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ABSTRACT

The demand for cooling has surged due to rising global temperatures, prompting interest in
solar cooling systems categorized as electrically driven and thermally driven. Thermally driven
systems employ solar thermal collectors and absorption chillers for cooling, constrained to a 20-ton
minimum capacity and requiring backup heating or electric cooling without solar energy.
Electrically driven systems, powered by photovoltaic panels, suit existing air conditioning and
smaller cooling setups. This study examines a photovoltaic solar electrical-driven variable
refrigerant flow system paired with cold phase change material thermal storage, targeting nearly
zero-energy cooling in a 300m? Adana villa. Using the "Design Builder" program, baseline and
optimized energy models were built, adhering to Turkish Thermal Insulation Requirements.
Models were compared for year-round cooling energy rates. The challenge of storage led to
investigating cost-effective cold thermal storage, countering short-lived costly batteries with
reduced initial expenses and load-shifting. The research aims to optimize PV panel area and
electrical/thermal storage using the "Hooke and Jeeves" technique.

Keywords: Solar Driven, VRF, Cooling Energy, Phase Change, Energy Storage.
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0z

Sogutma talebi, artan kiiresel sicakliklar nedeniyle artti ve elektrikle calisan ve termal
olarak tahrik edilen giines sogutma sistemlerine olan ilgiyi artirdi. Termal tahrikli sistemler,
sogutma i¢in minimum 20 ton kapasiteyle sinirlandirilmis ve giines enerjisi olmadan yedek 1sitma
veya elektrikli sogutma gerektiren gilines termal toplayicilari ve emme sogutuculari kullanir.
Fotovoltaik panellerle calisan elektrikle galisan sistemler, mevcut klimaya ve daha kiigiik sogutma
kurulumlarma uygundur. Bu c¢alisma, 300m ? Adana villada neredeyse sifir enerji sogutmayi
hedefleyen, soguk faz degisim malzemesi termal depolama ile eslestirilmis bir fotovoltaik giines
enerjili elektrikle ¢alisan degisken sogutucu akiskan akis sistemini inceliyor. "Tasarim Olusturucu"
programi kullanilarak, Tirk Termal Yalitim (TS825) Gereksinimlerine uygun olarak temel ve
optimize edilmis enerji modelleri olusturulmustur. Modeller yil boyunca sogutma enerji oranlari
icin karsilastirildi. Depolama zorlugu, diisiik maliyetli soguk termal depolamanin arastirilmasina,
kisa omiirlii maliyetli pillerin azaltilmis baslangi¢ giderleri ve yiik degisimi ile karsilanmasina yol
acti.

Anahtar Kelimeler: Giines Enerjili, VRF, Faz Degisimli, Enerji Depolama, TS825.



GENISLETILMIiS OZET

Kiiresel niifusun ve kentsel altyapinin hizla genislemesi, enerji talebinde endise verici
bir artisa yol agmustir. Ozellikle bina sektorii, isletme ve insaatiyla birlikte diinya nihai enerji
tiiketiminin iigte birinden fazlasini olusturan 6nemli bir katki saglamistir. Bu durum, yiiksek
verimli ve ayn1 zamanda CO2 emisyonlarindan yoksun olan klima sistemlerinin
gelistirilmesinin baskin bir gereklilik oldugunu vurgulamaktadir. Bu aciliyet, artan klima
ihtiyacinin yol actig1 sera gazi emisyonlarindaki artigla daha da kotiilesmektedir. Bu zorluklar
arasinda glines enerjisi, geleneksel fosil yakit tiiketimine alternatif olarak giderek daha fazla ilgi
gormektedir. Gilines enerjili sogutma teknolojilerinin daha erisilebilir fiyat noktalarinda
sunulmaya baslanmasi, bu alandaki dikkate deger bir gelismedir. Bu teknolojiler arasinda,
fotovoltaik giines sistemleri ve VRF (degisken sogutucu akis) sistemleri, enerji tiiketimini etkili
bir sekilde azaltmalariyla 6ne c¢ikmaktadir. Giines termal kazanimimi kullanir ve kurutucu
sogutma mekanizmalarmi degerlendirirken kosullandirilmis hava saglamak igin kullanirlar,
kapsamli bir ¢6zlim sunarlar. Bu giines enerjili sistemlerin cazibesi, kiiresel dlgekte farkli 1sitma
ve sogutma uygulamalarina uzanmaktadir. Sogutma ¢6ziimlerine olan artan talep, artan termal
yiikler, gelisen konfor beklentileri ve mimari tercih degisiklikleri gibi faktorlerden
kaynaklanmaktadir. Giines enerjili sistemler, bu trendlere uyumlu, enerji verimli ¢dziimler
sunarak, niifus artisi, kentsellesme ve ardindan gelen klima talebi ile iliskilendirilen artan enerji
gereksinimlerini karsilama vaadi tagiyan ¢oziimler sunarlar.

Aragtirma, Adana Sehri'nin Tiirkiye'nin giiney bolgesinde yer alan yerel bir temel villa
(LBV) iizerinde odaklanmaktadir. Bu villa, TS 825 Tiirk Binalarda Is1 Yalitimi Gereksinimlerine
uygun olarak insa edilmistir. Ilk adimlar, villa'nin 1s1 dengesini ve sogutma talep yiikiinii
belirleyerek sistem boyutlarini tespit etmeyi igerir. Parametrik bir c¢alisma, enerji azaltma
iizerindeki gelistirmelerin etkilerini incelemekte ve optimize edilmis villa (OPV) i¢in saatlik
termal enerji profillerini sekillendirmektedir. Design Builder kullanilarak, izolasyon, aktiviteler,
oda diizenleri ve bolgesel hava verileri gibi bina 6zellikleri entegre edildi. Bu yaklasim, Design
Builder'm simiilasyonlarindan yillik saatlik sogutma talebini ¢ikarmada yardimci oldu. Bu
calismanin ayrintili bina modellerinin, parametrik analizin ve simiilasyonlarin entegrasyonu,
villanin enerji performansini artirmay1 amaglamaktadir. Elde edilen goriisler, enerji verimliligini
artirma ve sogutma taleplerini azaltma potansiyeli tasimakta olup, bolgede siirdiiriilebilir yap1
uygulamalarina ve enerji koruma cabalarina degerli katkilarda bulunmaktadir.

Sogutma talebinin gece saatlerinde etkin bir sekilde ele alinabilmesi igin, ¢aligma iki
ayr1 depolama ¢oziimiiniin gelistirilmesini dnermektedir. Ik ¢dziim, fazladan iiretilen enerjinin
giindliz saatlerinde yakalanip elektrik enerjisi olarak depolandigi elektrikli bataryalarin
kullanimini igermektedir. Bu depolanan enerji daha sonra gece boyunca degisken sogutucu akig

(VRF) tnitesini ¢alistirmak i¢in kullanilarak siirekli ve enerji verimli bir sogutma islemi



saglanmaktadir. Ikinci depolama mekanizmasi, Faz Degisim Malzemesinin (PCM)
uygulanmasi etrafinda doniiyor. Bu yenilik¢i yaklasim, enerjinin termal latent enerji olarak
depolanmasini icermektedir. Bu depolanan enerji daha sonra hem giindiiz hem de gece boyunca
serbest birakilarak siirekli bir sogutma saglanmasini kolaylastirmaktadir. Bununla birlikte,
elektrikli bataryalar etkili bir enerji depolama ¢oziimii sunsa da genellikle daha yiiksek
maliyetlerle iliskilendirilir. Ayrica, termal depolamanin sogutma dongiisiine entegre edilmesi,
enerji donlisiimil ve transferindeki verimsizlikler nedeniyle enerji kayiplarina yol agabilir. Bu
zorluklart goz Oniinde bulundurarak, c¢alisma PCM'yi igeren 0Ozgiin bir enerji depolama
stratejisinin  gerekliligini vurgular. Bu strateji, PV enerji Uretiminin avantajlar1 ile VRF
sisteminin gereksinimleri arasinda denge kurmay1 amaglar. PCM'in bu baglamda dikkatlice
entegrasyonunu aragtirarak ve optimize ederek, geleneksel enerji depolama ydntemlerinin
ortaya koydugu sinirlamalarin {istesinden gelmeyi ve enerji iiretimi, depolama ve kullanimi
arasinda daha sorunsuz ve verimli bir senkronizasyon elde etmeyi amaglar.

Ana amag, her bir model igindeki iki kurulu sistemden yil boyunca siirekli bir sogutma
yukii saglamaktir; bu, genel hedefle uyumlu bir bigimde gergeklestirilmektedir. Ancak, bu gorev
kesfedilmesi gereken ¢ok sayida potansiyel yontem ve olasilifi icerir. Kapsamli bir kesfi
kolaylastirmak amaciyla, "Visual Basic" yazilimi kullanilarak kullanici dostu bir arayiiz
programi gelistirilmistir. Hooke ve Jeeves Yontemi kullanilarak, bir Termo-Ekonomik
Optimizasyon gercevesi programa entegre edilmistir. Bu optimizasyon siireci, iiretilen ¢iktilar
dinamik olarak girdi parametrelerini ayarlamak ic¢in kullanmaktadir. Bu yaklagim aracilifiyla,
calisma, her bir sistemin en iyi konfigiirasyonunu belirlemeyi ve bdylece ekonomik ve
termodinamik faktorleri géz Onlinde bulundurarak arz ve talep arasinda istenen dengeyi
saglamay1 amaclamaktadir.

Bir tam yil boyunca gergeklestirilen ayrmtili saatlik gegici simiilasyonlar etkileyici
iggoriiler sunar. Goz oOniinde bulundurulan g¢esitli igletim programlari arasinda, Degisken
Sogutucu Akis (VRF) sisteminin 24 saat siirekli ¢aligsmasi, "OPV" olarak kisaltilan, hem ilk
kurulum maliyetleri hem de devam eden isletme giderleri agisindan en tercih edilen secenek
olarak 6ne ¢ikmaktadir. Bu 6zel sistem konfigilirasyonu, enerji tiiketimini azaltma ve g¢evresel
etkiyi kisitlama kapasitesini dikkate deger sekilde gostermektedir. Performans metriklerini
dikkatle inceledigimizde, "OPV" sisteminin yillik elektrik tiiketiminde %9'a kadar énemli bir
azalmay1 basarma yetenegine sahip oldugu acikca ortaya c¢ikmaktadir. Ayrica, bu artan
verimlilik ¢evresel faydalara da uzanir, ¢linkii "OPV" sistemi, karbondioksit emisyonlarinda
belirgin bir azalmaya katki saglayarak potansiyelini sergiler. Ozetlemek gerekirse, saatlik
simiilasyonlardan elde edilen bulgular, 24 saatlik VRF sisteminin, "OPV"nin igletme
kabiliyetini vurgular. Sadece ekonomik gegerlilik acisindan diisiik maliyetlerle 6ne ¢ikmakla

kalmaz, ayni zamanda enerji tiiketimini ve karbon ayak izini belirgin sekilde azaltma



kapasitesinde de listiin performans sergiler; bu da geleneksel bolgesel termal santral modeli
"LBV" {izerine 6nemli bir ilerlemeyi temsil eder.

Yapilan olasilik analizleri, Onerilen sistemin avantajlarmni vurgulamaktadir. Temel
modelde, PV-PCM sistemi, PV-Batteries alternatifine kiyasla %27.41 oraninda 6nemli bir
maliyet tasarrufu sagladi. Buna ek olarak, geri 6deme siiresinde %?23'liik bir azalma ve dikkate
deger %33.6 oraninda bir I¢ Oram Getirisi (IRR) artistyla desteklendi. Optimize edilmis
modelde, PV-PCM sistemi PV-Batteries alternatifine kiyasla daha ekonomik ve karli oldugunu
stirdiiriiyor. %24.4 daha diisiik yatinm maliyetine sahip olmasi, geri 6deme siiresinin %27.3
daha kisa olmas1 ve dikkate deger %32.3 yiiksek IRR'si ile 6ne ¢ikiyor. Bu bulgular, PV-PCM
sisteminin finansal yetenegini vurgulayarak, hem temel senaryoda hem de optimize edilmis
senaryoda g¢ekici ve avantajl bir secenek oldugunu gostermektedir.

