the end of the study, it was 
concluded that the static strength of the 
geopolymer mortar was high. The study also 
stated that it is possible to use traditional 
construction methods and 3D printing 
techniques together [35]. In another study on 
mortars, the technical properties and application 
methods of mortars produced from cement, fly 
ash, silica fume, blast furnace slag, fine 
aggregate, superplasticizer, viscosity modifier, 
and fiber materials used in the extrusion 
technique were investigated. The effects of the 
properties such as tensile, stress, viscosity, etc. 
of these mortars with different properties on 3D 
printing were investigated. As a result of the 
study, they concluded that geopolymers were 
promising for extrusion mortar in 3D printing 
from technical, environmental, and economic 
perspectives [36].  



Haydaraslan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 361-369 

363 
 

 
Figure 1. Portland cement and geopolymer production process 

 
In another study, a slag-based geopolymer 
material was developed for use in the 
construction of buildings with 3D printing. The 
pressure strength of the geopolymer material 
developed in the study was increased.  In the 
study, it was shown that the production of large 
structural elements was possible [37]. 
 
In 1997, the additive manufacturing technique 
was used for the first time in building 
construction [38]. Studies were conducted 
examining the potential use of this technique in 
buildings. In a study examining the contribution 
of the technique to environmental 
sustainability, it was stated that it would also 
contribute to the freedom of designs [11]. The 
additive manufacturing method allows building 
facades to be designed in free forms [39]. 
Building construction process are long in 
traditional construction methods. This situation 
causes an increase in the need for housing. The 
potential of this technology, enables building 
production with additive manufacturing 
techniques, has accelerated studies on this 
subject. In this study, it was examined that the 
potential of using sustainable materials in the 
construction of buildings produced with 
additive manufacturing techniques. For the 
study, the square and free form building plans, 
thought to be printed with 3D printing, were 
created. The geopolymer material was used in 
the production of these buildings. In the study, 
the changes in energy consumption according to 
different building plans were examined. 
 
2. MATERIAL AND METHODS 
In this study, the relationship between the use of 
sustainable materials in building production and 
building design was examined. Four different 
scenarios were created: Two of the scenarios 

were for a building have a square plan, with 
single and double-layer walls, and the other 
scenarios were for a building have a free-form 
plan, with single and double-layer walls. These 
scenarios were modelled through the building 
energy simulation program. Then, the effects of 
changes in the building surface and wall 
properties on the energy performance of the 
building were examined. 
 
2.1. Reference Building 
Two plans were created in the study to examine 
the relationship between the use of sustainable 
materials and building design. The first of these 
plans is square, the other is free form. The 
square planned building is the reference 
building.  These buildings are open-plan, 
detached residences. It is assumed that the 
buildings were created using a 3D printer 
extrusion technique.  Geopolymer, the most 
used material in 3D printing of buildings, was 
used in building production [27-40]. The 
reference building in the study is in Istanbul 
where is in the II. Degree day zone according to 
the TS 825 Standard for Thermal Insulation 
Rules in Buildings [41].  Building technical 
specifications were created by considering 
climatic conditions (Table 1). 
 
2.2. Sustainable Mortar Properties Used in 
3D Printing 
In the study, geopolymer material was used in 
3D printed buildings. Geopolymer materials are 
obtained by activating materials such as fly ash, 
ceramic waste, metakaolin, and silica fume [21-
24]. A study was conducted with slag-based, fly 
ash-based, metakaolin-based, and lime alkali-
activated slag-property geopolymer materials.  
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Table 1. Reference building properties 

 

Meteorological 
data 

Meteonorm İstanbul 
2024 
IPCC AR4 A1B 
Scenario 

Occupancy 4 persons 

Indoor 
temperature 21 °C 

Building Materials Properties 
Uexternal wall  0.57 W/m2K Ufloor 0.57 W/m2K 
Uceiling (Unused Attic) 0.38 W/m2K Uwindow 1.8 W/m2K 
Infiltration 0.8 (n/h)   

It was concluded that fly ash-based 
geopolymers are more advantageous in terms of 
carbon emission and cost compared to 
geopolymers with other properties [27-40]. 
Therefore, fly ash-based geopolymer was used 
in this study (Table 2). 
 

