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ETiK BEYAN VE ARASTIRMA FONU DESTEGI

Kocaeli Universitesi Fen Bilimleri Enstitiisii tez yazim kurallarma uygun olarak
hazirladigim bu tez/proje ¢alismasinda,

- Bu tezin/projenin bana ait, 6zgiin bir ¢calisma oldugunu,

- Calismamin hazirlik, veri toplama, analiz ve bilgilerin sunumu olmak iizere
tiim agamalarinda bilimsel etik ilke ve kurallara uygun davrandigima,

- Bu calisma kapsaminda elde edilen tiim veri ve bilgiler i¢in kaynak
gosterdigimi ve bu kaynaklara kaynakg¢ada yer verdigimi,

- Bu calismanin Kocaeli Universitesi’nin abone oldugu intihal yazilim
programi kullanilarak Fen Bilimleri Enstitlisii'niin belirlemis oldugu
Olciitlere uygun oldugunu,

- Kullanilan verilerde herhangi bir tahrifat yapmadigimu,

- Tezin/Projenin herhangi bir boliimiinii bu iiniversite veya baska bir
iniversitede baska bir tez/proje ¢aligmasi olarak sunmadigima,

beyan ederim.

Bu tez/proje ¢alismasinin herhangi bir asamasi higbir kurum/kurulus tarafindan
maddi/alt yap1 destegi ile desteklenmemistir.

[0 Bu tez/proje  calismast  kapsaminda  {retilen  veri  ve bilgiler
............................................ tarafindan  ...........ccceeceeiieeieeieeee.. nO’lU proje
kapsaminda maddi/alt yap1 destegi alinarak gerceklestirilmistir.

Herhangi bir zamanda, ¢aligmamla ilgili yaptigim bu beyana aykir1 bir durumun
saptanmasit durumunda, ortaya cikacak tiim ahlaki ve hukuki sonuglar1 kabul
ettigimi bildiririm.

(Imza)
_ Murat Cagri Uludas
(Ogrencinin Adi1 Soyadi)



YAYIMLAMA VE FiKRi MULKIYET HAKLARI

Fen Bilimleri Enstitiisii tarafindan onaylanan lisansiistii tezimin/projemin tamamint
veya herhangi bir kismini, basili ve elektronik formatta arsivleme ve asagida
belirtilen kosullarla kullanima agma izninin Kocaeli Universitesi’ne verdigimi
beyan ederim. Bu izinle Universiteye verilen kullanim haklar1 disindaki tiim fikri
miilkiyet haklarim bende kalacak, tezimin/projemin tamaminin ya da bir boliimiiniin
gelecekteki calismalarda (makale, kitap, lisans ve patent vb.) kullanimi bana ait
olacaktir.

Tezin/projenin kendi 6zgiin calismam oldugunu, baskalarinin haklarmi ihlal
etmedigimi ve tezimin/projenin tek yetkili sahibi oldugumu beyan ve taahhiit
ederim. Tezimde yer alan telif hakki bulunan ve sahiplerinden yazili izin alinarak
kullanilmasi zorunlu metinlerin yazili izin alarak kullandigimi ve istenildiginde
suretlerini Universiteye teslim etmeyi taahhiit ederim.

Yiiksekogretim kurulu tarafindan yayinlanan “Lisaniistii Tezlerin Elektronik
Ortamda Toplanmasi, Diizenlenmesi ve Erisime Ac¢ilmasina Iliskin Yonerge”
kapsaminda tezim asagida belirtilen kosullar haricinde YOK Ulusal Tez Merkezi/
Kocaeli Universitesi Kiitiiphaneleri Acik Erisim Sisteminde erisime agilir.

1 Enstitii yonetim kurulu karar1 ile tezimin/projemin erisime acilmasi mezuniyet
tarihinden itibaren 2 yil ertelenmistir.

] Enstitli yonetim kurulu gerekgeli karari ile tezimin/projemin erigime acgilmast
mezuniyet tarihinden itibaren 6 ay ertelenmistir.

Tezim/projem ile ilgili gizlilik karar1 verilmemistir.

(Imza)
Murat Cagr1 Uludas
(Ogrencinin Adi Soyadi)
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ANALYSIS OF ENERGY-SAVING POTENTIAL OF SUNSPACES
INCORPORATING PHASE CHANGE MATERIAL IN DIFFERENT CLIMATIC
REGIONS OF TURKEY

ABSTRACT

Sunspace integration is an effective yet simple solar system application to improve the
energy efficiency of buildings. However, numerous factors can affect its effectiveness.
They should be evaluated regarding different design parameters and climatic conditions
to achieve the most appropriate implementation. From this point of view, the impacts of
sunspace integration to a detached house located in five different climate zones in Turkey
were numerically investigated. The effect of the active shading and location of the phase
change material (PCM) inside the partition wall were studied. Also, various PCMs
introduced sunspace configurations considering six phase transition temperatures from
19 °C to 29 °C, a phase stabilized material (PSM), and six different glazing unit structures
including single, double, and triple pane glass, were examined to determine the most
effective designs. The analyses were performed for different climatic conditions in
Turkey (namely, for the cities of Ankara, Antalya, Erzurum, Istanbul, and Sivas). By the
annual analysis, it was revealed that sunspace attachment is significantly beneficial for
the reduction of cooling and heating demands, which leads to lower energy consumption
and CO; emission, for the majority of considered sunspace configurations. Results
showed that, depending on the configuration, the total required energy and CO; emission
can be reduced by up to 629 kWh and 168 kg/year, respectively. It was also seen that a
PCM incorporated sunspace can attain a yearly energy saving of up to 20.86%.

Keywords: Annual Energy Analysis, CO2 Emission, Energy Saving, Phase Change
Material, Sunspace.
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TURKIYE’NIiN FARKLI iKLiM BOLGELERINDE BULUNAN FAZ DEGIiSiM
MALZEMESI ICEREN GUNES MEKANININ ENERJI TASARRUFU
POTANSIYELININ ANALIZi

GENISLETILMIS OZET

Gilines mekanlari, basit olmasina ragmen etkin sistemlerdir. Glines mekanina gelen giines
1sinlarindaki enerji, binay1 olusturan yapilarda (duvar, taban vs.) ve de giines mekaninin
icindeki hava yardimiyla depo edilip gerektigi zaman kullanilir. Depo edilen 1s1y1
arttirmak icin, termal depolama sistemleri kullanilabilir. Bu tez ¢alismasinda, giines
mekani ile oturma odasinin arasindaki duvarin igine faz degisim malzemesi (FDM)
eklenerek, giines mekaninin 1s1y1 tutma kapasitesi arttirilmistir. Bu etkileri incelemek
amaciyla, Tiirkiye’nin bes farkli iklim bolgesindeki bes sehir secilip, miistakil bir bina
tasarlanmistir. Daha sonra, bu binaya giines mekani eklenerek, ve bu glines mekaninin
parametreleri degistirilerek, EnergyPlus™ programi yardimiyla aylik ve yillik enerji
ihtiyaclar1 bulunmustur. Aktif golgeleme sistemi, bolme duvarinin iginde {i¢ farkl faz
degisim malzemesi konumu, alt1 farkli faz degisim sicakligi, ve alti farkli cam tipi
incelenen parametreleri olusturmaktadir. Ayrica, analizler, faz degistiren malzemenin
gizli 1s1sinin etkisini gormek amaciyla ayrica FDM ozelliklerine sahip ancak faz
degisiminin olmadig1 (faz stabil malzeme, PSM) bir malzeme i¢in de gergeklestirilmistir.