Enerji koruma ve verimlilik onlemlerini benimseyerek, optimize edilmis model,
ozellikle PV-Batteries sistemi baglaminda, yerel temel degerlere uygun olan "LBV" sistemi ile
karsilagtirldiginda dikkate deger iyilestirmeler sergiliyor. Ozellikle, optimize edilmis model,
enerji kullanimmin diizenlenmis oldugunu gosteren %11 daha az PV panel gerektiriyor. Ek
olarak, gereken batarya depolama kapasitesi %10 azaliyor ve verim kazancini vurguluyor. Bu
da sirasiyla yatirim maliyetlerinde %8.3'liik etkileyici bir azalmaya ve dikkate deger %5.2'lik
geri ddeme siiresinin azalmasina yol agiyor. Optimize edilmis modelin istiinliigiinii daha da
vurgulayan bir diger nokta, I¢ Oran Getirisi (IRR) ve karlilk endeksinde temel modelle
karsilastirildiginda %8.2'lik bir artistir. Faydalar PV-PCM sistemi i¢in de gegerlidir. Bu
baglamda, optimize edilmis model, gereken PV panel sayisinda %11.5'lik 6nemli bir azalma ve
PCM depolama kapasitesinde %6.3'liik bir azalma yasar, bu da rafine edilmis enerji kullanimini
gosterir. Optimize edilmis model ayn1 zamanda %3.07'lik bir yatirim maliyeti azalmasi, geri
odeme siiresinde %8.8'lik bir artisla birlikte geldi—bu artan verimliligin bir kanitidir. Dahas,
IRR o6nemli bir %7.7 artis alir, bu da optimize edilmis modelin iyilestirilmis finansal
uygunlugunu yansitir. Bu, karlilik endeksinde %8.1'lik bir artis ile desteklenir, boylece
ekonomik cazibesinin artirildigin1 vurgular. Toplu olarak, bu bulgular optimize edilmis model
icinde enerji verimli stratejileri benimsemenin doniistiiriicii etkisini vurgular; temel modelle

karsilastirildiginda gesitli parametrelerde 6nemli kazanglar elde edilir.
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1. INTRODUCTION

1.1. Global Warming Scenarios

The historical utilization of worldwide natural resources has imposed a significant
burden on the environment. This has resulted in environmental pollution, global warming, the
exhaustion of our natural reserves, the jeopardy of biodiversity, and the elevation of sea levels.
The current situation of climate change is an inevitable outcome of our past actions.

Burning fossil fuels like coal, oil, and gas for heat, electricity, and transportation is the
main source of human-produced emissions. Each second, around 2.6 million pounds of carbon
dioxide are released into the atmosphere—a number that continues to rise. Carbon dioxide
levels have gradually increased from roughly 315 ppm (parts per million) in 1959 to an average
of about 385 ppm in the atmosphere today. Current predictions indicate a further increase to as
high as 500-1000 ppm by 2100. Figure 1.1 showcases changes in temperature and precipitation

patterns (simulating a 4°C global warming by 2100) across seasons and annual means.
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Figure 1.1. Spatial patterns of changes in the seasonal temperature and annual precipitation

As per the most recent report issued by the Intergovernmental Panel on Climate Change
(IPCCQ), five distinct scenarios have been outlined, as depicted in Figure 1.2. These scenarios,
referred to as shared socio-economic pathways, elucidate the outcomes of implementing swift
and substantial measures, as well as the potential consequences in a scenario of no action being

taken.



In the most unfavorable situation, the high-carbon trajectory, global temperatures could
surge by over 4°C by the century's conclusion. To comprehend the gravity of this scenario, it's
worth noting that it has been over 3 million years since the world encountered temperature

escalations of greater than 2.5°C within such a short span.
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Figure 1.2. Global surface temperatures vary widely under different emissions pathways

It is well known that CO2 is a greenhouse gas that captures solar radiation and
contributes to global warming. According to scientists, doubling atmospheric CO2 levels might
lead to temperature increases of 2 to 4.5°C, caused by rapid changes such as snow and ice melt,

and the behavior of clouds and water vapor.
A

Figure 1.3. Sea ice thickness simulations

These maps shown in Figure 1.3 represent expected sea ice reduction. Sea ice thickness
simulations from climate models for March and September, respectively, are shown in A and B.
Sea ice thickness simulations from climate models are shown in C and D for March (C) and
September (D) approaching the end of the twenty-first century. Future predictions show that
March will have less ice (bluer in panel C), while September will have essentially no ice

(almost all blue in panel D).



Once we exceed 2°C of warming (the internationally recognized "danger limit"), coastal
flooding will impact millions. The consequences include reduced global food crop yields,
extensive coral bleaching worsened by ocean acidification, heightened coral reef vulnerability,
and an anticipated sea level increase of almost one meter by 2100. Additionally, the risk of
extinction could loom over up to 30% of global species.

With temperatures rising by 3-4°C, a significant coral die-off will unfold (at this stage,
corals are essentially doomed). Furthermore, as we persist on the trajectory toward the planet's
sixth mass extinction, 40-70% of global species face the threat of being in jeopardy.

In South America and Central Asia, water supplies will be endangered due to glacier
decline. There's also the concern that ocean hydrates and permafrost could release significant
quantities of CO2 and methane, potentially pushing global warming to an uncontrollable level.
Additionally, if the Greenland and West Antarctic ice sheets were to disintegrate, leading to
significantly more sea level elevation and inundation of coastal urban areas, a rise of at least one
meter by 2100 and an eventual increase of 15 meters within the next 500 years could be
expected.

As the temperature ascent persists, the potential for forest disappearance becomes more
real. Trees play a crucial role in absorbing CO2, thus if deforestation prevails and forest growth
stalls, the environmental toll will be severe. According to the World Health Organization, the
span from 2030 to 2050 could witness around 250,000 extra fatalities per annum due to the
effects of climate change.

Envision a scenario where humanity not only remains inert regarding climate change but
intensifies its negative impact, edging closer to critical thresholds beyond which irreparable
damage is inevitable. The gravity of the situation lies in reaching a juncture where remedies
become ineffective. In fact, the 2022 IPCC report emphasizes without ambiguity that human
influence has been the unequivocal driver behind the warming of the atmosphere, oceans, and
land. This declaration should serve as a striking alert, compelling us to enact essential
transformations in our lifestyles—embracing practices like recycling and considering the

adoption of green energy sources such as solar and wind power to fuel our residences

1.2. Tiirkiye’s Energy Policies

Among OECD nations, Tiirkiye boasts the most rapidly expanding energy market. Since
1990, Turkey has witnessed a staggering surge of 443.65% in its final electricity consumption
and a noteworthy elevation of 374.13% in carbon dioxide (CO2) emissions. The International
Energy Agency (IEA) reveals that during the span of 2008 to 2018, Turkey experienced a
robust 46.53% upswing in its total primary energy supply, with the total primary energy

consumption concurrently escalating by 52.28%.
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Figure 1.4. Electricity consumption by consuming sector, Tiirkiye, 2000-18

Tiirkiye’s energy system heavily relies on fossil fuels, constituting 83% of total primary
energy supply (TPES) in 2019 and 73% of total final consumption (TFC) in 2018 (Figure 1.4).
Renewables, mainly geothermal and hydro, contribute the rest. Most oil and gas are imported,
while about half of the coal and all renewable energy are produced domestically. Domestic
energy production covered 31% of TPES in 2019. While traditional bioenergy for heating has
declined, renewable energy production more than doubled since 2009, especially in geothermal,
hydro, wind, and solar sectors. The industrial sector is the largest energy consumer (over a third
of TFC in 2018), followed by transport (27%), residential (20%), and services (17%) (Figure
1.4).
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Figure 1.5. Overview of Tiirkiye’s energy system by fuel and sector, 2018/19

Tiirkiye's current power system rests on four core components: production, where the
state-owned company EUAS (Elektrik Uretim Anonim Sirketi - The Electricity Generation
Company) accounts for 15.9% of total electricity production. Transmission involves the high-
voltage transmission network managed by TEIAS (Tiirkiye Elektrik Iletim Anonim Sirketi -
Turkish Electricity Transmission Corporation), responsible for transmitting electricity from

power plants. Distribution encompasses the division of electricity distribution and sales



responsibilities into distribution regions, managed by 21 private distribution companies. Lastly,
the retail aspect handles end-user sales and services.

As indicated by the International Energy Agency's reports for 2019 and 2020, Tiirkiye's
installed solar energy capacity, which stood at 5.6 GW by the close of 2020, is projected to
surge to 15.1 GW with a twofold expansion by 2024. This extra 10 GW capacity will see a 3.7
GW increase from distributed energy systems. The same report outlines a substantial rise in
renewable energy, with solar and wind energy spearheading the growth, and distributed systems
contributing 530 GW out of the additional 1200 GW of installed capacity. As of August 2020,
Tiirkiye's installed capacity has reached 93,022 MW according to data from the Ministry of
Energy and Natural Resources. Within this, hydraulic energy holds 32%, followed by thermal
power plants at 49.7%, wind, solar, and geothermal power plants at 8.6%, 6.8%, and 1.6%
respectively, with other sources accounting for 1.3% (as depicted in Figure 1.5).
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Figure 1.6. Tirkiye's Percentage Installed Power According to Resource

Moreover, the count of power plants in Tiirkiye has reached 8934, encompassing those
generating unlicensed energy. Within the operational power plants, there exist 669
hydroelectric, 68 coal, 262 wind, 52 geothermal, 330 natural gas, 6,435 solar, and 253 from
other sources. Of these, 93% possess licenses, while the remaining 7% operate unlicensed. In
terms of electricity usage, Tirkiye recorded a consumption of 304.2 billion kWh and a
generation of 304.8 billion kWh. Projections indicate a 4.8% surge in consumption up to 2023,
reaching a total of 375.8 billion kWh..

Between 2006 and 2015, the average global temperature rose from 0.86 °C above the pre-
industrial baseline to 1.04 °C above it. In response t0 this escalating global warming, the world



has turned to renewable energy technologies. Thanks to both collective and individual efforts
within the global community, investment in new renewables has been on the rise.

To attain its announced net-zero objective by 2053, Turkey is setting its sights on a
minimum 35% reduction in emissions by 2030 compared to 2020 levels. Achieving this entails
lowering emissions from 523.9 MtCO2e (million tons of carbon dioxide equivalent) in 2020 to
340 MtCO2e, aligning with the 2053 target. The Paris Agreement, ratified by 191 nations, seeks
to curb the global temperature increase to 1.5°C to avert the climate crisis; Turkey joined as a
party in October 2021. All participants at the previous year's summit pledged to enhance their
emissions reduction objectives before COP27 in November 2022. To stay within the 1.5°C
limit, global emissions must achieve net-zero status by 2050.

Hydropower once held undisputed dominance in renewable electricity generation in
Turkey. It continues to lead as the largest source of renewable electricity, contributing to 29.2%
of total electricity generation in 2019. Wind power takes the second spot, experiencing
remarkable growth over the past decade thanks to the FiT system, surging from under 1.5
terawatt hours (TWh) in 2009 to 21.8 TWh in 2019. Wind power constituted 7.2% of total
electricity generation in 2019. The rest of the renewable electricity stemmed from solar
photovoltaics (PV) and geothermal energy, contributing 3.5% and 2.9% respectively to total
electricity generation, while bioenergy accounted for 1.1% in 2019. Notably, geothermal and

bioenergy for power generation nearly doubled within three years from 2016 to 2019.
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Figure 1.7. Renewable energy in electricity generation, Tiirkiye, 2000-19

Solar photovoltaic (PV) generation has displayed even swifter expansion, escalating from
3.7 TWh in 2017 to 10.6 TWh in 2018, marking a remarkable growth of 182% over two years.
Collectively, renewable energy sources constituted 44% of total electricity generation in 2019.
This positioning Tiirkiye towards the upper echelons in a comparison across IEA member

nations.



Tiirkiye possesses substantial solar energy potential due to its geographic positioning.
The average daily total radiation intensity reaches 4.18 kwWh/m2/day, with an annual average of
1527.46 kWh m2/year. The yearly average sunshine duration extends to 2741 hours, with a
daily average of 7.50 hours. As of 2020, Tiirkiye's installed solar power capacity stands at
6,294.7 MW, making up 6.8% of total production based on sources. Unlike the western and
northern areas, the southern and eastern parts of the country receive more sunlight, a result of
geographical factors. Notably, June and July exhibit the highest sunshine, while December and
January record the least. This information is presented in the Solar Energy Potential Atlas
(GEPA), visually depicted in Figure 1.8.
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Figure 1.8. Tiirkiye's Solar Energy Potential Atlas

1.3. Literature Review
In regions with substantial solar irradiation potential, employing solar energy to operate

air conditioning systems can prove advantageous, offering favorable outcomes in both
technological aspects and economic considerations. Numerous researches have been conducted
worldwide on systems used to transform solar energy into useful cooling. Two major methods
of solar cooling are as follows: electrically driven methods utilizing PV and thermally driven
methods utilizing collectors which include a variety of cooling cycles, like adsorption,

desiccant, and absorption.