Table 2. Geopolymer technical properties 
Properties k (W/m K) Cp (J/Kg K) 𝜌𝜌 (Kg/m3) 

Geopolymer 
(fly-ash) 1,35 891 2199 

 
2.3. Numerical Simulation 
There are passive and active measures that can 
be taken during the building design phase to 
increase the energy efficiency of buildings. 
Passive measures aim to reduce the building's 
energy needs through maximum use of 
renewable energy sources.  Active measures are 
related to the mechanical systems of buildings 
[9]. Design support systems have been 
developed to examine the effects of these 
measures on the energy efficiency of the 
building [42]. One of these systems is the 
creation of building energy simulations. Some 
programs have been developed to create 
building energy simulations. The most widely 
used program in recent years and the one that 
produces the most realistic results is the 
DesignBuilder building energy simulation 
program [43-45]. This program can analyse 
issues such as the building's energy efficiency, 
CO2 emissions, and comfort conditions [46]. In 
the study, passive measures were examined 
using the DesignBuilder building energy 
simulation program. Building forms, 
orientations, and wall layer scenarios were 
created for the study. The base areas and 
volumes of the scenarios created in the study are 
the same. The scenario plans were given in 
Figure 2.  
 

  
Square single layer Square double layer 

  
Free single layer Free double layer 

Figure 2. The scenario plans 
 
3. RESULTS and DISCUSSION 
3.1. Effect of Building Plan Design 
For the study, square and free form building 
plans were created to examine the effect of 
building form on energy consumption. The 
effect of building form on heating and cooling 
energy consumption was investigated. Annual 
energy consumed for heating and cooling was 
calculated. The study also examined the 
relationship between form and direction. The 
obtained results are given in Figure 3. 
 
In the free-form structures, wall surface areas 
vary depending on the direction. This situation 
affected the energy consumption of buildings at 
different rates. When the square plan building 
was accepted as the reference building, the 
energy consumed for heating purposes 
increased by 5.29%, 5.42%, 6.18%, 6.22%, 
5.72%, 5.30%, 5.25% and 5.07% at FF 0°, FF 
45°, FF 90°, FF 135°, FF 180°, FF 225°, FF 
270°, FF 315° values, respectively. The square 
form was more compact than other forms. 
Therefore, the energy required to heat this form 
was less than other forms. When the surface 
area of the building in relation to the outside 
environment increased, the amount of energy 
required for heating increased. According to the 
different direction analysis results, the lowest 
heating energy consumption was in the square-
shaped building, while the highest energy 
consumption was in FF 135°. This was related 
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(a) 

 
(b) 

Figure 3 (a). Effect of building form on energy consumption for heating (b). Effect of building form on energy 
consumption for cooling 

 
to the fact that the largest surface of the free 
form building in this direction was in the north. 
Increasing the surface width in the direction 
where the least sunlight comes increased the 
heating load.  The results obtained showed that 
the heating energy requirement varied 
according to the building form. Studies on 
building form in the literature confirm this 
situation. Rashdi and Embi [47] studied the 
changes in the electrical energy required for 
cooling buildings in hot climates when the 
building form is T, L, U, I, ellipse and round. At 
the end of the study, it was stated that I-shaped 
buildings consume less energy for cooling than 
L-shaped buildings. They emphasized that this 
situation is related to the expansion of the 
building surface area. 
 
When the square-formed building was accepted 
as the reference building in the study, the energy 
consumed for free-form buildings in different 
directions varied. When the square form was 
accepted as the reference, there was an increase 
of 4.85%, 4.38%, 5.06%, 2.92%, 5.92%, 6.11% 
compared to FF 0°, FF 45°, FF 90°, FF 135°, FF 
270°, FF 315°, respectively. Compared to the 

reference, there was a decrease of 0.39% and 
0.27% at FF 180° and FF 225. It is expected that 
the amount of energy required for cooling will 
be less in buildings with compact structures. 
The cooling load was calculated to be less in the 
FF 180° direction, where the surface area 
received less sunlight. This shows that 
increasing the surface area of the building 
relative to the outside environment reduces the 
amount of energy required for cooling. In the 
literature, Kocagil and Oral [48] examined the 
effect of building form on the heating and 
cooling loads of buildings in hot-dry climate 
regions. Six different forms and four different 
architectural plans were used in the study. 
Among the studied forms, the lowest heating 
and cooling load was in the inner courtyard plan 
and the highest was in the L-type plan. This 
situation is related to surface areas.   
 
However, the variability of the glass ratios on 
the surfaces also affects the cooling load. Neves 
and Marques [49] studied the effect of changing 
the wall-to-glass ratio on building energy 
consumption in Sao Paulo, which has a hot 
climate. In the study, the cooling load was 
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reduced by 40% by changing the window/wall 
ratio. According to the analysis of this studies 
results, the lowest cooling energy consumption 
was in FF 180°, while the highest energy 
consumption was in FF 315°. The results 
showed that building form and orientation have 
an impact on the amount of energy required to 
cool the building.   
 