Aktif golgeleme sistemi, 31 Mart-30 Eyliil tarihleri arasinda calistirilip, saat 6:00'dan
18:00'e kadar rulo perde acilarak, igeri giren gilines 15181 miktarnin azaltilmasi
saglanmistir. Diger giinlerde ise aktif goélgeleme sistemi, pasif duruma gecirilerek
golgeleme yapmasi engellenmistir. Faz degisim malzemesinin, bélme duvariin 6n, orta
ve arka konumlarina yerlestirildigi durumlar i¢in analizler yapilmistir. Aktif golgeleme
ve faz degisim malzemesi konumu Istanbul iklim kosullarinda arastirilmis olup, aktif
gblgelemenin tiim konfigiirasyonlarda yararli oldugunun goriilmesi ve konumunun ciddi
bir etki yapmadig1 géz oniine alinarak diger konfigilirasyonlarda aktif golgeleme sistemi
acik ve faz degisim malzemesinin de duvarin orta konumuna yerlestirildigi durumlar
dikkate alinarak analizlere devam edilmistir. Faz degisim sicakligi olarak, 19 °C’den 29
°C’ye kadar 2 °C araliklarla alt1 farkli sicaklik se¢ilmistir ve tiim iklim bolgeleri i¢in
optimum faz degisim sicakliklar aragtirllmistir. Faz degisim sicakliklar1 ve faz stabilize
malzemenin etkisini gérmek i¢in berrak tek cam (single clear glass — SG-1) igeren 1 m
derinlikte giines mekan1 secilmistir. Optimum faz degisim sicaklig1 bulunduktan sonra,
cam tipi degistirilerek farkli iklim tipleri i¢in optimum cam tipi tespit edilmistir. Farkli
1sitma ve sogutma sistemlerinin igletme maliyetleri arasinda fark olusacagindan ve bu
farki en aza indirmek amaciyla binanin 1sitma ve sogutma ihtiyacini karsilamak igin
yiiksek verimli bir 1s1 pompasi sisteme dahil edilmistir ve bdylece yapinin isitma ve
sogutma icin harcadigi yillik elektirik enerjisi ortaya ¢ikarilmistir. Daha sonra bu enerji
yardimiyla esdeger COz salinimi1 bulunmustur. Yapilan yillik analizler sonucunda, gilines
mekaninin 1sitma ve sogutma ihtiyacini azaltmada onemli miktarda katki sagladigi
goriilmiistiir, bu da daha az enerji tiiketimi ve COz salinimini saglamigtir. Kullanilan
konfigiirasyona bagli olarak, gerekli toplam enerjinin 629 kWh kadar azaltilabilecegi ve
ayn1 zamanda COz emisyonu saliniminin 168 kg/yi1l azaltilabilecegi goriilmiistiir. Ayn
zamanda, faz degisim malzemesi ilave edilmis giines mekanlarinin 1sitma ve sogutma
yiikiinden yillik %20,86’ya kadar enerji tasarrufu saglayabildigi goriilmiistiir.

X



Anahtar Kelimeler: Yillik Enerji Analizi, CO; Emisyonu, Enerji Tasarrufu, Faz
Degisim Malzemeleri, Giines Mekani.



1. INTRODUCTION

Recent studies indicate that global temperature values are increasing at an accelerating
pace (Rathore and Shukla 2020). To reduce or even stop this increase, 196 member
countries of the United Nations Framework Convention on Climate Change signed the
Paris Agreement (Anon 2015) in 2015 and agreed to work to keep the rise of global
average temperature well below 2 °C. As a result of this agreement, studies on the
prevention of climate change and the conservation of energy have received remarkable
attention from academic as well as industrial perspectives. It is found that global warming
is predominantly caused by greenhouse gas emissions resulting from human activities
such as excessive fossil fuel usage since the mid-twentieth century (Castellari and Kurnik
2017). As indicated in BP’s Statistical Review of World Energy Report (Anon 2021b),
residential and commercial buildings account for 29% of the primary energy
consumption, while nearly 83.1% of this energy is generated by burning fossil fuels. In
this regard, many countries updated their regulations about construction and energy usage
of buildings to reduce the energy usage for residential and commercial buildings. These
regulations have established new directives and constraints when constructing new
buildings and renovating old ones. For example, according to the energy performance of
buildings directive (EPBD) 2010/31/EU (European Parliament and of the Council of 19
May 2010), when a new building is constructed, it must be a nearly zero-energy building
(European Parliament and of the Council of 19 May 2010). Based on the performed
studies, to achieve energy efficiency in buildings, they should be constructed with a
combination of factors, such as high-performance building fabric, high-efficiency
equipment, active or passive solar system, energy-etficient lighting systems, and thermal

storage (D’ Agostino and Mazzarella 2019, Ionescu et al. 2015, Soares et al. 2013).
1.1 Literature Review

As one of the solar systems, sunspace is used very commonly in newly built buildings
because of its attractive and fashionable design, the potential to reduce energy
consumption, and multi-purpose utilization (Ma et al. 2021, Mihalakakou 2002, Oliveira
Panio et al. 2012). Sunspaces can be considered in the category of both active and passive
solar systems since solar radiation heats the sunspace which, in turn, heats the living

space. Since sunspaces add little cost to the new building construction, it is more feasible



to use in the plan stages of the new construction projects. However, the literature survey
shows that they can still provide significant advantages to the old buildings. For example,
Allesina et al. (2019) used a transparent sheet to modify an existing balcony to construct
a low-cost sunspace, which only operates during the heating seasons. They built a small-
scale experimental setup and conducted measurements and dynamic simulations. The
sunspace was found to significantly reduce the heating energy demand in the heating
season while it causes higher cooling energy consumption. The study showed that the
temporary sunspace created with transparent sheet both performed better, and cost less
than glazing replacement combined with better wall insulation. Chiesa et al. (2017) carried
out an extensive study to determine the effectiveness of the sunspace utilization potential
in Europe considering 50 different locations, and thus, thermal-climatic conditions. They
showed that the sunspace integration to uninsulated buildings significantly decreased the
required energy for heating for all types of glazing elements. However, they observed that
the solar gains were small for the insulated houses. It was suggested to perform an
economic feasibility analysis to investigate the cost-effectiveness of the sunspace. Xifeng
et al. (2012) utilized a statistical method to examine the change in the mean indoor air
temperature in a classroom that included a sunspace in a cold climate. During school hours,
the mean temperature of rooms in the central part of the building with a sunspace was 6.6
°C higher compared to reference rooms that have no sunspace, resulting in efficient energy
use and reduced costs of heating, ventilation, and air conditioning (HVAC) maintenance.
Aclenei et al. (2014) studied implementing sunspace in existing residential houses in
Portugal. The thermal performance of four configurations was considered in six different
regions. They found that the fully integrated, south-facing sunspace with high reflectance
shading performs better in all the cities, while for the other variables, their performance is
dependent on climatic conditions. Ulpiani et al. (2019) built a well-insulated room with an
integrated sunspace and investigated the effect of a mechanical ventilation system on the
partition wall between the attached sunspace and the test building. They reported effective
performance of the sunspace under various boundary conditions and a considerable
temperature rise in the sunspace even on snowy days. Lopez et al. (2018) studied the use
of sunspace while using sand on the floor as thermal storage to increase the thermal
inertia. The study showed that the temperature of the sand was usually higher than the

indoor temperature of the air, and the presence of the sand caused a higher heat transfer



during spring, autumn, and winter, whereas lower heat transfer in summer, leading to
lower energy consumption in both heating and cooling seasons. In addition, they stated
that most of the heat storage and heat release occurred in the top 10 cm of the sand layer.
Another study by Lopez et al. (2020) used a validated simulation tool to analyze the
thermal behavior and energy reduction potential of a sunspace built for a project. The
payback was found to be unreasonable for the three sunspace configurations tested.
However, it was noted that the cost of the sunspace is usually lower than the profit gained
through property appreciation if the sunspace is habitable. Ignjatovi¢ et al. (2015)
investigated the application of the sunspace as a method of improving living conditions
and energy performance with various design options and technical characteristics.
Although the sunspace application affected only 2 - 3% of the total energy requirement
of the whole building, it reduced the energy consumption of the room to which the
sunspace was attached by 8 - 11%. Monge-Barrio and Sanchez-Ostiz (2015) studied the
impact of sunspace utilization on energy usage in Pamplona, Spain. It was found that
sunspace has a favorable impact on energy efficiency in both summer and winter seasons,
and their design must consider all-year-round climate conditions. Ma et al. (2020) showed
that the integration of sunspace with a single pane window into a rural building has a
significant effect on reducing energy consumption in cold climates. They also found that,
with the use of a double-pane window, the energy-saving rate can be increased nearly

twofold.

The literature review regarding sunspace integration in buildings shows that the use of
sunspaces is a promising technique to conserve energy in detached houses despite
potential disadvantages such as the high solar gain during the cooling season and high

pay-back periods.

