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Sustainable Urban Drainage Systems for reducing Flood
Risk at the Catchment Scale:
The Seveso River Basin Case Study

By Seyedmoein MiremadGrazia Concilié & Arianna Azzellind

Rapid urbanizatiorsignificantly impactshe water balance by altering surface
characteristics, increasing impervious surface area, and the risk of flood
hazardsdue toreplacing natural ecosystems, resulting in changes to the local
hydrological cycleThe Seveso River basin in the Lombardy region is among the
most urbanize@reasin Italy and Europe. The basin's excessive urbanization
and continuousresidential and industrialexpansionmake intervening with
structural Sustainabl&lrban Drainage Systems (SUDS) challengifigs study
examined the influence of urbanization on stormwateoff and flow rate
considering thenaximurrhypotheticaldaily stormfrom 1980 to 2023, resulting

in a 6% increasén stormwater runoffor the basin and around 10% for peak
discharge at theclosureof the basin The applicationof SUDS, such as green
roofs and permeable paverhéRP), compared witlthe 2023 situationdecreased
stormwater runoff by 18 andd2rcent, and peak flow by 22 and 3 percent

Keywords: urbanization, urban stormwateflood 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 livegNkiruka et al.2023) Human activities can influence flood behavior,
reducing or increasing the magnitude of flood damaieHEGBU 2003) The
increase in impermeable surfacdge to urbanization has caused substantial
hydrological effectgBell et al.2016) This resultedn increased floods, posing a
serious hazartb human lives and the built environment. Urbanizaitilucedand
use, topographyand hydrology changesffect urban flood riscSeemuangngam
and Lin2024) The changes disturb the urban hydrological cycle and increase the
quantity of stormwaterunoff, raising the danger of local floods in citi@dlch et
al.2017)

Runoff simulation, likethe confluence process to the stormwater netwerk
an important part of the modeling process. In this sense, hydrologic methods
calculatecatchment runoff using precipitation excess, with infiltration being the
primary process that causes precipitation losses. This runoff can be computed based
on numeras ways, but the relative efficiency of a single metlambut others

*PhD CandidateThe Polytechnic University of Milgritaly.
*ProfessorThe Polytechnic University of Milaritaly.
‘ProfessorThe Polytechnic University of Milaritaly
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cannot be determinetefinitively (Luo et al.2022)

When dealing with the increased risk of flooding caused by climate change
and human interventions in gl obal | andscar
(e.g, dams and dikes) is no longer adequate to respond to current rates of land use
changes and increasing frequency of weather extrénmes t et lalk2D21)
Naturebasedsolutions (NBS) can act as a valuable complement to conventional
6gr ey 6 i forfstormmwater nnanagamere (edams and dikes) in reducing
flood risks as these O6greendé solutions ar
multifunctional(Hartmann et ak019)

Sustainable Urban Drainage Systems (SUBS)n 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 wilflldag 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 urban areas (Ciriminna et 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 shortrooted, droughtesistant plant¢Carson et al2013) Extensive green
roofs are more commonly used since they are lighter, cheaper, and require less care
than intense systenBerndtssor2010)

Permeable Pavemen{BPs)are one ofthe SUDS and can be utilized in
sidewalks, roadways, playgrounds, or parking lots, among other kaaeppu
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 retéatioret al2021)

This study aims to determine the effect of urbanization on stormwater runoff
and its management alternatives comparing the years of 1980, 2007, and 2023.
Evaluaton of the potential flood damage vulnerability the 2023 situation, and
the goplication of SUDS such as green roofs and PP, alongside theirsmpact

Study Area

The Seveso basipart of the much larger Po basin, is one of the most densely
populated and industrialized areas in Eurgteatedn the Lombarg territory of
Northern Italy.Since approximatelgt4 % of this basinhas urbanized regions is
a prime illustration of the tremendous hydraio/ironmental difficulties that
come with exterige urbanization of a territorfCeppi et al. 2021, Masseroni and
Cislaghi 2016, Raimondi et &020) The industrial, agriculturaland livestock
sectordn the basinwhich are of enormous national and international importance,
have a significant impact on the hyarvironmental balanceMoreover, the
growth of metropolitan cities has restricted river space, resultinigeitoss of
natural features, deteriorated water quality and environmentharehsed flood
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danger(Bocchi et al2012) It has been estimated that 104 floods have occurred in
Milan since 1976 having a proportion 216 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 ye@Zeppi et al2021) Figure 1 shows the

root of the river from Como to Milan, antie river runs underground before
reaching Milan City in the north (Parco Nord Milano).

Figure 1. Seveso Rivdrom Como to Milar{The Geographical Reference System
isEPSG:32632 WGS 84/UTM zon&2N)

Como-

U

J P.aréonord, X

2 = — reaches
MI_!an \ < = River
ESRI Standard

Materials and Methods

The SCSCN method, due to its simplicity, predictability, and stab{lRgnce
and Havwkins 1996) was used to determine a preliminary assessment of the
relationship between Digital Elevation Model (DEM), soil properties, and Land
use by the HEEHMS and GlSpowered software mod@Vishra et al2003)

Figure2 depicts the full procedure for the method employed in this study. The
basin was created using HEGAS software from the DEM map with the exact
root of the Seveso River, and the endpoint of Parco Nord Milaamal 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 eackoasin in 1980, 2007, and
2023. To investigate the impact of urbanization, runoff for each subbasin was
calculated usinghe HEGHMS software under hypothetical storms with 107 mm of
daily precipitation.

For the year 2023hé runoff output data for each shasin was used to
model a 2D flood depth map of the Seveso basin by means of theRHEC
software, and such flood depths were later applied through specificdieptye
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 uitwan fabric areas and
permeablgpavement (PP) for road and related development sites. CN values for
green roofgublished in the literature vary significantly in different climate areas;
earlier researchwhich aimed to establish empirical connections for green roof
runoff using the CN or Runoff Coefficient {Onethodologies, yielded CN values
ranging from 88 to 95.5 for 30 extensive green r@®&ilis et al2017) 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 al2007) Following Hunt and Collins, 2008he CN
value for PPs was assumed between 75 to 80.

Figure 2. MethodologyChart
Land use Land cover Soil group
5
LULC Sub class, HSG (QGIS)
v
Sub-basin (HEC-HMS)

Y

River flood )
(HEC-RAS) Precipitation >/ Applyed SUSD
b
= \J
water depth - damage . .

1

Sevesdriver Basin

The Hydrologic Modeling System (HEEBMS) 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
proceduresigh 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 HB®IS version 4.11Sincethis river
flows underground before reaching Milan City in the northern part (Parco Nord
Milano), that location was deemed the basin's endpoint. Figwkows the
resulting basin of the Seveso River and regefiés 7 main sukbasins.
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Figure 3. Seveso Riveslb-basinsReachesandJunctions

Data Collection

Hydrologic Soil Groups

The area has two main geological units divided by a-pemneable septum:
a top unit of gravelly sand with the phreatic layer and a lower unit with sslbdy
soils and a senrtonfined aquife(Masseroni and Cislagti016) According to
Lombardy Region dataheé basin is divided into three primary HSlgased on the
soil's infiltration and permeabilitgFigure 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 whemethoroughly wettedMishra et al2003)

Figure 4. SevesoBasin Soil GroupsB as Moderate, C asSlw, and D as
ExtremelySlow Inflltratlon Rate$VhenAre Thoroughly Wetted
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Source:LombardyRegion Report on the state of the environment
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LandUseCharacteristics

The land use wa®trievedusing theregional LULC reference mgpUSAF
by Lombardy RegionAs shown inTablesl and 2 DUSAF categorizes land use
into three levels, the first of which includes five primary coverage types (urbanized
regions, agricultural areafrest and seminatural habitats, wetlands, and water
bodies), which are further described at the second and third levels. 3-agppiets
the distribution of thenain landusecategoriedor the Seveso basior the years
1980, 2007and 2023

Figure 5. Seves®asinLand Use Mayor Years 1980, 2007and 2
o™ 'r" )

A A

023

o A

TTILT

LI
FHEREBEY

Source:DUSAF by Lombardy Region

The distributionof the main landusetypesin the basn for each year is
reported in lgure 6. From 1980 to 2028rbanareas increasddom 3246 to 50%
in the basinMainly agricultural areagransformednto urbanized regionsndthe
forest and seminatural landsWetlands and water bodiesvere left with no
considerable change

Figure 6. Main Land Use Type®r theBash forthe Yeas 1980, 200/and 2023
120
100

80

60
4 “\ “\ “\
0

Urbanized  Agricultural areas  Forest and Wetlands Water bodies
regions seminatural
habitats

Km?
[==]

[

m 1980 m2007 m2023

Figure 7 depicts for each sdbasin 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 covereddoifficial surfaceswhile basins 1,,3and 4 are
dominatedy forest and seminatural regions.
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Figure 7. LULC for Each Sukbasin for theYear 2023
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MeteorologicaData

The Po Valley has a transitional climate between the Mediterranean and
Central European climates, characterized by anticyclonic patterns and westerly
circulations(Confalonieri et al2009) According to Ceppi et al. (2021), the-24
hour annual maximum precipitation ftlme 40 yeardetween 1981 and 2020
ranged from 8 mm to D7 mm, with a mean value of 75 mfgure8). The study
area's rainfall pattermvas modeled after hypothetical storms with total daily
precipitation values of 45, 75, and 107 mm.