Most researches focus on thermal-driven solar cooling systems due to their high
efficiency and reliability in large district cooling plants. Using the TRNSYS software, an
assessment was conducted on the potential of an integrated solar absorption chiller ranging from
175 to 1400 kW, designed for cooling and heating in residential settings. This evaluation took
place within the climatic conditions of Berlin (Germany), Lisbon (Portugal), and Rome (lItaly).
The numerical outcomes indicated that utilizing vacuum tube collectors instead of flat-plate

collectors led to reduced economic feasibility, resulting in a decrease of solar collector area by



15-50%. It was determined that due to elevated maintenance and water consumption expenses,
achieving a 60% annual solar contribution would only yield savings of 35% to 45% of
operating costs (Mateus et al., 2009). An experimental configuration aimed to assess the
functionality of a single-stage, 35 kW cooling capacity water lithium bromide (H20-LiBr)
absorption chiller was conducted. The chiller was energized by a flat-plate collector spanning
49.9 m2 in surface area, targeted for implementation in Spanish residences in Madrid during the
summer of 2003. The system operated within heat rejection and generation temperatures
ranging from 32-36 °C and 57-67 °C respectively. At peak insolation, the cooling effect
generated was 5.13 kW, achieving a solar-to-cooling conversion efficiency of 11%. The utmost
cooling capacity peaked at 7.5 kW, enabling an 8.67-hour duration of cooling provision.
Throughout this span, the average, daily, and maximum Coefficient of Performance (COP)
achieved were 0.34, 0.42, and 0.6 respectively (Syed et al., 2005). A study involving
optimization analysis of collector area and cycle time was carried out for a 100 kW silica gel -
water adsorption chiller in a single-stage, two-bed configuration. The chiller was driven by an
evacuated tube solar collector and assessed under the climatic conditions of Bangalore.
Employing TRNSYS V17 simulation, the research delved into the impact of varying
operational parameters on the performance of the adsorption system. Results from the
simulation indicated that the most favorable outcomes in terms of maximum Coefficient of
Performance (COP) and solar fraction could be achieved with a collector tilting angle of 30°
and an absorber area of 16 m2 (Jaiswal et al., 2016). A comprehensive exploration
encompassing both experimental and numerical analyses was carried out on a groundbreaking
high-temperature solar cooling system. This innovative system centered around flat-plate
evacuated solar thermal collectors (SC). Notably, the system integrated a double-effect 21 kW
absorption chiller, distinguishing it as the inaugural solar cooling system founded on non-
concentrating solar thermal collectors. Experimental findings revealed a collector peak
efficiency surpassing 60%, while the daily average efficiency hovered around 40%. In addition,
from an economic perspective, outcomes demonstrated that the novel prototype displayed
commendable profitability, as evidenced in the study ( Buonomano et al., 2016).

However, most of the existing residences especially in cities, cannot be equipped with
central large cooling plants. Therefore, there is a great tendency towards electrically driven
small cooling systems using PV Panels. A study in a hot summer zone in Beijing, China,
analyzed a quasi-grid-connected photovoltaic-powered DC air conditioner. The investigation
examined the technology's working principle and showed that it can reduce grid electricity
usage by more than 67% and 77% during summer daytime and nighttime, respectively. The
solar-powered air conditioner exhibited an overall energy efficiency ratio 4.6 times higher than
that of a standard air conditioner (Liu et al., 2017). A performance study of a grid-connected

photovoltaic-powered central air conditioner was conducted in the South China climate,



involving practical operation for an office building. The study employed three indices—solar
fraction (SF), net solar fraction (NSF), and surplus energy ratio (SER)—to evaluate the system's
effectiveness. The research revealed that meteorological conditions notably impacted the
system's performance, with SF varying based on prevailing weather patterns. Furthermore, NSF
and SER exhibited significant trends linked to these patterns. Notably, SF was particularly high
in April, September, and October due to reduced cooling loads. The annual average values for
SF, NSF, and SER were found to be 51.62%, 104.5%, and 52.72%, respectively (Li et al.,
2018). A study conducted a techno-economic analysis of a hybrid solar PV-grid powered air-
conditioner designed for daytime office use in hot humid climates, specifically focusing on
Kumasi city, Ghana. The case study revolved around a standard 30 m2 office space. The
experiment employed a pure sine wave hybrid inverter equipped with an integrated PWM
charge control system. The findings indicated that, for a nominal cooling capacity of 2.5 kW
and maximum power consumption around 1.19 kW, a 1040 Wp solar PV system with a 200 Ah,
24 V battery configuration achieved a monthly mean solar fraction of 51% = 9%. The system
was projected to generate approximately 1211 kWh of energy per year. From a financial
standpoint, the analysis unveiled potential savings of US$1600 compared to 100% utility grid
electricity, and about US$3300 savings could be realized when the air-conditioner operates on
100% solar energy as opposed to 100% utility grid electricity over a 10-year period (Opoku et
al., 2018). An experimental analysis was conducted on an air conditioner that operated on
photovoltaic energy while also being supplemented by grid power. The study utilized a 3.52 kW
cooling capacity air-conditioner designed for a 35 m2 floor area. In Alicante, Spain, a
photovoltaic setup with three 235 Wp panels directly connected to the equipment at 24 VVdc was
employed. The findings indicated that the system achieved energy efficiency ratings (EER) and
solar fractions (SF) reaching close to 15% and 65% respectively. These outcomes were
observed over a 6-month monitoring period (Aguilar et al., 2017). The viability of a solar
electric-vapor compression refrigeration (SE-VCR) system aimed at cooling applications in the
southern area of Turkey was assessed. The Cooling Load Hourly Analysis Program (HAP) 4.4
was employed to compute the hourly fluctuations in the system's parameters. The findings
indicated that the system could adequately fulfill the compressor's power requirements through
a photovoltaic panel surface area spanning 31.26 m2, and with a peak compressor power
consumption of 2.53 kW (Bilgili et al., 2011).

One of the most interesting HVAC systems is the variable refrigerant flow VRF. These
systems are energy efficient and provide considerable comfort to occupants. (Amarnath et al.,
2009) conducted a study where they installed a VRF system in nine offices located in
Knoxville. This installation aimed to offer separate heating and cooling to each office. The
outcomes of the study indicated that the occupants showed a preference for the VRF system in

comparison to the pre-existing ducted space conditioning system. Moreover, when delivering a



specific cooling level at the same external temperature, the VRF system showcased a reduction
in energy consumption by 20-40%, concurrently enhancing the comfort of the occupants. To
assess the economic viability of both constant refrigerant flow (CRF) and variable refrigerant
flow (VRF) systems for an office building in Qatar operating for 12 and 24 hours a day,
researchers presented a life-cycle cost analysis. The outcomes of this analysis demonstrated
that, considering the entire lifespan, the VRF system exhibited a lower present-worth cost
compared to the CRF system. This cost reduction was attributed to the VRF system's lower
operating costs (Atalla et al., 2022). Utilizing the Energy Plus environment, a novel VRF
module was created, and an assessment was made by contrasting the energy usage of the VRF
system with both a variable air volume (VAV) system and a fan-coil plus fresh air system
(FPFA). The findings of the study revealed that the VRF system offers the potential for energy
savings of approximately 22% when compared to the VAV system, and about 11% when
compared to the FPFA system (Zhou et al., 2007). A comparative analysis was undertaken to
assess the effectiveness of the Variable Refrigerant Flow (VRF) system when compared to the
Roof Top Unit (RTU) variable-air-volume (VAV) system. This study was conducted at a test
building situated in Oak Ridge, Tennessee, USA. The outcomes of the field test indicated that
the VRF system achieved a reduction of about 17% in energy consumption during cooling
operation and roughly 74% during heating operation, in comparison to the RTU system.
Additionally, the VRF system's energy consumption was lower by approximately 55%
compared to that of the RTU system (Lee et al., 2018). An examination was carried out
regarding the energy efficiency and power generation capabilities of a variable refrigerant flow
(VRF) heat pump system integrated with photovoltaic (PV) technology within a 5-story
residential building in Cyprus. The findings revealed that the VRF system's annual power
consumption ranged from 14,005 to 18,710 kWh. In parallel, a PV array boasting a total
capacity of 13 kW was able to generate an annual output ranging between 23,200 and 23,650
kwWh. This translated to the PV arrays satisfying approximately 126-166% of the building's
annual VRF energy demand. The integration of the PV system also led to a reduction of around
14 tons of CO2 emissions each year. Additionally, the economic feasibility evaluation indicated
that the project's net present value could vary from $4,843 to $13,355 over a 20-year investment
duration (Gilani et al., 2021).

One of the primary difficulties encountered in solar cooling is aligning the energy
generated with the energy consumed, a task that heavily relies on the effectiveness of energy
storage solutions. Moreover, a notable gap exists in research pertaining to photovoltaic (PV) air
conditioning modules tailored for off-grid functionality. In solar photovoltaic refrigeration
systems, the inclusion of batteries becomes imperative. Presently, despite advancements in the
operational features of different system components, lead-acid batteries remain the sole viable

choice for electrical energy storage. In their study conducted in South Africa, (Gayapershad et

10



al., 2021) explored the sizing, selection, and cost assessment of a fully off-grid photovoltaic
DC-powered air conditioning (AC) system. This system integration included a charge
controller, an inverter, and deep cycle batteries. The cooling load for the specified area was
determined to be nearly 1 ton, resulting in the selection of a package-type vapor compression
system. For its operation, 6x 335 watts solar panels were chosen and connected in series.The
analysis outcomes indicated that, depending on the required operational duration, either 2 x 48
V DC, 150 Ah batteries or 6 x 48 VV DC, 150 Ah batteries were needed to supply backup power
for 8-hour or 24-hour operation, respectively. Additionally, the coefficient of performance
(CoP) for the system was determined to be 2.7. Moreover, the cost analysis revealed that the
final system was projected to cost approximately $6,829 (USD) for 24-hour operation and a
complete off-grid setup. A study involving experimental research on photovoltaic air
conditioning systems utilizing the direct drive approach was presented. This study set up an off-
grid system configuration at the Al-taje site in lraq during the summer season. The system
components comprised an array of eight photovoltaic panels, a 75Ah battery bank for power
storage, a PWM (pulse width modulation) charge controller, and a DC air cooler. The
experimental outcomes demonstrated the effectiveness of this DC air conditioning system in
coping with Irag's warm climate. It served as a viable alternative to conventional air
conditioning systems (AC air conditioners), which tend to consume substantial amounts of
electrical energy. The implemented system provided a fully operational room cooling solution
powered entirely by solar energy (Hussein et al., 2020). Through simulations and optimization
analysis, an assessment was carried out to determine the economic viability of a building in
Irag. This involved conducting a comparative study to evaluate the economic feasibility of
employing a PV electrical grid for a cooling load of 600 kW, as well as a standalone solar PV
system. The outcomes of numerical analysis indicated that the utilization of a PV system could
result in an approximate 45% reduction in electrical power consumption compared to reliance
on grid power (Mohammed et al., 2022). An investigation was carried out on an efficient off-
grid solar-powered DC air conditioning system. The study involved suggesting a solution aimed
at enhancing the energy efficiency of conventional air conditioning systems. This enhancement
was achieved by replacing the standard alternative current motor (AC) with a direct current
brushless motor (BLDCM), which would be powered by photovoltaic (PV) panels. The main
objective was to decrease energy consumption and subsequently lower the electricity expenses
associated with cooling and refrigeration in off-grid regions, specifically within KSA. The
results of the study indicated that the proposed technique effectively reduced energy
consumption to less than half of what is consumed by AC air conditioners (Khlifi et al., 2021).
The utilization of a thermal storage tank presents an appealing technology, facilitating the
transfer of thermal energy from periods of surplus to periods of demand. Moreover, innovative

designs aimed at enhancing energy efficiency were explored. In their study (Hoseini Rahdar et
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al., 2016), the analysis of a vapor compression AC system was conducted using two hybrid
strategies. Initially, an ice thermal energy storage (ITES) system was employed, followed by the
use of a phase change material (PCM) tank to establish a comprehensive storage mechanism
capable of shifting the load from on-peak to off-peak periods. The outcomes of the study
revealed that the payback period for the PCM system, in comparison to the conventional
system, was approximately 5.56 years, while for the ITES system, it was 3.16 years.
Furthermore, the power consumption of the ITES and PCM systems exhibited reductions of
4.59% and 7.58% respectively, compared to the conventional system. Additionally, CO2
emissions produced by the ITES and PCM systems were found to be 17.8% and 27.2% lower
respectively, in comparison to the emissions generated by conventional systems.