Another technique that has been implemented in buildings to save energy and provide
thermal comfort is the utilization of phase change materials (PCMs). They are mainly
incorporated in the walls (Devaux and Farid 2017, Li et al. 2021a), roofs (Li et al. 2015,
Xaman et al. 2020), floors (Cesari et.al. 2022, Rathore and Shukla 2019), and even
glazing systems (Jin et al. 2022, Li et al. 2020). Suitable melting/solidification
temperatures of PCMs enable them to exploit their high latent heat for solar energy

storage/release in building applications. For instance, Kuznik et al. (2008) performed



numerical simulations of a wall containing PCM and reported that the use of a I cm PCM
layer allowed double thermal inertia of the wall. In addition, the thermal fluctuations in
the room were significantly reduced, meaning that the use of PCM provided thermal
comfort along with energy-saving. In a subsequent experimental study, Kuznik and
Virgone (2009) reported that the use of PCM reduced the indoor air temperature up to 4.2
°C. Lee et al. (2015a) investigated the effect of using a thin PCM layer in the wall on the
heat transfer and time delay and found that the utilization of PCM resulted in
approximately 6 h of time delay, as well as a 27% reduction in the heat transfer. Pasupathy
and Velraj (2008) explored the potential benefit of using double-layer PCM on the roof
of a building and found that PCM decreased temperature fluctuations. However, it was
highlighted that the selection of the PCM is of great importance since the performance of
the PCM is highly dependent on its thermophysical properties. Bhamare et al. (2020)
evaluated a PCM integrated building roof application model at various inclination angles.
Energy savings up to 16% could be reached with the PCM slab compared to the
nonexistence of the PCM slab at a 2° inclination angle. Moreover, a nearly 2.4 °C
decrease in the ceiling temperature was observed with PCM. Mazo et al. (2012) studied
a floor application of PCM considering a radiant floor heat system integrated with PCM.
According to the study, the PCM integrated radiant floor heating system provided an 18%
reduction in energy costs due to the shift of loads from peak hours to off-peak hours of
electricity demand. Li et al. (2016) performed a thermal performance analysis of a PCM-
filled glazing unit to evaluate potential benefits. They observed that the photothermal
performance of the PCM-filled glazing unit was strongly dependent on the phase state. It
was reported that, with the extinction coefficient of 200 m!, the time to reach the interior
surface to the highest temperature was 300 min earlier in the solid state, compared to the
extinction coefficient of 5 m™'. The above review proves the obvious advantages of the
use of PCM in building components and confirms that the use of PCM in buildings is a

popular research field.

Considering the merits of sunspace and thermal energy storage, some researchers
combined sunspaces with various PCMs to evaluate the thermal performance of the
overall system (Lu et al. 2018). For instance, Vukadinovi¢ et al. (2020) analyzed a
detached residential building with a sunspace integrated with a thermal energy storage

wall consisting of a thick concrete layer. The wall also contained a PCM layer. Three



locations of PCM inside the thermal energy storage wall (near the exterior, near the
interior, and in the middle) were tested. The annual building energy consumption was
tracked for five cities in Serbia, located in regions with various climate conditions. The
study revealed that the PCM improved the thermal inertia. Placing the PCM in the middle
of the wall was preferred because it showed the best thermal performance compared to
the other locations. Furthermore, it was reported that up to a 2.4% reduction in the annual
energy demand of the building could be achieved by combining the sunspace with the
additional PCM layer compared to the reference case, which was a sunspace without any
PCM. In another study, Li et al. (2021b) studied a sunspace louver with or without PCM.
It was found that, in terms of energy saving, PCM integration into the sunspace louver
can be beneficial or harmful during the heating season depending on the design indoor
temperature. A design indoor temperature of 18 °C was advantageous, whereas 16 °C or
lower design temperatures were detrimental. Besides, the sunspace integration alone
resulted in a nearly 23% saving in energy consumption. This saving could be further

enhanced by up to 5% by integrating PCM into the louver.
1.2 Novelty and Objective of the Study

The literature survey presented above reveals that sunspace integration is a remarkably
beneficial passive technique for energy saving. Furthermore, it can also provide a
significant reduction in carbon emissions related to its energy-saving potential. The design
of a combined sunspace-PCM system includes numerous parameters such as the type of
the utilized glazing and phase transition temperature, PCM location, etc. These parameters
need to be optimized for the highest possible energy saving and carbon emission reduction.
In addition, the effectiveness of the sunspace should be examined throughout the whole
year, as its thermal effectiveness can be different for heating and cooling applications.
Moreover, climatic conditions in the location where the sunspaces are constructed also
present an influential parameter for the design of the sunspace. It is therefore required to
evaluate the sunspace effectiveness for the particular location. As revealed by the literature
review, existing research works usually include only part of the perspectives to design the
sunspace and evaluate its benefits and drawbacks. Furthermore, studies that seek to

evaluate and optimize the design of combined sunspace-PCM systems are lacking.

Literature survey also suggests that even though there are numerous studies regarding



sunspace, only a few studies were conducted on the climatic conditions of Turkey even
though it is one of the biggest countries in Europe and contains multiple climatic
conditions. Therefore, the present work aims for a comprehensive investigation into the
design of combined sunspace-PCM systems in Turkey to find possible energy savings.
The parameters considered include different glazing types, phase transition temperatures
of the PCM, and PCM locations in the partitioned wall. Besides, the studies are performed
a phase-stabilized material (PSM) to reveal the utilization of latent heat of PCM (Arici et
al. 2020). Moreover, the active shading system was investigated to emphasize its

significance in the sunspace systems.



2. METHODOLOGY

In this section, selected standards, calculation methods, parameters, properties of the
materials, and details of the equipment were presented in detail to provide a better

understanding to the reader of this thesis.

A detached house in five different locations in Turkey was considered. Annual thermal
analyses were performed to evaluate the effect of the sunspace application. To investigate
the effects of the sunspace in different climatic conditions, five different cities, each
located in a different climatic zone of Turkey, were selected. The details of the considered
cities are shown in Table 2.1 and climatic zones according to TS 825 are shown in Figure
2.1. United Kingdom National Calculation Methodology (UK-NCM) standards were used

to determine indoor conditions and heat gain factors.

Table 2.1. Details of selected locations

TS 825

Location Latitude Longitude - vatien Climate Ko‘ppen‘
(m) Zone Classification
Antalya 36.87 30.73 54 1% zone Cfa
Istanbul 40.97 28.82 37 2" 7one Cfa
Ankara  40.12 33 949 3" zone Dfb
Sivas 39.75 37.02 1285 4™ zone Dfb
Erzurum  39.95 41.17 1758 5% zone BSk

- 1% zone

B 2 zone B 3 zone [ 4"zone || 5"zone

Figure 2.1. Climate zones according to TS 825



Thermal analyses were conducted by using EnergyPlus software. Required 3D geometry
was created by Revit software by using a real construction plan for a detached house and
the building height was selected as 3m. After the geometry was imported to the
EnergyPlus software, HVAC zones were defined and required information such as
building fabric, indoor air conditions, weather files, and algorithms were defined. 3D and
plan view of the detached house can be seen in Figure 2.2. The building fabric was
designed based on generally used materials in Turkey and the U-values of the construction
elements are shown in Table 2.2. Since the PCM has different thermophysical properties
in liquid and solid phases, the U-value for the partition wall is changing between 2.675
W/m2K to 2.891 W/m?>K depending on solid/liquid percentages. Construction and
properties for the partition wall and properties of PCM are shown in Figure 2.3., Table
2.3., and Table 2.4., respectively.

(a)
Z01 Kitchen Z09 Study Room Zog wc Z07 Bathroom
16.8m? 11 m? 5.75m? 87 m? ZTSZE;YV
HST:18°C HST:21°C HST:18°C HST:18°C Uncc;nd‘:tioned
CST:25°C CST:25°C CST:25°C CST:25°C
Z05 Garage
43.8m?
Unconditioned
Z10 Corridoor
13.2m?
Unconditioned
Z02 Living Room
303 m?
20P
gg:ggug Z03 Bedroom Z04 Bedroom N
: 14.2 m? 13.15m? LA |
HST:18°C HST:18°C
CST:25°C CST:25°C
Z11 Sunspace
Unconditioned

Figure 2.2. Three dimensional and plan view of the detached house
(a) Three dimensional view (b) Plan View



Table 2.2. U-values of the building components

Construction material U-value (W/m?-K)
Outer wall 0.543
Internal partition 1.923
Sunspace partition without PCM 2.943

Sunspace partition with PCM 2.675-2.891
External door 5.429
Flat roof 0.25
Ground floor 0.253