Figure 8. 24-hour Annual Maximum Precipitatiofor the SevesBasin
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Source:Ceppi et al. 2021
Definition of Curve NumbersGNs)

The runoff curve number is an empirical quantity in hydrology that predicts
direct runoff or infiltration due to excess rainfaligher CN valuegdetermine
more surface runofiCN values were defined based on larsg and soil types
from O to 10CollowingGi | ews ki 201§ (se&/fmaple B.r z (
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Table 1. CN Values Basedn Land UseandHydrologic Soil Group

Class Landuse Curve numbers for HSC
A B C D
112 Discontinuous urban fabrics 541 70 80 85
121 Industrial, commerciahnd transport units 85| 90 [ 925 | 94
131 Mineral extraction sites 77| 86 91 94
211 Norrirrigated arable land 65 756 | 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 Broadleaved 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 woodlanghrub 30| 55 70 77

SourceGi | ews ki 2a0d&l Wngl ar z

For the remaining Land use categorigSN values were defined based on
Cr o n sUrbary Hydrology for SmaBasirs manua(1986, see Table)2

Table 2. CN Values Are Baseoh Land UseandHydrologic Soil Groups
Curve numbers for HSQ
A |l B|C]|D

Class| Landuse

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 § 29 | 69 | 79 | 84

to 75%)
22 Agricultural areas 63 | 71 | 78 | 81
411 | Wetlands 90 | 92 ] 94 | 96
51 Water bodies 100 | 100 | 100 | 100
Source:Cronsheyl 986

Finally, acomposite curve numb€ENc) wascalculated for each sthmsin,
havingsubareaswith different soil groups and land covgoy weighting theCN
values for the individual su@ireas in proportion to their land af@a) asshownin
equation IShadeed and AlmaszD10)

CNiAy + CNy Ay + -+ CN;A; + -+ CNL A,
c= n
i=1 Ai

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 chanii€gras and Onen
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2020) In this studyHEC-RAS version 6.5was usedo investigate the 2D spatial
distribution of water depths throughostiormwater runoffcalculated by HEE
HMS software(following Papaioannou et a018) Thento estimate the basin
damage vulnerabilityflood depthdamage functionsf the EuropgHuizinga et al.
2017) were applietb the water depth of each land use categ(figsire9).

Figure 9. Depth Damage Function Cues for a: 1.1 UrbanFabrics, b: 1.2.1
Industrial or Commercial Unitsc: 1.2.2 Road anéRail Networksand As®ciated
Land and d:2. AgriculturalAreas
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Source:Huizinga et al2017.

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

maximum damage value for each larsgicategory:

a. 1.1 Urban fabrics
b. 1.2.1Industrial or commercial units.
c. 1.2.2 Road and ranetworks 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. Damagedepth Functions: Y is theDamage Factor and X is theFlood
WaterDepth (m)

Category| Class | Damage depth function The average maximum d:a mage
val ue (U/ m

a 11 y =-0.0328% + 0.3574x 750

B 1.2.1 | y=-0.0239% + 0.3341x 621

C 1.2.2 | y=-0.0361%+ 0.3618x 24

D 2 y =-0.0605X% + 0.4918x 0.77
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SUDSScenarios

SUDS were implemented in the urban fabric areas assuming green roofs for
all the builtareas while PPwasassumed for roads and associated aFegste 10
shows the spatial distribution and areas of eacttatdhment that was considered
for SUDS scenarios.

Figure 10. Map of theUrban Fabric Land Use Where Green Roofs Were Simulated
- Road andRail NetworksandAssociated Lands Whda® Was Assumed

A

Land use 2023

Il Continues urban fabric

I Discontinues urban fabric

[ Road and rail networks and associated lands
[Iseveso

Since assuming the presence of green roofs has a direct effect on runoff, the
CN values ofontinuous and discontinuous urban falrezechanged from 98 to
84 for all the soil groupgfollowing Liu et al. 2020) To analyze the effect of
permeable pavements, the CN valueoaid and rail networks and associated land
changed from 98 to 7following Hunt and Collin2008)

Results

The stormwaterunoff wascomputed using HEEIMS software Figure 11
shows HEGHMS stormwater runoff predictions for each <dsin for a
hypothetical daily storm with 107 mm precipitationrRunoff was simulated
considering the landse distribution in 1980, 20Q7and 2023.Considering the
same precipitation pattern and soil group for each year, landhasge mainly
urbanizationas the main factpaffects the runoftomposition, sincehe increase
of runoff during the time for each siilasin and the basin was seen.
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Figure 11 StormwaterRuroff for Each Sukbasin Corsidering a Hypothetical
Daily Storm with 107 mnfPrecipitation
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Figure 12 depicts thstormwater flow rate for the endpoint of the basin for
years 1980, 20Q7and 2023, showing the increment of peak flow due to
urbanization

Figure 12. Peak Flow at Basin Closure Considerinthe 1980, 2007and 2023
Land Use(Hourly Precipitation in mm iglso Showiin theSeondary Yaxis)
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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 condferent hypothetical daily storm
precipitationwas assumed ad5, 75, and D7 mm, and the runoff volume was
calculated by means BIEC-HMS for eachsubbasin(Figure B).
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Figure 13. Runoff(mm)Predctedfor Each Sukbasinfor Hypothetical Daily
Storm Preqpitations of a: 45, b:75, and ¢:107 mm
,‘ - A - \
a) b) Aq

Runoff(mm) Runoff (mm)
[J13.48 []2884
1393 (13355
32025 14332
E 22.79 \ [ 46.99
B 24.72 \ B 40.95
= ;ZJE I 50.15
= o 5 10mm \ . 5238

Figure 14 shows the 2d spatititributionof flood water depth computed by
HEC-RAS. The modeivas implementely usingthe runoffvolumes for each sub
basinpredicted by HEEHMS with the hypothetical daily storm precipitation of
107 mm

Figure 14. WaterDepths Derivedrom Generated Runoff

— reaches
flood depth

Figure B shows the potentiadamagingvulnerability of the Sevesbasin
Urban areasclose to the river channelre more susceptible to damage and
economic costs.
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Figure 15. 2D Spatial Distributionof Damage Vulnerability
./A-\ A

— reaches
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Figure B shows the damageulnerability map of the catchment in terms of
LULC and flood depth. The average value for eachbmdin was calculated to
determine which subasin 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-lsatin due to its high urban density
and the accumulation of water from other upstrearrbsisins.

Figure 16. Sub-basinDamage Vulnerability
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Figure I7 shows the mean CN value of eatifebasinand the mean value for
the whole basirfor different SUDS.

Figure 17. CN Value forthe 2023 Situation Consideringho SUDS$ Green Roqf
andPP Senarios
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The runoffof the SUDS scenarios was then compavigd the 2023scenario
assuming thel07 mmdaily precipitation Figure B shows the runofamounts
estimatedor different SUDS scenari@@mpared with the no SUDS scenario

Figure 18. Runofffor 2023 Situation with no SUDSGreen RoqgfPPR, and Both
Green Rooaind PPSceaarios
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The applicationof greenroofs and PP on runoff generation hifie highest
effecton subbasin number andthelowest effect on subasin number 4
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For the wholeSeveso Rivebasin, 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, PRind both scenarios, respectively.

Figure 19 shows the peak flow rates for the No SUDS, Green roof, PP, and
greenroof and PP scenarios assuming the same precipitation.

Figure 19. Smulationof Peak Flow Ratat the Basin Closure Comparinipe 2023
Condition (No SUDS)aNnd SUDSScearios (i.e, GreenRoofs,PP, and GreeiiRoofs
and PP
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The Green roof and PP scenatietermined alecreasef the peak flowrate
by 25% compared tdhe2023 No SUDS scenario.

Conclusion

The present paper investigates the effect of urbanizatithe study area on
stormwater runoff for the whole basin and -fasins.Urbanizedareasncreased
from 32% to 506 from 1980 to 2023Urbanization increased the stormwater
runoff volumeby about 8% for the whole basirand peaklow rateby about 10%
at thebasin closure

The HEGRAS 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 eackosisin. Sukbasin S7, 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 controivere applied to the 2028lo
SUDS scenarido improvethe water balance in the baskor the whole basin,
application of theSUDS scenarios reswd in 18, 2, and21 percent decreasa
runoff with respect tdahe current situation, for greewofs PP,and both scenarios
respectivelyApplication ofboth Green roof andPP,compared to the situation of
2023 decreased the peak stormwater fig\25%.
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Experiencing Ancient Ephesus:
A Journey Through Time with 3D, XR and Al
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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 2r8rd centuries. A new virtual and immersive
experience has been created using the capabilities of 3D reconstruction (3D), extended
reality (XR) and artificial intelligence (Al). This project has been a merger of history with
modernity. This time travel to the past was made possible by combining historical
information with cuttingedge technologies. An extensive study, including an anaigsis a
comparison of existing technologies as well as a comprehensive review of higtatical
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 Al, creates an immersive
experience for visitors, enhancing interaction with the historical district and ancient
Ephesians' avatarsThe project created an immersive journey to Ephesus, featuring
notable structures likeéhe Temple of Artemiglarbor Gate, Grand TheateCelsus
Library, and Agora, providing unprecedented levels of presence and immersion.