The effectiveness and performance of cold thermal energy storage systems for off-grid
PV air-conditioned buildings remain uncertain. To address this, a feasibility and performance
assessment was conducted, comparing various storage features. The study incorporated a
feasibility analysis and employed cost optimization to determine optimal configurations for
residences, offices, and hotels. Results showed significant cost reductions in the residential
scenario: 49.76% for chilled-water storage, 41.77% for ice storage, 44.31% for phase change
material (PCM) storage, and 22.78% for building thermal storage (Hu et al., 2022). A novel
residential PV air-conditioning system, employing a compression chiller, was introduced. This
system integrated ice storage with low-temperature phase change materials (PCMS). The
research design involved utilizing ice storage to fulfill typical cooling requirements, while the
low-temperature PCMS was strategically designed to address freezing demands. Through a
comprehensive system-energy analysis involving various parameters such as PV areas, storage
capacities, and insulation thicknesses, it was demonstrated that the new system could achieve
energy savings of up to 85%. Notably, this system displayed higher cost-effectiveness
compared to a battery-only system under specific electricity price scenarios (Beck et al., 2015).
A study focused on improving grid connection through a solar-electric driven heating and
cooling system with phase change material (PCM) storage. The study involved coupling a solar-
electric driven variable refrigerant flow (VRF) 3-pipe system with a 20 kwWh thermal storage
capacity using PCM Parafol 16-97 for crystallization. Simulations were conducted for
Photovoltaic-Arrays with a 30° inclination, and the results showed a latent heat storage capacity
of 16 kWh. The system incorporated a heat exchanger comprising six units, each with a length
of 23 m, enabling storage at peak power levels exceeding 10 kW during charging. Notably, the
study demonstrated that the PCM storage component significantly improved system efficiency
during discharge, leading to an increase in the Energy Efficiency Ratio (EER) from 5 to nearly

6. This enhancement helped lower electrical demand and reduce grid stress (Shex et al., 2017).
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1.4. Motivation

Many of the papers presented in the literature review above focus on integrating the
combination of the solar PV system with DX-type units which requires high energy
consumption. VRF systems are worldwide increasing in residential as well as in business
buildings. Due to easy installation and easy access to energy, source/heat sink, air/air-based
systems are getting more and more relevant. Thus, integrating the VRF system will reduce
energy losses and thus enhances the overall efficiency of the system.

In addition, most researches study the integration of PV panels with batteries in order to
provide the cooling needs for different apartments. This system will lead to a very high payback
period due to the expensive costs of replacing these batteries. Whereas few studies conducted
on PV-driven VRF systems, the capability to store energy is limited in these systems. Systems
with electric batteries are expensive and sensible thermal storage does not fit well into the
refrigeration cycle due to energetic losses. The ability to store energy is mandatory to achieve
better integration of PV-production for such combined systems. Thus, a new strategy for energy
storage using phase change materials for cooling systems is needed to be investigated.

Furthermore, most of these systems described in these researches were not sized to
provide all the energy needed year through without using any auxiliary non-renewable source.
Their proposed design was based on a maximum solar fraction of around 80%. Thus, an
auxiliary conventional system is still needed to meet this fluctuation between supply and
demand.

Based on all of the above-mentioned points, and in the wake of increasing focus on
sustainability and the ‘go green’ movement, the idea flourished investigating the performance of
a PV solar-electric driven variable refrigerant volume VRF system for an apartment in Adana,
Tiirkiye, and studying its validity, reliability, and feasibility. This system can provide the
cooling loads of this apartment. And cold thermal storage based on phase change material is
used to enable the stability and the continuous run of the system without the use of any non-
renewable auxiliary energy source. Thus, enhancing the feasibility of the system by removing

the expensive battery storage.

1.5. State of Art - “PV-Driven VRF System Using Cold Thermal Storage”

The present paper will investigate the performance of a solar electrical-driven VRF
system combined with a cold phase change material storage. A residential villa in Adana,
Tiirkiye will be taken as a case study. A thermo-economic optimization methodology will be
adopted in order to find the suitable capacities of the different components. Then a feasibility
study will be conducted in comparison with the conventional PV-Batteries system. The paper

will follow the following outline:
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Conventional Building Model: starting from finding the hourly site information data.
Then based on Tiirkiye Thermal Standard the Conventional Building Model will be
created.
Optimized Building Model: using energy conservation and thermal efficiency measures
(for example enhancing the building thermal envelope, economizer mode etc), the
Optimized Building Model will be created.
System Mathematical Model for the different components PV, VRF, PCM, and Battery
will be provided.
Thermo-economic Optimization Sizing Methodology to provide a 100% solar fraction
for the two systems:

o Conventional PV-Battery-VRF

o PV-PCM-VRF
Simulation Results comparison between these two systems.

Feasibility Study comparison with respect to the baseline scenario of the two systems.
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2. BUILDING MODEL

2.1. Adana Site Information Data

In order to evaluate the benefits of the proposed model, a local baseline villa in Adana,
Tirkiye was taken as a case study. Tiirkiye is witnessing a great increase in electrical
consumption. In fact, it has the fastest-growing energy market within OECD countries. Based
on statistical agencies buildings are responsible for one-fourth of the energy consumption. Since
space heating and cooling has a major part in this consumption, climate conditions play a
prominent role. Based on the Turkish Contractors Association, space cooling accounts for the
space-based energy requirement which is nearly 30% of the consumed energy.

The Koppen Climate Classification subtype for Adana (37°N, 35.25°E) climate is
"Csa"(Mediterranean Climate). Based on Koppen the average temperature for the year in Adana
is 18.9°C. The coolest month on average is January, with an average temperature of 9.4°C, and
the lowest recorded temperature of -7.8°C. The warmest month, on average, is August with an

average temperature of 27.8°C, and the highest recorded temperature of 42.2°C.

Map data Per year Map
Direct normal irradiation DNI 1824.4 kWh/m
_Glob§l horizontal GHI 17707 KWh/m?
irradiation

piffusehorizontal DIF 652.8 KWh/m?
irradiation

Glopaltilted irradiation at GTl opta 2029.2  KWh/m?
optimum angle

Optimum tilt of PV modules OPTA 32/ 180

Air temperature TEMP 189

Terrain elevation ELE 125

P Lealet | Satellite tiles © Esri

Figure 2.1. Global Solar Atlas Adana Site Info

Tirkiye, in terms of its solar energy potential winner due to its geographical location
between 36%nd 42° latitudes has a big solar energy potential and an opportunity to benefit from
this endless energy source in building design, developing renewable energy technologies,
agriculture, and many other applications compared to many other countries. For January, the
monthly average of daily total radiation is 1.23 kW h m~2 day*, while for July, it is 6.55 kW h

m 2 day*. The annual average value of daily total radiation is 3.81 kW h m2 day ..
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Figure 2.2. Global Solar Atlas PVOUT

Studying the sun-paths as showing Figure 2.3 provides information on the length of the
day and the amount of daylight received throughout the year, which are important insights for
assessing the solar system's performance since the irradiation on a tilted surface depends mostly
on the Sun's position. The worst-case scenario, when the solar system produces the least amount

of energy, is December because the sun's path is lower in the winter than it is in the summer.
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Figure 2.3. Horizon and sun-path for Adana
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Figure 2.4. Adana's hourly direct normal and diffuse horizontal solar irradiances

The hourly direct and diffuse solar irradiances illustrated in Figure 2.4 for Adana show
the amount of hourly solar radiation that reaches the villa over 1 year. The graph displays two
lines: one for the direct solar irradiance and one for the diffuse solar irradiance. The direct solar
irradiance line represents the amount of solar radiation that is received directly from the sun.
This radiation is not scattered or diffused, and it is typically the strongest during the middle of
the day when the sun is highest in the sky. The diffuse solar irradiance line represents the
amount of solar radiation that is scattered or reflected by the atmosphere before reaching the
earth's surface. This radiation is less intense than direct radiation and is usually more evenly
distributed throughout the day. Overall, the graph provides important information about the
amount of solar radiation that is available in Adana at different times of the day. This

information is useful for understanding the potential for solar energy production.

2.2. Baseline Building Model

The residential villa was designed in accordance with the regionally adopted local style
of architecture, as seen in Figure 13. The villa is a two-story residence with a total surface of
300 m2 and a total volume of 1425 m3, A family of ten members could fit there comfortably. A
3D model of the villa was created using the "Design Builder" simulation program to simulate
the building's behavior under actual operating conditions.
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Figure 2.5. Villa's Model

The fresh air requirements, external infiltration, occupancies, lighting, and appliances
associated with their schedules for each room are based on the ASHRAE standards 90.2 and
62.1 as shown in Table 2.1.

Table 2.1. General Comfort and Gains Properties

Comfort and Gains

Indoor set point °C 22 Internal gains (peak) kw 3

temperature

Indoor Relative % 50 Average/Maximum Nr. 5/10

humidity Occupancy

Infiltration Vol/h 0.3 Solar Heat Gain %/100 0.25
Coefficient

Lighting (peak) W/m? 20 Visible %/100 0.25

Transmittance

In addition, according to TS 825 Thermal Insulation Requirements in Buildings in
Tirkiye as for Adana is considered in the first region. Table 2.2 shows how the thermal
transmittance characteristics of the walls, roofs, and glazing are determined using Tirkiye

Thermal standard values.

Following the import of all of these values into the simulation program, the "Design
Builder" will evaluate all of the thermal gains from external ventilation, heat transmission
through the building envelope, glazing, shading effect, and radiation for the multi-zones. The
model is simulated based on the real hourly ambient weather conditions obtained from the
International Weather for Energy Calculations (IWEC)
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In other words, this project was applied to Adana's Case Study. In order to proceed, the
Villa’s Thermal Characteristics and activities were implemented on Design Builder so that we
can extract the thermal balance and the required hourly cooling load. Moreover, the hourly solar
irradiance and weather data of the area were also reported. Finally, one more input should be
considered: the roof area of the Villa. Determining the area will allow us to have an idea about

the number of PVs that could be installed on the roof.

ESvaluzson

Temperatures, Heat Gains and Energy Consumption - Villa, Villa
1 Jan- 31 Dac, Hourly

T T T T
Aug s=m oot Nav Dac 200

Figure 2.6. Baseline energy consumption output

Therefor the baseline model is a model designed according to the TS 825 Turkish
Thermal Insulation Requirements in Buildings used to calculate the cooling load of the villa
using the "Design Builder" simulation program. This program is used to simulate the energy
performance of a building, considering the climate and building characteristics of the area, as
well as the insulation and other construction materials used. It considers the ventilation, solar
gain, and infiltration of the building, and then calculates the resulting cooling load.

The TS 825 requirements in Buildings dictate the thermal characteristics of the building
materials, as well as the overall thermal performance of the building, in order to ensure that it
meets the standards set for energy efficiency. By using this simulation program and the TS 825
requirements, the baseline model is used to determine the cooling load of a building and to
ensure that it meets the necessary energy efficiency requirements. Variations of the hourly
cooling load for different months are shown in Figure 2.6, the cooling load results in Design
Builder appeared in negative signs because the simulation software is calculating the energy
that is leaving the space. Heat energy leaving space is considered a negative load, while heat

energy entering the space is considered a positive load.
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The sensible cooling load of a Variable Refrigerant Flow (VRF) system is not static but
instead is constantly changing throughout the day in response to the outside temperature. This is
due to the system's variable-capacity nature, which is capable of adjusting its cooling output in
relation to the building's cooling demand. As the outside dry-bulb temperature rises, the
sensible load and cooling electric demand of the VRF system increases accordingly. This is a
great benefit of VRF systems compared to other conventional cooling systems, as it allows for
more efficient temperature regulation.

2.3. Optimized Building Model

Energy losses are one of the major factors in the design of the energy process. To account
for these losses, the majority of thermal systems are built with capacities that are much higher
than necessary. Therefore, energy conservation and efficiency measures have been implemented
in order to prevent overdesigning and demonstrate its importance. These actions will lower peak
load capacities as well as annual energy consumption. The "Design Builders" simulation
program has been used to perform a parametric study to determine the best thermo-economic
value for each variable parameter. The thermal transmittance values of the walls, roofs, and
glazing are among these parameters. Table 2.2 lists the various parameters used in local thermal
building (LBV) and those used in the optimized building model (OPV).