/7] GYPSUM PLASTERING
0% DENSE CONCREATE

PCM
~ N N TR 58 S ~ NN QY
\\\\:\\\\\\\\\\\\\\\\ \\ \\\\\: \\\\\\\\\\ \\\\:\\\\\\\\\\\\\\\\

R AN DORONN SO AN T RN
14 NN NN 18 ZR R RS o jud RN RN [1d
E R \\\\\\ \\\\\\ NZR E \\\ R SR \\\ L E LA \\\\ o \\\\ X w
S N NN X N JaNoNY] = RO >
= NN B < N S NONNNN R~ NN =
~ N N S ~ ~ S X
— \\\\ \\\\ ] | X \\ =Y ) \\\\ ] J \\\\ \\\\ e
= SolN R [ NN e - o N R A -
1) R RN I A, 7 [} NS N 2NN A o 93] S N N 7
Q \\\\\\\\\\ Q N R \\\\ Q \\\\\\\\\\
> AN © SR /NN Ay © 2 /AN o
AN = RN o = LN SR =
o NN NN o o AR o AN o i AN AN o
L ol h e e w TR ZRNNARNRNN SRR w TR 7/ NNNSNANRANRON RN w
= Rihaasaihan e = = SRR N NN = O R Z
2 \\\\\\ \\\\ N \\\ = =) \\\ NN \\\\\\ = 2 \\\\\\ \\\\\\ \\\ =z
Q SRR = Q % 2 M = Q ARG R o =
NN e R S SR S NN RO
\\\ \\\\\\ \\\\\\ QU \\\\ \\\ \\\ \\\\\\ \\\\\\
\\\\\\\\\\\\ \\\\\ \\\ She \\\\\\\\\ \\\\\\\\\\\\\\\\\
NEAR THE EXTERICR MIDDLE NEAR THE INTERIOR
Figure 2.3. Construction of the partition wall
Table 2.3. Properties of the partition wall with PCM
Layer 1 Layer 5
Layer 2 Layer 3 Layer 4
(Outermost) y Y Y (Innermost)
Construction Gypsum Dense PCM Dense Gypsum
material plastering concrete concrete plastering
Thickness (mm) 5 35 30 35 5
Thermal conductivit
WimK) Y 1.2 1.4 See Table 2.4 1.4 1.2
Density (kg/m?) 2100 2100 See Table 2.4 2100 2100
Specific heat
p 1000 840 See Table 2.4 840 1000
(J/kgK)




Table 2.4. Properties of the PCM layer

Pegk Pea}( Thermal . Specific
melting freezing . Density
temperature temperature conductivity (kg/m?) heat
°C) ©C) (W/m-K) (J/kg-K)
19°Cc _Solid 18 - 1.09
Liquid - 20 0.54
21°c _Solid 20 - 1.09
Liquid - 22 0.54
23 °C Solid 22 - 1.09
Liquid - 24 0.54
ssec _Solid 24 : 1.09 1540 3140
Liquid - 26 0.54
27 °C Solid 26 - 1.09
Liquid - 28 0.54
29 °C Solid 28 - 1.09
Liquid - 30 0.54

In the study, yearly dynamic energy analyses were conducted. The one-dimensional
conduction finite difference model (CondFD) was implemented in the software as the
conduction transfer function transformation (CTF) model used for the heat balance
calculations has certain limitations (EnergyPlus 2013). Furthermore, the CTF model
cannot be used for simulating the interior nodes of the materials and phase change
phenomena. On the other hand, the CondFD model can be safely utilized for the
simulation of phase change materials (Lee et al. 2015b, Sheeja et al. 2020). EnergyPlus
offers two different schemes for the discretization of the conduction equation, namely,
fully implicit and semi-implicit Crank-Nicholson. The fully implicit scheme was selected
in this study. Thus, the discretized form of the conduction equation is shown below for a

general interior node (Eq. 2.1).

j+1 j+1 j+1 j+1 j+1

A T:,  —T: T: —T:
C AX i i— k it1 i | k i-1 i 21
pP At W ax E ax (2.1)

Here, c;, is the specific heat capacity, p is the density, Ax is the spacing between the nodes
in the modeled domain, At is the temporal time step. The node temperature is represented
by T while the thermal conductivity is represented by k. Also, i is the node modeled,

whereas i—1 and i+1 are the neighboring nodes. The current and next time steps are
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represented by j and j+1, respectively. The resulting linear equations were solved using
an iterative method with under relaxation for increased stability (Eq. 2.2) (EnergyPlus

2013).
T =T + (T = T)Freax (2.2)

Here Frelax 1s the relaxation factor for temperature. Variable specific heat value was used
to simulate the phase change process based on the updated node enthalpy in every
iteration (Eq. 2.3). The specific heat of the material was determined by using the input

tabulated data of enthalpy/temperature pairs.

jt1 _ 4
_ b h;

c, = — : (2.3)
p Ti]+1 - Ti]

The hysteresis physics occurring in the presence of the phase change process was captured

by the specific heat and the independent variables given by Eq. 2.4.
Cp = f(Tin, Tij, PhaseState/*?, PhaseState’) (2.4)

For calculating external convection, the DOE-2 model was selected. While the convection
was calculated with the classic formula in Eq. 2.5, the convective heat transfer coefficient
was calculated using Eq. 2.6-2.9 in the DOE-2 model. Eq. 2.6 was utilized for calculation
of the heat transfer coefficient for very smooth surfaces such as glass while Eq. 2.7 was
used for other surfaces. When there is no temperature difference on vertical surfaces, Eq.
2.8 was employed to calculate the natural convective heat transfer coefficient while Eq.

2.9 was used for horizontal surfaces.

Qc = hcA(Tgyrf — Tair) (2.5)

hc,glass = \/hrzl + [a X Vzb]z (2.6)

h.=h, + Rf(hc,glass - hn) (2.7)

h, = 1.31|AT| /3 (2.8)
1

9.482|AT| /3 2.9)

n 7283 — |cosY|

In the above equations (i.e. Eq.2.5 to 2.9), Q. is the rate of exterior convective heat
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transfer, h¢ is the exterior convection coefficient, A is the surface area, Tsuf is the surface
temperature, Tair is the air temperature, hc glass s the convective heat transfer coefficient
for very smooth surfaces such as glass, h, is the natural convective heat transfer
coefficient, V_ is the local wind speed calculated at the height above ground of the surface
centroid, R is the surface roughness multiplier, > is the surface tilt angle, AT is the
temperature difference between the surface and air, while the a and b values are constant
and changes with the wind direction. Details of surface roughness multiplier, and a and b

constants are given in Appendix G.

For calculating interior convection, the Thermal Analysis Research Program (TARP)
model was selected. Similar to the DOE-2 algorithm that was used for calculating external
convection, TARP model also uses Eq. 2.8 and Eq. 2.9 to calculate the natural convective
heat transfer coefficient for vertical and horizontal walls, respectively. Since there was no
forced convection inside the house, the convective heat transfer coefficient (hc) was equal

to the natural convective heat transfer coefficient (hy).

The annual thermal analysis was conducted with a series of different sets. For the first
set, detached houses without sunspace in different climatic conditions were analyzed, and
these cases were considered reference cases for these locations. For the second set, a
sunspace with single clear glass was attached to the south wall of the living room and the
effect of active shading was investigated in the climatic conditions of Istanbul. The length
of the sunspace was chosen as 5.75m while the width of the sunspace was chosen as 1 m.
For the active shading system, a 3 mm thick light opaque shade roll was used while the
solar reflectance and solar transmittance values for this shade were selected as 0.5 and
0.05, respectively. The active shading system was operated between 6:00 AM to 6:00 PM
from 31 March to 30 September to minimize the effect of overheating caused by the
sunspace. For the third set, the partition wall construction was modified by moving the
location of the PCM inside the partition wall, and analyses were conducted in the climatic
conditions of Istanbul. For the fourth set, the effect of the phase change temperatures and
latent heat was investigated by using six phase transition temperatures from 19 °C to 29
°C with 2°C increments. The analyses were also performed for the phase-stabilized
material (PSM), which has the same properties as the PCM but can only use sensible heat

since it cannot change its phase, in all climatic zones. To investigate the overall
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performance of the sunspaces, a heat pump was introduced to the system to minimize the
unit price difference between heating and cooling applications. Seasonal energy
efficiency rating (SEER) and seasonal coefficient of performance (SCOP) for heat pump
were selected as 4.4 and 3.8, respectively. With the help of the SEER and SCOP, the
required electricity to cover cooling and heating demand was calculated. After the best-
case scenarios were determined for all climatic conditions, the glazing type of the
sunspace was replaced with other glazing types in the final set. Properties of the used
glazing types are shown in Table 2.5 and the sets considered in the thesis are summarized

in Table 2.6.

After the analyses were completed, the energy costs of heating and cooling applications
were found using the electricity prices in Turkey during October 2021 (0.071$/kWh).
Also, CO; emissions for each case were determined using the CO2 emission factor with a
24% allowance for the transmission/distribution losses (0.27322 kg-CO2/kWh) (Uludas
et al. 2021, URL-2). Equations used for finding energy consumption (kWh/year), energy
costs ($/year), and CO; emissions (kg-COy/year) were given in Eq. 2.10, Eq. 2.11, and
Eq. 2.12, respectively. Here, cooling energy demand was represented by CED
(kWh/year), and heating energy demand was represented by HED (kWh/year).