Keywords: Ephesus,3D recorstruction (3D), Extended Reality (XR), Artificial
Intelligence Al), 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 aitgient

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 lonian 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
lonian Cities and played a role in both the Persian and Peloponnesian wars. Alexander
the Greatapturedt 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. AncientCity of Ephesuts Located Twelve Hundred Miles Ea$tRome and
Now Approximately Two Miles Inlafichm the AegeaBhaeline of Turkey
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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, sonoe questioao
experience it as it was in its brightest days inthé2ndd cent ur i es?0 Thi s
guestion tingled our mindeintil 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 buildingrharel models, but
none were enough to visualize the original. Thanks to developroemigital
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 eetiggydigital technology
tools and resources from 2D drawings to 3D models. The landmark structures were
revivedusing 3D modeling technolo@P Immersive Virtual Worlds offer a detailed,
immersive ducational experience (Corcini et2016) The terrain wageconstructed
using height maps andhe 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 havethe chance to interact with it in the virtual world.

The topic centers on utilizing cuttiagige technology and software resources to
accurately portray the historical reality of a temple. Virtual reatitjmpounded with
XR, and Alis highly attractive because it enables the viewer to become fully engaged
in the virtual world, going beyond being a passive obs¢Bamker2023) 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 begreserved 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 (OeAl) 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 urbaemeEgde
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 19@Bsterreichisches Arch&ologischiestitut [Contr.]:
Forschungen in Ephesos (Forschungen in Ephesos,806)he Austrian Academy
of Sciences (OeAW) has been publishimg series under its own imprint since 1977.
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Another example is Ephesos: 100 Jahre Osterreichisotsehunger(Hill 1999)
published by the Austrian Archaeologicabtitute, which presents a panorama of
Austrian archaeological research in EpheSusthe 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 Des®adges, Ruins and
Cultural Memories", cauthored by the first auth@@enker et al2018) This book
describes in detail how a completely destroyed ancient city was reconstructed in a
virtual environment using modern technologies.

A thoroughinvestigation was conducted by extensively reviewing harg axag
utilizing online sources befoervisioning the virtual realm. Founded pieces of
literature helped to place the structures according to the map as it was"th-&e 2
century (Quatembe2010) Another book was reviewed in order to understand the
area of Ephesus and the structures in theétdighlights of Ephesus.d.) Thissurvey
facilitated a comprehensive comprehension of Ephesus' historical signifexaohds,
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 impecthaahks to
theamalgamation 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 architecturaldrawings these 2Ddrawingsserve as foundational elements
(Tytarenko et aR023)

Transitioning seamlessly, the endeavor progresses towards 3D modeling, a
pivotal stage characterized by the conversion of-diw@ensional sketches into
immersive digital recreations. Employing advanced software tools sudk lds$®
and Blende®, 2D drawingsof Ephesus'dandmark buildingsare meticulously
transposed into the digital realm, maintaining fidelity to-veald proportions and
details.

Further the Unreal Engir® 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 theMethodology

1

2D DRAWINGS

2 3D MODELLING

METHODOLOGY

INTEGRATION OF THE
MODELS TO THE SCENE

ARTIFICIAL
INTELLIGENCE

Integrating artificial intelligence (Al) adds immersivdayer to the experience,
as avatars imbued with Ephesian knowledge facilitate interactive engagement. Users
are invited to navigate through Ephesus's digital streets, interacting with Al
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 approashes
displayed in Figure ,1a compelling narrative of temporal exploration emerges,
offering users an immersive journey through Ephesus's storied past.
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Three-Dimensional Modeling

Columnsand Capitals

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

S

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

Four types of columngsamely Doric, Corinthian, lonic, and Composite columns
were used in Epheswas shown in Figure 2 and FigurérBthis projectolumnswere
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reconstructed to match their réif#¢ counterparts. lonic capital helixeshich made

two curls around the oculusere made in 3ds M@&x A rectangular box was built

with helixes at the edges. Helix interconnection was done in 3d®.Map 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.
Blende® was used to precisely create the center flower creations. Subordinate
symbols were built in 3ds M&x and compact symbols using circle, sphere, and box
methods thus, the ionic column capital is completed. Corinthian columns were created
in Blende® 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 ai@brinthiancolumns with Blend&®-created
headings. It was set for 2 revolutions. After progdime 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 bleébdsftware 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 helbtes.body

part of each column is cylindrical. Subtraction was employed to create body
protrusions for particular columns. &aldition, a miniature cylinder was put around

the larger cylinder's end and beginnikfyltiple bottom boxes were created using the

box function. Blendé® and 3ds Ma® were used to modify box vertices. The
specified column subset was obtained.

Statues

The process of creating statues in BleRderolves 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 d@szlsd-ollowing a
thorough examination of each aspect, the sculptures are reass@figulesl 4 and
Figure 5)
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Figure 4. (a) Sophia (Wisdom), (b) Ennoia (Thought), (c) Episteme (Knowledge), (d)
Arete (Bravery)

ThreeDimensional 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 allureaadficence
of Ephesus during its golden era. The distinction between 3D modeling and
architectural modeling lies in their degree of abstraction. Architeatooakeling
provides a greater degree of abstraction, while 3D modeling yields a more intricate
and detailed outcomelhe 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 fodeakihg
modeling Thus3D 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, disptaybiaation 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/NVorkflow ofModelling the Serapiomenple

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 &idpitially, two-dimensional
(2D) drawings were carefully drawn. Subsequently, via these 2D drawings, the
construction of the buildings in threémensional (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 plaaadhent
attention to detail. Finally, to finish the construction process, the roof compeeent
placed into the model.

This methodological approach not only facilitated a structured workflowdmut al
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 themn
proper locations (Figurg.
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Figure 7. Embellishing th&acade of Celsus Library with Statues
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The Library of Celsus is a remarkable structure in Ephesus with-stdwo
facade and a vast, domed interior measuring BID meters in length. It is
adequately protected from moisture since it is surrounded by an extthilvally of
Celsus in Ephesu&019) The Celsud.ibrary was designed using various tools and
techniques to create a virtual wor(Bigure 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
rectangulasshaped roof, with three minor roofs connected to it. The triarsfudgred
roof was created using cylinder and tube commartus.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 bi{ftinge 8)

Figure 8. Embellishing the Fountain of Trajan with Statues

The Fountan
of Trajan
Without the

Statues
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The gatues
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Fountain of
Trajan its
magnificence

Completed

model of the

Fountain of
Trajan

The Temple of Domitian had three levels with semtular gates arranged
arouncthe 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 scalddwn version.

The Grand Ephesus theater, a-tdderwide marble building, was previously
30 meters wide and was capable of holding up to 24,000 p&anglat Theatre in
Ephesu2019.

The Grand Theatre was designed using a combination of commands and
techniquesThe 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 theBoolean function.

The main building of the theatre, where acts were played, consisted of boxes and
lonic 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
(Gat e of -Hptesus Toa2018)s

The Hadrian Gate was divided into three parts, starting with the foundsitign
the Box command. The first floor was built using extrude and bevel comnmands
create a box shape for the base, with columns placed on it. The second floor contained
an arcHike 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 Turkef2024) 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 theriaany
columns. The Heron of Androklos was a story structure with rectangular columns
on the side and ionic columns as lamgring 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 lonian 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 lonic 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.

RoofShae

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 throughotid project as seen in Figl@e
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Figure 9. RoofShape 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 FigOr¢hey 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 oraitie gnd 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

TheSkylines was obtained by downloading it from a website called Map
Generator. The position of Ephesus was determined and certain specifications were set,
sich 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 ERigin#ware. 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 incoporated into Unreal Engif@ewas 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 ERgllaeprint, they were
prepared to achieve the required form.

Foliage

The foliage component was sourced from the Unreal Marketplace by Epic
Game®. The oak, pine, and low poly trees were the primary subjects of the
examinationAn 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 Engineas 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 immersivenesdden
enhanced through the Al component. Al component also s@vetevate the
influenceof the ancient city of Ephesus on the user. The goal is to offer the user an
exceptionallyinteractive 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 citilow the Al componertias been incorporated into this
projectis briefly explained below

Creating an avatahat models each team member is the fundamental stage to
addinganAl component to the project. The stgbshis stage are shown in Figdre
and briefly explained below:

Initially, an original avatar was generated using the MetaHuman @eatas
was followed by giving attributes to this character by usigConva® site. In
addition,thebackstory of the charactandknowledge bank are integrated at this site.

Subsequentlythe MetaHuma® character was imported to the project. Afterward,
the Convai® was plugged into Unre&ngine5®. After the plugin was donethe
Conva® charactewas selected from thavatarclass,the nvai® APl Key was
entered into the UnreBhgine® projectsettingsMatching the Al ID created from the
Conva® site with theMetahuma® previously imported into the project

This character's appearance was modified to resembléerealunterparts of the
project teanmembersand then imported into the Unreal En@ine

In summary,an avatar was generated using the Cdaie. Responsibilities
such as creating a story and a knowledge bank were assigned to this avatar. To
integrate the Conv@i avatar with the MetaHum@navatar, the Convai plugin was
included in the Unreal Engifig allowing the two avatars to be combined usireg
resultant character ID. Following the merging procedure, the blueprints of our
character were merged with the Manny mannequin in the Unreal Engigeipping
the mannequin with the ability to perform running, walking, and jumping actions.

