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Sustainable Urban Drainage Systems for reducing Flood 

Risk at the Catchment Scale:  

The Seveso River Basin Case Study 
 

By Seyedmoein Miremad, Grazia Concilio & Arianna Azzellino 
 

Rapid urbanization significantly impacts the water balance by altering surface 

characteristics, increasing impervious surface area, and the risk of flood 

hazards due to replacing natural ecosystems, resulting in changes to the local 

hydrological cycle. The Seveso River basin in the Lombardy region is among the 

most urbanized areas in Italy and Europe. The basin's excessive urbanization 

and continuous residential and industrial expansion make intervening with 

structural Sustainable Urban Drainage Systems (SUDS) challenging. This study 

examined the influence of urbanization on stormwater runoff and flow rate 

considering the maximum hypothetical daily storm from 1980 to 2023, resulting 

in a 6% increase in stormwater runoff for the basin and around 10% for peak 

discharge at the closure of the basin. The application of SUDS, such as green 

roofs and permeable pavement (PP), compared with the 2023 situation decreased 

stormwater runoff by 18 and 2 percent, and peak flow by 22 and 3 percent.  

 

Keywords: urbanization, urban stormwater, flood risk, runoff, sustainable 

urban drainage systems  

 

 

Introduction  
 

Flooding is widely recognized as one of the most severe natural disasters, 

destroying urban areas and costing tens of billions of dollars in property and 

human lives (Nkiruka et al. 2023). Human activities can influence flood behavior, 

reducing or increasing the magnitude of flood damage (UCHEGBU 2003). The 

increase in impermeable surfaces due to urbanization has caused substantial 

hydrological effects (Bell et al. 2016). This resulted in increased floods, posing a 

serious hazard to human lives and the built environment. Urbanization-induced land 

use, topography, and hydrology changes affect urban flood risk (Seemuangngam 

and Lin 2024). The changes disturb the urban hydrological cycle and increase the 

quantity of stormwater runoff, raising the danger of local floods in cities (Zölch et 

al. 2017). 

Runoff simulation, like the confluence process to the stormwater network, is 

an important part of the modeling process. In this sense, hydrologic methods 

calculate catchment runoff using precipitation excess, with infiltration being the 

primary process that causes precipitation losses. This runoff can be computed based 

on numerous ways, but the relative efficiency of a single method about others 
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cannot be determined definitively (Luo et al. 2022). 

When dealing with the increased risk of flooding caused by climate change 

and human interventions in global landscapes, conventional ógreyô infrastructure 

(e.g., dams and dikes) is no longer adequate to respond to current rates of land use 

changes and increasing frequency of weather extremes (Potoļki et al. 2021). 

Nature-based solutions (NBS) can act as a valuable complement to conventional 

ógreyô infrastructure for stormwater management (e.g., dams and dikes) in reducing 

flood risks as these ógreenô solutions are perceived to be more flexible and 

multifunctional (Hartmann et al. 2019). 

Sustainable Urban Drainage Systems (SUDS) is an integrated network of 

constructed vegetated areas and open spaces (i.e., green roofs, rain gardens, porous 

pavements, etc.) utilized to conserve natural ecosystem principles and functions 

while also providing a wide range of benefits to people and wildlife (Tang et al. 

2021). From the stormwater management point of view, SUDS minimize the 

volume and peak of generated runoff, being acknowledged as a sustainable 

technique to alleviate floods in urban areas (Ciriminna et al. 2022). 

Green roofs are often characterized as extensive or intensive based on 

substrate layer thickness. Extensive green roofs are typically 15 cm thick or less, 

with short-rooted, drought-resistant plants (Carson et al. 2013). Extensive green 

roofs are more commonly used since they are lighter, cheaper, and require less care 

than intense systems (Berndtsson 2010).  

Permeable Pavements (PPs) are one of the SUDS and can be utilized in 

sidewalks, roadways, playgrounds, or parking lots, among other places (Kuruppu 

et al. 2019). PPs differ from other types of SUDS in that they ensure a hard surface 

while also offering infiltration and detention capacity, eliminating the need for 

additional land for detention facilities and serving as an alternative to impermeable 

surfaces. This is especially essential in metropolitan areas with high land prices, 

impermeable sites, and little or no space for stormwater retention (Zhu et al. 2021).  

This study aims to determine the effect of urbanization on stormwater runoff 

and its management alternatives comparing the years of 1980, 2007, and 2023. 

Evaluation of the potential flood damage vulnerability of the 2023 situation, and 

the application of SUDS such as green roofs and PP, alongside their impacts. 

 

 

Study Area 
 

The Seveso basin, part of the much larger Po basin, is one of the most densely 

populated and industrialized areas in Europe, situated in the Lombardy territory of 

Northern Italy. Since approximately 44 % of this basin has urbanized regions, it is 

a prime illustration of the tremendous hydraulic-environmental difficulties that 

come with extensive urbanization of a territory (Ceppi et al. 2021, Masseroni and 

Cislaghi 2016, Raimondi et al. 2020). The industrial, agricultural, and livestock 

sectors in the basin, which are of enormous national and international importance, 

have a significant impact on the hydro-environmental balance. Moreover, the 

growth of metropolitan cities has restricted river space, resulting in the loss of 

natural features, deteriorated water quality and environment, and increased flood 
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danger (Bocchi et al. 2012). It has been estimated that 104 floods have occurred in 

Milan since 1976 having a proportion of 2.6 floods each year (Raimondi et al. 

2020). The overall percentage of urbanization has steadily increased, from 11.1% 

in 1954 to 32.0% in 1980 and 44.7% in the year 2000. Vice versa, no major 

increments were detected in the last two decades, and the urbanized area barely 

changed by roughly 2% over twenty years (Ceppi et al. 2021). Figure 1 shows the 

root of the river from Como to Milan, and the river runs underground before 

reaching Milan City in the north (Parco Nord Milano). 

 

Figure 1. Seveso River from Como to Milan (The Geographical Reference System 

is EPSG:32632 - WGS 84/UTM zone, 32N) 

 
 

 

Materials and Methods 

 

The SCS-CN method, due to its simplicity, predictability, and stability (Ponce 

and Hawkins 1996), was used to determine a preliminary assessment of the 

relationship between Digital Elevation Model (DEM), soil properties, and Land 

use by the HEC-HMS and GIS-powered software model (Mishra et al. 2003). 

Figure 2 depicts the full procedure for the method employed in this study. The 

basin was created using HEC-HMS software from the DEM map with the exact 

root of the Seveso River, and the endpoint of Parco Nord Milano. Land use and 

soil categories were intersected using GIS techniques (QGIS version 3.28.4), 

resulting in areas associated with hydrologic soil groups (HSGs) and land use, 

which were used to calculate the CN value for each sub-basin in 1980, 2007, and 

2023. To investigate the impact of urbanization, runoff for each subbasin was 

calculated using the HEC-HMS software under hypothetical storms with 107 mm of 

daily precipitation. 

For the year 2023, the runoff output data for each sub-basin was used to 

model a 2D flood depth map of the Seveso basin by means of the HEC-RAS 

software, and such flood depths were later applied through specific depth-damage 

functions to generate the map of flood damage vulnerability for the basin.  
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For the 2023 scenario, new CN values and runoff were calculated assuming 

different SUSD scenarios, such as green roofs for urban fabric areas and 

permeable pavement (PP) for road and related development sites. CN values for 

green roofs published in the literature vary significantly in different climate areas; 

earlier research, which aimed to establish empirical connections for green roof 

runoff using the CN or Runoff Coefficient (Cv) methodologies, yielded CN values 

ranging from 88 to 95.5 for 30 extensive green roofs (Soulis et al. 2017). Fassman-

Beck et al. (2016), analyzed the rainfall and runoff volume of 21 green roofs and 

calculated the mean CN value as 84 for larger rainfall events. The obtained CN 

values for the studied green roofs were 84, 87, 89, and 90 for slope gradients of 2, 

7, 15, and 25% (Getter et al. 2007). Following Hunt and Collins, 2008, the CN 

value for PPs was assumed between 75 to 80. 

 

Figure 2. Methodology Chart 

 
 

Seveso River Basin 

 

The Hydrologic Modeling System (HEC-HMS) of the US Army Corps of 

Engineers was used to simulate the complete hydrologic processes of the Seveso 

basin system. The software includes many traditional hydrologic analysis 

procedures such as event infiltration, unit hydrographs, and hydrologic routing.  

In this study, the basin was derived by suggesting the exact root of the Seveso 

River from the Open Street Map data set on the digital elevation model (DEM) 

from the Lombardy Region center, using HEC-HMS version 4.11. Since this river 

flows underground before reaching Milan City in the northern part (Parco Nord 

Milano), that location was deemed the basin's endpoint. Figure 3 shows the 

resulting basin of the Seveso River and reaches, with 7 main sub-basins.  
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Figure 3. Seveso River Sub-basins, Reaches, and Junctions 

 
 

Data Collection 

 

Hydrologic Soil Groups 

The area has two main geological units divided by a semi-permeable septum: 

a top unit of gravelly sand with the phreatic layer and a lower unit with sandy-silty 

soils and a semi-confined aquifer (Masseroni and Cislaghi 2016). According to 

Lombardy Region data, the basin is divided into three primary HSGs based on the 

soil's infiltration and permeability (Figure 4). B is defined as soils with moderate 

infiltration rates, C as soils with slow infiltration rates, and D as soils with 

extremely slow infiltration rates when are thoroughly wetted (Mishra et al. 2003). 

 

Figure 4. Seveso Basin Soil Groups, B as Moderate, C as Slow, and D as 

Extremely Slow Infiltration Rates When Are Thoroughly Wetted 

 
Source: Lombardy Region, Report on the state of the environment. 
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Land Use Characteristics 

The land use was retrieved using the regional LULC reference map (DUSAF 

by Lombardy Region). As shown in Tables 1 and 2, DUSAF categorizes land use 

into three levels, the first of which includes five primary coverage types (urbanized 

regions, agricultural areas, forest, and semi-natural habitats, wetlands, and water 

bodies), which are further described at the second and third levels. Figure 5 depicts 

the distribution of the main land use categories for the Seveso basin for the years 

1980, 2007, and 2023.  

 

Figure 5. Seveso Basin Land Use Map for Years 1980, 2007, and 2023  

 
Source: DUSAF by Lombardy Region. 

 

The distribution of the main land use types in the basin for each year is 

reported in Figure 6. From 1980 to 2023 urban areas increased from 32% to 50% 

in the basin. Mainly agricultural areas transformed into urbanized regions, and the 

forest and seminatural lands. Wetlands and water bodies were left with no 

considerable change.  

 

Figure 6. Main Land Use Types for the Basin for the Years 1980, 2007, and 2023 

 
 

Figure 7 depicts for each sub-basin the distribution of the first level of 

DUSAF categories, which contain five land use types for the year 2023. Subbasins 

2, 5, 6, and 7 are primarily covered by artificial surfaces, while basins 1, 3, and 4 are 

dominated by forest and seminatural regions. 
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Figure 7. LULC for Each Sub-basin for the Year 2023 

 
 

Meteorological Data 

The Po Valley has a transitional climate between the Mediterranean and 

Central European climates, characterized by anticyclonic patterns and westerly 

circulations (Confalonieri et al. 2009). According to Ceppi et al. (2021), the 24-

hour annual maximum precipitation for the 40 years between 1981 and 2020 

ranged from 45 mm to 107 mm, with a mean value of 75 mm (Figure 8). The study 

area's rainfall pattern was modeled after hypothetical storms with total daily 

precipitation values of 45, 75, and 107 mm. 

 

Figure 8. 24-hour Annual Maximum Precipitation for the Seveso Basin 

 
Source: Ceppi et al. 2021. 

 

Definition of Curve Numbers (CNs) 
 

The runoff curve number is an empirical quantity in hydrology that predicts 

direct runoff or infiltration due to excess rainfall. Higher CN values determine 

more surface runoff. CN values were defined based on land use and soil types 

from 0 to 100 following Gilewski and Wňglarz (2018) (see Table 1). 
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Table 1. CN Values Based on Land Use and Hydrologic Soil Group 

Class  Land use 
Curve numbers for HSG 

A B C D 

112 Discontinuous urban fabrics 54 70 80 85 

121 Industrial, commercial, and transport units 85 90 92.5 94 

131 Mineral extraction sites 77 86 91 94 

211 Non-irrigated arable land 65 
76.

5 
84 88 

231 Pastures 30 58 71 78 

242 Complex cultivation patterns 30 58 71 78 

243 Land principally occupied by agriculture 78 83 86 88 

311 Broad-leaved Forest 30 55 70 77 

312 Coniferous forest 36 60 73 79 

313 Mixed forest 30 55 70 77 

321 Natural grasslands 39 61 74 80 

324 Transitional woodland-shrub 30 55 70 77 

Source: Gilewski and Wňglarz 2018. 

 

For the remaining Land use categories, CN values were defined based on 

Cronsheyôs Urban Hydrology for Small Basins manual (1986, see Table 2): 

 

Table 2. CN Values Are Based on Land Use and Hydrologic Soil Groups 

Class Land use 
Curve numbers for HSG 

A B C D 

111 Continuous urban fabric 98 98 98 98 

122 Road and rail networks and associated land 98 98 98 98 

132 Dump sites Poor condition (grass cover < 50%) 68 79 86 89 

133 Construction sites (Developing urban areas) 77 86 91 94 

141 Green urban areas in good condition (grass cover > 75%) 39 61 74 80 

142 
Sport and leisure facilities Fair condition (grass cover 50% 

to 75%) 
49 69 79 84 

22 Agricultural areas 63 71 78 81 

411 Wetlands 90 92 94 96 

51 Water bodies 100 100 100 100 

Source: Cronshey 1986. 

 

Finally, a composite curve number (CNC) was calculated for each sub-basin, 

having sub-areas with different soil groups and land covers, by weighting the CN 

values for the individual sub-areas in proportion to their land area (Ai) as shown in 

equation 1 (Shadeed and Almasri 2010): 

 

 
 

Flood Damage  

 

HEC-RAS, developed by the United States Army Corps of Engineers, is 

simulation software used in computational fluid dynamics, primarily to model the 

hydraulics of water flow via natural rivers and other channels (Ogras and Onen 
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2020). In this study, HEC-RAS version 6.5 was used to investigate the 2D spatial 

distribution of water depths throughout stormwater runoff calculated by HEC-

HMS software (following Papaioannou et al. 2018). Then to estimate the basin 

damage vulnerability, flood depth-damage functions of the Europe (Huizinga et al. 