Table 2.5. Properties of the glazing elements

Glass Air gap U-value
Window type Abbreviation  thickness thickness SHGC )
(W/m?-K)
(mm) (mm)
Single clear glass SG-1 6 - 0.81 6.121
Electrochromic single 3G-2 6 i 0.254 6.121

coloured glass
Double clear glass DG-1 6 13 0.697 2.708

Double reflective

coating tinted glass DG-2 6 13 0.342 2.696
Triple clear glass TG-1 3 13 0.678 1.778
Triple glass with TG-2 6 6 0297 1714
low-e film

13



Energy Consumption = CED x SEER + HED x SCOP

(2.10)

Energy Cost = Energy Consumption x Electricity Price (2.11)
COz Emission = Energy Consumption x CO2 Emission Factor (2.12)

PHASE

TRANSITION CLIMATIC PCM ACTIVE
TEMPERATURE GLAZING TYPE CONDITIONS LOCATION SHADING

— 19 °C — Single Clear Glass — Antalya Front t On

. | . Electrochromic Single | .

21 °C Ol Clas Istanbul Middle Off
—=23 00 —= Double Clear Glass — Ankara Back
Double Reflective .

i " Coating Tinted Glass | Sivas

L 27 oC - Triple Clear Glass — Erzurum

| s00 |, Triple Glass with

W Low-E Film
— PSM
Figure 2.4. Investigated parameters
Table 2.6. Investigated sets
Istanbul Antalya  Ankara Erzurum Sivas

Reference case (Set 1) V4 V4 V4 V4 V4
Active shading system v _
(Set 2)
Partition wall construction (Set 3) v - - - -
Phase transition temperatures and
PSM (Set 4) v v v v v
Glazing type (Set 5) v v v v v
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3. RESULTS AND DISCUSSION

In this thesis, annual thermal analyses for detached houses with sunspace were conducted
to investigate the effects of the active shading system, PCM locations, phase transition
temperatures and glazing types on the energy consumption of the buildings. To create a
reference level for comparisons, houses without sunspace were considered for all
locations. The sunspace width was selected as 1 m in all cases. SG-1 was selected as the
glazing type for the investigation of the active shading system, location of the PCM, and

phase transition temperature.
3.1. Effect of Active Shading System

To investigate the influence of the active shading system, climatic conditions of Istanbul
were selected and the yearly energy consumption in the cases with/without active shading
was compared. The obtained results presented in Figure 3.1. show the differences between
the energy consumption of the cases with and without an active shading system. It was
found that, with the use of the active shading system, all the cases show improvements,
which can reach up to 4.8%. While the maximum improvement against the cases without
an active shading system was achieved with the PSM case with 103 kWh yearly energy
saving, the active shading only contributed 6 kWh energy saving with the 29 °C phase
transition temperature. Similarly, 27 °C phase transition temperature only contributed to
24 kWh energy saving while other cases showed at least 87 kWh energy saving. As a
general rule, it can be determined that while the performance of the active shading system
was reduced with the increased phase transition temperature, they still contribute to the
energy saving. Because of that, the active shading system was kept on for the further

analyses.
3.2. Effect of PCM Location

Similar to active shading system analyses, climatic conditions of Istanbul were selected
to investigate the effect of the location of the PCM inside the partition wall and three
different positions (namely, near the exterior, middle, and near the interior) were
investigated. In Figure 3.2., it is seen that the location of the PCM did not cause a
significant change in the energy consumption (less than 10kWh/year). For most of the

cases, this change was less than 0.5% of the required energy. To simplify further
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investigations, the PCM location was considered to be in the middle part of the wall in

the following analyses.
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Figure 3.1. Effect of the active shading system on the energy consumption
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Figure 3.2. Effect of the location of the PCM inside the partition wall on the energy
consumption



3.3. Effect of Phase Transition Temperature

To investigate the effect of the phase transition temperature, analyses were conducted in
all the considered climatic conditions. To investigate the effect of the latent heat, also a
PSM was introduced in addition to six phase transition temperatures from 19 °C to 29 °C
with 2 °C increments. Energy consumption for both heating and cooling applications is
shown in Figure 3.3. The optimal phase transition temperatures for different climatic
conditions were different from each other. It was also seen that the optimum phase
transition temperature has different values depending on heating and cooling applications.
While higher phase transition temperatures contribute toward reducing cooling energy
consumption, they are increasing the required heating energy. On the contrary, lower
phase transition temperatures contribute toward reducing heating consumption while they
are increasing the required cooling consumption. This means that, while the hotter
climates such as Antalya require higher phase transition temperature, colder climates such
as Erzurum require lower phase transition temperature since cooling energy consumption

is higher in Antalya and heating energy consumption is higher in Erzurum.

Optimum phase transition temperatures for Antalya, Istanbul, Ankara, Sivas, and
Erzurum were found as 29 °C, 27 °C, 25 °C, 25 °C, and 19 °C with energy consumption
of 2319 kWh, 1754 kWh, 1992 kWh, 2634 kWh, and 3507 kWh, respectively. The
optimum phase transition temperatures for heating applications were found to be 29 °C
for Antalya, 21 °C for Istanbul, Ankara, and Sivas, and 19 °C for Erzurum with energy
consumption of 187 kWh, 662 kWh, 1298 kWh, 1901 kWh, and 2918 kWh while the
optimum phase transition temperatures for cooling applications were found to be 29 °C
for Antalya, 27 °C for Istanbul, 25 °C for Ankara and Sivas and 19 °C for Erzurum was
found with energy consumption of 2132 kWh, 1077 kWh, 678 kWh, 725 kWh, and 497
kWh, respectively. The highest improvement compared to the case without PCM was
found in Istanbul with 11.55%, which was followed by Ankara with 11.17%. PSM cases
shows the worst results which means that, in all PCM cases, the latent heat was
successfully utilized as the only difference between PSM and PCM cases is the utilization
of latent heat. Among the optimal phase transition temperatures, the highest latent heat
utilization was observed in Istanbul at 14.62% while the least utilization was found in

Erzurum at 7.3%.
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Figure 3.3. Effect of the phase transition temperature on the energy consumption
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3.4. Effect of Glazing Type

To investigate the effect of glazing types on the energy consumption, cases with optimal
phase transition temperatures were selected since they provided the lowest energy
consumption. For glazing types, two single-layered, two double-layered, and two triple-
layered glazing types were selected. While the U-values of the same layered glazing types
are very close to each other, the SHGC is significantly different to reveal the effect of
SHGC on the energy saving. Figure 3.4 shows the required heating and cooling
consumptions in different climatic conditions for the used glazing types. As can be seen
from Figure 3.4., similar to the phase transition temperatures, the optimum glazing type
depends on the climatic conditions. For all the cases, SG-2 and TG-1 were determined as
the best-case scenarios for cooling and heating applications, respectively. However, the
optimum glazing types for, Antalya, Istanbul, Ankara, Sivas, and Erzurum were found as
SG-2, TG-2, SG-1, SG-1, and TG-2, respectively. This difference between the optimum
glazing types and the best glazing types for heating/cooling applications is caused by the
efficiency difference between the heat pumps for cooling and heating applications. For
example, for Ankara, the cooling demand for SG-2, TG-1, and SG-1 was calculated as
2634 kWh, 4108 kWh, and 2981 kWh while the heating demand was calculated as 5699
kWh, 4577 kWh, and 4997 kWh, respectively. When the heat pump was used to calculate
energy consumption for these cases, energy consumption for SG-2, TG-1, and SG-1 were
calculated as 2098 kWh, 2138 kWh, and 1992 kWh which shows that even though SG-1
was not the best case for either application, it provided the optimal results. Because the
glazing type for cooling and heating application was found the same in all climatic
conditions, it can be concluded that glazing with higher U-value and lower SHGC
performs better in cooling applications while lower U-value and higher SHGC performs

better in heating applications.

The highest improvements by changing the glazing type from SG-1 were noticed in
Antalya with a rate of 3.17%, while Istanbul and Erzurum show slight improvements with
0.67% and 1.76%, respectively. Since the differences between glazing types can be very
low (e.g., 9 kWh difference between SG-1 and TG-2 in Istanbul), the cost of the glazing

types must also be considered when choosing the glazing system.
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3.5. Annual Cost and COz Emission Analyses

With the help of the heat pump, annual cost and CO> emission analyses were conducted
to investigate the effectiveness of the sunspace and PCM introduction. Resulting
electricity consumption, annual cost and CO> emissions for all the cases are presented in

APPENDIX E.
3.5.1. Annual Cost Analysis

Considering the wide range of parameters investigated within the present work, it is
evident that the variation in these parameters can significantly affect energy consumption.
Certainly, this influences the utility costs for the building. Thus, the energy cost can
exhibit a notable variation depending on the design of the sunspace. Therefore, an
economic analysis was carried out to reveal how much cost savings can be achieved by

the use of sunspace without PCM, and PCM introduced sunspace.