Table 2.2. Thermal Transmittance Values

Thermal Characteristics Units Type Adana
_ LBV 0.7
Wall Thermal Transmittance W/(m2.K) OPV 04
_ ) LBV 0.45
Roof Thermal Transmittance W/(m*.K) oPV 03
_ _ LBV 24
Window Thermal Transmittance W/(m*K) OPV 16

In order to reduce the heat gains from direct solar radiation, exterior shading on windows
has also been taken into consideration. In the main rooms, occupancy sensors have also could
be installed. If the room is not occupied, these sensors will raise the indoor temperature to the
predetermined setback value. As shown in Figure 2.8, an inclined double roof (tilted angle = 37
degrees) has been added which will provide shading and a free area to handle the solar panels.
Finally Increasing the setpoint temperature for cooling by 1 degree from 22 °C to 23°C can lead
to potential energy savings in annual consumption. Raising the setpoint temperature reduces the
cooling load and may result in shorter or lower-capacity operation of the cooling system,
thereby reducing energy usage. While occupant comfort and regional climate should be
considered, a 1 °C adjustment is generally within the acceptable comfort range. Although the
immediate savings seem small, cumulative effects over time can lead to significant energy
reductions and cost savings.
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Table 2.3. Thermal Reduction Percentage from LBV

Thermal Parameter Units Adana
CL ACE
Walls U-Value % 2% 1%
Roof U-Value % 1% 2%
Glazing U-Value % 6% 1%
Setback Temperature % 3% 5%
Overall OPV % 12% 9%

Temperatures, Heat Gains and Energy Consumption - Villa, Villa
Enang yPius Outpul 1.Jan - 31 Dac, Hourly Evaluaton

T
Fan frEY Apr May F Er
2002 Timatas

Aug = oa Naw oac 200

Figure 2.7. Optimized model energy consumption output

The overall and individual parametric reduction percentages in the cooling load (CL) and
annual cooling energy (ACE) required are summarized in Table 3. The results demonstrate that
using the optimal values (OPV) will reduce the cooling load needs by 12%, and the annual

cooling energy needs by 9% if compared to the baseline characteristics (LBV) in Adana.
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Figure 2.8. OPV Architecture
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3. MATHEMATICAL MODELS

3.1. Solar Irradiance on PVs

Solar irradiance is the amount of solar energy that reaches a given area in a given time.
It is the most important factor in determining how much power a solar photovoltaic (PV)
system can generate. PV systems require direct sunlight for optimal operation and performance.
Therefore, the amount of solar irradiance on a PV system has a direct impact on its electrical
output. Direct radiation is the solar energy that comes directly from the sun and is unaffected by
the atmosphere. This is the most efficient type of solar energy due to the lack of atmospheric
interference. Diffuse radiation comes from the sun’s reflection off clouds, dust, water vapor,
and aerosols. This type of radiation is less efficient than direct radiation because the atmosphere
has scattered and absorbed some of the energy. The amount of diffuse radiation varies
throughout the day, depending on weather conditions. The direct and diffuse radiations on the
solar collector must be calculated based on the equations provided, taking into consideration the
tilt angle ( B ) of the solar collector and its orientation (south-facing). The total global radiation
(G) on the tilted Solar Collector Panels is:

Zenith
<§ 0, Normal to

horizontal

Normal to
tilted surface

Figure 3.1. Solar Angles for the Tilted Panels

G =Gy +Giff (3.1)

1+ cos(f) (32)

G =G,,.cos(0,) +Gyy - 5

where:

G,4: is the corrected direct incident solar radiation on the tilted solar collector(KW/mZ)

Ggn - 15 the direct normal incident solar radiation given from site information(KW/mz)

Gaifr - is the corrected diffuse incident solar radiation on the tilted solar collector(KW/m?)
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Gair - 1s the diffuse horizontal incident solar radiation given from site information (KW/mZ)

0;: Angle of incidence of the radiation beam with respect to the normal to the tilted plane, which

can be calculated from the following equation:
cos(6;) = cos(6,).cos(B) + sin(6,) .sin(B).cos(4 — y) (3.3)

6,: Zenith angle between the vertical and the line of the sun given from site information

B : Tilt angle of the panels

y . Azimuth of the normal to the tilted plane equals O since the plane is directed toward the
south

A: Azimuth horizontal angle measured clockwise from the South (> 0 westward)

3.2. Variable Refrigerant Flow Unit

Then the hourly energy rate PPV that could be produced by the number of panels (first
variable: N) of the PV was calculated. The method of modeling the performance of the PV
panel includes mathematical equations to calculate the current, voltage, and power generated at
the specified temperature and irradiance, by considering that the PV system includes a

maximum power point tracking (MPPT) system. Thus, PPV could be calculated as follows:

P,y =GxA xN_x7, (3.4)
Where P, is the electrical hourly energy rate which could be produced based on the available

hourly solar irradiances. Ap is the area of one panel. Np is the total number of panels. Mo is

the efficiency of PV panels which includes the effect of temperature, irradiances, and MPPT
controller.

The resulting out cooling power will be:

Qcooling,available

= PPV * COP (35)

Where Q is the cooling energy hourly rate which could be produced from the VRF

cooling,available

unit whenever the electrical energy hourly rate is available from the PV panels.

3.3. PV System

The utilization of photovoltaic (PV) systems is gaining popularity worldwide, with their
applications continuously evolving and adjusting. Most of today's PV systems are compact,
connected to the grid, and capable of generating a few kilowatts of power. Nevertheless,

advancements like Maximum Power Point Tracking (MPPT) and enhanced system
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implementation have brought about transformations in the utilization and applications of PV
technology. Photovoltaic systems utilize the fundamental principles of a conventional p-n
junction diode to convert solar energy into electricity. This involves the absorption of photons
at the junction, leading to the conversion of absorbed energy into the material’s electron system.
This process generates separated charge carriers, which can manifest as either electron-ion pairs
within a liquid electrolyte or electron-hole pairs within a solid semiconductor. These charge
carriers induce a potential gradient in the junction region, subsequently gaining acceleration in
the presence of an electric field. This acceleration enables their movement as an electrical
current through an external circuit. The electric power converted into electricity can be
calculated as the square of the current multiplied by the resistance of the circuit.

A common technique employed in modeling a PV array is to determine the current and
voltage generated at a given temperature and irradiance using mathematical equations based on
the power output at Standard Temperature Conditions (STC), which is defined as a radiant
energy of 1000 W/m2, an air temperature of 25° C, and an incidence angle of 48.2°. This
calculation takes into account the associated factors and analyzes how they influence the energy

produced.

| |V curve VMP IMP
sC \
The short circuit current, lsc

—_
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2

0

a

= Power from

o the solar cell
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&

The open circuit voltage,Voe

Voltage Voc

Figure 3.2. PV Current / VVoltage Characteristic

When modeling photovoltaic systems, the distinct voltage-current curve of the PV panel
(as seen in Figure 3.2) must be taken into consideration. The PV current-voltage (IV) curve is a
graph that shows the relationship between the current and voltage of a photovoltaic (PV) cell
under varying levels of illumination. It can be used to determine the efficiency of a particular
PV cell or module, as well as its output characteristics under different lighting conditions. The

IV curve typically has a curved shape, with the current increasing as the voltage increases. The
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shape of the curve is affected by the type of material used in the cell, as well as the number of
cells in the module. Three key points are used to determine the model's parameters: the short
circuit current (Isc) when there is no voltage, the Maximum Power Point (MPP) - when the
panel produces the most power, at this point, the current is IMPP and the voltage is VMPP.

The third point corresponds to the open circuit voltage, where the current reaches zero
and the voltage reaches the open circuit voltage value. These specific voltage and current values

are distinct for each PV array and are specified in the manufacturer's datasheet.

The use of electrical equivalent circuits is one method for modeling PV arrays. One of the
most common equivalent circuits is the single-diode model, in which the PV cell is represented

by a circuit consisting of a single diode and two resistors, as illustrated in Figure 3.3.
Rs |

7 V.V
D +

Ish

@ ¥ Ren v

Figure 3.3. Circuit Model of PV panel

Ilustrated in Figure 3.3, the PV cell is depicted as a configuration consisting of a current
source in tandem with a parallel diode, as well as a parallel resistor (Rsh) and a series resistor
(Rs) connected to the current source. The direct current source IL embodies the current resulting
from the interaction between photons and electrons within the PV cell. The diode within the
model captures the p-n junction phenomenon, symbolizing the non-linear behavior of the PV
cell. This diode allows current to flow when the cell is illuminated. Conversely, the parallel
resistance Rsh mirrors current losses, and the series resistance Rs represents voltage losses
attributed to the cell's metallic contacts. Hence, the characteristic equation governing this circuit

is delineated as follows:

(3.6)
Ipw =1L —1Ip—Isn
This equation can be written in the following form:
V+I.Rsp V+I.R .
Ipv:Il_Io(e A —1)—R—S @7
P
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where:
A=— (3.8)

K is the Boltzmann constant (1.38 x 10-23 J/K), q is the elementary charge (1.6 x 10-19 C), T
corresponds to the solar cell temperature, m is the correction coefficient ranges between 1 and

2, and 10 is the internal p-n junction saturation current.

The alternative approach to model a PV array involves the utilization of mathematical
formulas to compute the current, voltage, and irradiance produced under given temperature and
irradiance conditions. This is achieved by extrapolating from the power generated at Standard
Temperature Conditions (STC), where one assesses the various influencing factors and their
impact on power generation. STC, denoting Standard Temperature Conditions, corresponds to
specific parameters including an irradiance of 1000W/m2, a temperature of 25 °C, and an air
mass of 1.5.

If the PV system does not include a maximum power point tracking (MPPT) system, the
current supplied by the panels during hour t is calculated as follows:

G(t) (3.9

GS TC

Ipv(t) = Isc.

where:
Is. : PV generator short-circuit current in (A)
G(t) : average irradiance over the surface of the PV panels during hour t (W/m2)

G - irradiance at STC, which is equal to 1000 W/mZ.

To be more precise, we must consider the effect of temperature on the PV. The PV cell
temperature

T¢ [°C] can be calculated using:

NOCT — 20> ® (3.10)

To(®) = T + (—5=

where:

Tq is the ambient temperature [°C]

NOCT is the nominal operation cell temperature [°C] (typically 45 °C)

As a result, the output current must be corrected in the following manner:
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(3.11)

G@) 1 H
() = Isc-g_—[ 1+ 5. (Te(©) - 25)]

where:
Uy oc - temperature coefficient of Igc [%/°C].
Whereas if the charge controller includes an MPPT system, the PV panels will always operate

at the maximum power point of the current curve, resulting in a higher output current from the

PV.
— G(t) Hioc (3.12)
Ly () = Inp. Gsrc'[1+ e (Te(0) 25)]
Conventional Boost MPPT
Controller Charging Controller Charging
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Figure 3.4 PV characteristic using MPPT controller
(t) Hv,oc
Vo ©) = Vo= 1455 M@ - 25)] (3.13)
where:

Imp and Vmp are the operating current and voltage at maximum power point and

is given in the datasheet of the PV panel.

Therefore, the resulting power will be:

Ppv ) = va(t)- Ipv ) (3.14)
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3.4. Lead Acids Batteries

Batteries hold a paramount role in the evaluation of renewable energy system
investments. Consequently, effectively managing these systems to maximize battery longevity
stands as a foremost concern. This objective can be accomplished through the regulation of
battery charging and discharging cycles. Accordingly, it is imperative to appropriately size the
system, ensuring a continuous supply to meet the load demand while concurrently minimizing
the overall system costs. The utilization of battery modeling and simulation within the context
of hybrid system design, as currently under investigation, serves a dual purpose. Firstly, it
facilitates an examination of the battery's performance as an independent energy storage unit.
Secondly, it empowers the optimization of battery dimensions and lifespan to curtail operational
expenses.

When engaging in battery modeling, consideration of multiple intricate factors becomes
imperative, rendering this stage notably intricate. Among these factors are State of Charge
(SOCQ), voltage levels, internal resistances, capacitance, charge resistance, discharge resistance,
and various other non-static variables. Even in the present era, lead-acid batteries maintain their
position as the most widely utilized battery type for power applications. While they present
diverse energy densities, their efficiency excels particularly in lower power density scenarios.
Despite their high energy density capabilities, the scope of power density they offer remains
limited. This limitation has implications for the amount of energy accessible within the system
and the duration required for battery charging.

Due to lead acid batteries having a fairly short lifespan, they must be routinely replaced.
This is the main obstacle for isolated power generation. It is crucial to take into account that
renewable energy sources are volatile, and the power supplied is largely determined by the
weather. Consequently, an assessment of all the system components must be done prior to
installment to make sure the load is supplied with the needed power at all times. The battery's
capacity to store and deliver energy is therefore essential to ensure a standalone system can
handle the load. This will help to prevent any deficiencies and rectify them before they arise.
The battery is charged by the solar generator, which stores the energy and can provide it in the
necessary amount and at the necessary time. Batteries charged with photovoltaic energy can be
used to power many devices in remote and risky areas. Photovoltaic systems offer a steady
supply of electricity regardless of the weather or time of day, as they are capable of storing
electrical energy. It is essential to properly manage the system to extend the life of the battery,
including controlling its charging and discharging cycles. Additionally, the system should be
adequately sized to guarantee the load is met by the supply while decreasing the overall cost of

the system.
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The battery storage was considered initially to be full, then it enters in discharging and
charging phases as per the energy difference rate between the electric energy rate needed for the
VRF and its corresponding available electric energy rate from the solar PV-VRF combination in
an hourly basis.