3.2. Effect of Building Exterior Wall Layer 
In the study, the effect of using single or double 
layers in building walls on energy consumption 
was investigated. Annual heating and cooling 
energy consumption was calculated for 
different forms of buildings in case of single or 
double-layer wall use. Additionally, the 
situation where the buildings were in different 
directions was also examined (Figure 4 (a), (b). 
The study showed that the energy consumed for 
heating was reduced if the walls were double 
layered in all models.  This was related to the 
fact that the heat transfer through the double-
layered wall was less than the single-layered 
wall [50]. In the case of double-layer walls, 
heating energy consumption decreased by 
3.52%, 5.49%, 8.18%, 8.88%, 7.38%, 5.19%, 
3.84%, 2.96% at FF 0°,FF 45°, FF 90°, FF 135°, 
FF 180°, FF 225°, FF 270° and FF 315°, 
respectively, compared to the reference 
building.  In a compact square-plan building 
spent less energy for heating. In addition, the 
differentiation of the building form in different 
directions changed the distribution of the 
heating load according to the directions. The 
study showed that cooling energy consumption 
was reduced when the walls were double-
layered instead of single-layered in all models. 
In the case of double-layer walls, cooling 
energy increased by 9.20%, 6.44%, 4.55%, 
2.24%, 2.00%, 11.21%, 11.50% at FF 0°, FF 
45°, FF 90°, FF 135°, FF 225°, FF 270°, FF 
315° respectively, compared to the reference 
building. There was a 0.12% decrease at FF 
180°. When the heating and cooling loads of 
single-layer and double-layer walls at the same 
directions were compared; the double-layer 
wall heating loads of FF 0°, FF 45°, FF 90°, FF 
135°, FF 180°, FF 225°, FF 270° and FF 315 are 
65.41%, 65.99%, 65.48%, 64.87%, 64.68%, 
64.99%, 65.55%, 65.97%, 66.20% less than the 
single-layer heating load, respectively. When 
the cooling load was examined, a reduction of 
11.39%, 7.71%, 9.83%, 12.02%, 12.11%, 
11.14%, 9.38%, 6.96%, and 7.21% was 

observed in the double-skinned wall, 
respectively. It was observed that the amount of 
energy spent on heating and cooling decreases 
at all angles in the double-layered wall. 
 
4. CONCLUSIONS 
In the construction industry, building 
construction times are insufficient for shelter. 
The reason for this is that the construction 
period of the structure is long with traditional 
construction methods.  In addition, the 
construction sector accounts for 40% of total 
energy consumed. Additive manufacturing 
technologies have high potential for reducing 
energy consumption. Developments in building 
production technology with additive 
manufacturing have accelerated the work in this 
field. Building production with additive 
manufacturing is important in terms of fast and 
on-site production, reduced labor force, cost 
reduction potential and contribution to 
sustainability. Additionally, this technology 
enables designers to implement flexible 
designs.  Flexible designs that overcome 
application difficulties can both increase the 
comfort conditions of users and provide 
aesthetic solutions. In this study, the 
relationship between the use of sustainable 
materials in building production and building 
design was examined. The results obtained in 
the study are summarized below. 
 
• The results showed that the building form is 

effective on the heating energy consumption 
of buildings. 

• Compact building forms provide advantages 
in reducing the energy needs for heating and 
cooling. 

• In climates where heating energy is high, 
large surfaces of free building forms should 
be oriented south, and in cold climates, 
north. 

• Positioning large surfaces is important to 
reduce energy consumption in free-form 
structures. Whether the building walls are 
single-layer or two-layer affects the energy 
consumption of the building. 

• Heat transfer is reduced in the double-
layered wall, which reduces the energy 
consumption of the building. 
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(a) 

 
(b) 

Figure 4 (a). Effect of building form and number of layers on energy consumption for heating (b). Effect of 
building form and number of layers on energy consumption for cooling 

 
The study results are important in terms of the 
relationship between additive manufacturing 
technologies and sustainable material use. It 
also provides guidance on the importance of 
building orientation in the freeform design of 
buildings. However, since traditional 
construction methods have been used for many 
years, buildings can be constructed with readily 
available equipment and less cost. Digital 
fabrication techniques require high research and 
development. Although the application is easy 
in digital production, the initial investment cost 
is high. Therefore, there are still challenges in 
additive manufacturing techniques. 
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