For the reference houses in Antalya, Istanbul, Ankara, Sivas, and Erzurum, annual utility
costs were found as 192 $/year, 156 $/year, 179 $/year, 222 $/year, and 289 $/year. When
a sunspace without the PCM was integrated into the house, utility costs were reduced to
180 $/year, 141 $/year, 159 $/year, 204 $/year, and 266 $/year for the same locations.
This results in a maximum of 10.9% of energy reduction. After introducing PCMs and
optimizing the phase transition temperature (selecting the best-case scenario), energy
costs were decreased to 165 $/year, 125 $/year, 141 $/year, 187 $/year, and 249 $/year
for the same locations. It was found that the utility costs can be reduced up to 11.55% by

introducing PCM to the sunspace.

To improve the cost reduction even further, glazing types of the sunspaces with optimum
phase transition temperatures were analyzed and utility costs for the best glazing types
were found as 160 $/year, 124 $/year, 141 $/year, 187 $/year, and 245 $/year for Antalya,
Istanbul, Ankara, Sivas, and Erzurum, respectively. With these changes, utility costs were

decreased by 15.4% to 20.9% in comparison to reference cases.
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3.5.2. Annual CO2 Emission Analysis

Heating and cooling applications directly impact the environment because of the harmful
emissions during electricity production. In this thesis, CO, emissions, which are a
prominent indicator of the environmental impacts of buildings, were the focal point of the
environmental evaluation. Therefore, an environmental impact analysis was performed to
reveal the order of reduction in CO; emissions by the decrease of energy requirement

caused by the sunspace-PCM integration into the building.

For the reference cases in Antalya, Istanbul, Ankara, Sivas, and Erzurum, annual CO>
emissions were calculated as 740 kg-COy/year, 599 kg-COq/year, 688 kg-COy/year,
853 kg-CO»/year, and 1113 kg-CO/year, respectively. Similar to the annual cost analysis,
when sunspace without PCM was introduced to the house, CO, emissions for Antalya,
Istanbul, Ankara, Sivas, and Erzurum were reduced to 694 kg-CO»/year,
542 kg-COy/year, 613 kg-COy/year, 786 kg-CO/year, and 1025 kg-CO»/year,
respectively. With the PCM addition to the partition walls, these emission rates were
further decreased to 634 kg-CO»/year, 479 kg-CO»/year, 544 kg-COy/year, 720 kg-
COy/year, and 958 kg-CO»/year, respectively, for the same locations.

To improve the reduction in CO2 emission even further, glazing types of the 1-meter
sunspaces with optimum phase transition temperatures were analyzed and CO; emissions
for the optimal glazing types were found as 615 kg-CO»/year, 476 kg-CO»/year, 544 kg-
CO»/year, 720 kg-COo/year and 941 kg-CO»/year respectively, for the Antalya, Istanbul,
Ankara, Sivas, and Erzurum. With the change of the glazing type, CO; reduction was
increased up to 172 kg/year in comparison to reference cases while the minimum

reduction was increased to 111 kg/year.

22



4. CONCLUSIONS

The effects of the sunspace and the PCM integration to the partition wall of a detached
house on energy consumption, cost-saving, and CO> emissions were numerically
explored in five different climate zones. For this purpose, six glazing types including
single pane, double pane, and triple pane windows, six phase transition temperatures from
19 °C to 29 °C, a phase-stabilized case, an active shading system, and three partition wall
constructions, where the PCM is in front, middle or back, were studied to determine the
optimum configuration that leads to the highest energy saving. The obtained results were
discussed comparatively considering various perspectives such as variation in
heating/cooling and annual energy consumption, energy savings, cost savings, and
environmental impacts. The main conclusions drawn from the work can be summarized

as follows:

e Using an active shading system is an important part of the sunspace system. With the
use of an active shading system in combination with PCM, energy consumption can
be reduced by up to 4.76%.

e Changing the location of the phase change material inside the partition wall while
active shading is on has a slight effect on the energy consumption, below 0.56%.

e The selection of appropriate phase transition temperature is highly dependent on
climatic conditions. In general, from the energy consumption and CO2 emission point
of view, while lower phase transition temperature gives better results in colder
climates, higher phase transition temperature gives better results in hotter climates.

e The most suitable climatic condition among the considered cities where the use of
PCM is the most effective (i.e., the latent heat is exploited the most) is that of Istanbul
where the energy requirement is reduced by 14.62% with the utilization of PCM
compared to that of the PSM case.

e The maximum reduction rate in the energy consumption with introducing the phase
transition temperature optimized PCM to 1-meter sunspace with SG-1 was seen in
Istanbul with 11.55%, while the minimum reduction rate was found in Erzurum with

6.52%.
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e Optimum cases for heating and cooling applications are different from each other.
Therefore, all-year thermal analyses are required to find the optimal sunspace
configuration.

e Sunspace integration to the house without PCM can reduce electricity consumption
by up to 10.91%.

e [tis seen that optimizing the glazing type for the PCM introduced sunspace can further
reduce the energy consumption, by up to around 3%. However, since the effect of this
parameter is lower compared to other parameters such as phase transition temperature,
and upgrading the glazing type can be costly, conducting a feasibility analysis about
changing the glazing type is recommended.

e A sunspace glass with a high U-value and low SHGC performed better in the summer
season, whereas a glass with a low U-value and high SHGC performed better in
winter. However, yearly energy analyses showed the optimal glazing type varies in
different locations and can be different from the best glazing types for both winter
and summer.

To sum up, the integration of PCM into the partition wall between the living room and

the sunspace provided considerable advantages from both the heating and cooling

perspectives. However, it was noted that an optimization study is necessary, especially to
select an appropriate PCM phase change temperature which significantly affects the
thermal performance of the sunspace. It was also shown that the selection of the
appropriate glazing type is of great importance for the heating and cooling energy
requirement. In general, it can be stated that the utilization of PCM in a glazed sunspace
is a promising technique to enhance energy efficiency. In this context, future work can be
dedicated to the exploration of the thermal performance of PCM-sunspace for various
climatic conditions with the use of different PCM types, different sunspace designs

(sunspace width), and different glazing types.
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Table B.1. Seasonal Cooling Demand and Heating Demand Without Active Shading System

Cooling Demand Heating Demand
Case Code (kWh) (kWh)

Spring Summer | Autumn Winter Total Spring Summer | Autumn Winter Total

IST/PCM/SG-1/19/0FF/M 434 4231 1117 6 5787 473 0 206 1846 2525
IST/PCM/SG-1/21/OFF/M 442 4231 1115 6 5794 475 0 207 1850 2532
IST/PCM/SG-1/23/0OFF/M 472 4084 933 10 5498 457 0 203 1887 2547
IST/PCM/SG-1/25/0FF/M 478 4084 949 10 5522 460 0 204 1879 2544
IST/PCM/SG-1/27/OFF/M 483 4076 968 10 5537 463 0 205 1876 2545
IST/PCM/SG-1/29/0FF/M 570 3538 958 18 5083 471 0 203 1901 2575
IST/PCM/SG-1/PSM/OFF/M 713 4317 1286 11 6327 515 0 222 1996 2734

4-XIANHddV



[43

Table C.1. Seasonal Cooling Demand and Heating Demand for Different PCM Locations

Cooling Demand

Heating Demand

Case Code (kWh) (kWh)

Spring Summer | Autumn Winter Total Spring Summer | Autumn Winter Total

IST/PCM/SG-1/19 °C/ON/F 509 4023 1118 0 5650 503 0 224 1850 2577
IST/PCM/SG-1/19 °C/ON/M 503 4024 1123 0 5649 505 0 224 1848 2577
IST/PCM/SG-1/19 °C/ON/B 499 4024 1128 0 5651 507 0 224 1849 2580
IST/PCM/SG-1/21 °C/ON/F 496 4018 1036 2 5551 477 0 218 1830 2525
IST/PCM/SG-1/21 °C/ON/M 498 4018 1031 2 5549 477 0 218 1820 2515
IST/PCM/SG-1/21 °C/ON/B 493 4022 1027 1 5543 476 0 219 1816 2511
IST/PCM/SG-1/23 °C/ON/F 422 3971 942 6 5341 475 0 207 1850 2532
IST/PCM/SG-1/23 °C/ON/M 416 3974 996 6 5392 473 0 206 1846 2525
IST/PCM/SG-1/23 °C/ON/B 407 3988 1001 6 5402 471 0 206 1839 2516
IST/PCM/SG-1/25 °C/ON/F 477 3801 846 10 5135 463 0 205 1876 2545
IST/PCM/SG-1/25 °C/ON/M 474 3811 845 10 5139 460 0 204 1879 2544
IST/PCM/SG-1/25 °C/ON/B 468 3809 838 10 5125 458 0 203 1887 2547
IST/PCM/SG-1/27 °C/ON/F 566 3215 951 18 4750 471 0 203 1901 2575
IST/PCM/SG-1/27°C/ON/M 571 3193 955 20 4739 470 0 203 1901 2573
IST/PCM/SG-1/27°C/ON/B 576 3163 960 22 4721 468 0 202 1902 2573
IST/PCM/SG-1/29 °C/ON/F 667 3429 1074 25 5194 469 0 202 1920 2591
IST/PCM/SG-1/29 °C/ON/M 685 3429 1092 29 5235 468 0 201 1919 2587
IST/PCM/SG-1/29 °C/ON/B 704 3429 1113 34 5280 468 0 201 1920 2588
IST/PCM/SG-1/PSM/ON/F 625 4061 1172 11 5867 517 0 222 1996 2736
IST/PCM/SG-1/PSM/ON/M 626 4063 1174 11 5873 517 0 222 1996 2736
IST/PCM/SG-1/PSM/ON/B 625 4063 1173 10 5871 517 0 222 1997 2737
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Table D.1. Seasonal Cooling Demand and Heating Demand for Different Phase Transition Temperatures and Glazing Types