(3.15)

Qdiff e = PPV - Qelectric,needed

Discharging Mode If the needed cooling electric energy rate at a specific hour is greater than

the available electric energy (Qdiﬁ e <0). The energy deficit will be extracted from the

battery's storage. And the discharged energy rate can be calculated as follows:

: Qd'ff , 3.16
Qdischarged,e = == ( )

storage,e

Charging Mode: If the available electric energy rate at a specific hour is greater than the needed
electric cooling energy load, the excess cooling energy will be stored in the batteries storage. In
this case, the charging energy rate will be as follows:
Qenargeae = Quit X Msorage.e (317)
The Thevenin model of lead acid batteries is a mathematical model used to represent the
behavior of a lead acid battery when it is connected to a load. The model illustrated in Figure
3.5 is composed of a voltage source, an internal resistance and an external resistance connected
in series. The voltage source represents the potential difference between the positive and
negative terminals of the battery and can be used to calculate the amount of power that the
battery can deliver to the load. The internal resistance represents the effect of the internal
chemical reactions of the battery on the current flow. The external resistance represents any
external resistance that the load may generate, such as the resistance of the wires connecting the

battery to the load.

Figure 3.5. Thevenin Circuit
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In the initial parallel branch, there exists a resistor symbolizing the battery's resistance to
over-voltage. Meanwhile, the second parallel branch encompasses a capacitor symbolizing the
capacitance existing between the electrolyte and the electrodes. As none of these factors possess
dynamic attributes, the dynamic accuracy of this model is inherently limited. This is due to the
omission of the battery's state of charge from the considerations. This configuration proves
advantageous for applications that do not necessitate the incorporation of dynamic state of

charge considerations.

The discharging phase of lead acid batteries involves the flow of energy from the battery,
typically as electrical power. During discharge, the lead acid battery consumes active material
from the positive plates and transfers it to the negative plates. This process produces electrical
current and lowers the battery's state of charge. The duration of the discharging process depends
on the rate of discharge, the capacity of the battery, and the depth of discharge. When the
battery is almost fully discharged, the voltage begins to decrease, signaling the need to recharge

the battery.

The discharging equation is given by the following equation:

V = [2.085 — 0.12(1 — SOC)] (3.18)
! ( y + g + 002) (1 - 0.007AT)
ClO 1 + 11'3 SOC1'5 ' '

The initial component represents the alteration in open circuit voltage caused by the state
of charge, reflecting changes in electrolyte concentration. Meanwhile, the second component
arises from fluctuations in internal resistance, amalgamated as the summation of all series

resistances.

The Temperature Difference is given by the following formula considering that the

reference temperature is 25 °C

AT = T — 25 (3.19)

In addition, the State of charge will be defined by the equation:

soc=1-2 (3.20)

where:

Q (1.t) is the charge delivered at the time of interest

C is the battery’s capacity
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The discharge process is regarded as having 100% efficiency. Nevertheless, the quantity of
usable charge available during discharge is constrained by the current rate and temperature in
alignment with the capacity. This ultimate value is normalized concerning the discharge current

associated with the C10-rated capacity (110), and the expression is as follows:

C 1.67 (3.21)
= _(1+0.0054T
Cio  1+40.67(I/11) ( )

When the discharge current approaches zero, the greatest capacity that may be removed is
approximately 67% more than the C10 capacity at 25°C. The Charging equation is given by the

following equation:

(3.22)

1 ( 6 0.48

=[2 - 0.1650C] — —
& ] 14198 ' (1-50C)12

+ 0.36) (1 — 0.025AT)
C1o

In this case, the state of charge (SOC) is a function of the efficiency conversion C and SOCO.

The SOC equation is given as:

3.23
S0C =50C, — nEQ (3.23)
And the Efficiency equation will be:
N =1 20.73 (S0C — 1)
‘ L +os5 (3.24)

I1o

3.5. Cold Phase Change Material Thermal Storage
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Figure 3.6. PCM Storage
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The PCM thermal storage tank was designed to bridge the divide between the chilled
water thermal energy rate and the amount of energy the VRF can produce. This tank uses phase
change material (PCM) as the energy medium, which has the ability to absorb and release heat
energy. When in charging mode, the VRF produces more energy than the chilled water thermal
energy rate demands, and this excess energy is stored in the PCM tank. This stored energy can
then be used when the chilled water thermal energy rate is higher than the amount of energy the
VRF can produce. The PCM tank allows for the storage of this excess energy for later use,

reducing the need for additional energy sources and helping to improve energy efficiency.

The maximum amount of energy that can be stored in the CPCM storage is calculated using the

following Equation:

Qcpcm = Pcpem X Vepem X A (3.25)

where:
pcpcy - Density of the CPCM material
Vepem - PCM storage volume
A : Latent energy of phase change from solid to liquid.

The PCM system will be designed so that when solar energy is available and the cooling
load needed is fulfilled, the cooling load will be provided directly from the solar system and any
energy excess will be stored in the PCM system. However, when the cooling load is higher than

the solar electrical power, the PCM will be used in order to close the gap and this power will be

Qdiﬁerence. The storage was considered initially to be full, then it enters in discharging and

charging phases as per the energy difference rate between the cooling energy rate needed and its

corresponding available energy rate from the solar PV-VRF combination on an hourly basis.

(3.26)

Qdifference = Qcooling,available - Qcooling,needed

Where Q is the cooling hourly energy rate calculated from the building energy model

cooling,needed
simulation performed in the “Design Builder”.

It was assumed that initially, the storage is full, then it enters in discharging and charging
phases as follows:

As seen in Figure 3.7, Initially the liquid fraction of melt f = 1, then the maximum enthalpy of
PCM:
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|_|max =0 *A (327)

V = Qmax.stored (328)

H

where:

H ., ..= is the maximum enthalpy at the end of the phase change f =1in kWh/m?
0, = is the liquid density PCM in Kg/m®

A = latent heat of fusion in kWh/Kg

Qmaxsored = Maximum storage needed in kWh

V = Storage volume in m®

Discharging Mode If the needed cooling energy rate at specific hour is greater than the available

cooling energy (Qyierence < 0)- The deficit in energy will be extracted from the PCM storage

tank. And the discharged energy rate can be calculated as follows:
Hfka
Melting pognt

3

Temperature

Solid + Liquid
< ?

=0 Hrmax

Solid " Liquid

Stored amount of heat energy

Figure 3.7. PCM Storage during Discharging Phase

_ Qdifference (3.29)

Qdisch arged
storage

The energy level inside the PCM will decrease until it reaches a minimum value when f, =0.

V*H, =V*H, -

fk—l

Qdischarged

(3.31)
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H, =p*f,*2 (3.30)
where:
Quischargea = 18 the energy discharged from the storage to provide 10ad Qerence in KWh.

Nsorage = Efficiency of PCM storage

H £ PCM enthalpy (KWh/m?®) at melt fraction f = f, ; and k is the number of hours from
starting discharging.
H ;= PCM enthalpy (KWh/m®) at melt fraction f = f,_;; and k-1 is the number of hours

from starting discharging

A limitation of that H ;> 0o that the melt fraction f + 0and the PCM will not be in a solid

% ; Hre . e
= : Hfis ! ,."'
3 —

C-q 1 "

£ Heat emission b

O | P

aml I E— e

Solid " | Solid+Liquid |  Liquid
Y |

N\ :
f=0] Humax -1

Stored amount of heat energy
state. If H - 0 the storage is empty, and an auxiliary heat source is needed:

Qaux = Qcooling,needed - (Qcooling,available + Qstorage) (332)

Charging Mode: If the available cooling energy rate at a specific hour is greater than the needed

cooling energy load (Q giterence > 0), the excess cooling energy will be stored in the PCM buffer

Figure 3.8. PCM Storage during Charging Phase

storage tank. In this case, the charging energy rate will be as follows:

Qcharged = Qdifference>< nstorage

()

The energy level inside the PCM will increase until it reaches a maximum value when f, =1.

(3.33)

* _\/ * -
V*H fi =V*H fiq + Qcharged
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Hi =p*f*2 (3.34)
where:
Qenargea 1S the energy that could possibly be charged in the storage from the available energy
Quiterence UNtil the storage reached its maximum load (V *H,,.).

A limitation of that H; < H,_ so that the melt fraction f <land the PCM will notbe ina
liquid state totally.
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4. SYSTEMS CONFIGURATION AND OPERATION

4.1. PV-Batteries-VRF
Solar energy is becoming an increasingly popular way to power cooling systems, such as

Variable Refrigerant Flow (VRF) systems. A VRF system is an energy-efficient and cost-
effective cooling system that consists of an outdoor heat pump, refrigerant lines, and indoor fan
coil units. Photovoltaic (PV) panels are installed on the roof and connected to the VRF unit.
These panels generate energy from solar irradiances (sun's rays), which are then used to power
the VRF unit. Any excess energy generated from the PV panels can be stored in batteries
storage through an inverter for times when solar energy is not available. These batteries provide
the necessary power to the VRF unit when solar energy is not available, primarily at night. The
cooling energy supplied by the VRF unit is then directed to the building's fan coil units through
refrigerant pipes. This provides the building with the necessary cooling demand without relying
on traditional power sources, such as electricity from the grid. Solar energy is an effective and
efficient way to power cooling systems, as it is cost-effective and reduces the building's reliance

on traditional energy sources.

Indoor Fan Coil Units
————— ) )
[———
—
——
=
]

¢ PV Panels
VRV Unit

—_— Inverter
e ——— .
= L =3 —
— O I
—_— | ]
—_ s

e Batteries

Figure 4.1. VRF Batteries system components integration

Figure 4.1 shows the different components of the conventional system. It consists of:
Photovoltaic panels, variable Refrigerant Flow Unit, batteries, inverter and indoor Fan Coil
Units.
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4.2. PV-PCM-VRF

Our proposed system aims to replace traditional electric storage methods with latent
thermal storage. This is done by utilizing Variable Refrigerant Flow (VRF) technology to
convert solar energy into cooling energy. This energy is then stored in a cold phase change
material buffer tank through refrigerant pipes that use its high latent solid-liquid phase change
energy to store a huge amount of energy in a small volume. A chilled water pump is then used
to circulate the chilled water through pipes to the fan coil units, providing the necessary cooling
energy. This process enables buildings to reduce their energy consumption while relying on
renewable energy sources. The direct use of solar energy to provide cooling has the benefit of
avoiding the need for costly and inefficient energy storage batteries. The latent thermal storage
provided by the phase change material buffer tank is much more efficient than traditional
electric storage methods, allowing for more efficient and cost-effective cooling of buildings.

Indoor Fan Coil Units PV Panels

Chilled Water Pump Colth PCM Starege VRV Unit l l
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e

— : .
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—— :

— ' — o m

- —
i I

Figure 4.2. VRF PCM system components integration

Figure 4.2 shows the different components of the proposed system. It consists of:

1- Photovoltaic panels.

2- Variable Refrigerant Flow Unit.

3- Phase Change Material cold storage
4- Chilled Water Circulating Pump

5- Indoor Fan Coil Units
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5. COMPONENTS SELECTION AND SPECIFICATIONS

5.1. PV Panels

The off-grid solar system captures sunlight to store energy in a battery bank for structures
beyond the main power grid. Solar panels convert sunlight into DC electricity, which flows
through a solar charge controller ensuring proper, non-excessive charging. This controller helps
"float" the battery bank, maintaining optimal charge. The current is then directed to the battery
for storage. In off-grid solar setups, power is drawn from the battery through a DC-to-AC solar
inverter. This AC power drives household appliances and, when combined with energy-saving

plans, can meet most off-grid structure need.

LONGI
MOREGOSOLAR

182MM BIFACIAY

MOREGOSOLAR

Largest Authorized Distributor of Branded Solar Panol.
—~—

N
Figure 5.1. Longi PV 550W module

The specification of PV panels used usually for such proposed system may include the

following:

Monocrystalline
Front Cover 3.2 mm thermally pre-stressed glass with

anti-reflection technology

Frame Anodized aluminum

1.

2

3

4. Back Cover Composite film
5

6. PV module min Efficiency 21%
7

Warranty 25 years
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8. Each PV module used in any solar power project must use an RF identification tag
(RFID)

Photovoltaic arrays necessitate installation on a stable and robust framework capable of
both accommodating the array's weight and enduring challenging weather conditions such as
wind and rain. The modules are affixed to structures with stationary configurations. The
materials chosen for these structures are Hot dip Galvanized Mild Steel, conforming to IS
2062:1992, or aluminum of an appropriate grade, with a minimum alloy specification of 6063

or superior.