Figure B shows the crein of anavatar resembling a team membed in
Figure P the created avatariis front of the Temple of Artemis. This avatar is dble
roam in the scene and engage in dialogues.
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Figure 11. Al Methodology Chart
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Figure 12. Avatarin Front of theTemple of Artemis
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Figure 13. Avatar Creation

Results

The results ofhowcase in this section are the outputdrotalEngine5®. As
mentioned before, geographical features such as trees, lighting and water were edited.
Each building was carefully placed on the mapeftectthe beautyand grandeuof
the ancient city of Ephesus as itltmnce beenThe results are a combination of the
models, the mapand the avatars, inviting the user to take a time travel through the
streets of EphesuS8D models serve as a connection betweartes@and time
(Parrinello et al2018) This combinational result brings the magic of the ancient city
to the present dayisitor. 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 researcheend visitorseven 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.

247



Vol. 12, No4 DenkeretalEx peri enci ng /

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 ¥ 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 | mage of Artemis Templ eds
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In Figure B, there is a rendered image of the statue centered inside the Temple of
Artemis(Denker2024)

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

s 11

Hello! I'm Mert Kaytaz, your guide to the
ancient city of Ephesus. Feel free to ask me anything
about this fascinating place
Guest Can you give me some information about
Temple of Artemis ?

The Temple of Artemis, located in
Ephesus, was one of the Seven Wonders of the Ancient
World, renowned for its grandeur and significance in
ancient Greek culture. Dedicated to the goddess
Hold [T]to Talk / Entes to Type convai

yest Hi

In Figure B 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.

Figurel7Rendered | mage of the Cityds Entrance

-t

Figure17 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 Figure18 detailed results of Heroon of Androklos and the Octagon can be seen.

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

\

v

——

In Figurel9, 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 thstance,
Arcadian Way, the Agora, Hadrian Gate, Harbor GateJhadPrythaneion.
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Figure 20. Rendered Image of the City from the Celsus Library

Figure20 captures the beauty of the Celsus Library alongside with other beautiful
structures such as the Hadrian Gate, the Agora, and The Prythaneion.

he Bi

Figure21 displays Ephesus' stunning beauty from a bagksview, showing its
entire area from mountains to sea.

251



Vol. 12, No4 DenkeretalEx peri enci ng /

Figure 22. Rendered Image of the Fountain of Trajan

In Figure 2 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 3, 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 2, the finished version of the Serapion Temple is displayed.

Figure 25. Rendered Image of the Arcadian Way

Figure 5 depicts the Arcadian way to the Harbor Gate, which leads to the
seasié of the city.
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Figure 26. Rendered Image of the Harbor Gate

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

Figure 27. Rendered Image of the Hadrian Temple

Figure27 displaysthe rendered image of thiadrian Temple
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Figure 28. Rendered Image of the Odeon

Figure28 provides the rendered image of the Odeon next to the state Agora.

Figure 29. Rendered Image of the Memnius Monument

Figure29 provides the rendered image of Mlemnius Monument
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Figure 30. Rendered Image of tie

- -

Figure30provides the rendered image of Brgtaneion

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 sanctulisylegacy, 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 statef-the-art software tools like Blend®rand 3is 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 Engi® 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
(Al) to enhance user interaction within the virtual realm. By imbuing Al avatars with
historical knowledge and contextual information, users are guided througfiretits
of ancient Ephesus, encountering iconic landmarks and engaging in immersive
educational experiences. This dynamic interaction fosters a deeper apprémiation
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 (¢f9r 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
Ephesusvill continue to inspire and educate generations to come.

Conclusion

In this projectEphesus comes alive imaverbeforeseen experience, where the
ancient city's essence is brought to the virtual realm. A thorough examination of
historical literature@nd 150/ears ofxcavation resultsets 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
dimensionatrawingsopening the gate to threlimensional modeling.

Leveragingadvanced software like Blen@and3ds Max® each architectural
marvel is meticulouslynodeled, ensuring faithful reconstruction for evetgndmark
building. Statues and columns, emblematic of Ephesiehitecturearemodeledand
added to the buildings witbrecisionTheir placement within the modeled buildings
enhancedhe visual quality of théD reconstruction resuli8owered by the Unreal
Engine®, the visual components of Ephesus are brought to life, fronntiizate
architectural details to the ambient lighting, shimmering waters of the hemdduysh
foliage surrounding the city.

An interactive dimensiois inserted through the insertioh an artificial
intelligencecomponent. This enablasers to engage with knowledgeable avatars freely
roaming the virtual landscapéEphesus.

Users embark on a captivating journey through time as guestdraNerge the
enchanting streets of Ephesus, encolighesians andoniclandmarkf the
citysuch as the Artemis Temple and the Celsus Libv@mavatars furnished
with artificial intelligence acting as virtual tour guides, users immerse themselves in
thevirtually recreatedplendor of Ephesus.

This unparalleled excursion not only entertains but also edudsgesfartificial
intelligenceoffersusers @ense of immersion, deepeunderstanding oEphesudn
conclusion, the culmination of meticulous research, advanced techrasidgyeative
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 Sezér

In this study, the energy performance of a gated community in a terinerate
region of Turkey is evaluated while considering the thermal comfort of residential
units. A total of twentthree 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 indeooiset
temperatures for both heating (ranging from 19°C to 23°C) and copérigds
(ranging from 24°C to 28°C). The impact of these variables on heating and cooling
energy consumption, primary energy usep, €issions, and thermatdulation
investment payback period was assessed through building energy simulatien (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 energfficient options. The thermal comfort performance

of a model apartment, assessed using ARRD criteria, was then compared
against the standards of ASHRBE 2023 and BS EN 167982019.

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

Introduction

Following industry and transportation in Turkey, the residential sector emerges as
the thirdlargest contributor to carbon emissions, accounting for 9% of emissions, 20%
of total enduse energy, and 21% of electricity consumptionofdiog to thecurrent
TurkStat $atistics (2022), there are more than 10 million buildings in Tusseyf
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
combating climate change and aligning with both national and EU carbon neutrality
objectives.

Accordingto 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 Turkeyds Building
825 Standard (TSE 2013), external thermal insulation stands out as a prevalent
strategyfor enhancing the energy efficiency and thermal comfort of buildings by

*Research Assistant, Bursa Uludag Univer3ibhe Republic of Turkiye
*Professor, Bursa Uludag Universifihe Republic of Tirkiye
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improving the thermal resistance{&ue) 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
contributesto reducedHVAC (heating, ventilation, and air conditioning) equipment
capacitiesreduced energy bills for building owners and occupants as well as lower
greenhouse gas emissions associated with energy consumption. BesidesTEE825 (
2013) Building Energy Performance Regulation (BEP 2008) building energy
performance certification (EPC) program (BER 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 insti#mee
research by Aditya et &2017) investigates the performance of various insulation
materials alongside |feycle analysis and potential emissionsSlic hi av o n i et al
(2011) metaanalysis 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. Il\damczyk and Dylewsld (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 mateaalsvalls, and climate
Z 0 n e Agostin® é al. (2018) also conducted a BigSed case study in Italy,
examining passive strategies like thermal insulation and window propeitigost
optimal methodology and DesignBuilder simulations. The study evaledgbt
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 renewadigye
interventions. Similarly, in the case studyyssiLamrhari and Benhamou (2018),
the impact of various construction parameters on the energy performance and thermal
comfort of a flat is investigated using a TRNSN&ed numerical model across six
climates. The study integrates field measurementsbaiiding 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 congnts. For instance, Sadineni
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et al. (2011) assesbow 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 andutssequent cooling

and heating energy consumption patterns. In Mathur and Da@(24) 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 Rewently, Arafah

et al. (2022 conducted a study investigating the impact of building envelope
parameters, including air leakage, on energy consumptiogitnise office buildings

in urban Riyadh. Their research underscores both the challenges posed by air leakage
and proposes potential solutions to mitigate its effects.

Indoor sefpoint 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 periodga@et temperatures can vary
based on individual preferences, seasonal changes, building type, ardlinatel
conditions. According to ASHRAE (American Society of Heating, Refrigeratnog
Air-Conditioning Engineers) standards, recommended indoor thermal comfort ranges
vary slightly depending on the activity and clothing levels of occupantgehatally
fall within 20r23°C for heating and 226°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 highairgetemperatures
during heating periods, as well as loweringpsstt temperatures during cooling
periods, increases the energy demand for HVAC systems. Yet, educating occupants
about energgaving practices, such as adjusting clothing layers during moderate
temperatures and utilizing programmable thermostats or smart controls that allow
buildings to adjust sgioint 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 eposut
temperaturesral management strategies can enhance building energy efficiency and
indoor thermal comfort. For instance, Bienvenidoertas (2021) discusses the
implications of indoor sefpoint 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-sa@ht temperatures, for reducing
building energy bills, especially in cooling but also in heating scenarios influenced by
climate change. Luo et al. (2023) present an occgeattic smart thermostat
designed to improve energy efficiency and thermal comfort in daugidy 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 futuresmart product development. Xu et @014) propose an energy
saving strategy for muilfamily buildings, emphasizing cesffectiveness 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 €2@22), occupancy sensing
technologies related to thermal comfort and energy efficiency inmaeroffice
buildings are discussed, including the role of smart building controls in achieving high
occupant satisfaction with indoor conditions. This neteasynthesizes both
simulationbased and experimental findings, highlighting opportunities for applying
occupancy sensing systems in HVAC systems. Moon and Han (2011) also conducted
a case study examining the impa€tvarious sepoint temperature strategies on
heating and cooling energy consumptiorresidential buildings, underscoring the
significance of datdriven decisions for achieving energy efficiency. Their research,
which includes computer simulations across cold antitnoid climates in the U.S.,
demonstrates that adjusting setback periodsposet temperatures, and setback
temperatures can notably decrease energy usage, especially in heating for cold
climates and cooling for htiumid climates.