2017) were applied to the water depth of each land use categories (Figure 9). 

 

Figure 9. Depth Damage Function Curves for a: 1.1 Urban Fabrics, b: 1.2.1 

Industrial or Commercial Units, c: 1.2.2 Road and Rail Networks and Associated 

Land, and d:2. Agricultural Areas 

 
Source: Huizinga et al. 2017. 

 

Table 3 shows the equation for damage factor and depth and the average 

maximum damage value for each land use category: 

 

a. 1.1 Urban fabrics.  

b. 1.2.1 Industrial or commercial units. 

c. 1.2.2 Road and rail networks and associated land. 

d. 2. Agricultural areas. 

 

In comparison to agricultural areas, urban areas have a substantially higher 

average maximum damage value, making them more vulnerable to flood damage.  

 

Table 3. Damage-depth Functions: Y is the Damage Factor and X is the Flood 

Water Depth (m) 

Category Class Damage depth function 
The average maximum damage 

value (ú/m2) 

a 1.1 y = -0.0328x2 + 0.3574x 750 

B 1.2.1 y = -0.0239x2 + 0.3341x 621 

C 1.2.2 y = -0.0361x2 + 0.3618x 24 

D 2 y = -0.0605x2 + 0.4918x 0.77 
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SUDS Scenarios  

 

SUDS were implemented in the urban fabric areas assuming green roofs for 

all the built areas, while PP was assumed for roads and associated areas. Figure 10 

shows the spatial distribution and areas of each sub-catchment that was considered 

for SUDS scenarios. 

 

Figure 10. Map of the Urban Fabric Land Use Where Green Roofs Were Simulated 

- Road and Rail Networks and Associated Lands Where PP Was Assumed  

 
 

Since assuming the presence of green roofs has a direct effect on runoff, the 

CN values of Continuous and discontinuous urban fabric were changed from 98 to 

84 for all the soil groups (following Liu et al. 2020). To analyze the effect of 

permeable pavements, the CN value of road and rail networks and associated land 

changed from 98 to 75 (following Hunt and Collins 2008). 

 

 

Results  

 

The stormwater runoff was computed using HEC-HMS software. Figure 11 

shows HEC-HMS stormwater runoff predictions for each sub-basin for a 

hypothetical daily storm with 107 mm precipitation. Runoff was simulated 

considering the land use distribution in 1980, 2007, and 2023. Considering the 

same precipitation pattern and soil group for each year, land use change mainly 

urbanization as the main factor, affects the runoff composition, since the increase 

of runoff during the time for each sub-basin and the basin was seen. 
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Figure 11. Stormwater Runoff for Each Sub-basin Considering a Hypothetical 

Daily Storm with 107 mm Precipitation  

 
 

Figure 12 depicts the stormwater flow rate for the endpoint of the basin for 

years 1980, 2007, and 2023, showing the increment of peak flow due to 

urbanization. 

 

Figure 12. Peak Flow at Basin Closure Considering the 1980, 2007, and 2023 

Land Use (Hourly Precipitation in mm is Also Shown in the Secondary Y-axis) 

 
 

 The hydrological and hydraulic characteristics of the catchment and river 

were studied for the year 2023, and then SUDS were applied to the same year to 

assess the impact of stormwater runoff control. Different hypothetical daily storm 

precipitation was assumed as 45, 75, and 107 mm, and the runoff volume was 

calculated by means of HEC-HMS for each sub-basin (Figure 13). 
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Figure 13. Runoff (mm) Predicted for Each Sub-basin for Hypothetical Daily 

Storm Precipitations of a: 45, b:75, and c:107 mm 

 
 

Figure 14 shows the 2d spatial distribution of flood water depth computed by 

HEC-RAS. The model was implemented by using the runoff volumes for each sub 

basin predicted by HEC-HMS with the hypothetical daily storm precipitation of 

107 mm.  

 

Figure 14. Water Depths Derived from Generated Runoff  

 
 

Figure 15 shows the potential damaging vulnerability of the Seveso basin. 

Urban areas close to the river channel are more susceptible to damage and 

economic costs. 
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Figure 15. 2D Spatial Distribution of Damage Vulnerability  

 
 

Figure 16 shows the damage vulnerability map of the catchment in terms of 

LULC and flood depth. The average value for each sub-basin was calculated to 

determine which sub-basin is more susceptible to Seveso flooding, given a 

constant hypothetical storm value for the whole basin. Downstream basin number 

s_7 was identified as the most vulnerable sub-basin due to its high urban density 

and the accumulation of water from other upstream sub-basins. 

 

Figure 16. Sub-basin Damage Vulnerability  
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Figure 17 shows the mean CN value of each sub-basin and the mean value for 

the whole basin, for different SUDS. 

 

Figure 17. CN Value for the 2023 Situation Considering no SUDS, Green Roof, 

and PP Scenarios 

 
 

The runoff of the SUDS scenarios was then compared with the 2023 scenario 

assuming the 107 mm daily precipitation. Figure 18 shows the runoff amounts 

estimated for different SUDS scenarios compared with the no SUDS scenario.  

 

Figure 18. Runoff for 2023 Situation with no SUDS, Green Roof, PP, and Both 

Green Roof and PP Scenarios 

 
 

The application of green roofs and PP on runoff generation has the highest 

effect on sub-basin number 7 and the lowest effect on sub-basin number 4.  
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For the whole Seveso River basin, the application of SUDS resulted in an 18, 

2, and 21 percent reduction in runoff compared to the 2023 no SUDS scenario for 

green roofs, PP, and both scenarios, respectively. 

Figure 19 shows the peak flow rates for the No SUDS, Green roof, PP, and 

green roof and PP scenarios assuming the same precipitation.  

 

Figure 19. Simulation of Peak Flow Rate at the Basin Closure Comparing the 2023 

Condition (No SUDS), and SUDS Scenarios (i.e., Green Roofs, PP, and Green Roofs 

and PP 

 
 

The Green roof and PP scenario determined a decrease of the peak flow rate 

by 25% compared to the 2023 No SUDS scenario. 

 

 

Conclusion 

 

The present paper investigates the effect of urbanization in the study area on 

stormwater runoff for the whole basin and sub-basins. Urbanized areas increased 

from 32% to 50% from 1980 to 2023. Urbanization increased the stormwater 

runoff volume by about 6% for the whole basin, and peak flow rate by about 10% 

at the basin closure.  

The HEC-RAS software generated a 2D flood depth water map for the 

Seveso River, which was then intersected with water depth graphs to determine the 

damage vulnerability of the entire basin and each sub-basin. Sub-basin S-7, which 

collects water from upstream and has a higher percentage of urban area, was found 

to be the most damaged by a river flood. 

Different SUDS for runoff and flood control were applied to the 2023 No 

SUDS scenario to improve the water balance in the basin. For the whole basin, 

application of the SUDS scenarios resulted in 18, 2, and 21 percent decrease in 

runoff with respect to the current situation, for green roofs, PP, and both scenarios 

respectively. Application of both Green roof and PP, compared to the situation of 

2023 decreased the peak stormwater flow by 25%. 
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Experiencing Ancient Ephesus:  

A Journey Through Time with 3D, XR and AI 
 

By Ahmet Denker, Alp Kayra Daĵēstanlē, Arda Güler,  

Arif Emre Sevil•, Ceren Özcan, Ecem Suzan Ulaĸ, Mert Kaytaz, 

Serkan Kahraman & Yiĵit Bozkurt 

 
The primary objective of this project derives from the desire to travel back in time to the 

ancient city of Ephesus, which has largely lost its former luster, and to experience it as it 

was in its brightest days in the 2nd -3rd centuries. A new virtual and immersive 

experience has been created using the capabilities of 3D reconstruction (3D), extended 

reality (XR) and artificial intelligence (AI). This project has been a merger of history with 

modernity. This time travel to the past was made possible by combining historical 

information with cutting-edge technologies. An extensive study, including an analysis and 

comparison of existing technologies as well as a comprehensive review of historical and 

archaeological information, was critical to the fateful and compelling recreation and 

experience of ancient Ephesus. The Roman landmark buildings were digitally 

reconstructed and restored to their original state using various sources. The 3D virtual 

Ephesus experience, augmented with Animation, Gaming, and AI, creates an immersive 

experience for visitors, enhancing interaction with the historical district and ancient 

Ephesians' avatars. The project created an immersive journey to Ephesus, featuring 

notable structures like the Temple of Artemis Harbor Gate, Grand Theater, Celsus 

Library, and Agora, providing unprecedented levels of presence and immersion. 

 

Keywords: Ephesus, 3D reconstruction (3D), Extended Reality (XR), Artificial 

Intelligence (AI), journey through time 

 

 

Introduction  

 

Located twelve hundred miles east of Rome and now approximately two miles 

inland from the Aegean shoreline of Turkey, are located the remains of Ephesus to the 

south of the Cayster River, in close proximity to the contemporary settlement 

of Selcuk (Map 1). Ephesus had an incredible role in ancient history. The ancient city 

was Asia's economic, political, and religious hub, serving as the proconsul's seat, 

metropolis, and significant pilgrimage destination due to its ecclesiastical heritage. 

Ephesus is an ancient Ionian Greek city; it was also the home of a world wonder: The 
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Temple of Artemis. Originally established by the Carians, it became one of the 12 

Ionian Cities and played a role in both the Persian and Peloponnesian wars. Alexander 

the Great captured it in 333 BC and it thrived during the Hellenistic era. In 133 BC, 

Rome gained control of the city and it subsequently became the capital of the Roman 

province of Asia under the reign of Emperor Augustus. Once, it was Imperial Rome's 

greatest and arguably the most vital harbor city in the East.  Now completely silted 

and hidden amidst marshy woodlands, this harbor used to function as the central hub 

for maritime trade, playing a pivotal role in the prosperity of the Roman Empire. 

 

Map 1. Ancient City of Ephesus Is Located Twelve Hundred Miles East of Rome and 

Now Approximately Two Miles Inland from the Aegean Shoreline of Turkey 

 
 

Ephesus also held significant importance in the early development of Christianity. 

It was personally visited by St. Paul, who wrote a letter specifically addressed to the 

church in Ephesus, known as the Letter of Paul to the Ephesians. In AD 262, the 
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Goths devastated the city and the temple, both of which never regained their former 

state. The contemporary location has thoroughly excavated ruins.  

With the city now in ruins, some questions emerged, such as ñWhat was it like to 

experience it as it was in its brightest days in the 2ndï3rd centuries?ò This particular 

question tingled our minds. Until recently this question was considered impossible to 

answer. Many researchers tried to solve this problem with various visualization 

attempts such as by drawings, artistic impressions or building hand-made models, but 

none were enough to visualize the original. Thanks to developments of digital 

visualization technologies, capturing the grandiose, beauty and luster of the ancient 

city of Ephesus while remaining faithful to the original has become possible. 

This article aims to reconstruct Ephesus as in its most glorious days and enable a 

virtual visit to those days. This reconstruction harnesses cutting-edge digital technology 

tools and resources from 2D drawings to 3D models. The landmark structures were 

revived using 3D modeling technology 3D Immersive Virtual Worlds offer a detailed, 

immersive educational experience (Corcini et al. 2016). The terrain was reconstructed 

using height maps and the unreal engine. In order to provide users with a more 

immersive experience, artificial intelligence was utilized to maximize their experience. 

A comprehensive literature research was conducted to generate a precise three-

dimensional model of the ancient city of Ephesus, with the goal of faithfully recreating 

its original look and providing an exact solution to the previous question. It's possible 

to have the chance to interact with it in the virtual world. 

The topic centers on utilizing cutting-edge technology and software resources to 

accurately portray the historical reality of a temple. Virtual reality compounded with 

XR, and AI is highly attractive because it enables the viewer to become fully engaged 

in the virtual world, going beyond being a passive observer (Denker 2023). The final 

images are shown in the result section. 

 

 

Literature Review 

 

The most valuable resource for this work is provided by Ephesus itself, which is 

one of the best-preserved ancient cities in the world. In addition, the large number of 

ancient literary works, articles, excavation reports, drawings and sketches that more 

than 150 years of excavations left us, is an extraordinary heritage still not fully 

explored. As stated above, Ephesus has been the site of archaeological research for 

over 150 years - excavations were initiated by the British Museum and have been 

carried out by the Austrian Academy of Sciences (OeAI) since 1895. The rich 

archaeological and historical resource base produced by these activities has made it 

possible to trace the development of Ephesus and its rise as an urban mega-center. The 

collection of sample data from different time periods referring to past eras makes it 

possible to add a time dimension to the modeling. There are many sources in which 

the data obtained as a result of Ephesus research are presented. Undoubtedly the most 

important of these is the "Forschungen in Ephesos" series, the first volume of which 

was published as early as 1906 (Österreichisches Archäologisches Institut [Contr.]: 

Forschungen in Ephesos (Forschungen in Ephesos, 1906) n.d.). The Austrian Academy 

of Sciences (OeAW) has been publishing the series under its own imprint since 1977.   
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Another example is Ephesos: 100 Jahre österreichische Forschungen (Hill  1999), 

published by the Austrian Archaeological Institute, which presents a panorama of 

Austrian archaeological research in Ephesus. On the other hand, Ephesus was one of 

the three best preserved ancient cities in the world (along with Pompeii and Palmyra), 

but the complete destruction of Palmyra in the Syrian civil war has reduced the 

number of such cities to two. So, in terms of the knowledge needed to inform the aims 

and objectives of our project, and the impact the project outputs will have, there is no 

better place in the world to work. One of the sources of literature that we utilized in 

this project is the reference book "Palmyra, Bride of the Desert - Images, Ruins and 

Cultural Memories", co-authored by the first author (Denker et al. 2018). This book 

describes in detail how a completely destroyed ancient city was reconstructed in a 

virtual environment using modern technologies. 

A thorough investigation was conducted by extensively reviewing hard copy and 

utilizing online sources before envisioning the virtual realm. Founded pieces of 

literature helped to place the structures according to the map as it was in the 2nd -3rd 

century (Quatember 2010). Another book was reviewed in order to understand the 

area of Ephesus and the structures in the city (Highlights of Ephesus n.d.). This survey 

facilitated a comprehensive comprehension of Ephesus' historical significance, and by 

thoroughly examining scholarly material, it became far more lucid to recreate the city.  

To accurately reflect the ancient city of Ephesus to the users, a road map was 

drawn from the mentioned works of literature. In the light of other research, bringing 

the ancient city of Ephesus into the virtual world was executed impeccably. Thanks to 

the amalgamation of developing modeling technologies and related research conducted 

in the past, Ephesus came to life in all its glory. 