5.2. Solar Controller

A solar charge controller, known as a solar regulator, functions to regulate battery
charging by connecting solar panels and the battery, preventing overcharging. These controllers
have been integral to off-grid solar power systems for years and are vital for small-scale setups.
Solar charge controllers come in two main types: PWM and MPPT. Pulse Width Modulation
(PWM) controllers establish a direct link from the solar array to the battery and employ a 'rapid
switch' approach to regulate battery charging. The transistor opens until the battery reaches its
absorption charge voltage; it then rapidly switches on and off (hundreds of times per second) to
maintain steady battery voltage. While effective, this method reduces the solar panel's operating
voltage (Vmp), diminishing power output and efficiency. MPPT stands for Maximum Power
Point Tracker, a more advanced version of the PWM charge controller. These controllers
optimize solar panel performance at their peak power point, achieving the optimal voltage and
current combination for maximum power output. They can enhance efficiency by up to 30%
compared to PWM controllers, contingent on battery factors and the solar panel's Vmp

(operating voltage).

~MPPT
(17] covan chanas conrastica g

Figure 5.2. MPPT Solar Charge Controller
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An MPPT, which stands for maximum power point tracker, is an efficient type of DC-to-
DC converter utilized to enhance the power output of a solar system. Its operational principle is
straightforward: due to the varying levels of sunlight exposure on a solar panel throughout the
day, the panel's voltage and current continually fluctuate. To achieve optimal power generation,
an MPPT scrutinizes the panel's voltage to identify the ideal balance of voltage and current that
yields the maximum power output. This process involves ongoing tracking and adjustment of
the photovoltaic (PV) voltage to generate the highest achievable power, irrespective of the time
of day or prevailing weather conditions. Through the incorporation of this innovative
technology, operational efficiency experiences a significant boost, leading to a potential energy
production increase of up to 30% compared to a PWM charge controller.

5.3. VRF-Unit

VRF technology is ideal for applications with varying loads or where zoning is necessary
due to its ability to adjust the amount of refrigerant sent to fan coil units throughout a building.
It also provides design flexibility, energy conservation, and economical installation.
Furthermore, VRF systems can be either heat pump systems or heat recovery systems when
simultaneous heating and cooling are needed. In a VRF system, multiple indoor fan coil units
can be connected to a single outdoor unit with one or more inverter-driven compressors that can
adjust their speed by changing the frequency of the power supply.

e |

. T—
[ ||| 560
R ;
5 i |]l :
I" el =L g P 3 VRF Systems

e a3 S

Figure 5.3. Typical VRF Heat Pump System

The adjustment of the compressor speed directly affects the quantity of refrigerant
dispensed, subsequently influencing the temperatures within the indoor units. Individual indoor
fan coil units are outfitted with dedicated metering devices, which are controlled either by the
indoor units or the outdoor unit. When a refrigerant request is sent by each indoor unit to the
outdoor unit, the latter supplies the precise amount of refrigerant essential to satisfy the
demands of every individual indoor unit. The Variable Refrigerant Flow (VRF) system is
exceptionally suited for applications necessitating load adjustment in accordance with usage
patterns or the building's orientation. It is also well-suited for applications requiring zoning

capabilities.
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Advantages of a VRF System:

1- Control Means Comfort: The best way to ensure a comfortable environment is to
provide heating or cooling exactly when and where it is needed, without any sudden
temperature changes. Traditional systems turn the compressor either completely on or off,
resulting in unpredictable shifts in the temperature of a room, even if individual controls are in

place (Figure. 5.4).

. Compressor

Compressor

P ON cycles on

ol - and off
Setting O ation reopen
| temperature = g
Room Room
temperature temperature
fluctuation

Operation stop

Figure 5.4. Traditional Fixed-Speed Compressor

A Variable Refrigerant Flow (VRF) system allows for the speed of the compressor to be
adjusted, meaning that it does not turn on and off but runs continuously for extended periods
(Fig. 5.5). This allows for the refrigerant flow to be adjusted to keep the room temperature
consistent and maintain the desired comfort level. Furthermore, fan speeds and louver positions

at the indoor units can be varied to further enhance the comfort of the space.

COMPRESSOR CONTINUOUS
SMOOTH CONTROL
o
Set point

ROOM

NO ROOM-
TEMPERATURE TEMPERATURE

FLUCTUATION

Time

Figure 5.5. VRF System Inverter-Driven Compressor

2- Design Flexibility: A notable benefit of the VRF system lies in its capacity to offer
design flexibility, facilitated by a wide range of product options. Diverse types and sizes of fan

coils are at hand, ensuring suitability for various applications.
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3- Cost-Effective Installation: A VRF system may be a great cost-saving option for
certain applications. Its outdoor units are light and take up little space, so they can be
transported in a service elevator and don't require the use of a crane for rooftop installation.
Plus, the lightweight units don't call for extra support structures in the roof, which could
potentially lead to further savings on construction costs.

4- Energy Savings: VRF systems offer energy savings by varying the compressor speed
to match the output of the system to the load, eliminating the energy losses associated with
systems that circulate conditioned air through ductwork. The efficiency of the system may

depend on the design of the outdoor unit.

5.4. Cold Thermal Energy Storage

Cooling constitutes a substantial energy-intensive process, and cold thermal energy
storage stands as a resourceful energy-saving technology capable of curtailing electricity
consumption. This method encompasses the accumulation of cold thermal energy within a
medium, subsequently extracting it for use as required. Throughout the charging phase,
available cold thermal energy is amassed, and in the discharging phase, the stored cold thermal
energy is accessed and supplied for practical utilization. This can be achieved by altering the
internal energy of the storage medium or undergoing a phase transformation. By capitalizing on
peak and off-peak periods, cold thermal energy storage technology facilitates the capture of
cold during high-demand times and its release during low-demand periods, thereby optimizing
energy usage.

Within the domain of cold thermal energy storage, two prevalent strategies are the
sensible and latent storage approaches. Sensible heat storage capacity hinges on specific heat
capacity and temperature changes, without any phase transition during energy storage and
retrieval. Meanwhile, latent heat energy storage garners appeal due to its remarkable energy
storage density, ranging from 5 to 14 times higher than the sensible storage method. This
approach entails a phase alteration during both energy storage and retrieval. The stored energy
quantity aligns with the material's latent heat of fusion.

The combination of Phase Change Materials (PCMs) and Thermal Energy Storage (TES)
systems presents an opportunity to drastically improve energy efficiency in Heating,
Ventilation, and Air Conditioning (HVAC) systems. PCMs are materials that have the capacity
to store and release thermal energy when undergoing a phase change, transforming from solid to
liquid, or liquid to solid. By incorporating PCMs into a TES tank, which contains a heat transfer
fluid (HTF), electrical energy used to power HVAC systems is stored as latent thermal energy.
This storage capability allows buildings to qualify for Net-Zero Energy in Buildings programs
where energy is generated on-site and also provides a method of temporal decoupling of energy

generation and energy use. Our proposed system utilizes Photovoltaic (PV) panels to generate
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electricity, which is then converted into thermal energy by a Variable Refrigerant Flow (VRF)
unit. This thermal energy is then stored in a Phase Change Material (PCM) Tank for use during
peak cooling periods when electricity prices are at their highest. This method of cooling the
building eliminates the need for carbon-intensive and expensive peak power plants, which rely
on burning fossil fuels to produce electricity, consequently reducing the carbon footprint
associated with the process. As a result of this, energy can be accumulated when production
costs and carbon discharges are high, and then used at a later point when the costs and
atmospheric pollution are lower; this can be done during the day and night, resulting in financial
savings as well as a reduction in energy and carbon emission levels.

The selection of n-pentadecane as an organic phase change cold storage material was a
wise choice due to its ideal phase change temperature and remarkable cold storage capacity.
This material has the capacity to store a large amount of energy, which makes it very efficient

and cost-effective for energy storage purposes.

Table 5.1. Properties of N-Pentadecane PCM

Melting temperature °C 81 Thermal conductivity wWim.K 0.5
Latent heat of fusion L KJ/Kg 180 Density Kg/m3 862

Additionally, its low melting point allows it to be used in HVAC systems with minimal
energy loss. This makes n-pentadecane an ideal material for cooling applications, as it ensures
that the temperature requirements of the system are met without wasting energy. Furthermore,
the material is highly resilient and requires minimal maintenance, ensuring that the system is
running smoothly and efficiently. All of these factors make n-pentadecane an ideal choice for

HVAC cold storage applications.

(b)
Figure 5.6. (a) coil-in-tank and (b) tube-in-tank CTES designs
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The refrigerant circuit has been enhanced with two proposed designs for Cold Thermal
Energy Storage (CTES), depicted in Figure 5.6: the coil-in-tank and tube-in-tank
configurations. These designs incorporate one or multiple coils/tubes submerged within the
Phase Change Material (PCM) storage tank. Over the past two decades, tanks containing macro-
encapsulated PCM, like spheres and small capsules, have gained prominence as preferred
options for CTES systems. In this setup, the refrigerant circulates within the tubes, engaging in
heat exchange with the PCM. This interaction facilitates both the charging and discharging

operations.
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6. SIMULATION RESULTS

6.1. Load shifting Scenario
Figure 6.1 provides the hourly typical load profile. The peak loading of the conventional
system occurs during the day when the internal thermal load, temperatures, and solar gain are

higher. CTES system runs chilled water in the loop through FCU when needed.

Thermal Load Profile
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Figure 6.1. One Day Thermal load profile at peak load

The operation strategy for a Cold Thermal Energy Storage (CTES) integrated into a
Variable Refrigerant Flow (VRF) cooling system is outlined. The scenario considers a fully
charged storage undergoing simultaneous charging and discharging phases. In this setup, the
storage has the capability to address the complete cooling load during peak hours. However, a
high-capacity HVAC system is necessary to achieve complete CTES charging, intended for
operation during off-peak hours. Both the storage capacity and the VRF system were
meticulously designed to maintain a nearly constant load throughout an 8-hour period of

sunlight. The storage capacity was engineered to encompass a 24-hour cooling capacity.

6.2. PV-Batteries-VRF
After implementing the energy mathematical model of the different components. The
intent is to find the optimal combination between the solar panel number and the capacity of

batteries capable of running the system year-round with all hourly auxiliary energy rate values
Qaux equal to zero with minimal capital cost. The optimization methodology is based on the

Hooke and Jeeves algorithm in which the minimum initial values of the two variables are taken,
then incremented by its research step value. The new values are then entered each time into the

model which simulates the annual performance.
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Since the main intent of this thesis study is to provide all the needed thermal loads from

solar energy, the minimum number of panels was determined by dividing the total daily electric
needed energy Q; by the total daily energy Q. generated at peak load using the area of one

panel only at the optimal tilted angle (equals to the latitude of the city). The maximum number
of panels is determined by the number of panels that could be installed over the available area in
the residential village. The incremental step of the solar collectors is the number of panels.

As for the useful energy capacity, the minimum value was set to 1 kWh. The maximum
value of the capacity was set to be the total annual thermal energy for 5 days storage.

Table 6.1 provides the minimum, maximum, incremental step, and the unit cost for the
different components; cost includes the price of the PV panels, the price of the batteries storage,
and all other installation costs like cables, steel structures, Inverter, and controls that collected

from manufacturers and published papers for both models.

Table 6.1. Optimization Parameters for VRF-Batteries system

Parameter Units Baseline Optimized
PV Area per panel m?/panel 2

PV Minimum Number of Panels Nb 60 48
PV Maximum Number of Panels Nb 120

PV Incremental step Panel 1

PV Optimal value Panel 76 68
PV Unit cost per panel USD/panel 110
Minimum Useful Energy Value kWh 1
Maximum Useful Energy Value kWh 500
Incremental step useful Energy value kWh 1

Optimal useful energy value kWh 88 79
Unit cost USD/kWh 60

Other installation unit costs (inverter, USD/Per

cables,..) PVpanel 100

The search procedure takes place in two stages:

The first stage is to find all the configurations having a total annual auxiliary energy
Qaux equal to zero. For each PV panel within the boundary limitation (from minimum to

maximum), the simulation analysis was performed with each value of the batteries capacity
from the minimum limit value and incremental values up until zero auxiliary is reached. All the

different combinations are summarized in Figures 6.2 and 6.3.
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Figure 6.2. Batteries capacity depending on the number of PV panels for baseline model
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Figure 6.3. Batteries capacity depending on the number of PV panels for the optimized model

Figures 6.2 and 6.3 represent the capacity of batteries needed against the number of PV
panels. And as predicted, while incrementing the number of PVs, the capacity of batteries will
decrease. This is due to one factor; when the number of PVs increase, at daytime, the electrical
load supplied by these will be sufficient to run the required cooling load without the usage of
the batteries storage. However, an inflection point appears, and this point represents that adding
more PVs will not add value to the system, because the storage is nearly decreasing. This is
why for the Baseline model the number of Panels chosen was 76 and the capacity of batteries
will be 88 kWh and for the Optimized model the number of Panels chosen was 68 and the
capacity of batteries will be 76 kWh.
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The second stage is based on finding the minimum initial cost between the different
combinations. The capital cost of all the possible combinations having a solar fraction equal to
1 is summarized in Figures 6.4 and 6.5. Then the minimum value between them was chosen.
And thus, the optimal operating schedule and the capacities of the different components were
determined.
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Figure 6.4. Cost of the System depending on the number of PV panels for baseline model
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Figure 6.5. Cost of the System depending on the number of PV panels for optimized model
What was mentioned in the graphic before is illustrated in Figures 6.4 and 6.5. At the
inflection point, increasing the number of PVs will mean oversizing the system, and the cost

will increase with no advantage added to the system. Therefore, the system will cost around
31,800% for LBV and 29,370$ for OPV in case of using batteries. These number is the
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summation of PV Panels with their installation, Batteries, Inverter, Optimization cost in OPV,

cables, and all other accessories, taking into consideration the profit of the contractor.