In this study, the energy performance of a gated community in Turkey's
temperatédhumid region is evaluated, while the thermal comfort of a typical residential
unit is considered. Twenthree design options were analyzed, including variations in
insulation materials and their thickness, building envelope infiltration rates, and indoor
setpoint temperatures during heating and cooling periods. UBBE§based
parametric analysis, their impact on heating and cooling energy consuipiitiamy
energy use, carbon emissions, and the payback period for thermal insulation
investments is assessed. The baseline scenario is compared with the optimal
configuration against ASHRABS (2023) and BS EN 16798 (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, CO
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
studyds methodol ogy.
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Figure 1. The Methodology of the Study

DesignBuilder v 7.0 & EnergyPlus v 9.4

* Building energy modelling

* Annual end-use heating, cooling energy simulation for the base case and improvement
measures

* Parametric analysis

* Thermal comfort analysis based on operative temperature and the Fanger comfort
indicators (PPD and PMV)

CBE Thermal Comfort Tool

* Thermal comfort calculations and visualizations according to standards (ASHRAE 55—
2023, ISO 7730:2005 and EN 16798-1:2022).

Microsoft Excel

* Annual primary energy, operational carbon emissions and energy cost calculations

based on the end-use energy simulation results and conversion factors

*  Pay-back period and improvement rate calculations
*  Creating charts and tables

Definition of the Case Study

The pilot study was conducted in Bursa, Turkey, which falls within the
temperatédhumid climate region. A mulstory residential building completed in 2014,
primarily targeting highncome 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 m? to 235 m?2. Each floor features two symmetrical
3+1 apartments, with the top floor of the building designed as a 5+1 duplex. The

apartmentsod |living spaces face inward,

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

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 aciyiised 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 Windew-Wall Ratio (WWR) of the reference building is
29%. The windows have a Solar Heat Gain Coefficient (SHGC) of 0.75 and a Visible
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Light Transmittance (Tvis) of 0.8, according to the catalogue values provided by the
selected gl ass manufacturer (kikecam 2021
coefficientof the building envelope meets the threshold values for thermal insulation

requiremets as specified by the building standard TS 825 (TSE 2013), wittuds

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, multisplit air conditioning systems are installed in all rooms except the
entrance, corridor, dressing room, bathroom

Building Energy Performance Analysis

Utilizing a computerided 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 toTBEP
(2010).Additionally, household energy expenditures and user preferences regarding
indoor set point temperatures were analyzed through a previpesson survey and
integrated into the simulation model (Kaymaz 2023).

Based on postccupancy evaluation (POE) results, where respondents favored
an indoor temperature range ofi 28°C, the indoor set point temperatures for the
reference case were set to 23°C during the heating season and 24°C dooiolinthe
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 enveloperepresenting the maximum rate of
unintentional air entry through cracks, holes, and the fabric's pérasitgcluded 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 rasitiit air conditioners were tailored to the
occupancy of each room. As seen in Figure 3-biased 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

Livingroom ==Master bedroom Kitchen Child rooms
E (= = Weekdays . Weekiend )
= 1 .
. -

T | l }
£ 08 ¢
E 0’7 / ;
o 7
o 0,6 [ —A A\
S 05 | — [, _
e 0, T ;
> 04 {4
E 03 ,/ / /
o ] [
= 02 — [
= 0.1 /AL /AL
E: ’0 | / / /_ / B
& S O O O o O O O C O O 2 < O 9O o O
v S & © & & & & & S S oS S S S S S S
- - ® @& S —~ & 1 T ¥ o~ LS — o o

Hours © © © — — — — — — — — — — @ o0 o & O

Within the study's framework, natural gas and electricity consumption
encompasthe 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 toaccurately depict the current scenario. The internal thermal gains from this
equipmenh are factored into the heating and cooling loads. However, their individual
share in the total energy consumption of the building is not stated here. Tireend
energy consumption data from the simulation results are converted into primary
energy using governmerggulated conversion factors: 1 for natural gas and 1.788 for
electricity. Carbon emission conversion factors are 0.234 and 0.484 for natarad gas
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 16rg8019) standards.
Thermal comfort categories are classifiedatle 1

Table 1.Categories of Thermal Environment

Standard PMV PPD Categories
0,
BS EN ISO 7730 02 <%66 A()
BS EN 16798 +05 <%10 B (Il)
+0.7 <%15 C (I
+05 <9%10 High standard (%90)
ASHRAE 55 +0.85 <%20 Typical Application(%80)

SourceBS EN 1SO 7730 (2005), ASHRAE5 (2023) and BS EN 16795(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 16798l (2019) further categorizes thermal comfort into four categories:
Category | provides the highest satisfaction level and is recommended for spaces
accommodating disabled individuals, the elderly, and children. Category Il is suitable
for new and renovated buildings, ensuring a high satisfaction level. Category I
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 welbeing.

The indoor set point temperatures during the heating and cooling seasons were
input into the CBE thermal comfort calculation tool along with other comfort
variablessuch as relative humidity, air velocity, metabolic rate, and clothing level.
Using the PMV and associated PPD comfort indices defined by-pbat7Likert
scale in BS EN ISO 7730 (2005), psychomeatdiagrams were generated for both
heating and cooling periods. Static calculations are based on the opengisrture,
which is the average of the mean radiant and dry bulb temperature.

Secondly, a climatbased dynamic simulation was performed using DesignBuilde
software to assess the thermal conditions of a sample apartment. TREFEMV
results are displayed in monthly tables using a color scale, where green indicates that
thermal comfort is achieved and red signifies that it is Indbor conditions are
considered thermally comfortable for the typical application category in ASHRAE 55
(2023) and for Category Il in BS EN 167282019).

Pay-back Period Analysis

According to the BS EN 1548Bstandard (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 ceffectiveness 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 15452017), incorporating inflation data from
2018 to 2022 (Turkish Republic Central Bank 2022).
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1 1
PB =In (1 (COINIT — COINIT e f). RATdiSC) In (1+RATdiSC) [£]
CF

@)

Where

PB: Payback period (year)

RATuisc Disount rate

COnir: Initial investment cost

COn, 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

RATuisc 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,
costs for thermal insulation products were obtained from the Constracizn
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 coolirgsendnergy 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 facade
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 Il (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 (33%0) 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
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Next, building energy performance metrics are established for variables igcludin
thermal insulation level, building envelope infiltration rate, and indoepaet
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:
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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
per the TS 825 thermal insulation requiraetsegfor buildings standard (TSED13).

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

Code and definition Material Thermal Thermal Thermal
Building Elements thickness | conductivity resistance transmittance
T | e | d | xwrd | ) | 0w
(< e g 1/o: Surface heat 0.13
10:301,2-- = s /i & S .
transfer coefficient
— p—l L— (interior)
] L - = = 4.3: Lime mortar 0.02 0.7 0.03
L 7.3.1.6: Autoclaved 0.25 0.25 1
=1 I }" aerated concrete
— - == - Ll 10.3.1.2: EPS 0.03 0.04 0.75
(density >20)
— — —
F 4.8.1: Plaster mortar 0.025 0.30 0.08
- - i = = with inorganic
lightweight aggregates
=1 ’_' L' 1/ae: Surface heat 0.04
fee! — = _— 2 transfer coefficient
2.3h.6 I (exterior)
A
TOTAL 2.03 0.492

SourceCreated 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 thevdlue of external walls from the regulatory
limit of Uwai: 0.6 W/m2K (29 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 imprdveme
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 Uwal (W/m?2K)
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 5cm 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 anebBely Periods
for Thermal Insulation Scenarios Compared to the Reference Building

Improvement rate (%) Payback

Scenario | Heating | Cooling CO; Energy | Primary iod (y)
Energy Energy Emissions Cost Energy perio

INS1 7.3 -2.8 24 15 3.1 3.0
INS2 8.2 -2.9 2.6 15 35 11.9
INS3 10.1 -34 3.0 1.7 44 9.3
INS4 11.3 -3.5 34 1.8 4.9 4.6
INS5 121 -3.7 3.6 1.9 5.3 121
INS6 14.0 4.2 4.0 2.0 6.2 10.6
INS7 145 4.1 4.2 21 6.4 5.8
INS8 154 -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 55 24 9.1 8.0
INS11 21.6 -6.7 5.6 2.5 9.5 142
INS12 234 -7.3 6.0 2.6 10.3 141
INS13 24.7 -7.3 6.4 2.8 10.9 9.3
INS14 25.5 -75 6.6 2.8 11.3 15.3
INS15 27.1 -8.0 6.9 2.9 12.0 155
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By increasing the thickness of the thermal insulation layer, the thermal
transmittancgU-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/m]J) in primary energy consump't
and 6.9% (2 kg C&q. /m?2-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 idig&s 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 5.0ptions of Infiliration Rate of the Building Envelope

Scenario Infiltration rate (ac/h)
R (Reference) 08
INF1 07
INF2 06
INF3 05
INF4 04

Table 6. Energy Performance Improvements due to Building Envelope Infiltration
Options Compared to the Reference Building

Improvement rate (%)
Scenario Heatin Coolin Co Primal
Energg Energ?/ Emissions Energy Cos Energ?//
INF1 129 55 44 16 54
INF2 258 -125 85 2.7 104
INF3 381 -208 121 34 150
INF4 497 -308 151 35 190

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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tot al energy costs (0. 27 @mnission$ B91)kg and a 1
CO eqg./nty). 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/mz-y).