 

 

Methodology  

 

Utilizing a multidisciplinary approach, Ephesus, the ancient city, undergoes a 

revival within the virtual domain. The process commences with the meticulous creation 

of 2D architectural drawings, these 2D drawings serve as foundational elements 

(Tytarenko et al. 2023). 

Transitioning seamlessly, the endeavor progresses towards 3D modeling, a 

pivotal stage characterized by the conversion of two-dimensional sketches into 

immersive digital recreations. Employing advanced software tools such as 3ds Max® 

and Blender®, 2D drawings of Ephesus's landmark buildings are meticulously 

transposed into the digital realm, maintaining fidelity to real-world proportions and 

details. 

Further, the Unreal Engine® serves as the platform for integrating these 3D 

models into a cohesive digital landscape reflective of Ephesus's geographical context. 

Drawing from meticulously researched data, a virtual representation of Ephesus's 

terrain is constructed, providing users with an authentic backdrop for exploration. 
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Figure 1. Workflow of the Methodology 

 
 

Integrating artificial intelligence (AI) adds an immersive layer to the experience, 

as avatars imbued with Ephesian knowledge facilitate interactive engagement. Users 

are invited to navigate through Ephesus's digital streets, interacting with AI 

companions to uncover the city's historical treasures, from the iconic Artemis Temple 

to the scholarly enclave of the Celsus Library. 

Through the seamless integration of these methodological approaches as 

displayed in Figure 1, a compelling narrative of temporal exploration emerges, 

offering users an immersive journey through Ephesus's storied past. 
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Three-Dimensional Modeling 

 

Columns and Capitals 

 

Figure 2. (a) Doric Column, (b) Ionic Column, (b) Corinthian Column, (c) Composite 

Column 

 
 

Figure 3.  (a) Doric Capital, (b) Ionic Capital, (b) Corinthian Capital, (c) Composite 

Capital 

 
 

Four types of columns, namely Doric, Corinthian, Ionic, and Composite columns 

were used in Ephesus, as shown in Figure 2 and Figure 3. In this project columns were 
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reconstructed to match their real-life counterparts. Ionic capital helixes, which made 

two curls around the oculus, were made in 3ds Max®. A rectangular box was built 

with helixes at the edges. Helix interconnection was done in 3ds Max®. Top symbols 

were produced using sphere, box, and tube commands and modified vertices. The 

center tubes were built and positioned around the column using the radial array tool. 

Blender® was used to precisely create the center flower creations. Subordinate 

symbols were built in 3ds Max®, and compact symbols using circle, sphere, and box 

methods thus, the ionic column capital is completed. Corinthian columns were created 

in Blender® for the Project's second column. From a circular base, a cylinder was 

pulled upward. A box with curled center sides was placed on top. The higher helix 

supports were built from the helix, while the lower foliage was utilized. To link the 

helix to the column, the lateral component was attached and shaped with a box. Eight 

main holders were lateral holders. Finally, leaves were inserted at helix intersections. 

The final column is a hybrid of ionic and Corinthian columns with Blender®-created 

headings. It was set for 2 revolutions. After providing the helix form, the cylinder was 

gently pushed to finish it. A circular structure was built to house the helixes. The box 

was circularized throughout this operation. The blender® software creates precise 

floral representations placed in a circle around the focal component. A square with 

vertices and edge connections was placed on the circular framework. The helix was 

connected to the structure above it. A box function structure was used to secure the 

connection. Finally, additional flower motifs were placed on the helixes. The body 

part of each column is cylindrical. Subtraction was employed to create body 

protrusions for particular columns. In addition, a miniature cylinder was put around 

the larger cylinder's end and beginning. Multiple bottom boxes were created using the 

box function. Blender® and 3ds Max® were used to modify box vertices. The 

specified column subset was obtained. 

 

Statues 

 

The process of creating statues in Blender® involves the use of many tools such 

as crease, fill, smooth, draw, scrape, and grab. References indicate that fundamental 

forms are included. For basic modeling, simple geometric forms such as cubes for the 

torso, legs, arms, and hands, cylinders for the neck, and spheres for the head are used. 

Following the first modeling, the use of the crease and draw tools is employed to add 

preliminary drawing elements. Using the grab tool, intricate elements such as fingers 

are meticulously crafted. Additionally, the realism of the fingers is enhanced by the 

use of the scrape tool to add further detail. Once the remaining gaps in some delicate 

areas have been filled, the smooth tool is utilized to ensure that the details are level 

with the rest of the body. Once the foundational structure of the statue is complete, the 

facial features and clothing details are sculpted using a crease tool. Following a 

thorough examination of each aspect, the sculptures are reassembled (Figure 4 and 

Figure 5). 
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Figure 4. (a) Sophia (Wisdom), (b) Ennoia (Thought), (c) Episteme (Knowledge), (d) 

Arete (Bravery) 

 
 

Figure 5. The Emperor Trajan 

 
Three-Dimensional Buildings 

 

The project has employed 3D modeling to vividly recreate Ephesus in the virtual 

world. The method of modeling has been identified as the best option when compared 

to the current architectural modeling, as it aims to maintain the allure and magnificence 

of Ephesus during its golden era. The distinction between 3D modeling and 

architectural modeling lies in their degree of abstraction. Architectural modeling 

provides a greater degree of abstraction, while 3D modeling yields a more intricate 

and detailed outcome. The most crucial difference between 3D modeling and 

architectural modeling is that 3D modeling provides an opportunity for backward-

looking modeling, while architectural modeling focuses more on forward-looking 

modeling. Thus,3D modeling has been found to be the most effective method for 

virtual world modeling, as it allows for a comprehensive understanding of the 

complex details of the ancient city of Ephesus. Architectural modeling may not be 

sufficient when trying to design a magnificent city like Ephesus, which is abundant in 

intricate particulars.  

The 3D modelling efforts in this project are a culmination of resources with 

computer graphics technology. 3D models demonstrate an exquisite combination of 
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historical importance, technical skill, and artistic delicacy in the original buildings. Every 

building, including the World Wonder Artemis Temple, the iconic Celsus Library, the 

colossal Grand Theatre, and the elegant Hadrian Gate, displays a combination of design 

principles and craftsmanship of the time they were built. 

In the context of this project, the methodology employed for digitally reconstructing 

buildings in three dimensions followed a standardized procedure.  

 

Figure 6. Structured Workflow of Modelling the Serapion Temple 

 

2D drawing 

of the model 

 

Base of the 

3D model 
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Model 

erected from 

the base 

 

Completed 

3D model 

 

We will demonstrate the procedural steps of modelling by taking the Serapion 

temple as a case study. These steps are shown in Figure 6. Initially, two-dimensional 

(2D) drawings were carefully drawn. Subsequently, via these 2D drawings, the 

construction of the buildings in three-dimensional (3D) space began. 

Firstly, the foundation of the structure was established utilizing the box command 

within the 3D spatial environment. Secondly, attention was directed towards the 

central segment of the temple. This phase, pivotal due to the distinct characteristics of 

individual buildings such as statues and columns, required meticulous placement and 

attention to detail. Finally, to finish the construction process, the roof component was 

placed into the model. 

This methodological approach not only facilitated a structured workflow but also 

ensured accuracy and precision in the recreation of historical architectural landmarks. 

Statues as elements of adornment were used extensively in Ephesian architecture. 

Celcus library is one of the outstanding examples of this. The 3D modelling in this 

case required two additional stages, building statue models and placing them in their 

proper locations (Figure 7).  
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Figure 7. Embellishing the Facade of Celsus Library with Statues 

 

Library 

of Celsus 

in the 

absence 

of its 

statues 

 

The 

statues 

peculiar 

to the 

library of 

Celsus 

 

 

Final 

model of 

the 

Celsus 

library 
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The Library of Celsus is a remarkable structure in Ephesus with a two-story 

facade and a vast, domed interior measuring 10.90-16.70 meters in length. It is 

adequately protected from moisture since it is surrounded by an extra wall (Library of 

Celsus in Ephesus 2019). The Celsus Library was designed using various tools and 

techniques to create a virtual world (Figure 7). The base structure consisted of 

windows and doors, created using the line command and a bevel profile. A box was 

used to create the depths of these windows and doors, and the subtraction command 

was used to finalize the windows and doors. The missing roof part was created using a 

rectangular-shaped roof, with three minor roofs connected to it. The triangular-shaped 

roof was created using cylinder and tube commands. The middle part of the library 

featured columns, and the adjacent buildings were built using the box command for 

the base structure and the roof. The gate between the building and the library was 

scaled down using the tube command for the passageway. The stairs at the side of the 

library were created using a box to make a height difference, and the straight stairs 

command was used to finalize the side building. Corinthian columns were added 

using the array command. 

Another remarkable of embellishment with statues is The Fountain of Trajan was 

unique due to the placement of statues throughout the building (Figure 8).  

 

Figure 8. Embellishing the Fountain of Trajan with Statues 

 

The Fountain 

of Trajan 

Without the 

Statues 
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The statues 

that give the 

Fountain of 

Trajan its 

magnificence. 

 

 

Completed 

model of the 

Fountain of 

Trajan.  

 

The Temple of Domitian had three levels with semi-circular gates arranged 

around the temple, with a temple resembling the Serapion temple on the top floor. The 

Odeon and the Grand Theater have similar architectural structures and were both 

constructed using the same modeling techniques. However, the staircases are smaller 

in the Odeon, making it a scaled-down version. 

The Grand Ephesus theater, a 145-meter-wide marble building, was previously 

30 meters wide and was capable of holding up to 24,000 people (Great Theatre in 

Ephesus 2019). 

The Grand Theatre was designed using a combination of commands and 

techniques. The stairs were created using the tube command, which allowed for the 

desired radial stairs look. The staircases were divided into three compartments, and 

paths were created by transforming the stairs into editable poly. Gates were created 

using the Boolean function. 

The main building of the theatre, where acts were played, consisted of boxes and 

Ionic columns. The manufacturing process resulted in four buildings, two of which 

were of varying sizes. Sculptures were attached to these structures and positioned in 
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the reference direction. Decorations on the first floor were created using the Torus 

command, with the subtract feature making the middle door more inward and another 

box subtracted from the box. 

The Gate of Hadrian, located at the end of Curetes Street in Ephesus, is a 

monumental structure dedicated to Emperor Hadrian, a Roman practice when an 

emperor visited a city. It is said to have been devoted shortly after Hadrian's arrival 

(Gate of Hadrianôs - Ephesus Tours 2013). 

The Hadrian Gate was divided into three parts, starting with the foundation using 

the Box command. The first floor was built using extrude and bevel commands to 

create a box shape for the base, with columns placed on it. The second floor contained 

an arch-like structure, and multiple boxes were placed for the connection between the 

second and third floors. The roof was decorated with boxes using the Box command. 

The Prytaneion functioned as the administrative edifice or town headquarters. 

This location served as the venue for religious ceremonies, official receptions, and 

(Prytaneion - Ephesus Turkey 2024). The Prytaneion is a structure enclosing an area 

with four walls and containing a temple at its center 

The Temple of Hadrian stands out due to its unique shape of entrance the 

construction of this temple was completed with the methods previously mentioned. 

The Octagon, a smaller building, had octagonal steps leading to the central area 

surrounded by Corinthian columns. The Memnius Monument was constructed using 

the box command to construct the foundational staircase, followed by the four primary 

columns. The Heron of Androklos was a two-story structure with rectangular columns 

on the side and ionic columns as load-bearing pillars for the roof. 

The Temple of Artemis was built with such care and craftsmanship and budget 

had become the symbol of Ephesus not only with its huge size but also as the sentinel 

of Ionian style. The building had unique statues and many columns. This temple was 

the outcome of the greatness and wealth of the city in its days. The Temple of Artemis 

was regarded as one of the seven wonders of the world. The Temple was adorned with 

a multitude of Ionic columns. A large golden statue of Artemis was positioned in the 

center of the temple also two uniquely built statues of the wounded amazon and lying 

women is located on the roof of the Temple of Artemis. There is a continuous 

arrangement of statue models encircling the buildings, located between the triangular 

roof and column heads. 

 

Roof Shape 

 

In constructing this project according to the reference pictures, it was realized 

some models were similar to each other, so to begin with the modeling of the 

buildings. The team discussed these similar structures and how to draw them. For 

instance, the roof modeling in this project was used in different buildings to achieve 

the desired roof shape, identical to the reference picture. Firstly, a box was placed with 

the correct size, and the vertices of the box were increased to be pulled up from the 

middle vertices to create the desired triangular shape. This methodology was used in 

similar roof structures throughout this project as seen in Figure 9. 
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Figure 9. Roof Shape Achieved 

 
 

Connection Parts 

 

The most repeating methodology in this project was manipulating a box using the 

bevel and extrude commands to create the shape. This shape was sometimes used in 

the base of a structure, or this shape was used to connect or divide the sections in the 

building. This method can be seen in nearly every building. 

To create the shape as seen in Figure 10, they are similar to each other; they share 

the same steps but differ in the details; this shape has been achieved by using the 

extrude command to give the box a bit of height as desired on the y-axis and to create 

the widening look bevel command with the desired height and widening settings this 

shape has been achieved.  

 

Figure 10. Connections Part, (a) From the Harbor Gate, (b) from the Hadrians Gate 
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Unreal Engine® Level Design 

 

Height Map 

 

The Skylines was obtained by downloading it from a website called Map 

Generator. The position of Ephesus was determined and certain specifications were set, 

such as a map size of 15 km, a height scale of 100%, a water depth of 30m, and a 

waterside slope of 16. The required modifications were made accordingly. Once the 

download was completed, it was loaded into the Unreal Engine® software. Once the 

required adjustments and modifications were made to the height map, it became 

prepared for use. 

 

Lighting 

 

In order to achieve a realistic level of illumination across the entire region, the sun 

sky lighting tool incorporated into Unreal Engine® was utilized. This technique was 

utilized in order to achieve a realistic illumination of the map. 

 

Material 

 

Regarding the Material aspect, the necessary materials were sourced from Quixel 

Bridge for the project. Many varieties of marble and concrete materials in a range of 

varied colors were discovered. After the colors, transparency, and pattern of the 

material tones were manipulated using the Unreal Engine® blueprint, they were 

prepared to achieve the required form. 

 

Foliage 

 

The foliage component was sourced from the Unreal Marketplace by Epic 

Games®. The oak, pine, and low poly trees were the primary subjects of the 

examination. An examination of a low poly tree is being done with the intention of 

improving rendering speed. Changes were made to the features of the tree species that 

were identified in order to make them consistent with the map. These changes 

included adjustments to their size and density. 