Cooling Demand Heating Demand
Case Code (kWh) (kWh)
Spring | Summer | Autumn | Winter Total Spring | Summer | Autumn | Winter | Total
ANT/Reference 1419 6332 2597 286 10635 147 0 135 825 1108
ANT/DC/SG-1 1351 6172 2470 210 10203 98 0 95 645 838
ANT/PCM/SG-1/19/0N/M 1241 6444 2399 14 10097 124 0 109 715 948
ANT/PCM/SG-1/21/0ON/M 1255 6444 2388 39 10125 113 0 107 666 886
ANT/PCM/SG-1/23/ON/M 1163 6430 2332 78 10003 104 0 101 626 831
ANT/PCM/SG-1/25/0ON/M 1229 6384 2136 125 9875 96 0 97 592 785
ANT/PCM/SG-1/27/ON/M 1197 6257 2146 189 9789 88 0 91 565 744
ANT/PCM/SG-1/29/0N/M 1365 5665 2082 268 9380 82 0 85 544 711
ANT/PCM/SG-1/PSM/ON/M 1442 6494 2503 166 10605 95 0 92 633 820
ANT/PCM/SG-2/29/0N/M 1259 5445 2062 121 8887 102 0 86 685 874
ANT/PCM/DG-1/29/0N/M 1375 6115 2312 283 10086 81 0 85 531 697
ANT/PCM/DG-2/29/0ON/M 1358 5549 2076 242 9226 84 0 85 561 730
ANT/PCM/TG-1/29/0ON/M 1381 6485 2391 290 10547 81 0 84 526 691
ANT/PCM/TG-2/29/0ON/M 1363 5597 2079 253 9292 82 0 85 552 719
IST/Reference 699 4005 1300 32 6035 616 0 275 2227 3117
IST/DC/SG-1 567 3799 1150 18 5534 524 0 226 2007 2757
IST/PCM/SG-1/19 /ON/M 503 4024 1123 0 5649 505 0 224 1848 2577
IST/PCM/SG-1/21/0ON/M 498 4018 1031 2 5549 477 0 218 1820 2515
IST/PCM/SG-1/23/ON/M 416 3974 996 6 5392 473 0 206 1846 2525
IST/PCM/SG-1/25/0ON/M 474 3811 845 10 5139 460 0 204 1879 2544
IST/PCM/SG-1/27/ON/M 571 3193 955 20 4739 470 0 203 1901 2573
IST/PCM/SG-1/29/0N/M 685 3429 1092 29 5235 468 0 201 1919 2587
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Table D.1. Seasonal Cooling Demand and Heating Demand for Different Phase Transition Temperatures and Glazing Types (Continue)

Case Cooling Demand (kWh) Heating Demand (kWh)
Spring Summer | Autumn | Winter Total Spring Summer | Autumn | Winter Total
IST/PCM/SG-1/PSM/ON/M 626 4063 1174 11 5873 517 0 222 1996 2736
IST/PCM/SG-2/27/ON/M 527 3140 924 2 4593 556 0 236 2138 2931
IST/PCM/DG-1/27/ON/M 590 3710 973 26 5300 427 0 192 1778 2397
IST/PCM/DG-2/27/0ON/M 570 3164 956 18 4708 478 0 203 1925 2607
IST/PCM/TG-1/27/ON/M 596 4232 1005 36 5869 417 0 180 1667 2264
IST/PCM/TG-2/27/ON/M 575 3177 961 19 4731 462 0 199 1874 2536
ANK/Reference 423 2650 876 41 3990 1077 6 1074 3964 6122
ANK/DC/SG-1 300 2494 710 22 3526 914 3 934 3627 5478
ANK/PCM/SG-1/19/ON/M 209 2662 625 0 3497 875 3 887 3273 5038
ANK/PCM/SG-1/21/ON/M 168 2604 627 1 3401 826 3 844 3261 4934
ANK/PCM/SG-1/23/ON/M 213 2524 593 3 3333 783 3 822 3375 4982
ANK/PCM/SG-1/25/0N/M 279 2208 489 6 2981 780 2 817 3397 4997
ANK/PCM/SG-1/27/ON/M 356 2088 574 10 3027 816 2 838 3477 5133
ANK/PCM/SG-1/29/0ON/M 431 2298 676 15 3420 813 2 863 3515 5193
ANK/PCM/SG-1/PSM/ON/M 334 2730 740 12 3816 890 2 923 3607 5423
ANK/PCM/SG-2/25/0ON/M 262 1890 480 2 2634 922 2 960 3814 5699
ANK/PCM/DG-1/25/0N/M 288 2763 724 6 3780 744 2 778 3195 4719
ANK/PCM/DG-2/25/0N/M 81 1523 1292 6 2901 1634 22 164 3367 5187
ANK/PCM/TG-1/25/0N/M 290 2982 830 6 4108 743 2 766 3066 45717
ANK/PCM/TG-2/25/0ON/M 279 2250 491 5 3025 799 2 835 3480 5116
SIV/Reference 510 2890 710 6 4116 1425 0 1172 5716 8314
SIV/DC/SG-1 422 2807 574 1 3804 1235 0 1038 5378 7652
SIV/PCM/SG-1/19/0N/M 313 3015 482 0 3810 1154 0 986 5143 7282
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Table D.1. Seasonal Cooling Demand and Heating Demand for Different Phase Transition Temperatures and Glazing Types (Continue)

Casc OO Cooling Demand (kWh) Heating Demand (kWh)

Spring Summer | Autumn | Winter Total Spring Summer | Autumn | Winter Total

SIV/PCM/SG-1/21/0ON/M 324 2959 328 0 3611 1100 0 966 5157 7224
SIV/PCM/SG-1/23/ON/M 355 2787 355 0 3498 1104 0 962 5179 7244
SIV/PCM/SG-1/25/0ON/M 395 2368 427 0 3189 1094 0 957 5203 7254
SIV/PCM/SG-1/27/ON/M 480 2396 515 0 3391 1091 0 961 5226 7278
SIV/PCM/SG-1/29/0ON/M 553 2622 614 0 3790 1165 0 960 5291 7416
SIV/PCM/SG-1/PSM/ON/M 467 3053 597 0 4117 1211 0 1026 5355 7592
SIV/PCM/SG-2/25/0N/M 377 2215 413 0 3004 1272 0 1052 5510 7834
SIV/PCM/DG-1/25/0N/M 402 2913 433 0 3748 1054 0 915 4966 6935
SIV/PCM/DG-2/250N/M 391 2318 425 0 3134 1185 0 947 5212 7344
SIV/PCM/TG-1/25/0ON/M 433 3170 464 0 4068 1002 0 877 4830 6709
SIV/PCM/TG-2/25/0N/M 395 2466 429 0 3289 1148 0 930 5109 7186
ERZ/Reference 230 2068 706 0 3004 2746 2 2288 7853 12889
ERZ/DC/SG-1 170 1945 564 0 2679 2486 1 2070 7386 11942
ERZ/PCM/SG-1/19/0ON/M 96 2031 465 0 2592 2217 1 1893 6976 11087
ERZ/PCM/SG-1/21/ON/M 124 2009 422 0 2555 2170 1 1971 7078 11220
ERZ/PCM/SG-1/23/ON/M 156 1768 452 0 2375 2200 1 1968 7303 11472
ERZ/PCM/SG-1/25/0N/M 189 1563 437 0 2189 2298 1 1974 7321 11593
ERZ/PCM/SG-1/27/ON/M 227 1749 517 0 2493 2376 0 1972 7327 11675
ERZ/PCM/SG-1/29/0ON/M 254 1959 608 0 2821 2411 0 1985 7325 11721
ERZ/PCM/SG-1/PSM/ON/M 196 2150 578 0 2924 2444 0 2051 7361 11856
ERZ/PCM/SG-2/19/0ON/M 95 1717 385 0 2197 2455 1 2110 7584 12150
ERZ/PCM/DG-1/19/0N/M 146 2377 528 0 3051 2164 0 1821 6522 10508
ERZ/PCM/DG-2/19/0N/M 115 2012 450 0 2577 2242 0 1924 7180 11346
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Table D.1. Seasonal Cooling Demand and Heating Demand for Different Phase Transition Temperatures and Glazing Types (Continue)