Indoor Sefpoint Temperatures

The sefpoint temperature in indoor environments significantly affects energy
efficiency by influencing the operational duration of both heating and cagtibgms.
Depending on climate and building envelope configuration, minor adjustmeets
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
seasonalemands.

On the other hand,omfort considerations, influenced by varying preferences
among individuals, along with occupants' behavioral factors, should be taken into
account when balancing thermal comfort against energy efficiémnprding to
POE, the indoor setpoint temperatures for the reference case are assuméd to be
23°C in winter and;i: 24°C in summer. Table 7 outlines the indoor (thermostat) set
point temperature options being evaluated.

Table 7.The Indoor Sepoint Temperature Options for Heating and Cooling Periods

Scenario Heating period Cooling period
Ti ot (Reference) 23°C 24°C
T1 22°C 25°C
T2 21°C 26°C
T3 20°C 27rC
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 1679B (2019). Psychometric diagrams illustrating operative
temperature are presented in Figure 6 for ASHRAE 55 (2023) and Figure 7HdI BS
167981 (2019). The red points represent scenarios for both heating and cooling
periods, with a relative humiditirf) of 50%, air velocitys) of 0.1 m/s, a metabolic
rate M) of 1 met (sitting position), winter clothing insulatioi) (of 1.0 clo, and
summer clothing insulatiom{ of 0.61 clo.
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Figure 6. Psychometric Diagrams for Indoor Seiint Temperature Scenarios during
the Heating (a) and Cooling Periods (b) per ASHRAE Standard 55:2023
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Figure 7. Psychometric Diagrams for Indoor Seiint Temperature Scenarios during
the Heating (a) and Cooling Periods (b) per BS EN 1679819
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SourceCreated with the CBE thermal comfort calculation tool by the author

The indoor thermal conditions for optiong;, TT1, and T2 meet comfort standards
during both heating and cooling periods, with the PMV thermal sensatier
remaining within £0.5 and the PPD thermal dissatisfaction index not exceeding 10%.
The PMV and PPD results are also presented in Table 8, catdgmaading to
ASHRAE 55 and BS EN 1679Bstandards 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, ASHRARS: 2023 Thermal Sensation, and BS EN 16[£98
2019 Category Values for Indoor $etint Temperature Options during Heating and
Cooling Periods

. I1SO 7730:2005 ASHRAE-55:2023 BS EN 16798-1:2019
Scenario - Result
PMV PDD (%) Sensation Category
Ti et -0.08 5 Neutral [ H
T1 -0.35 7 Neutral Il "H
3 T2 -0.61 13 Slightly cool ] "H
E T3 -0.88 21 Slightly cool vV W
e | T3* -0.46 9 Neutral I "H
5| T4 -1.14 33 Slightly cool v @
T | 14* -0.69 15 Slightly cool n "H
T vef -0.50 10 Neutral I "H
T1 0.19 6 Neutral I "H
3 T2 0.1 5 Neutral [ "H
'E T3 0.53 11 Slightly warm 1] "H
w | T3* 0.34 7 Neutral Il "H
§ T4 0.88 21 Slightly warm v W
O | Tax 0.72 16 Slightly warm v @
lewinter™:1.25 clo, lisummer*: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 approximate8Q4 on endise heating energyhile
each degree increase can save abot#i¥3on cooling energyption T3*, which
achieves the highest energy savings compared to the reference case, shows reductions
of 27.5% (29.8 kWh/mJLy) in primary energ
total energy cost, and 25.6% (7.8 kg eqpC€Om2y) in CQ 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-$eint Temperature Optiormpared to
the Reference Building for Building Performance Measures

Improvement rate (%)
Scenario Heating Cooling Co :
Energy Energy Emissions Energy Cos) Primary Energy
T1 19.6 17.6 10.1 8.1 10.8
T2 36.0 318 184 14.7 19.8
T3* 49.7 44.8 25.6 20.6 275
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

275



Vol. 12, No4 Kaymaz & SezeA Multi-Variable Analysis for Heating Energy

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 BESbased analysis for Bursa province shows that the combination of
scenarios T3* (heating peridd 20°Clq: 1,25 clo, cooling periodi: 27°C,lq: 0,5clo),
INF4 (0.4 ac/h) and INS15 (10 cm XPS) offer significant improvements contpared
the reference building\ccording to the simulation results, this combinapoedicts a
reduction in heating energy consumption by 88.6% (33.3 k¥W)/nsooling energy
by 22.6% (3.1 kWh/fy), and overall primary energy use by 62.1% (39 kWh/mz-y).
Additionally, savings in electricity and natural gas costs are expected to reach 43.8%
(1.2 a0/ mjLy), a c ¢ o mp a&missiend by 5%8% .5 8geeq.r eas e i n
CO/m2y). These findings highlight the effectivenesfs studied parameters in
enhancing both energy and cost efficiency.

Figure 8.The Improvement Rates of All Analyzed Scenesiopared to the Baseline
Scenario

Primary energy (%) CO2emissions (%) ™= Hegting energy (%) ™= Cooling energy (%) ----Energy cog (%)
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Options

In the final stage of the study, indoor thermal comfort conditions of the
apartmentsvere assessed using the DesignBuilder program. Monthly average values
of indoor air (operative) temperatur&)( relative humidity Rh), and PM\f PPD
indices forthe reference building (Block IV) were computed under existing and
energyimproved conditions. The comparative monthly thermal comfort results for a
sampleapartment 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 kitcherclaifdien's
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room, where the PMV exceeds the +0.70 range (Category Ill) and the PPD surpasses
the recommended threshold of 15% according to BS EN 16{3&19).

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-25Cl 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 &se and with the BeBerforming Options

)
E Resdential Evaluatlon January | February| March April May June July August |September | October [November | December
3 Space index

Ti OA 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
Kitchen |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
(NE)  [ASHRAE-55 Slighty | Slighty | Slighty [ Slighty
Sensation Neutral | Neutral Neutral Neutral Neutral Warm Warm Warm Warm Neutral Neutral Neutral
EN 16798-1
Category Il | | 1} 1} 1] v v 1] | | |
Ti OA 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 U151 0,11 0,17 -0,18 -0,37
Living |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
room (NE) X i i

w (NS |ASHRAESY o o | Newtd | Neurd | Newtal | Newa | Newsa | SISO oy Nawa | Newa | Neura
) Sensation Warm Warm
zZ EN 16798-1
i Ca Il 1} 1} | 1} | 1] 1] | | | 1}
o egory
w Ti CA 22 23 23 24 25 26 27 27 26 25 23 23
m Rh (%) 26 27 28 34 44 49 51 48 48 46 40 29
24 Mast 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

e 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
beroom ASHRAE-54 Slight!
(sw) AESY Neutral | Neural | Neutral | Neura | Neura | Neural | Neural | S'9"Y | Neural | Neutal | Neuta | Neutal
Sensation Warm
EN 16798-1
Category Il 1} 1} | | I I 1] I Il | 1}
Ti CA 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
Childroom | 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
(SW)  [ASHRAE-55 Slighty | Slighty | Slighty
Sensation Neutral | Neutral Neutral Neutral Neutral Warm Warm Warm Neutral Neutral Neutral Neutral
EN 16798-1/ Il 1} | 1} 1} 1] 1] v I | | 1}
Category
Ti CA 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
Kitchen |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
(NE)  [ASHRAE-55 Slighty | Slighty | Slighty | Slighty
Sensation Neutral | Neutral Neutral Neutral Neutral Warm Warm Warm Warm Neutral Neutral Neutral
EN 16798-1/ Il | | | 1} 1] [\ v 1] | Il I

w Category

LZ> Ti C)A 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

g Living |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

LL [room(NE) [ASHRAE-54 Slightly Slighty | Slighty Slighty

5 Sensation Cool Neutral Neutral Neutral Neutral Neutral Warm Warm Neutral Neutral Neutral Cool

o -

> EN 16798-1 1] 1} 1} 1} | U} 1] v I | I U}

& Category

x T CA 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

w Mast 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

[a) bejrogm 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

w " " " " "

ASHRAE-55 Slightly Slightly Slightly Slightly Slightly

> SW,

3 (Sw) senstion | Neurdl | Neural | Neutral | Neutral Wam Warm Warm Warm wam | Neurdl | Neutral | Neural

14 .

o EN 16798-1 Il | 1} 1} 1] v v v v Il Il I

= Category

- Ti C)A 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
Childroom | PPD (%) 10,0 5,0 7,0 7,0 12,0 210 27,0 28,0 17,0 7,0 8,0 6,0
(SW)  [ASHRAE-59 Slighty | Slighty | Slighty [ Slighty | Slighty
Sensation Neutral | Neutral Neutral Neutral Warm Warm Warm Warm Warm Neutral Neutral Neutral
EN 16798-1/ Il | 1} 1} 1] v v v v Il Il 1}
Category

277



Vol. 12, No4 Kaymaz & SezeA Multi-Variable Analysis for Heating Energy
Conclusions

The research investigated the impact of three design vadiabkesnal wall
thermal insulation materials and thicknesses, building envelope infiltration rates, and
indoor sefpoint temperaturédson 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% ane/eds.5
payback period. This enhancement, however, also resulted in ancffse in
cooling loads, balancing energy efficiency targets with economic feasibditystig
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 sefpoint 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-deefirming
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 sirméditioas.