 

Water 

 

The water plugin that was given by Unreal Engine® was used for the element of 

the project that dealt with water. The water that was supposed to be used was modified 

so that it corresponded to the actual water regions that were situated around the city of 

Ephesus. 
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Artificial Intelligence Implementation  

 

The user interaction with the city and the level of immersiveness has been 

enhanced through the AI component. AI component also serves to elevate the 

influence of the ancient city of Ephesus on the user. The goal is to offer the user an 

exceptionally interactive and educational experience through the use of artificial 

intelligence. The user has the ability to halt the Ephesians, who are roaming around 

the ancient city, in order to gain knowledge about the modeled buildings and the 

historical aspects of the city. How the AI component has been incorporated into this 

project is briefly explained below. 

Creating an avatar that models each team member is the fundamental stage to 

adding an AI component to the project. The steps of this stage are shown in Figure 11, 

and briefly explained below: 

Initially, an original avatar was generated using the MetaHuman Creator®. This 

was followed by giving attributes to this character by using the Convai® site. In 

addition, the backstory of the character, and knowledge bank are integrated at this site. 

Subsequently, the MetaHuman® character was imported to the project. Afterward, 

the Convai® was plugged into Unreal Engine 5®. After the plug-in was done, the 

Convai® character was selected from the avatar class, the Convai® API Key was 

entered into the Unreal Engine® project settings. Matching the AI ID created from the 

Convai® site with the Metahuman® previously imported into the project.  

This character's appearance was modified to resemble real-life counterparts of the 

project team members and then imported into the Unreal Engine®,  

In summary, an avatar was generated using the Convai® site. Responsibilities 

such as creating a story and a knowledge bank were assigned to this avatar. To 

integrate the Convai® avatar with the MetaHuman® avatar, the Convai® plugin was 

included in the Unreal Engine®, allowing the two avatars to be combined using the 

resultant character ID. Following the merging procedure, the blueprints of our 

character were merged with the Manny mannequin in the Unreal Engine®, equipping 

the mannequin with the ability to perform running, walking, and jumping actions. 

Figure 13 shows the creation of an avatar resembling a team member and in 

Figure 12 the created avatar is in front of the Temple of Artemis. This avatar is able to 

roam in the scene and engage in dialogues.  
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Figure 11. AI Methodology Chart 

 
 

Figure 12. Avatar in Front of the Temple of Artemis 
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Figure 13. Avatar Creation 

 
 

 

Results 

 

The results of showcase in this section are the outputs of Unreal Engine 5®. As 

mentioned before, geographical features such as trees, lighting and water were edited. 

Each building was carefully placed on the map to reflect the beauty and grandeur of 

the ancient city of Ephesus as it had once been. The results are a combination of the 

models, the map, and the avatars, inviting the user to take a time travel through the 

streets of Ephesus. 3D models serve as a connection between space and time 

(Parrinello et al. 2018). This combinational result brings the magic of the ancient city 

to the present day visitor. Thanks to the results, the sophistication and cultural, 

architectural, etc. factors of the ancient city continue to intrigue the minds and hearts 

of today's researchers and visitors even centuries later. The figures shown in this 

section depict in detail some of the most prominent buildings of Ephesus, from the 

Temple of Artemis to the library of Celsus. In addition, a sophisticated educational 

dialogue between the user and the artificial intelligence unique to the project is shown 

about the temple of Artemis. 
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Overall, the project embodies an innovative and distinct method of historical 

education and involvement by incorporating artificial intelligence. Through establishing 

dynamic engagement between users and virtual avatars, the application provides users 

with an unusual chance to explore and comprehensively grasp the Ephesian history 

with detail. 

 

Figure 14. Rendered Image of Artemis Temple 

 
 

Figure 14 showcases a rendered image of the Temple of Artemis located in the 

Ephesus map. In this image, it is visible to feel the magnificent beauty of the Artemis 

Temple. 

 

Figure 15. Rendered Image of Artemis Templeôs Statue 
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In Figure 15, there is a rendered image of the statue centered inside the Temple of 

Artemis (Denker 2024). 

 

Figure 16. Rendered Image of the Interaction with the Artificial Intelligence 

 
 

In Figure 16 the guest is in front of the Artemis Temple demanding information 

about the temple by asking questions to the implemented artificial intelligence. The 

guest can learn about the history behind the buildings surrounding the Ephesus simply 

by asking questions to the artificial intelligence. 

 

Figure 17. Rendered Image of the Cityôs Entrance 

 
 

Figure 17 captures the entrance of the Ephesus as seen through the Harbor Gate 

coming ships enter the city.  
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Figure 18. Rendered Images of Heroon of Androklos and the Octagon 

 
 

In Figure 18 detailed results of Heroon of Androklos and the Octagon can be seen.  

 

Figure 19. Perspective View of the City from the Grand Theatre 

 
 

In Figure 19, a perspective view from the Grand Theatre is captured as the visitor is 

sitting in seats of the Theater seeing other attraction sites at the horizon. For instance, the 

Arcadian Way, the Agora, Hadrian Gate, Harbor Gate, and The Prythaneion. 
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Figure 20. Rendered Image of the City from the Celsus Library 

 
 

Figure 20 captures the beauty of the Celsus Library alongside with other beautiful 

structures such as the Hadrian Gate, the Agora, and The Prythaneion. 

 

Figure 21. Rendered Image of the City from the Birdôs Eye View  

 
 

Figure 21 displays Ephesus' stunning beauty from a bird's-eye view, showing its 

entire area from mountains to sea.  
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Figure 22. Rendered Image of the Fountain of Trajan  

 
 

In Figure 22 finished version of the Fountain of Trajan can be seen with its unique 

statues. 

 

Figure 23. Rendered Image of the City from the Mountains 

 
 

In Figure 23, the Ancient City of Ephesus is shown from the mountains. The 

State Agora, Odeon, and Temple of Domitian can be seen.  
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Figure 24. Rendered Image of the Serapion Temple    

 
 

In Figure 24, the finished version of the Serapion Temple is displayed.  

 

Figure 25. Rendered Image of the Arcadian Way 

 
 

Figure 25 depicts the Arcadian way to the Harbor Gate, which leads to the 

seaside of the city.  

 



Vol. 12, No.4 Denker et al.: Experiencing Ancient Ephesusé 

 

254 

Figure 26. Rendered Image of the Harbor Gate  

 
 

Figure 26 portrays the Harbor Gate, which serves as the entrance to the city. 

  

Figure 27. Rendered Image of the Hadrian Temple  

 
 

Figure 27 displays the rendered image of the Hadrian Temple.  
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Figure 28. Rendered Image of the Odeon 

 
 

Figure 28 provides the rendered image of the Odeon next to the state Agora.  

 

Figure 29. Rendered Image of the Memnius Monument 

 
 

      Figure 29 provides the rendered image of the Memnius Monument.  
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Figure 30. Rendered Image of the Prytaneion 

 
 

Figure 30 provides the rendered image of the Prytaneion. 

 

 

Discussion 

 

The endeavor to digitally resurrect the ancient city of Ephesus stands at the 

intersection of historical scholarship and technological innovation, presenting a 

compelling glimpse into the past using advanced methods. Ephesus, once a thriving 

metropolis in the heart of Asia Minor, held multifaceted significance as an economic 

center, political capital, and religious sanctuary. Its legacy, intertwined with the rise 

and fall of empires, continues to captivate scholars and enthusiasts alike. 

The methodology intricately wove together various disciplines, beginning with 2D 

reconstructions based on archaeological findings and historical records. These 

foundational drawings served as blueprints for the intricate 3D models meticulously 

built using state-of-the-art software tools like Blender® and 3ds Max®. The transition 

from two-dimensional sketches to lifelike digital replicas was a crucial step in 

breathing life into the virtual rendition of Ephesus. 

With the aid of Unreal Engine®, the digital models were seamlessly integrated 

into the geographical landscape of Ephesus, recreating its ancient topography with 

precision. This integration not only provided a visually immersive experience but also 

facilitated a deeper understanding of the city's layout and architectural marvels. 

A significant aspect of the project lies in the integration of artificial intelligence 

(AI) to enhance user interaction within the virtual realm. By imbuing AI avatars with 

historical knowledge and contextual information, users are guided through the streets 

of ancient Ephesus, encountering iconic landmarks and engaging in immersive 

educational experiences. This dynamic interaction fosters a deeper appreciation for 

Ephesus' cultural heritage and historical significance. 

Looking forward, the incorporation of extended reality (XR) presents exciting 

avenues for future exploration and enhancement of the virtual Ephesus experience. 
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XR technologies, encompassing virtual reality (VR) offer unparalleled opportunities 

to further immerse users in the rich tapestry of Ephesian history. From interactive 

archaeological simulations to educational gaming experiences, XR holds immense 

potential for expanding the boundaries of digital heritage preservation and public 

engagement. 

In conclusion, the virtual resurrection of Ephesus represents a harmonious blend of 

historical scholarship and technological ingenuity, offering a captivating journey 

through time and space. As scholars continue to push the boundaries of digital 

reconstruction and immersive storytelling, Ephesus remains a testament to the enduring 

allure of the ancient world in the digital age. Through XR and beyond, the legacy of 

Ephesus will continue to inspire and educate generations to come. 

 

 

Conclusion  

 

In this project, Ephesus comes alive in a never-before-seen experience, where the 

ancient city's essence is brought to the virtual realm. A thorough examination of 

historical literature and 150 years of excavation results sets the stage, providing a 

foundation for understanding Ephesus' physicality during its peak in the second and 

third centuries. This scholarly endeavor lays the groundwork for creating two-

dimensional drawings, opening the gate to three-dimensional modeling. 

Leveraging advanced software like Blender® and 3ds Max®, each architectural 

marvel is meticulously modeled, ensuring a faithful reconstruction for every landmark 

building. Statues and columns, emblematic of Ephesian architecture, are modeled and 

added to the buildings with precision. Their placement within the modeled buildings 

enhanced the visual quality of the 3D reconstruction results. Powered by the Unreal 

Engine®, the visual components of Ephesus are brought to life, from the intricate 

architectural details to the ambient lighting, shimmering waters of the harbor, and lush 

foliage surrounding the city. 

An interactive dimension is inserted through the insertion of an artificial 

intelligence component. This enables users to engage with knowledgeable avatars freely 

roaming the virtual landscape of Ephesus.  

Users embark on a captivating journey through time as guests. They traverse the 

enchanting streets of Ephesus, encounter Ephesians and iconic landmarks of the 

city such as the Artemis Temple and the Celsus Library. Via avatars furnished 

with artificial intelligence acting as virtual tour guides, users immerse themselves in 

the virtually recreated splendor of Ephesus. 

This unparalleled excursion not only entertains but also educates. Use of artificial 

intelligence offers users a sense of immersion, a deeper understanding of Ephesus. In 

conclusion, the culmination of meticulous research, advanced technology, and creative 

vision converges to deliver a captivating and immersive experience of Ephesus like 

never before. 
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A Multi -Variable Analysis for Heating Energy 

Performance and Thermal Comfort in Residential 

Buildings 
 

By Egemen Kaymaz & Filiz Senkal Sezer 
 

In this study, the energy performance of a gated community in a temperate-humid 

region of Turkey is evaluated while considering the thermal comfort of residential 

units. A total of twenty-three different options were analyzed, focusing on three 

design variables: the thermal insulation material for external walls (XPS, EPS, 

mineral wool) and its thickness (ranging from 3 cm to 10 cm), the infiltration rate of 

the building envelope (ranging from 0.8 ac/h to 0.4 ac/h), and the indoor set-point 

temperatures for both heating (ranging from 19°C to 23°C) and cooling periods 

(ranging from 24°C to 28°C). The impact of these variables on heating and cooling 

energy consumption, primary energy use, CO2 emissions, and thermal insulation 

investment payback period was assessed through building energy simulation (BES)-

based parametric analysis using the DesignBuilder software tool. Additionally, the 

indoor thermal conditions were computed for both the reference case and the 

combination of the most energy-efficient options. The thermal comfort performance 

of a model apartment, assessed using PMVïPPD criteria, was then compared 

against the standards of ASHRAE-55: 2023 and BS EN 16798-1: 2019. 

 

Keywords: residential buildings, energy efficiency, thermal comfort, building 

performance simulations 

 

 

Introduction  

 

Following industry and transportation in Turkey, the residential sector emerges as 

the third-largest contributor to carbon emissions, accounting for 9% of emissions, 20% 

of total end-use energy, and 21% of electricity consumption. According to the current 

TurkStat Statistics (2022), there are more than 10 million buildings in Turkey as of 

October 2019, with over 100,000 new constructions annually while approximately 

90% of the existing building stock consists of residential buildings, housing 24 million 

households. Given these figures, residential buildings hold significant potential in 

combating climate change and aligning with both national and EU carbon neutrality 

objectives. 

According to the IEA (International Energy Agency) World Energy Statistics of 

2021, space heating represents the largest portion of final energy consumption in 

dwellings, comprising 48% of total energy consumption in Turkish households in 

2018. Emphasized within Turkeyôs Building Energy Performance regulations and TS 

825 Standard (TSE 2013), external thermal insulation stands out as a prevalent 

strategy for enhancing the energy efficiency and thermal comfort of buildings by 
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improving the thermal resistance (R-value) of the building envelope and reducing heat 

transfer through walls, roofs, and foundations. This approach prevents thermal 

bridging, moisture ingress, condensation, and indoor temperature fluctuations during 

both heating and cooling seasons, which can prolong the lifespan of building materials 

and structural components. Reduced energy consumption from heating also 

contributes to reduced HVAC (heating, ventilation, and air conditioning) equipment 

capacities, reduced energy bills for building owners and occupants as well as lower 

greenhouse gas emissions associated with energy consumption. Besides TS 825 (TSE 

2013), Building Energy Performance Regulation (BEP 2008) building energy 

performance certification (EPC) program (BEP-TR 2010) mandate minimum insulation 

requirements for new and existing buildings in Turkey.  