Case Code Cooling Demand (kWh) Heating Demand (kWh)
Spring Summer | Autumn | Winter Total Spring Summer | Autumn Winter Total
ERZ/PCM/TG-1/19/0ON/M 174 2542 612 0 3328 2158 0 1803 6280 10241
ERZ/PCM/TG-2/19/ON/M 125 2143 487 0 2755 2167 0 1824 6721 10712
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Table E.1. Annual Utility Costs and CO> Emissions

Case Code Togltr(rjlzggng Togtlerilzﬁgng Corl;:s?ler;gp};ion Iétcl)lslg CO: Emissions
(kWh) (kWh) (kWh) ($/year) (kgCO/year)

ANT/Reference 10635 1108 2708 192 740
ANT/DC/SG-1 10203 338 2539 180 694
ANT/PCM/SG-1/19/0N/M 10097 948 2544 181 695
ANT/PCM/SG-1/21/ON/M 10125 386 2534 180 692
ANT/PCM/SG-1/23/ON/M 10003 831 2492 177 631
ANT/PCM/SG-1/25/0N/M 9875 785 2451 174 670
ANT/PCM/SG-1/27/ON/M 9789 744 2421 172 661
ANT/PCM/SG-1/29/0N/M 9380 711 2319 165 634
ANT/PCM/SG-1/PSM/ON/M 10605 820 2626 186 718
ANT/PCM/SG-2/29/0N/M 8887 874 2250 160 615
ANT/PCM/DG-1/29/0N/M 10086 697 2475 176 676
ANT/PCM/DG-2/29/0N/M 9226 730 2289 163 625
ANT/PCM/TG-1/29/0N/M 10547 691 2579 183 705
ANT/PCM/TG-2/29/0N/M 9292 719 2301 163 629
IST/Reference 6035 3117 2192 156 599
IST/DC/SG-1 5534 2757 1983 141 542
IST/PCM/SG-1/19 JON/M 5649 2577 1962 139 536
IST/PCM/SG-1/21 /ON'M 5549 2515 1923 137 525
IST/PCM/SG-1/23 JON/M 5392 2525 1890 134 516
IST/PCM/SG-1/25/ON/M 5139 2544 1837 130 502
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Table E.1. Annual Utility Costs and CO> Emissions (Continue)

Case Code Togltrflzggng Togi:rillaeigng Cof;er;g;)};ion Utility Costs CO: Emissions
(kWh) (kWh) (kWh) ($/year) (kgCOy/year)

IST/PCM/SG-1/27/ON/M 4739 2573 1754 125 479
IST/PCM/SG-1/29/O0N/M 5235 2587 1871 133 511
IST/PCM/SG-1/PSM /ON/M 5873 2736 2055 146 561
IST/PCM/SG-2/27/ON/M 4593 2931 1815 129 496
IST/PCM/DG-1/27/ON/M 5300 2397 1835 130 501
IST/PCM/DG-2/27/ON/M 4708 2607 1756 125 480
IST/PCM/TG-1/27/ON/M 5869 2264 1930 137 527
IST/PCM/TG-2/27/ON/M 4731 2536 1743 124 476
ANK/Reference 3990 6122 2518 179 688
ANK/DC/SG-1 3526 5478 2243 159 613
ANK/PCM/SG-1/19/0ON/M 3497 5038 2120 151 579
ANK/PCM/SG-1/21/ON/M 3401 4934 2071 147 566
ANK/PCM/SG-1/23/ON/M 3333 4982 2068 147 565
ANK/PCM/SG-1/25/0N/M 2981 4997 1992 141 544
ANK/PCM/SG-1/27/ON/M 3027 5133 2039 145 557
ANK/PCM/SG-1/29/0ON/M 3420 5193 2144 152 586
ANK/PCM/SG-1/PSM/ON/M 3816 5423 2294 163 627
ANK/PCM/SG-2/25/0ON/M 2634 5699 2098 149 573
ANK/PCM/DG-1/25/0N/M 3780 4719 2101 149 574
ANK/PCM/DG-2/25/0N/M 2901 5187 2024 144 553
ANK/PCM/TG-1/25/0O0N/M 4108 4577 2138 152 584
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Table E.1. Annual Utility Costs and CO> Emissions (Continue)

Case Code Togltrflzggng Togi:rillaeigng Corllgsﬁﬁlrli};ion Utility Costs CO: Emissions
(kWh) (kWh) (kWh) ($/year) (kgCO»/year)

ANK/PCM/TG-2/25/0N/M 3025 5116 2034 144 556
SIV/Reference 4116 8314 3123 222 853
SIV/DC/SG-1 3804 7652 2878 204 786
SIV/PCM/SG-1/19/0ON/M 3810 7282 2782 198 760
SIV/PCM/SG-1/21/ON/M 3611 7224 2722 193 744
SIV/PCM/SG-1/23/ON/M 3498 7244 2701 192 738
SIV/PCM/SG-1/25/0ON/M 3189 7254 2634 187 720
SIV/PCM/SG-1/27/ON/M 3391 7278 2686 191 734
SIV/PCM/SG-1/29/0ON/M 3790 7416 2813 200 769
SIV/PCM/SG-1/PSM/ON/M 4117 7592 2934 208 802
SIV/PCM/SG-2/25/0N/M 3004 7834 2744 195 750
SIV/PCM/DG-1/25/0N/M 3748 6935 2677 190 731
SIV/PCM/DG-2/25/0N/M 3134 7344 2645 188 723
SIV/PCM/TG-1/25/0N/M 4068 6709 2690 191 735
SIV/PCM/TG-2/25/0N/M 3289 7186 2639 187 721
ERZ/Reference 3004 12889 4075 289 1113
ERZ/DC/SG-1 2679 11942 3752 266 1025
ERZ/PCM/SG-1/19/0ON/M 2592 11087 3507 249 958
ERZ/PCM/SG-1/21/ON/M 2555 11220 3533 251 965
ERZ/PCM/SG-1/23/ON/M 2375 11472 3559 253 972
ERZ/PCM/SG-1/25/0N/M 2189 11593 3548 252 969
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Table E.1. Annual Utility Costs and CO2 Emissions (Continue)

Case Code Togltrflzggng Toginfll:f:gng Cof;er;g;)};ion Utility Costs CO2 Emissions
(kWh) (kWh) (kWh) ($/year) (kgCO»/year)
ERZ/PCM/SG-1/27/ON/M 2493 11675 3639 258 994
ERZ/PCM/SG-1/29/0ON/M 2821 11721 3726 265 1018
ERZ/PCM/SG-1/PSM/ON/M 2924 11856 3785 269 1034
ERZ/PCM/SG-2/19/0N/M 2197 12150 3697 262 1010
ERZ/PCM/DG-1/19/0O0N/M 3051 10508 3459 246 945
ERZ/PCM/DG-2/19/0ON/M 2577 11346 3572 254 976
ERZ/PCM/TG-1/19/0ON/M 3328 10241 3451 245 943
ERZ/PCM/TG-2/19/0O0N/M 2755 10712 3445 245 941
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Table F.1. Details of the Climatic Conditions for Selected Cities

. Cooling Heating Dry - . Cooling Dry Mean Coincident Extreme
Heating Bulb Humidity Ratio Bulb .
Degree p Wet Bulb Annual Wind
Degree Day Temperature 99% Temperature 0 o
@ 18.3°C D 99% (g/kg dry air) 1% Temperare ol Spee‘/l 1%
3° o o ° m/s
Antalya 995 14152 3.1 1.7 36.8 20.1 10.6
Istanbul 1811 4887 -0.2 2.5 30.6 21.2 11.2
Ankara 3169 4255 -11.2 0.9 32 16.9 8.8
Sivas 3467 2794 -14.4 1 30.7 17.3 8.1
Erzurum 4941 1753 -26.1 0.3 29 14.7 10.1
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APPENDIX G

Table G.1. Details of Surface Roughness Multiplier

Roughness Index Rf | Example Material

1 (Very Rough) 2.17 Stucco

2 (Rough) 1.67 Brick

3 (Medium Rough) 1.52 Concreate

4 (Medium Smooth) 1.13 Clear Pine

5 (Smooth) 1.11 Smooth Plaster

6 (Very Smooth) 1 Glass
Table G.2. Details of a and b Constants

Wind Direction a b

Windward 3.26 | 0.89

Leeward 3.55 | 0.617
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