To ensure that PMV values and PPD percentages align with the thermal comfort
criteria set by ASHRAE 55 and BS EN 167B8tandards, the parametric analysis
can be reframed as a mutjective 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 aticheedbta

into detailed HVAC sizing through an interdisciplinary approach to enhance the
accuracy of energy performance predictions. This appfaatitates the concurrent
objectives of minimizing energy consumption and maximitiiegmal comfort through
BESbased 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 ofBiS8d 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 @ffcggnt and comfortable
living environments.

Acknowledgments
The authors gratefully acknowledge the financial support provided by the Bursa

Uludaj University Department of Scientific
and Coordination Unit. Specifically, this research was conducted as part of the

278



Athens Journal ofechnology & Engineering December 202t

corresponding aut ho20%6, entitied "Aesigrj Segpert DD P
Model to Provide Thermal and Visual Comfort Conditions in Residential Buildings
and Energy Optimization in the Building Envelope".

References

Adamczyk J, Dylewski R (2017) The impact of thermal insulation investments on sustainability
in the construction sectd®enewable and Sustainable Energy Revé®ng21 429.

Aditya L, Mahlia TMI, Rismanchi B, Ng HM, Hasan MH, Metselaar H8Cal.(2017) A
review on insulation materials for energy conservation in buildiRgeewable and
Sustainable Energy RevieW& 1352 1365.

Arafah NA, Ashur S, Shyu S (2022) Effects of building envelope parameters on energy
performance of highise commercial buildingsin Building Smart, Resilient and
Sustainable Infrastructure in Developing Countfiss Edition,10. CRC Press University
of Johannesburg.

ASHRAE (2023)ASHRAE Standard 5523: Thermal Environmental Conditions for Human
OccupancyAtlanta, GA: American Society of Heating, Refrigerating anelCainditionirg
Engineers, Inc.

BEP (2008)Building Enegy Performance Regulatidmkara: Turkish Republic Ministry of
Public Works and Settlement, Republid@afkey Official Gazette, 27075

BEP-TR (2010)Building Energy Performance National Calculation Methodoldgykara:
Republic of TurkeyOfficial Gazette, 27778

BienvenideHuertas D (2021) Influence of the type of thermostat on the energy saving
obtained with adaptive setpoint temperatures: Analysis in the current and future scenario.
Energy and Building244: 111024.

BS EN 15459 (2017)Energy performance of building&conomic evaluation procedure for
energy systems in buildings.

BS EN 16798l (2019)Energy performance of buildings/entilation for buildings Part 1:

Indoor environmental input parameters for design and assessment of energy performance
of buildings addressing indoor air quality, thermal environment, lighting and acoustics
Module M16.

BS EN ISO 7730 (2005 rgonomics of the thermal environment. Analytical determination
and interpretation of thermal comfort using calculation of the PMV and PPD iraticks
local thermal comfort criteriaGenevalnternatioral Standardization Organization

Bursagaz (2022)nnual ReportBursa, Turkey: Bursagaz Natural Gas Distribution Company.

ClimateOneBuilding (n.d.Yypical Meteorological Year Weather Datavailable at:https:/
climate.onebuilding.org/WMO_Region_6_Europe/TUR_Turkey/index.htmi#DBU_Bursa

( M

D6 Agostino D, Daraio L, -dgtmaimethmdol@yandpassivec hi el | o

strategies for building energy efficiency: A casady Architectural Science Reviddi(6):
400 409.

DrisstLamrhari EH, Benhamou B (2018hermal behavioand energy saving analysis of a
flat with different energy efficiency measures in six climdetiding Simulatioril
1123 1144.

Hu |, Liu Z, Ma G, Zhang G, Ai Z (2023) Air infiltration and related building energy
consumption: A case study of office buildings in Changsha, Clanenal of Building
Engineering74: 106859.

International Energy Agendy IEA (2021) Turkey 2021 Energydiicy ReviewParis:IEA
World Energy Stistics and Balances (database)

279



Vol. 12, No4 Kaymaz & SezeA Multi-Variable Analysis for Heating Energy

IZODER (n.d.)TS 825 Thermal Insulation Calculation Toélailable at:https:/Awwlzo
der.org.tr/sayfa/30A825-hesapprogrami

Kaymaz E (2023A design support model to provide thermal and visual comfort conditions
for energy optimization in residential building®hD ThesisThe Republic of Turkiye
Bursa Uludag University

Kong M, Dong B, Zhang R, O'Neill Z (2022) HVAC energy savings, thermal comfogtiand
quality for occupantentric control through a sidig-side experimental studpplied
Energy306: 117987.

Luo M, Zheng Q, Zhao Y, Zhao F, Zhou X (2023). Developing occtqagattic smarhome
thermostats with eneregaving and comfoitnproving goalsEnergy and Building299:
113579.

Mathur U, Damle R (2021) Impact of air infiltration rate on the thermal transmittance value of
building envelopeJournal of Building Engineering0: 102302.

Moon JW, Han SH (2011) Thermostat strategies impact on energy consumption in flesidentia
buildings.Energy and Building43(2 3): 338 346.

SadineniSB, Madala S, Boehm RF (2011) Passive building energy savings: A review of
building envelope componentRenewable and Sustainable Energy RevigB(8):

3617 3631.

SchiavdAldiesSan®dro F, Bi anchi F, Asdrubalii
building sector: A review and comparative analyRenewable and Sustainable Energy
Review$2: 988 1011.

ki ke c a mArckiteciral Glass Product Catalogudvailable at: https://duzcam.sise
cam.com/efarchitecturafglass/professiongdroductcatalog

TSE (2013) TS 82%hermal Insulation Requirements for Buildingekara, The Republic of
Turkiye Turkish Standards Institution.

Turkish Republic Central Bank (202&pnual inflation rate and market interest rate statistics
in Turkey between 2018 and 202%ailable athttp://www.tcmb.gov.tr

Turkish Republic Ministry of Environment, Urbanization and Climate Change (20@2ery
energy and carbon emissions conversion factors for natural gas and eleéviaitgble
at: https://iwebdosya.csb.gov.tr/db/meslekihizmetler/icerikler/eledtrikjisininbirincil-en
erji-ve-seragazisalimi-katsayiladagustos2022dersonra2022082508591 1. pdf

Turkish Republic Ministry of Environment, Urbanization and Climate Change (202f@tb)
prices of construction and installation&vailable at: https://yfk.csb.gov.tr/birirdiyat
lar-i-100468

Turkish Statisticalristitutei TurkStatStatistic§2022)Building Permit Statistics IV. Quarter:
October T December. Available at: https:/data.tuik.gov.tr/Bulten/Index?p=Building
PermitsQuarterll: -April---June;202245830&dil=2https:Avww.tuik.govitr/Home/index

Xu X, Culligan PJ, Taylor JE (2014) Energy Saving Alignment Strategy: Achieving energy
efficiency in urban buildings by matching occupant temperature preferences with a
buil dingds i ndo @pplied Bnergl23dun) 2G9219.i r onment .