Research consistently shows that adequate insulation significantly reduces 

heating energy consumption in buildings, depending on factors such as climate, 

building size, thickness, and the efficiency of HVAC systems. For instance, the 

research by Aditya et al. (2017) investigates the performance of various insulation 

materials alongside life-cycle analysis and potential emissions. In Schiavoni et al.ôs 

(2011) meta-analysis, findings from various studies on the impact of insulation 

materials on energy savings are consolidated. A comparative analysis is conducted 

with varied insulation types and installation methods including unconventional 

insulation materials. In Adamczyk and Dylewski's (2017) study, the significance of 

thermal insulation investments in buildings is examined across three dimensions: 

economic, environmental, and social. This study includes evaluations of economic and 

ecological benefits associated with the insulation of external walls, considering various 

types of thermal insulation materials, construction materials for walls, and climate 

zones. DôAgostino et al. (2018) also conducted a BES-based case study in Italy, 

examining passive strategies like thermal insulation and window properties using cost-

optimal methodology and DesignBuilder simulations. The study evaluated eight 

retrofit options for reducing primary energy demand and discussed the practical 

challenges and benefits. It also compared the methodology with discounted payback 

analysis, finding consistent results in scenarios without HVAC or renewable energy 

interventions. Similarly, in the case study by Drissi-Lamrhari and Benhamou (2018), 

the impact of various construction parameters on the energy performance and thermal 

comfort of a flat is investigated using a TRNSYS-based numerical model across six 

climates. The study integrates field measurements and building monitoring with 

simulations to evaluate the effectiveness of different retrofit scenarios, focusing 

particularly on insulation levels and thermal conditions of the case study apartment. 

The infiltration rate of a building envelope, typically quantified as air changes per 

hour (ACH), refers to the amount of outdoor air that infiltrates a building through 

cracks, gaps, and openings in the exterior walls, windows, doors, and other structural 

elements. It depends on factors such as building design, construction quality, weather 

conditions, and the presence of air sealing measures. Infiltration is a significant source 

of heat loss in buildings during cold weather and can contribute to cooling loads in the 

summer. It increases the demand on HVAC systems to maintain desired indoor 

temperatures, thereby increasing energy consumption. 

The studies in the literature offer a range of perspectives on the relationship 

between air infiltration rate and building envelope components. For instance, Sadineni 
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et al. (2011) assess how building envelope air tightness affects energy consumption 

and indoor air quality in buildings, emphasizing the importance of effective air 

sealing. Hu et al. (2023) investigate how variations in air infiltration rates at natural 

pressure differences impact energy consumption in southern China's hot summer and 

cold winter climate region, focusing on an office building and its subsequent cooling 

and heating energy consumption patterns. In Mathur and Damle's (2021) study, 

experimental and simulation techniques are employed to analyze the correlation 

between infiltration rates and window construction, elucidating their impact on India's 

residential envelope transmittance limit value and providing insights into heating 

energy gains and efficiency strategies across different climate zones. Recently, Arafah 

et al. (2022) conducted a study investigating the impact of building envelope 

parameters, including air leakage, on energy consumption in high-rise office buildings 

in urban Riyadh. Their research underscores both the challenges posed by air leakage 

and proposes potential solutions to mitigate its effects. 

Indoor set-point temperatures, which refer to the desired temperature set by 

occupants or building management through thermostats, also play a crucial role in 

determining occupants' thermal comfort and influencing a building's energy 

consumption during both heating and cooling periods. Set-point temperatures can vary 

based on individual preferences, seasonal changes, building type, and local climate 

conditions. According to ASHRAE (American Society of Heating, Refrigerating and 

Air-Conditioning Engineers) standards, recommended indoor thermal comfort ranges 

vary slightly depending on the activity and clothing levels of occupants but generally 

fall within 20ï23°C for heating and 23ï26°C for cooling seasons. Occupants' 

perception of thermal comfort is influenced not only by indoor dry bulb temperature 

but also by factors such as radiant temperature, humidity levels, air movement, and 

personal preferences. On the other hand, maintaining higher set-point temperatures 

during heating periods, as well as lowering set-point temperatures during cooling 

periods, increases the energy demand for HVAC systems. Yet, educating occupants 

about energy-saving practices, such as adjusting clothing layers during moderate 

temperatures and utilizing programmable thermostats or smart controls that allow 

buildings to adjust set-point temperatures based on occupancy schedules and external 

weather conditions, can complement and reduce overall energy consumption. 

The research in the literature shows that effective control of set-point 

temperatures and management strategies can enhance building energy efficiency and 

indoor thermal comfort. For instance, Bienvenido-Huertas (2021) discusses the 

implications of indoor set-point temperatures and thermostat accuracy in achieving 

energy savings across two residential buildings in three cities, showing that significant 

energy savings depend on energy consumption type, climate conditions, and thermal 

comfort model category. The study highlights the importance of adaptive thermal 

comfort models, particularly through adaptive set-point temperatures, for reducing 

building energy bills, especially in cooling but also in heating scenarios influenced by 

climate change. Luo et al. (2023) present an occupant-centric smart thermostat 

designed to improve energy efficiency and thermal comfort in single-family homes. 

The authors consider the indoor temperature preferences of occupants and adjust set-

points dynamically to enhance both comfort and energy efficiency. Data analysis from 

50 households reveals significant potential for reducing heating and cooling energy 
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consumption while enhancing comfort across multiple rooms, providing valuable 

insights for future smart product development. Xu et al. (2014) propose an energy-

saving strategy for multi-family buildings, emphasizing cost-effectiveness and 

sustainable energy reductions achieved by aligning residents' thermostat preferences 

with indoor temperatures in a public housing complex. They aim to optimize comfort 

and achieve substantial energy reductions simultaneously through simulations across 

various U.S. cities. Similarly, in the research by Kong et al. (2022), occupancy sensing 

technologies related to thermal comfort and energy efficiency in open-plan office 

buildings are discussed, including the role of smart building controls in achieving high 

occupant satisfaction with indoor conditions. This research synthesizes both 

simulation-based and experimental findings, highlighting opportunities for applying 

occupancy sensing systems in HVAC systems. Moon and Han (2011) also conducted 

a case study examining the impact of various set-point temperature strategies on 

heating and cooling energy consumption in residential buildings, underscoring the 

significance of data-driven decisions for achieving energy efficiency. Their research, 

which includes computer simulations across cold and hot-humid climates in the U.S., 

demonstrates that adjusting setback periods, set-point temperatures, and setback 

temperatures can notably decrease energy usage, especially in heating for cold 

climates and cooling for hot-humid climates. 

In this study, the energy performance of a gated community in Turkey's 

temperate-humid region is evaluated, while the thermal comfort of a typical residential 

unit is considered. Twenty-three design options were analyzed, including variations in 

insulation materials and their thickness, building envelope infiltration rates, and indoor 

set-point temperatures during heating and cooling periods. Using BES-based 

parametric analysis, their impact on heating and cooling energy consumption, primary 

energy use, carbon emissions, and the payback period for thermal insulation 

investments is assessed. The baseline scenario is compared with the optimal 

configuration against ASHRAE-55 (2023) and BS EN 16798-1 (2019) standards, 

offering insights to enhance energy efficiency and thermal comfort in residential 

environments. 

 

 

Materials and Methods 

  

The impact of design variables on heating and cooling energy consumption, CO2 

emissions, thermal comfort, and the payback period of the initial investment cost are 

assessed for a case study residential complex using the DesignBuilder BES tool, the 

CBE thermal comfort tool, and Microsoft Excel. Figure 1 provides an overview of the 

studyôs methodology. 
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Figure 1. The Methodology of the Study 

 
 

Definition of the Case Study 

  

The pilot study was conducted in Bursa, Turkey, which falls within the 

temperate-humid climate region. A multi-story residential building completed in 2014, 

primarily targeting high-income groups, was focused on. The residential site consists 

of ten apartment blocks, each with seven stories. There are a total of 132 apartments, 

with floor sizes ranging from 197 m² to 235 m². Each floor features two symmetrical 

3+1 apartments, with the top floor of the building designed as a 5+1 duplex. The 

apartmentsô living spaces face inward, offering green areas and recreational facilities. 

Figure 2 shows the site plan (a) and outdoor image (b) of the residential complex. 

 

Figure 2. (a) Site Plan of the Apartment Blocks (b) Outdoor Image of the Case Study  

  
Source: Zērhlēoĵlu Architecture Office Archive n.d. 

 

The reinforced concrete frame buildings with asmolene flooring feature external 

infill walls made of autoclaved aerated concrete and 3 cm of EPS insulation. The 

facades are finished with plaster and acrylic-based exterior paint. Ceramic tile 

cladding is applied to anchor profiles on certain vertical surfaces. The pitched roof, 

covered with tiles at a 36% slope, includes 16 cm of mineral wool for thermal 

insulation. PVC windows with 4+12+4 mm clear double glazing are used in the 

apartment blocks. The Window-to-Wall Ratio (WWR) of the reference building is 

29%. The windows have a Solar Heat Gain Coefficient (SHGC) of 0.75 and a Visible 

(a) (b) 
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Light Transmittance (Tvis) of 0.8, according to the catalogue values provided by the 

selected glass manufacturer (ķiĸecam 2021). The total thermal transmittance 

coefficient of the building envelope meets the threshold values for thermal insulation 

requirements as specified by the building standard TS 825 (TSE 2013), with U-values 

of 0.23 W/m²K for the roof, 0.49 W/m²K for the walls, and 1.64 W/m²K for the 

window system. The apartments are equipped with combi boilers and radiators, 

providing heating to all dwelling units except for the entrance hall and corridor. For 

cooling, multi-split air conditioning systems are installed in all rooms except the 

entrance, corridor, dressing room, bathroom, and buildingôs common areas. 

 

Building Energy Performance Analysis 

 

Utilizing a computer-aided detailed dynamic calculation method, the energy 

consumption of both the reference case and options for improvement was assessed. 

The geometric model of the buildings was configured using the DesignBuilder 

Architectural Edition v7.0 software application, and simulations were executed 

utilizing the EnergyPlus v9.4 engine. Weather data specific to Bursa was obtained in a 

typical meteorological year (TMY) format and EnergyPlus Weather (EPW) format 

from an online database (ClimateOneBuilding n.d.). The simulations were run for one 

year (8,760 hours) with four timesteps per hour. 

Key parameters for building energy performance and thermal comfort, such as 

thermal mass and insulation levels, were aligned with the design project, which 

complies with the minimum requirements outlined in national BEP Regulations 

(2008) and the rating of energy performance in buildings according to BEP-TR 

(2010). Additionally, household energy expenditures and user preferences regarding 

indoor set point temperatures were analyzed through a previous in-person survey and 

integrated into the simulation model (Kaymaz 2023). 

Based on post-occupancy evaluation (POE) results, where respondents favored 

an indoor temperature range of 23ï25°C, the indoor set point temperatures for the 

reference case were set to 23°C during the heating season and 24°C during the cooling 

season in the energy model. The HVAC (heating, ventilation, and air conditioning) 

system activates when indoor temperatures fall below 16°C during the heating period 

and exceed 30°C during the cooling period. Natural ventilation is regulated by the 

duration and frequency of residential space usage. Windows are opened when the 

outdoor air temperature is at least 20°C, achieving an air exchange rate of 5 air 

changes per hour (ac/h), with a minimum indoor temperature of 23°C. The design 

infiltration rate of the building envelopeðrepresenting the maximum rate of 

unintentional air entry through cracks, holes, and the fabric's porosityðis included as 

0.8 ac/h in the energy model. While this rate is typically assumed to be constant 

throughout the simulation, it varies over time based on a schedule that modifies the 

infiltration rate, as well as on temperature differences between the inside and outside 

and wind speed. 

The heating and cooling system efficiencies were determined from equipment 

specifications identified in the field study. The Coefficient of Performance (COP) is 

0.9 for heating and 3.0 for cooling systems. Data from the POE and residential 

complex administration were used to develop the operating schedules for the HVAC 
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systems. During the heating period, individual combi boilers are assumed to operate 

daily from 06:00 to 24:00, depending on the indoor setpoint temperature. During the 

cooling period, operating schedules for multi-split air conditioners were tailored to the 

occupancy of each room. As seen in Figure 3, time-based operation is expressed as a 

percentage: "1" means the cooling system is active for the entire hour, "0.5" indicates 

50% operation, and "0" means it is inactive. 

 

Figure 3. Cooling System Weekday and Weekend Operating Schedule for Residential 

Units  

 
 

Within the study's framework, natural gas and electricity consumption 

encompass the energy usage throughout an average year, both in terms of end use and 

primary energy for heating and cooling systems. The energy model incorporates the 

attributes of lighting, domestic hot water systems, electrical appliances, pumps, and 

fans to accurately depict the current scenario. The internal thermal gains from this 

equipment are factored into the heating and cooling loads. However, their individual 

share in the total energy consumption of the building is not stated here. The end-use 

energy consumption data from the simulation results are converted into primary 

energy using government-regulated conversion factors: 1 for natural gas and 1.788 for 

electricity. Carbon emission conversion factors are 0.234 and 0.484 for natural gas and 

electricity, respectively (Turkish Republic Ministry of Environment, Urbanization, 

and Climate Change 2022a). 

 

Thermal Comfort Analysis 

 

The thermal comfort conditions of the reference case and indoor setpoint 

temperature scenarios are evaluated according to PMV (Predicted Mean Vote) and 

PPD (Predicted Percentage of Dissatisfied) criteria based on the requirements in 
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ASHRAE-55 (2023), BS EN ISO 7730 (2005), and BS EN 16798-1 (2019) standards. 

Thermal comfort categories are classified in Table 1. 

 

Table 1. Categories of Thermal Environment  

Standard PMV PPD Categories 

BS EN ISO 7730 

BS EN 16798-1 

±0.2 <%6 A (I) 

±0.5 <%10 B (II) 

±0.7 <%15 C (III) 

ASHRAE 55 
±0.5 <%10 High standard (%90) 

±0.85 <%20 Typical Application (%80) 
Source: BS EN ISO 7730 (2005), ASHRAE-55 (2023) and BS EN 16798-1 (2019). 

 

According to all three standards, maintaining a PMV value within ±0.5 signifies 

thermal comfort, with the percentage of dissatisfied people (PPD) not exceeding 10%. 

BS EN 16798-1 (2019) further categorizes thermal comfort into four categories: 

Category I provides the highest satisfaction level and is recommended for spaces 

accommodating disabled individuals, the elderly, and children. Category II is suitable 

for new and renovated buildings, ensuring a high satisfaction level. Category III 

denotes an acceptable moderate thermal environment, while Category IV describes an 

uncomfortable thermal environment that is acceptable only for limited periods of the 

year. These standards provide a comprehensive framework for evaluating and 

categorizing thermal comfort conditions in indoor environments, ensuring occupant 

satisfaction and well-being. 

The indoor set point temperatures during the heating and cooling seasons were 

input into the CBE thermal comfort calculation tool along with other comfort 

variables such as relative humidity, air velocity, metabolic rate, and clothing level. 

Using the PMV and associated PPD comfort indices defined by the 7-point Likert 

scale in BS EN ISO 7730 (2005), psychometric diagrams were generated for both 

heating and cooling periods. Static calculations are based on the operative temperature, 

which is the average of the mean radiant and dry bulb temperature.  

Secondly, a climate-based dynamic simulation was performed using DesignBuilder 

software to assess the thermal conditions of a sample apartment. The PMV-PPD 

results are displayed in monthly tables using a color scale, where green indicates that 

thermal comfort is achieved and red signifies that it is not. Indoor conditions are 

considered thermally comfortable for the typical application category in ASHRAE 55 

(2023) and for Category III in BS EN 16798-1 (2019). 

 

Pay-back Period Analysis 

 

According to the BS EN 15459-1 standard (2017), the payback period is defined 

as the time required for the investment cost to be offset by cost savings, serving as a 

means to compare the cost-effectiveness of different solutions. In this study, the 

payback period for the thermal insulation scenarios, compared to the reference case, is 

calculated using Equation 1 (BS EN 15459-1 2017), incorporating inflation data from 

2018 to 2022 (Turkish Republic Central Bank 2022). 
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                     (1) 

 

Where 

PB: Payback period (year) 

RATdisc: Disount rate 

COINIT: Initial investment cost 

COINIT, ref: Initial investment costs for reference case 

CF: Constant value of the difference of running costs between option and the 

reference case in all 

years 

RATdisc: Discount rate 

 

According to the Turkish Republic Central Bank statistics (2022), the following 

financial parameters are employed: an inflation rate (Ri) of 14.9%, a market interest rate 

(R) of 20.31%, a real interest rate (Rr) of 4.71%, and a corresponding discount rate 

(RATdisc) of 25.15%. Discount rates for energy are calculated separately 

(RATdisc_electricity: 16.06%, RATdisc_natural gas: 11.84%) because the price 

increases for natural gas and electricity, including taxes and fees, for residential 

subscribers from 2017 to 2021 differ from the average inflation rate based on annual 

consumer price inflation (Bursagaz 2022, Uludaĵ Elektrik 2022). The initial investment 

costs for thermal insulation products were obtained from the Construction and 

Installation Unit Prices book (Turkish Republic Ministry of Environment, Urbanization, 

and Climate Change 2022b) and local market research. 

 

 

Results  

  

In this study, the key building energy performance metrics analyzed include the 

percentage change in total annual heating and cooling end-use energy consumption, 

primary energy consumption, and carbon emissions. Using these metrics, the energy 

performance of four apartment blocks with identical floor plans but differing 

orientations was first evaluated. Figure 4 shows the DesignBuilder energy model 

utilized in the case study. 

Heating, cooling, and lighting energy consumption varies based on the façade 

orientation and obstruction angle of each apartment block. The building with the highest 

annual total primary energy consumption and carbon emissions from heating and 

cooling loads was selected as the reference building. As seen in Figure 5, Block IV 

(living area facing NE) has the highest values, while Block III (living area facing S) has 

the lowest values, showing a difference of 13% (8.7 kWh/m²·y) and 12.1% (2.1 kg eq. 

CO2/m²·y), respectively. It is also noted that the portion allocated to heating (55% - 

65%) exceeds that allocated to cooling (35% - 45%) in terms of primary energy. 
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Figure 4. Designbuilder Energy Model Used in the Case Study 

 
 

Figure 5. Simulation Results for the Case Study 

40,0

39,0

31,9

39,3 37,5

21,3
26,0

26,3

27,6
25,3

61,3

65,1

58,1

66,8

62,8

15

15,5

16

16,5

17

17,5

18

0

10

20

30

40

50

60

70

Block I Block II Block III Block IV Reference O
p
er

a
ti

o
n
a
l 
C

O
2
em

is
si

o
n
s 

(k
g

eq
. 
C

O
2
/m

2
Ŀy

 )

P
ri

m
a
ry

 e
n
er

g
y
 (
k
W

h
/m
ĮĿ

y
 )

Heating (natural gas) Cooling (electricity) CO2

 
 

Next, building energy performance metrics are established for variables including 

thermal insulation level, building envelope infiltration rate, and indoor set-point 

temperatures. Each measure's effectiveness is evaluated through a series of parametric 

simulations. The results are visually represented using color coding: cells shaded in 

green indicate improvements, while cells shaded in red indicate values below the 

reference building (Block IV) threshold. The research encompasses the following 

scenarios, summarized as follows: 

 

II 

I 

III 

IV 
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External Wall Thermal Insulation Material and Thickness 

 

External thermal insulation is crucial for maintaining desired surface temperatures, 

average radiation levels, and indoor thermal comfort conditions in buildings. It 

effectively prevents thermal bridges within the building envelope and reduces heating 

energy consumption. In the case study, external walls are insulated with 3 cm thick 

EPS (Expanded Polystyrene), chosen for its thermal conductivity of ɚEPS: 0.04, as 

per the TS 825 thermal insulation requirements for buildings standard (TSE 2013). 

Table 2 displays the external wall section of the reference building along with the 

thermophysical properties of the materials. 

 

Table 2. External Wall Section of the Case Study and Thermophysical Properties of 

Materials 

Building Elements 
Code and definition Material 

thickness 
Thermal 

conductivity 
Thermal 

resistance 
Thermal 

transmittance 

 

(TS 825) d (m) λ (W/m·K) R (m2K/W) U (W/m2K) 

1/αi: Surface heat 
transfer coefficient 

(interior) 

  0.13  

4.3: Lime mortar 0.02 0.7 0.03  

7.3.1.6: Autoclaved 
aerated concrete 

0.25 0.25 1  

10.3.1.2: EPS 
(density ≥ 20) 

0.03 0.04 0.75  

4.8.1: Plaster mortar 
with inorganic 

lightweight aggregates 

0.025 0.30 0.08  

1/αe: Surface heat 
transfer coefficient 

(exterior) 

  0.04  

TOTAL    2.03 0.492 

Source: Created using TS 825 thermal insulation calculation tool by the author (IZODER n.d.). 
 

Within the scope of building energy performance improvement scenarios, the 

objective is to systematically lower the U-value of external walls from the regulatory 

limit of Uwall: 0.6 W/m²K (2nd heating degree day zone) stipulated in the current 

insulation regulation (TSE 2013) by increasing the thickness of the thermal insulation 

material. Table 3 presents the total thermal transmittance values for 15 different 

insulation options applied to the external walls, while Table 4 details the improvement 

rates and investment payback periods for these scenarios compared to the reference 

building. 
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Table 3. Options of External Wall Thermal Insulation Material and Thickness 

Scenario Definition Uwall (W/m²K) 

R (Reference) 3 cm EPS 0.492 

INS1 4 cm EPS 0.442 

INS2 4 cm mineral wool 0.432 

INS3 4 cm XPS 0.410 

INS4 5 cm EPS 0,398 

INS5 5 cm mineral wool 0.388 

INS6 5 cm XPS 0.366 

INS7 6 cm EPS 0.362 

INS8 6 cm mineral wool 0.352 

INS9 6 cm XPS 0.330 

INS10 8 cm EPS 0.307 

INS11 8 cm mineral wool 0.297 

INS12 8 cm XPS 0.277 

INS13 10 cm EPS 0.266 

INS14 10 cm mineral wool 0.257 

INS15 10 cm XPS 0.238 

 

Table 4. Improvement Rates in Building Energy Performance and Pay-back Periods 

for Thermal Insulation Scenarios Compared to the Reference Building 

 

 

 

 

 

 

 

Scenario 

Improvement rate (%) 
Payback 

period (y) 
Heating 

Energy 

Cooling 

Energy 

CO2 

Emissions 

Energy 

Cost 

Primary 

Energy 

INS1 7.3 -2.8 2.4 1.5 3.1 3.0 

INS2 8.2 -2.9 2.6 1.5 3.5 11.9 

INS3 10.1 -3.4 3.0 1.7 4.4 9.3 

INS4 11.3 -3.5 3.4 1.8 4.9 4.6 

INS5 12.1 -3.7 3.6 1.9 5.3 12.1 

INS6 14.0 -4.2 4.0 2.0 6.2 10.6 

INS7 14.5 -4.1 4.2 2.1 6.4 5.8 

INS8 15.4 -4.3 4.4 2.2 6.8 12.6 

INS9 17.2 -4.9 4.8 2.3 7.6 11.8 

INS10 20.8 -6.5 5.5 2.4 9.1 8.0 

INS11 21.6 -6.7 5.6 2.5 9.5 14.2 

INS12 23.4 -7.3 6.0 2.6 10.3 14.1 

INS13 24.7 -7.3 6.4 2.8 10.9 9.3 

INS14 25.5 -7.5 6.6 2.8 11.3 15.3 

INS15 27.1 -8.0 6.9 2.9 12.0 15.5 
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By increasing the thickness of the thermal insulation layer, the thermal 

transmittance (U-value) of the building envelope decreases, resulting in reduced heat 

losses during the building's heating period. Analysis of simulation results shows that 

compared to the reference building, INS15 yields improvements of 12% (equivalent 

to 10.8 kWh/mĮ) in primary energy consumption, 2.9% (0.13 ú/mĮĿy) in energy costs, 

and 6.9% (2 kg CO2 eq. /m²·y) in carbon emissions. 

Among insulation materials of the same thickness, 10 cm XPS achieves the 

highest improvement in primary energy consumption. Conversely, EPS insulation 

emerges as the superior option with a shorter payback period considering the initial 

investment cost. Increasing insulation thickness across all options reduces total annual 

heating energy, albeit slightly increasing cooling energy due to retained internal 

thermal gains of the building. This increase in cooling energy ranges from 2.8% to 8% 

compared to the reference building, corresponding to the increase in insulation 

material thickness. Additionally, the unit cost of electricity, which is 5.7 times higher 

than that of natural gas, reduces the rate of improvement in energy costs. 

 

Infiltration Rate of the Building Envelope 

 

Possible cracks, openings, and deformations in the building envelope, as well as 

leaks, joints, and expansions in window and door frames, contribute to energy losses 

through air leakage. The impact of the building envelope's infiltration rate on building 

energy efficiency is investigated considering the following options in Table 5. Energy 

performance improvements resulting from infiltration rate scenarios are compared to 

those of the reference building in Table 6. 

 

Table 5. Options of Infiltration Rate of the Building Envelope 
Scenario Infiltration rate (ac/h)  

R (Reference) 0.8 

INF1 0.7 

INF2 0.6 

INF3 0.5 

INF4 0.4 

 

Table 6. Energy Performance Improvements due to Building Envelope Infiltration 

Options Compared to the Reference Building 

Scenario 

Improvement rate (%) 

Heating 

Energy 

Cooling 

Energy 

CO2 

Emissions 
Energy Cost 

Primary 

Energy 

INF1 12.9 -5.5 4.4 1.6 5.4 

INF2 25.8 -12.5 8.5 2.7 10.4 

INF3 38.1 -20.8 12.1 3.4 15.0 

INF4 49.7 -30.8 15.1 3.5 19.0 

 

The highest energy savings are achieved with option INF4, where the building 

envelope infiltration rate is reduced from 0.8 to 0.4 ac/h. This leads to a 19% 

improvement in primary energy consumption (22.85 kWh/ m²·y), a 3.5% decrease in 
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total energy costs (0.27 ú/ mĮĿy), and a 15.1% reduction in CO2 emissions (4.91 kg 

CO2 eq./m2·y). Reducing the infiltration factor resulted in a notable improvement in 

heating energy compared to the reference case, while each 0.1 ac/h reduction led to a 

5.5% to 10% increase in cooling energy (0.6 to 1.1 kWh/m²·y). 

 

Indoor Set-point Temperatures  

 

The set-point temperature in indoor environments significantly affects energy 

efficiency by influencing the operational duration of both heating and cooling systems. 

Depending on climate and building envelope configuration, minor adjustments in set-

point temperatures can lead to substantial energy savings over time. For example, 

lowering the thermostat during colder months reduces heating energy consumption, 

while raising it in warmer months decreases cooling energy use. These adjustments 

not only enhance energy efficiency but also contribute to cost savings and 

environmental sustainability by optimizing HVAC system operations according to 

seasonal demands.  

On the other hand, comfort considerations, influenced by varying preferences 

among individuals, along with occupants' behavioral factors, should be taken into 

account when balancing thermal comfort against energy efficiency. According to 

POE, the indoor setpoint temperatures for the reference case are assumed to be Ti: 

23°C in winter and Ti: 24°C in summer. Table 7 outlines the indoor (thermostat) set-

point temperature options being evaluated. 

 

Table 7. The Indoor Set-point Temperature Options for Heating and Cooling Periods 
Scenario Heating period Cooling period 

Ti ref  (Reference) 23°C 24°C 

T1 22°C 25°C 

T2 21°C 26°C 

T3 20°C 27°C 

T4 19°C 28°C 

 

The thermal comfort conditions of indoor temperature options were evaluated 

using the CBE thermal comfort tool to assess compliance with ASHRAE Standard 55 

(2023) and BS EN 16798-1 (2019). Psychometric diagrams illustrating operative 

temperature are presented in Figure 6 for ASHRAE 55 (2023) and Figure 7 for BS EN 

16798-1 (2019). The red points represent scenarios for both heating and cooling 

periods, with a relative humidity (Rh) of 50%, air velocity (Va) of 0.1 m/s, a metabolic 

rate (M) of 1 met (sitting position), winter clothing insulation (Icl) of 1.0 clo, and 

summer clothing insulation (Icl) of 0.61 clo. 
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Figure 6. Psychometric Diagrams for Indoor Set-point Temperature Scenarios during 

the Heating (a) and Cooling Periods (b) per ASHRAE Standard 55:2023  

 
Source: Created with the CBE thermal comfort calculation tool by the author. 
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Figure 7. Psychometric Diagrams for Indoor Set-point Temperature Scenarios during 

the Heating (a) and Cooling Periods (b) per BS EN 16798-1:2019 

 
Source: Created with the CBE thermal comfort calculation tool by the author. 

 

The indoor thermal conditions for options Tref, T1, and T2 meet comfort standards 

during both heating and cooling periods, with the PMV thermal sensation index 

remaining within ±0.5 and the PPD thermal dissatisfaction index not exceeding 10%. 

The PMV and PPD results are also presented in Table 8, categorized according to 

ASHRAE 55 and BS EN 16798-1 standards for the investigated thermostat strategies. 