Zér hl @€oj | u Arrchive (h.e)8ite planef the fyfariimere bloéksé r hl éoj | u
Architecture Office Achive

280

=

(2


http://www.tcmb.gov.tr/

Athens Journal of Technology and EngineeriMplume 12, Issué,
Decembef0251 Pages281-292

Impact of GFRP Reinforcement Ratios on the Behavior
Full-scale Concrete Bridge Deck Slabs

By Rajai Z. AlRousari, Khairedin M. Abdalla,
Nikos D.Lagaros&& Barada R. Al nemr awi

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) materi al in prese
as governing the failure's mode of the diffeierstrengthof-concrete CFT

circular-shaped steel columns. For this purpose, the nonlinear finite element

analysis (NLFEA) method has been employed. To begin with, a CFT colunhn mode

was verified using the findings of previously published research; then, the
experiment al model was extended to include
the search. Eighteen FEA CFT column samples were prepared and cordined

their endg 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 acquite strength,

greater net drifting, and higher dissipation of energy. The parameters of the

experi ment al research were: i) the number o
axial load. The research aimed to numerically explore, utilizing NLFEA, the
influence of the research's parameters on t
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 ircyttie behavior,

represented by: more improved capacity of load, bigger horizontally oriented

di spl acement s, more displenergynaadnlées® s ductil it
deterioration in secant stiffness

Keywords: concrete strengthCFT columns, CFRPlateral loading, cyclic axial
loading NLFEA

Introduction

It is stipulated that the steel CFT (i.e., conefete | ed t ubul ar) col un
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
columnés end is taken as a critical | oca
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*Department of Civil Engineering, Jordan University of Science & Technology, Jordan
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combination of lateral and axial loadings. Concerning seismic designing, the resisting
tomo me n t frameds col umn mu s t have the abil
deformation and enough ductility. The CFT column's behavior has been researched by
a large number of credible researcli8isen et aR024 Amer et al2023 Alnemrawi
and AFRousan20243; among those was Xig@004 who suggestedonfining the
end region of a CFT column with FRP, aiming at preventing the columns from
outward | ocal buckling and enhancing the co
this technique enhances the behavior of the internal concrete, particularly in the case of
having columns' ends with high stresébsng et al2012 Al-Rousan et al024.
Much research has been carried out to investigate the usefulness of confining the CFT
col umnsd e (AttRousaniandAInemiR023 Yu et al.2016§. Some
researchers investigated the effectiveness of wrapping -onwhetonicaxiak
compression CFT circular columns with gi&$P material when these columns were
exposed to a monotonic type of axial compresfigimeyisi and NouR019 and
cyclic type of axial compressidiieng et al2013. Howeveronly a limited number
of researchers studied the wrappéith-F RP CF T s t seisnlic pafarhaocenn s 6
(Du et al.2021); they found that the wrapp&dth-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
analyzei numericallyi t he structuresd response when su
(Ren et al2022 Shaaban and S&kd18 Al-Rousan and Alkhawald&t®2]). Studying
the CFT c ol umwkedsubeetes o@xakaad cyclic lateral loads a
rather difficult task because a speg@atpose setup and unigoapacity testing
machine are required to fulfill such studi@s-Rousan et aR021). 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 redlfe ones(Alhassan et aR018§ Al-Rousar2022 Al-Rousar020.
After being properly validated, the simulatad-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 FREAbdalla et al202Q Al-Rousan and Sharn2821). To attain
unique and worthy findings, the research in hand employs NLFEA to simulate the
response of confinedith-CFRP CFT circulashaped and madsd-steel columns
when exposed to cyclic lateral and axial loads. The-§iElated models were put to
an adequate validation as per the findings of Yu ef{28l1§ achieved from
experiments run on biscale, cantilever columns; then, the model was expanded to
include the influence of concreteds strengt

Modeling Methodology

Figure 1 displays the geometric properties of the simulated model, along with the
setup diagram of the experimdiviu et al.2019. 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 diameteithickness 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. TheDiagram of the Experiment's Setupimensions in mrf¥u et al. 2016

Applied lateral displacement history,

The discretization of the CFT column models was done utilizing the ANSYS
(2016 along with threalimensional isoperimetric solid elements that had eight
definingnodes (Figure 1Y he besfit density of mesh was specified by carrying out a
convergencestudy. As forthedbundary condi tlawererglswerehe col u1
made fixed, while the upper ends could move fréBhe concrete was simulated
utilizing the element SOLID65, which had eight witineedegreefreedom nodes and
could move in every direction; also, this element had the capabilities of cracking,
plastic deforming, and crushing in three perpendiculeni@tions. The Solid65
e | e meapabilty of concrete crushing was not considered upon simulating the
models because it was not experimentally noticed. Hence, theénodeld t i mat e f ai |
and c e aacking degeinded totally on theension strainsSince the stipulated
c 0 n csrPeigs@n datio was between 0.15 and 0.22, the current research chose the
ratio to be 0.ZAl-Rousan et aR029. The criterion otoncrete failure was defined by
using each of the -aftimate strengths in compressidfigure 2), the iftension
strengt h ( Fi gsunodelus df)elasticayaCl Corvritiea?@19. The
condition of the face of cracking was defined by the coefficient of shear trgh3fer (

which was 0.2 (the universal value). To ensure that the FE model was accurate, the

model of Kent and Parl97) was ut il i zed for the concret
strain formula (Figure 1). Figurke shows the ndinear graph of stress vs strain that

was employed for modeling concret¢ ul i zi ng ANSYSs in as the
compression strength was: 40, 30, and 20

had the capability of representing one rigid substance and a maximum of three various
reinforcing materials. The concrete wassumed isotropic up till the emergence of
cracking and then, encountered plasticity
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Figure 2. Concrete StresStrain CurveYu et al2016
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The element of SOLID45 could move in every direction, and it was utilized to
simulate the steel plates and circglaaped tubes of steel. The linear performance of
elastic stresst r ai n was employed with a value of:
yieldds streddgiofat27ktMRass a&ff 353 MPa, and
This element (Solid45) was employed for simulating the confining CFRP, having a
modulus of elasticity of 237.8 GPa and awltsnate strain of 0.85%, making the
thickness equal to 0.34 mvu et al.2016. The concretéube and CFRfube bonds
were assuminglperfect; 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 displaceroenirolled, 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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Table 1. NLFEAResilts for Sinulated CFT

CFRP . :
Specimen Nam¢ Concrete Nurmberof Honzpntal Horizontal
Strength, MPa layers net drift, mm load, kN

CFT40C5 5 116.8 114.8
CFT40C6 6 122.9 120.3
CFT40C7 40 7 132.7 128.8
CFT40C8 8 139.8 135.5
CFT40C9 9 145.1 139.5
CFT40C10 10 148.9 141.9
CFT30C5 5 90.5 89.0
CFT30C6 6 94.4 92.3
CFT30C7 30 7 101.0 98.1
CFT30C8 8 105.4 102.2
CFT30C9 9 108.5 104.2
CFT30C10 10 110.3 105.0
CFT20C5 5 58.9 88.8
CFT20C6 6 62.0 96.6
CFT20C7 20 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 noéthod
NewtonnRaphson was adopted to attain a-loear 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 materialfAl-Rousan and Alnemrai024 Alnemrawi and AIRousar20244).

Figue 3 i ndi cat e ssloaddrift hysterebiserestiEagreed, tb & lgadd
extent, with the ones obtained experimentally by Yu e{(28l1§ regarding the
specimerof CFT columns wrapped with six CFRP, named L&EFL06F. Also, it

was noticed that there was a remarkable agreement between the two models regarding
the shapes of deformation and failure modes (Figure 3).

NlIfea Resultsand Discussion
Horizontal Loadversus Displacement Hysteretic Response

Table 1shows the NLFEA results for all simulated CFTs. Figudisglays 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 reinforeetth-layersof-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 CFTC o | u hoadsv®Net Drift Hysteresis Response
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Ultimate Load and Drift Capacities

Referring tahe outcomes depicted in Tabldte following have been observed:
1) there was a disproportionate enhancement in the latechimetf t when t he col u
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 oftgp@lload, the
capacities of lateral load and tkift improved, but not in the same ratey8apping
the column with ¥4 layers of CFRP have availed insignificant improvenerthe
behavior of columns; and 4) using 8, 9, and 10 layers of CFRRéadrme influence
on t h esperormancenTbese findings evidently indicated that reinforcing CFT
columns with a maximum of seven layers of CFRRsicerably improved the
c o | u capasityof lateral load, whileusinggeht | ayers i mmetoved the
drit. Wher eas, at 2 8 stravigRha reirdofcingcCé Th aolunens of sieel
with up to nine layers of CFRRd ect i vel y i mpapacity efthteral he c ol umn
load, whereas the wraps of CFRP did not affect the net drift.

Lateral Displacemenifersi s St e eBeldvier St r ai n

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 ste€igube.
5di splays the prototypical steelltistubeds | ev
noted thatthes t r ai n | ev el sitube of dteel, at@HAeVel of sulfate,mn 6
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 Displacementersus CFRP StraiBehavior

Figure 6shows the graph that displays the relation of the reinfewteedCFRP
CFT columns' horizont al di spl acements wit|
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 faillfigure 6i ndi cat ed t hat the CF
swiftly rose when the horizontal displacement was slightly raised, whereas a rapid rise
i n horizontal displacement rFattkeqitwaed i n a |
found that utilizing up to five layers of CFRP was not sufficient to improve the
CFRPO6s strain.

Figure 6. Typical CFRP Strain CFT Column
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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
rel ati on bet we edegratakioa in liffndss andtthe unumbes @ cycles,
as illustrated in Figure Referring to the curve of stiffness degradation vs nummibe
cycles, Figure g8howed that the slope (regarding the CisRéngthened 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 coldimoting area.

Conclusion

Reinforcing CFT columns withwpas of CFRP enhdaeraled t he co
behavior, to a big extent. Reinforcing the-$tiulated CFT column with-50 CFRP
wraps enhanced their lateral load and capacities of net- dniftconsequencé
i mproved the performancebés factor and di ss
found to govern the extent of improvement in CFT colusp@&rformance, 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
simulateethroughNLFEA 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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