For option T3*, adjusting the clothing thermal resistance from 1 clo to 1.25 clo during 

the heating period ensures compliance with thermal comfort criteria. However, T4* 

does not meet standards during both the heating and cooling periods. 
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Table 8. PMV, PPD, ASHRAE-55: 2023 Thermal Sensation, and BS EN 16798-1: 

2019 Category Values for Indoor Set-point Temperature Options during Heating and 

Cooling Periods 

Scenario 
ISO 7730:2005 ASHRAE-55:2023 BS EN 16798-1:2019 

Result 
PMV PDD (%) Sensation Category 

H
ea

ti
n

g 
Pe

ri
od

 

Ti ref  -0.08 5 Neutral I ᾛ 

T1 -0.35 7 Neutral II ᾛ 

T2 -0.61 13 Slightly cool III ᾛ 

T3 -0.88 21 Slightly cool IV ᾠ 

T3* -0.46 9 Neutral III ᾛ 

T4 -1.14 33 Slightly cool IV ᾠ 

T4* -0.69 15 Slightly cool III ᾛ 

Co
o

lin
g 

Pe
ri

od
 

Ti ref  -0.50 10 Neutral II ᾛ 

T1 0.19 6 Neutral I ᾛ 

T2 0.1 5 Neutral I ᾛ 

T3 0.53 11 Slightly warm III ᾛ 

T3* 0.34 7 Neutral II ᾛ 

T4 0.88 21 Slightly warm IV ᾠ 

T4* 0.72 16 Slightly warm IV ᾠ 

  Ic winterl*:1.25 clo, Icl summer*:0.5 clo   

 

Table 9 displays the improvement rates in building energy performance metrics 

for temperature combinations varying by 1°C during both heating and cooling periods. 

Each degree reduction saves approximately 14-20% on end-use heating energy, while 

each degree increase can save about 13-14% on cooling energy. Option T3*, which 

achieves the highest energy savings compared to the reference case, shows reductions 

of 27.5% (29.8 kWh/mĮĿy) in primary energy consumption, 20.6% (1.29 ú/ mĮĿy) in 

total energy cost, and 25.6% (7.8 kg eq.CO2 / m²·y) in CO2 emissions. The 

performance results for options T4 and T4*, which does not meet the thermal comfort 

criteria, are not included in Table 9. 

 

Table 9. The Rates of Change in Indoor Set-point Temperature Options compared to 

the Reference Building for Building Performance Measures 

Scenario 

Improvement rate (%) 

Heating 

Energy 

Cooling 

Energy 

CO2 

Emissions 
Energy Cost Primary Energy 

T1 19.6 17.6 10.1 8.1 10.8 

T2 36.0 31.8 18.4 14.7 19.8 

T3* 49.7 44.8 25.6 20.6 27.5 

 

 

Discussion 

 

Figure 8 summarizes the impact of three variables and a total of 23 options on 

building performance measures compared to the reference building, showing an 

increasing improvement rate in primary energy from right to left. The T3* option 

shows the highest improvement in terms of primary energy consumption compared to 
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the reference case. Reducing the room set temperature from 23°C to 20°C during 

heating and increasing it from 24°C to 27°C during cooling yields the highest savings 

in annual total electricity and natural gas costs, as well as carbon emissions. Among 

the BES scenarios considered, tightening the building envelope from 0.8 ac/h to 0.4 

ac/h (INF4) provides the greatest energy performance improvement for the apartment 

block. 

The BES-based analysis for Bursa province shows that the combination of 

scenarios T3* (heating period Ti: 20°C Icl: 1,25 clo, cooling period Ti: 27°C, Icl: 0,5 clo), 

INF4 (0.4 ac/h) and INS15 (10 cm XPS) offer significant improvements compared to 

the reference building. According to the simulation results, this combination predicts a 

reduction in heating energy consumption by 88.6% (33.3 kWh/m2·y), cooling energy 

by 22.6% (3.1 kWh/m2·y), and overall primary energy use by 62.1% (39 kWh/m²·y). 

Additionally, savings in electricity and natural gas costs are expected to reach 43.8% 

(1.2 ú/mĮĿy), accompanied by a decrease in carbon emissions by 57.8% (9.5 kg eq. 

CO2/m²·y). These findings highlight the effectiveness of studied parameters in 

enhancing both energy and cost efficiency. 

 

Figure 8. The Improvement Rates of All Analyzed Scenarios compared to the Baseline 
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INS: External wall thermal insulation

INF: Infiltration rate of the building envelope 

 
 

In the final stage of the study, indoor thermal comfort conditions of the 

apartments were assessed using the DesignBuilder program. Monthly average values 

of indoor air (operative) temperature (To), relative humidity (Rh), and PMVïPPD 

indices for the reference building (Block IV) were computed under existing and 

energy-improved conditions. The comparative monthly thermal comfort results for a 

sample apartment located on the first floor are shown in Table 10. 

In the reference case, the PMV values for residential spaces generally fall within 

the ±0.85 range specified by the ASHRAE 55 (2023) standard for typical applications, 

with the PPD not exceeding 20%. However, certain conditions are identified as 

thermally uncomfortable, particularly in July and August in the kitchen and children's 
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room, where the PMV exceeds the ±0.70 range (Category III) and the PPD surpasses 

the recommended threshold of 15% according to BS EN 16798-1 (2019). 

When analyzing the monthly simulation results for the combination of the best-

performing options, it is observed that during the cooling period, the indoor operative 

temperature in all studied residential spaces is 1-2°C higher than the set point 

temperature. Additionally, the PMV falls outside the range of ±0.70, the PPD exceeds 

15%, and the thermal sensation in these spaces is slightly warm (refer to Table 10). 

 

Table 10. Monthly Thermal Comfort Averages for Residential Spaces in the 

Reference Case and with the Best-Performing Options 

S
ce

n
a
r
io

Residential 

Space

Evaluation 

index 
January February March April May June July August September October November December

Ti (ÁC) 23,0 23,4 23,8 25,3 26,4 27,4 27,9 28,0 27,2 25,7 24,1 23,2

Rh (%) 26,3 27,3 28,2 33,2 41,8 45,4 47,1 45,1 46,0 43,6 39,1 28,8

PMV -0,25 -0,14 -0,03 0,41 0,25 -0,63 0,82 0,83 0,57 0,03 0,14 -0,18

PPD (%) 6,0 5,0 5,0 9,0 6,0 13,0 19,0 20,0 12,0 5,0 5,0 6,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral

EN 16798-1 

Category
II I I II II III IV IV III I I I

Ti (ÁC) 22,3 22,6 22,8 23,6 24,7 26,0 26,9 27,0 25,8 24,0 22,9 22,5

Rh (%) 25,7 26,7 28,0 34,6 45,2 49,0 50,5 47,9 49,5 46,6 39,8 28,2

PMV -0,44 -0,35 -0,29 -0,03 -0,30 0,18 0,50 0,51 0,11 0,17 -0,18 -0,37

PPD (%) 9,0 8,0 7,0 5,0 7,0 6,0 10,0 11,0 5,0 6,0 6,0 8,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral Neutral

EN 16798-1 

Category
II II II I II I III III I I I II

Ti (ÁC) 22 23 23 24 25 26 27 27 26 25 23 23

Rh (%) 26 27 28 34 44 49 51 48 48 46 40 29

PMV -0,38 -0,30 -0,21 0,15 -0,14 0,21 0,48 0,52 0,27 -0,26 -0,09 -0,34

PPD (%) 8,0 7,0 6,0 5,0 5,0 6,0 10,0 11,0 7,0 6,0 5,0 7,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm
Neutral Neutral Neutral Neutral

EN 16798-1 

Category
II II II I I II II III II II I II

Ti (ÁC) 23 23 24 25 26 27 27 28 27 25 24 23

Rh (%) 26 27 28 33 42 46 49 47 47 44 39 29

PMV -0,28 -0,11 0,02 0,46 0,22 0,53 0,70 0,82 0,40 -0,07 0,06 -0,23

PPD (%) 7,0 5,0 5,0 9,0 6,0 11,0 15,0 19,0 8,0 5,0 5,0 6,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral Neutral

EN 16798-1 

Category
II II I II II III III IV II I I II

Ti (ÁC) 20,9 22,5 23,3 26,5 27,1 27,9 28,2 28,4 27,7 26,6 23,6 21,9

Rh (%) 29,6 30,5 31,1 33,7 40,6 44,0 45,3 43,5 44,5 42,1 40,4 32,3

PMV -0,38 0,00 0,19 0,01 0,29 0,62 0,75 0,80 0,55 0,12 0,33 -0,13

PPD (%) 8,0 5,0 6,0 5,0 7,0 13,0 17,0 18,0 11,0 5,0 7,0 5,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral

EN 16798-1 

Category
II I I I II III IV IV III I II I

Ti (ÁC) 19,6 20,7 21,5 25,2 26,2 27,4 27,9 28,1 27,2 25,7 22,7 20,1

Rh (%) 29,7 30,1 30,7 33,0 41,9 45,5 47,0 44,5 45,8 43,5 41,4 32,5

PMV -0,67 -0,42 -0,23 -0,47 -0,03 0,45 0,65 0,70 0,38 -0,20 0,13 -0,54

PPD (%) 15,0 9,0 6,0 10,0 5,0 9,0 14,0 15,0 8,0 6,0 5,0 11,0

ASHRAE-55 

Sensation

Slightly 

Cool
Neutral Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral

Slightly 

Cool

EN 16798-1 

Category
III II II II I II III IV II I I III

Ti (ÁC) 21,1 23,3 24,4 27,4 27,7 28,2 28,5 28,7 28,3 27,5 25,4 22,2

Rh (%) 28,9 28,4 28,9 32,5 40,2 43,7 47,0 44,9 43,1 41,3 38,4 30,8

PMV -0,34 0,17 0,43 0,32 0,51 0,73 0,88 0,93 0,76 0,45 -0,35 -0,07

PPD (%) 7,0 6,0 9,0 7,0 10,0 16,0 21,0 23,0 17,0 9,0 8,0 5,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral

EN 16798-1 

Category
II I II II III IV IV IV IV II II I

Ti (ÁC) 20,5 22,5 23,8 27,3 27,9 28,6 28,9 29,0 28,3 27,2 23,7 21,4

Rh (%) 29,2 28,9 29,6 32,8 39,6 42,7 46,0 44,2 43,4 41,6 39,7 31,4

PMV -0,47 -0,01 0,30 0,29 0,58 0,87 1,02 1,04 0,76 0,34 0,35 -0,25

PPD (%) 10,0 5,0 7,0 7,0 12,0 21,0 27,0 28,0 17,0 7,0 8,0 6,0

ASHRAE-55 

Sensation
Neutral Neutral Neutral Neutral

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm

Slightly 

Warm
Neutral Neutral Neutral

EN 16798-1 

Category
II I II II III IV IV IV IV II II II

IM
P
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Conclusions 

 

The research investigated the impact of three design variablesðexternal wall 

thermal insulation materials and thicknesses, building envelope infiltration rates, and 

indoor set-point temperaturesðon heating and cooling energy loads, annual energy 

costs, and carbon emissions using advanced simulation tools. According to BES-

based calculations, increasing thermal insulation thickness from 3 cm EPS to 10 cm 

XPS in external walls led to up to a 27% reduction in heating energy consumption, 

along with notable improvements in primary energy use by 12% and 15.5-year 

payback period. This enhancement, however, also resulted in an 8% increase in 

cooling loads, balancing energy efficiency targets with economic feasibility. Adjusting 

the building envelope's infiltration rate from 0.8 to 0.4 ac/h produced substantial 

savings with 19% reduction in primary energy, underscoring the critical role of 

minimizing air leakage in sustainable building performance. Similarly, optimizing 

indoor set-point temperatures within recommended thermal comfort ranges effectively 

reduced heating (by approximately 50%) and cooling energy loads (by about 45%) as 

well as HVAC system operation time. Moreover, combining the best-performing 

options yielded significant opportunities for enhancing energy efficiency, achieving 

approximately a 62% reduction in primary energy consumption. 

The study primarily focused on total annual heating and cooling energy 

consumption in a sample apartment block, exploring the synergistic effects of optimal 

combinations across three variables and 23 options using standard simulation methods. 

To ensure that PMV values and PPD percentages align with the thermal comfort 

criteria set by ASHRAE 55 and BS EN 16798-1 standards, the parametric analysis 

can be reframed as a multi-objective optimization problem. Future research should 

incorporate more advanced calculations for airtightness and natural ventilation rates, 

as well as explore the integration of dynamic environmental factors and real-time data 

into detailed HVAC sizing through an interdisciplinary approach to enhance the 

accuracy of energy performance predictions. This approach facilitates the concurrent 

objectives of minimizing energy consumption and maximizing thermal comfort through 

BES-based parametric analysis. 

In conclusion, this study contributes valuable insights to residential building 

practices in Turkey, offering actionable recommendations for sustainable design and 

operation. The findings underscore the significance of BES-based parametric analysis 

and the careful consideration of building physics in residential construction to achieve 

energy efficiency goals while ensuring occupant comfort. As residential buildings play 

an increasingly pivotal role in global climate initiatives, this research aims to inform 

designers, contractors, and occupants on advancing energy-efficient and comfortable 

living environments. 
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Impact of GFRP Reinforcement Ratios on the Behavior 

Full -scale Concrete Bridge Deck Slabs 
 

By Rajai Z. Al-Rousan, Khairedin M. Abdalla, 

Nikos D. Lagaros & Baraôa R. Alnemrawi• 
 

The purpose of the research paper in hand is to investigate the effect of axially 

applied and cyclic lateral loadings on the effectiveness of using carbon fiber-

reinforced polymer (CFRP) material in preserving the structureôs behavior as well 

as governing the failure's mode of the different-in-strength-of-concrete CFT 

circular-shaped steel columns. For this purpose, the nonlinear finite element 

analysis (NLFEA) method has been employed. To begin with, a CFT column model 

was verified using the findings of previously published research; then, the 

experimental model was extended to include the influence of concreteôs strength in 

the search. Eighteen FEA CFT column samples were prepared and confined ï at 

their ends ï with different numbers of CFRP layers, representing the crucial position 

(with respect to the lateral loading capacity) and, also, to prevent the column samples 

from localized buckling outwardly. Thus, the samples would acquire more strength, 

greater net drifting, and higher dissipation of energy. The parameters of the 

experimental research were: i) the number of CFRPôs layers, and ii) the level of 

axial load. The research aimed to numerically explore, utilizing NLFEA, the 

influence of the research's parameters on the CFT FEA modelsô behavior after the 

samples had been put to adequate calibration and validation as per credible 

experimental findings. The obtained findings indicated that when the columns were 

strengthened with CFRP, there was an enhancement in the cyclic behavior, 

represented by: more improved capacity of load, bigger horizontally oriented 

displacements, more displacementôs ductility, more dissipated energy, and less 

deterioration in secant stiffness 

 

Keywords: concrete strength, CFT columns, CFRP, lateral loading, cyclic axial 

loading, NLFEA 
 

 

Introduction  
 

It is stipulated that the steel CFT (i.e., concrete-ýlled tubular) columns often 

encounter outward local buckling, where the inward type of buckling is inhibited by 

concrete. When resisting moments or frames of sway, the CFT columns are exposed 

to axial and lateral loading which induces moments within columns; noting that the 

ends of columns encounter the highest level of moments. Thus, the region of the 

columnôs end is taken as a critical location that is exposed to the influence of a 

 
Professor, Department of Civil Engineering, Jordan University of Science & Technology, Jordan. 
Professor, Department of Civil Engineering, Jordan University of Science & Technology, Jordan. 
Professor, Department of Structural Engineering, National Technical University of Athens (NTUA), 

Greece. 
•Department of Civil Engineering, Jordan University of Science & Technology, Jordan. 



Vol. 12, No.4                              Al-Rousan et al.: Impact of GFRP Reinforcement Ratiosé 

 

282 

combination of lateral and axial loadings. Concerning seismic designing, the resisting-

to-moment frameôs column must have the ability to withstand plastic lateral 

deformation and enough ductility. The CFT column's behavior has been researched by 

a large number of credible researchers (Shen et al. 2024, Amer et al. 2023, Alnemrawi 

and Al-Rousan 2024a); among those was Xiao (2004) who suggested confining the 

end region of a CFT column with FRP, aiming at preventing the columns from 

outward local buckling and enhancing the columnsô strength as well as ductility. Also, 

this technique enhances the behavior of the internal concrete, particularly in the case of 

having columns' ends with high stresses (Teng et al. 2012, Al-Rousan et al. 2024). 

Much research has been carried out to investigate the usefulness of confining the CFT 

columnsô ends with FRP (Al-Rousan and Alnemrawi 2023, Yu et al. 2016). Some 

researchers investigated the effectiveness of wrapping under-monotonic-axial-

compression CFT circular columns with glass-FRP material when these columns were 

exposed to a monotonic type of axial compression (Güneyisi and Nour 2019) and 

cyclic type of axial compression (Teng et al. 2013). However, only a limited number 

of researchers studied the wrapped-with-FRP CFT steel columnsô seismic performance 

(Du et al. 2021); they found that the wrapped-with-FRP CFT steel columns exhibited 

a marvelous resistance to seismic actions, regardless of whether the columns were 

circular or squared. 

It is worth mentioning that only a limited number of research used the NLFEA to 

analyze ï numerically ï the structuresô response when subjected to a seismic load 

(Ren et al. 2022, Shaaban and Said 2018, Al-Rousan and Alkhawaldeh 2021). Studying 

the CFT columnsô response ï when subjected to axial and cyclic lateral loads ï is a 

rather difficult task because a special-purpose setup and unique-capacity testing 

machine are required to fulfill such studies (Al-Rousan et al. 2021). Hence, it is highly 

valuable to have credible experimental findings related to this matter, as such findings 

can be of much assistance in creating and validating accurate and strong NLFEA 

simulations to real-life ones (Alhassan et al. 2018, Al-Rousan 2022, Al-Rousan 2020). 

After being properly validated, the simulated-via-NLFEA model could be enlarged for 

the sake of running a parametric study to investigate the influence of multiple 

parameters, for example: the level of applied axial loading and the quantity of 

wrapping layers of FRP (Abdalla et al. 2020, Al-Rousan and Sharma 2021). To attain 

unique and worthy findings, the research in hand employs NLFEA to simulate the 

response of confined-with-CFRP CFT circular-shaped and made-of-steel columns 

when exposed to cyclic lateral and axial loads. The FEA-simulated models were put to 

an adequate validation as per the findings of Yu et al. (2016) achieved from 

experiments run on big-scale, cantilever columns; then, the model was expanded to 

include the influence of concreteôs strength. 

 

 

Modeling Methodology 
 

Figure 1 displays the geometric properties of the simulated model, along with the 

setup diagram of the experiment (Yu et al. 2016). The CFT column model had a 

diameter of 318 mm and a height of 1625 mm; the model was strongly fastened to a 

rigid RC footing that had a length of 1500 mm, a width of 1400 mm, and a thickness 
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of 550 mm. The whole model had steel tubes with a thickness of 3 mm and a 106, 

which represents the diameter-to-thickness ratio. The ends of the column samples (at 

500 mm) were wrapped with CFRP jackets to obtain a complete plastic hinging and 

develop good ductility and toughness. 

 

Figure 1. The Diagram of the Experiment's Setup - Dimensions in mm (Yu et al. 2016) 

 

 

The discretization of the CFT column models was done utilizing the ANSYS 

(2016) along with three-dimensional isoperimetric solid elements that had eight 

defining nodes (Figure 1). The best-fit density of mesh was specified by carrying out a 

convergence study. As for the boundary conditions, the columnsô lower ends were 

made fixed, while the upper ends could move freely. The concrete was simulated 

utilizing the element SOLID65, which had eight with-three-degree-freedom nodes and 

could move in every direction; also, this element had the capabilities of cracking, 

plastic deforming, and crushing in three perpendicular orientations. The Solid65 

elementôs capability of concrete crushing was not considered upon simulating the 

models because it was not experimentally noticed. Hence, the modelsô ultimate failure 

and concreteôs cracking depended totally on the in-tension strains. Since the stipulated 

concreteôs Poisson ratio was between 0.15 and 0.22, the current research chose the 

ratio to be 0.2 (Al-Rousan et al. 2022). The criterion of concrete failure was defined by 

using each of the at-ultimate strengths in compression (Figure 2), the in-tension 

strength (Figure 2), and Youngôs modulus of elasticity (ACI Committee 2019). The 

condition of the face of cracking was defined by the coefficient of shear transfer () 

which was 0.2 (the universal value). To ensure that the FE model was accurate, the 

model of Kent and Park (1971) was utilized for the concreteôs compressive stress-

strain formula (Figure 1). Figure 1 shows the not-linear graph of stress vs strain that 

was employed for modeling concrete utilizing ANSYS, as the concreteôs in-

compression strength was: 40, 30, and 20 MPa, and Poissonôs ratio was 0.20. Solid65 

had the capability of representing one rigid substance and a maximum of three various 

reinforcing materials. The concrete was presumed isotropic up till the emergence of 

cracking and then, encountered plasticity. 
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Figure 2. Concrete Stress-Strain Curve (Yu et al. 2016) 
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The element of SOLID45 could move in every direction, and it was utilized to 

simulate the steel plates and circular-shaped tubes of steel. The linear performance of 

elastic stress-strain was employed with a value of: Youngôs modulus of 203 GPa, 

yieldôs stress of 271 MPa, at-ultimate stress of 353 MPa, and Poissonôs ratio of 0.30. 

This element (Solid45) was employed for simulating the confining CFRP, having a 

modulus of elasticity of 237.8 GPa and an at-ultimate strain of 0.85%, making the 

thickness equal to 0.34 mm (Yu et al. 2016). The concrete-tube and CFRP-tube bonds 

were assumingly perfect; that was achieved by joining the coinciding nodes together. 

The column was subjected to axial load at the initial step of loading; then, a horizontal 

load was incrementally exerted, as displacement-controlled, in order to determine the 

reducing portion of the graph of load vs displacement. 
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Figure 3. Validation of the NLFEA Results 
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(a) NLFEA results 

 

(b) Results from Yu et al. (2016) 
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Table 1. NLFEA Results for Simulated CFT 

Specimen Name 
Concrete 

Strength, MPa 

CFRP 

Number of 

layers 

Horizontal 

net drift, mm 

Horizontal 

load, kN 

CFT40C5 

40 

5 116.8 114.8 

CFT40C6 6 122.9 120.3 

CFT40C7 7 132.7 128.8 

CFT40C8 8 139.8 135.5 

CFT40C9 9 145.1 139.5 

CFT40C10 10 148.9 141.9 

CFT30C5 

30 

5 90.5 89.0 

CFT30C6 6 94.4 92.3 

CFT30C7 7 101.0 98.1 

CFT30C8 8 105.4 102.2 

CFT30C9 9 108.5 104.2 

CFT30C10 10 110.3 105.0 

CFT20C5 

20 

5 58.9 88.8 

CFT20C6 6 62.0 96.6 

CFT20C7 7 67.0 104.0 

CFT20C8 8 70.5 109.9 

CFT20C9 9 73.2 113.1 

CFT20C10 10 75.0 116.2 
 

To make sure that the solution was stable and prevent it from diverging, many 

load steps were exerted increasingly. In addition, the equilibrium iterative method of 

Newton-Raphson was adopted to attain a non-linear solution with 0.001 tolerance. 

Calibrating the FE model was made by utilizing a suitable size of mesh and an 

adequate load rate, in addition to taking into consideration the nonlinearities of the 

used materials (Al-Rousan and Alnemrawi 2024, Alnemrawi and Al-Rousan 2024b). 

Figure 3 indicates that the FE modelôs load-drift hysteresis results agreed, to a good 

extent, with the ones obtained experimentally by Yu et al. (2016) regarding the 

specimen of CFT columns wrapped with six CFRP, named LCFT-6C-106-F. Also, it 

was noticed that there was a remarkable agreement between the two models regarding 

the shapes of deformation and failure modes (Figure 3). 

 

 

Nlfea Results and Discussion 

 

Horizontal Load versus Displacement Hysteretic Response 

 

Table 1 shows the NLFEA results for all simulated CFTs. Figure 4 displays the 

CFT column's prototypical hysteretic loops of the horizontal load vs displacements 

demonstrating the role of the CFRP layers in improving the performance of the 

columns, as these layers increase the lateral load capacity, the net drift capacity, and 

dissipated energy. Further, the reinforced-with-layers-of-CFRP CFT columns' loops of 

horizontal load vs displacement have indicated that the columns' behavior significantly 

improved, regarding displacement in the horizontal direction, and load; that is because 
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strengthening the columns with wraps of CFRP avails the columns with a mechanism 

of confinement from the external side after the CFT tube of steel has buckled. 

 

Figure 4. Prototypical CFT Columnsô Load vs Net Drift Hysteresis Response 
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Ultimate Load and Drift Capacities 

 

Referring to the outcomes depicted in Table 1, the following have been observed: 

1) there was a disproportionate enhancement in the lateral net-drift when the columnôs 

axial load was raised, whereas the enhancement in the capacity of the lateral load was 

less; 2) when raising the layers of CFRP, at a given level of axial-type load, the 

capacities of lateral load and net-drift improved, but not in the same rate; 3) wrapping 

the column with 1-4 layers of CFRP have availed insignificant improvement to the 

behavior of columns; and 4) using 8, 9, and 10 layers of CFRP had the same influence 

on the columnôs performance. These findings evidently indicated that reinforcing CFT 

columns with a maximum of seven layers of CFRP considerably improved the 

columnsô capacity of lateral load, while using eight layers improved the columnsô net 

drift. Whereas, at 20 MPa of concreteôs strength, reinforcing CFT columns of steel 

with up to nine layers of CFRP effectively improved the columnsô capacity of lateral 

load, whereas the wraps of CFRP did not affect the net drift. 

 

Lateral Displacement Versus Steelôs Strain Behavior 

 

It must be brought to attention that it is possible to investigate the behavior of the 

CFT columns by examining the strain levels at the end region of the steel tube. Figure 

5 displays the prototypical steel tubeôs levels of strain against the displacement. It is 

noted that the strain level in the CFT columnôs tube of steel, at 0 level of sulfate, 

indicated that there was a yielding before exposing the columns to axial load, as 

illustrated in Figure 5. Raising the layers of CFRP, up to eight, resulted in a 

proportional increase in the strain levels of the tube of steel, whereas using 9 and 10 

layers had a minor impact. This finding has evidently shown that wrapping the CFT 

columns with eight layers of CFRP was the best configuration to get the best 

performance. 

 

Figure 5. Prototypical Strains of Steel CFT Columns 
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Lateral Displacement Versus CFRP Strain Behavior 
 

Figure 6 shows the graph that displays the relation of the reinforced-with-CFRP 

CFT columns' horizontal displacements with the CFRPôs strain. The response curve 

consists of two parts, as follows: the first part begins at 0 mm of horizontally directed 

displacement and continues up to 10 mm, whereas the second part begins at 10 mm of 

displacement and continues up to failure. Figure 6 indicated that the CFRPôs strain 

swiftly rose when the horizontal displacement was slightly raised, whereas a rapid rise 

in horizontal displacement resulted in a little rise in the CFRPôs strain. Further, it was 

found that utilizing up to five layers of CFRP was not sufficient to improve the 

CFRPôs strain. 

 

Figure 6. Typical CFRP Strain CFT Column 

 

 

Figure 7. Typical Stiffness Degradation  
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Degradation in Stiffness 

 

The values of stiffness, at every single cycle, have been determined to plot the 

relation between the CFT columnsô degradation in stiffness and the number of cycles, 

as illustrated in Figure 7. Referring to the curve of stiffness degradation vs number of 

cycles, Figure 7 showed that the slope (regarding the CFRP-strengthened CFT column 

not subjected to axial load) was greatly sharp; however, it was less sharp when the 

exerted axial load was raised. That was because the rise in the level of axial load 

availed a high level of confinement to the column-footing area. 

 

 

Conclusion 
 

Reinforcing CFT columns with wraps of CFRP enhanced the columnsô lateral 

behavior, to a big extent. Reinforcing the FE-simulated CFT column with 5-10 CFRP 

wraps enhanced their lateral load and capacities of net drift - in consequence ï 

improved the performanceôs factor and dissipation of energy. Several factors were 

found to govern the extent of improvement in CFT columnsô performance, those 

were: properties of the column, strength of concrete, and number of CFRP layers; 

however, the influence of these factors was disproportionate. This is an indicator that 

in order to obtain significant results regarding reinforcing steel CFT columns, the 

simulated-through-NLFEA column model should be adequately and accurately 

devised. The research in hand found that confining CFT columns with eight layers of 

CFRP gave the best results while using 9 and 10 layers had no considerable effect. 
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