6.3. PV-PCM-VRF

After implementing the energy mathematical model of the different components. The
intent is to find the optimal combination between the solar panel number and the capacity of
PCM storage capable of running the system year-round with all hourly auxiliary energy rate

values Q equal to zero with minimal capital cost. The optimization methodology is based on

aux
the Hooke and Jeeves algorithm in which the minimum initial values of the two variables are
taken, then incremented by its research step value. The new values are then entered each time
into the model which simulates the annual performance.

Since the main intent of this thesis study is to provide all the needed thermal loads from
solar energy, the minimum number of panels was determined by dividing the total daily needed

thermal cooling energy Q. by the total available cooling energy Q

ooling,needed cooling available
generated at peak load using the area of one panel only at the optimal tilted angle (equals to the
latitude of the city). The maximum number of panels is determined by the number of panels that
could be installed over the available area in the residential village. The incremental step of the
solar panel is one panel.

As for the PCM cold storage volume, the minimum value was set to 1 Liter. The
maximum value of the capacity was set to be volume compared to total annual thermal energy.
The incremental step value of the PCM storage is set to 25 Liters which is equivalent to 1 kWh

of cold thermal storage.

Table 6.2. Optimization Parameters for VRF-PCM system

Parameter Units Baseline Optimized

PV Area per panel m?/panel 2

PV Minimum Number of Panels Nb 60 48

PV Maximum Number of Panels Nb 120

PV Incremental step Panel 1

PV Optimal value Panel 70 62

PV Unit cost per panel USD/panel 110

Minimum PCM Volume liter 1

Maximum PCM Volume liter 30000

Incremental step PCM Volume liter 25

Optimal PCM Volume liter 10376 9801

Unit cost USD/liter 0.75
Othfé;gféi!';};)%g’uqu; ost USD/Per PV panel 80

VRF price difference between USD 2000

Conventional and New system
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Table 6.3 provides the minimum, maximum, incremental step, and all the unit costs for
the different components; cost includes the price of the PV panels, PCM storage, VRF price
difference between Conventional and New systems, and all other installation costs like cables,
steel structures, chilled water pipes and controls that collected from manufacturers or published
papers.

The search procedure takes place in two stages, The first stage is to find all the
configurations having a total annual auxiliary energy Qaux equal to zero. For each PV panel
within the boundary limitation (from min to maximum), the simulation analysis was performed
with each value of the PCM’s capacity from the minimum limit value and incremental values

up until zero auxiliary is reached. All the different combinations are summarized in the

following graphs:
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Figure 6.6. PCM Cold Storage depending on the number of PV panels for baseline model
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Figure 6.7. PCM Cold Storage depending on the number of PV panels for optimized model
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Figures 6.6 and 6.7 represent the capacity of Cold PCM volume needed against the
number of PV Panels. And as predicted, while incrementing the number of PVs, the capacity of
cold PCM storage will decrease. This is due to one factor; when the number of PVs increase, at
daytime, the electrical load supplied by these will be sufficient to run the required cooling load
without the usage of the thermal storage. However, an inflection point appears, and this point
represents that adding more PVs will not add value to the system, because the storage is nearly
decreasing. This is why for the Baseline model the number of Panel chosen was 70 and the
capacity of PCM storage will be 10,376 L and for the Optimized model the number of Panel
chosen was 62 and the capacity of PCM storage will be 9,801 L.

The second stage is based on finding the minimum initial cost between the different
combinations. The capital cost of all the possible combinations having a solar fraction equal to
1 is summarized in the following graph.
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Figure 6.8. Cost of the System depending on the number of PV panels in baseline model
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Figure 6.9. Cost of the System depending on the number of PV panels in optimized model

What was mentioned in the graphic before, is illustrated in Figures 6.8 and 6.9. At the
inflection point, increasing the number of PVs will mean oversizing the system, and the cost
will increase with no advantage added to the system. Therefore, the system will cost around
23,082% for LBV and 22,001$ for OPV in case of using PCM cold thermal storage. This
number is the summation of PV Panels with their installation, PCM storage, Inverter,
Optimization cost in OPV, cables, and all other accessories, taking into consideration the profit

of the contractor.
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7. FEASIBILITY STUDY

The pricing of various components and the associated maintenance costs for both
systems are sourced from market operators and manufacturers. The initial investment cost is
calculated as the disparity between the initial expenses of the novel solar system and the
conventional Variable Refrigerant Flow (VRF) system that could have been employed instead.
Earnings are determined as the discrepancy between the electricity bills paid within the
conventional system and those projected with the utilization of the new solar system.To offer
clarity regarding the conducted feasibility study, certain parameters warrant elucidation. The
Discountable Net Present Value (NPV) signifies the cumulative sum of profit accrued at the
conclusion of the investment's lifespan. It is founded on the real values of earnings and

expenses, as computed in Equation (7.1) and Equation (7.2):

_VF
@A+ (7.1)

NPV => VA(Earnings) — > VA(Expenses) — (Investment— Subsidies) 72)

Where > VA(Earnings) and > VA(Expenses)are respectively the sum of actual

values of earnings and expenses. N is the lifetime duration of the system and | is the discount
rate per period in each country. VF are the future values.

The Internal Rate of Return IRR is the value of the interest rate such that the NPV is zero.
It is calculated using an iterative function. If IRR is greater than the hurdle rate, the project is
more profitable.

The Profitability Index Pl (or Return on Investment ROI) calculated in Eq. (36) give the
sign on how much a system is profitable. The more this value, the higher the system is

profitable.

oy _ 2 VAEamings) - 5 VA(Expenses)
- Investment— Subsidies (7.3)

The Actual Payback Period is then calculated after finding the actual cash flow year by year as
shown in Eq. (37) and Eq. (38):

ACF, = [ACF,_, — (VA (Earnings) —VA (Expenses))] (7.4)

ACF, = —[Investment — Subsidies] (7.5)
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Where ACF, is the actual cash flow at year “t”. Then the year t, where the actual cash flow

changes sign and becomes a positive value, is the payback period of the system.

For the conventional system Tables 7.1 and 7.2 and Figures 7.1 and 7.2 provide all the
financial inputs parameters and results are calculated using present discounted cash inflows
which take into consideration the time value of money. As stated, the unit cost for this system
includes the price of the PV panels, the price of the batteries storage multiplied by 3 considering
the storage will be renewed 3 times during the lifetime period, and installation cost (cables, steel
structures, Inverter, etc.). As for the optimized model, an optimization cost will be added which
is the cost difference between the single glassing and double glassing.

Table 7.1. VRF-Batteries System Feasibility Study Parameters for LBV

Financial Parameters Subsidized Price Product!on
Real Price
Investment usD 31800 31800
Electricity Saving kWh 20762 20762
Price per kWh ush 0.16 0.32
Earnings per year ush 3322 6644
Expenses per year ush 200 200
Net Present Value NPV usD 1703 37353
IRR % 9.8% 23.5%
Pl - 1.05 2.17
Actual Present.Va_Iue Payback years/Months 13 years 12 Months 5years 11
period= Months
Present Values Actualized Payback
Period
60000 -
50000 e
() o=
£ 40000 _e-"
£ 30000 o
2 20000 ="
(@] Pl
10000 -

Years

Actual Optimized Paymants e ==« Actual Conventional Paymants

Figure 7.1. Present Values Actualized Payback Period for LBV
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Table 7.2. VRF-Batteries System Feasibility Study Parameters for OPV

Financial Parameters Subsidized Price Product!on
Real Price
Investment usb 29370 29370
Electricity Saving kWh 20762 20762
Price per kWh usb 0.16 0.32
Earnings per year usb 3322 6644
Expenses per year usb 200 200
Net Present Value NPV uUSD 4133 39783
IRR % 11.0% 25.4%
Pl - 1.14 2.35
Actual Present_ Va_lue Payback vears/Months 12 years 8 Months 5 years 5
period= Months

Present Values Actualized Payback

Period

60000

50000
40000
30000

Cost in USD

20000 -
10000 o

Years

Figure 7.2. Present Values Actualized Payback Period for OPV

Actual Optimized Paymants == e e Actual Conventional Paymants

For the proposed system Tables 7.3 and 7.4 and Figures 7.3 and 7.4 provide all the

financial inputs parameters and results are calculated using present discounted cash inflows

which take into consideration the time value of money. As stated, the unit cost for this system

includes the price of the PV panels, the price of the PCM storage, and installation cost (cables,

steel structures, Inverter...etc) In addition the consumption of the chilled water pump was

calculated and subtracted from the annual electricity saving. As for the optimized model, an

optimization cost will be added which is the cost difference between the single glassing and

double glassing.
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Table 7.3. VRF-PCM System Feasibility Study Parameters for LBV

Financial Parameters Subsidized Price Product!on
Real Price
Investment usb 23082 23082
Electricity Saving kWh 20372 20372
Pump consumption kWh 390 390
Price per kwh usb 0.16 0.32
Earnings per year usb 3260 6519
Expenses per year usb 200 200
Net Present Value NPV usb 9756 44730
IRR % 14.8% 31.4%
Pl - 142 2.94
Actual Present_Va_Iue Payback vears/Months 9 years 7 Months 4 years 3
period= Months
Present Values Actualized Payback
Period
60000
50000 =" -
g 40000 ’__,—"’
£ 30000 o=
2 20000 ’,,7‘-
10000 = ="

Years

Actual Optimized Paymants = = = Actual Conventional Paymants

Figure 7.3. Present Values Actualized Payback Period for LBV

Table 7.4. VRF-PCM System Feasibility Study Parameters for OPV

Financial Parameters Subsidized Price Product!on
Real Price
Investment uUsD 22001 22001
Electricity Saving kwh 20412 20412
Pump consumption kwh 350 350
Price per kwh uUsD 0.16 0.32
Earnings per year uUsD 3260 6519
Expenses per year uUsD 200 200
Net Present Value NPV uUsD 12887 47936
IRR % 16.8% 33.8%
Pl - 1.59 3.18
Actual Present_Va_Iue Payback Years/Months 8 years 5 Months 3years 11
period= Months
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Cost in USD
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Figure 7.4. Present Values Actualized Payback Period for OPV
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8. RESULTS ANALYSIS

After running the optimization simulation and conducting a feasibility study on all
possible systems and cases, a conclusion was drawn that will help in identifying the best
possible system and the most suitable case for the study. The electrical tariff in Tiirkiye is
highly subsidized, the residential tariff is 0.16 USD/kWh. Thus, the payback period of the solar
cooling system was found to be relatively high. However, the energy policy in Tirkiye is
tending towards eliminating these subsidies, resulting in a residential tariff of 0.30 USD/kWh
which was used in our feasibility study. The baseline model results for the PV-Batteries system
showed that 76 PV panels with 88kWh batteries storage capacity were needed, 31800%
investment cost with an actual present value payback period of 5 years and 11 months, PI of
2.17 and IRR of 23.5%. While results for the PV-PCM-VRF system showed that 70 PV panels
with 10376 litters PCM storage capacity were needed, 23082$ investment cost, with an actual
present value payback period of 4 years, and 3 months, Pl of 2.94 and IRR of 31.4%. The PV-
PCM-VREF system has an investment cost of 23,082$ compared to 31,800$ for the PV-Batteries
system, resulting in a 27.41% cost savings. Additionally, the PV-PCM system has a payback
period of 4 years and 3 months compared to 5 years and 11 months for the PV-Batteries system,
resulting in a 23% reduction in the payback period. Furthermore, the PV-PCM system has an
Internal Rate of Return (IRR) of 31.4%, while the PV-Batteries system has an IRR of 23.5%,
resulting in a 33.6% increase in the IRR. Although results obtained have shown that adopting a
100% solar fraction system will enhance the profitability by only around 35.5%. Thus, the PV-
PCM system results in an investment cost that is lower than the PV-Batteries system and also a
shorter actual present value payback period, and a higher IRR.

As For the optimized model: the PV-Batteries system result was found 68 PV panels
with 79 kWh batteries storage capacity,29,370$ investment cost, with actual present value
payback period of 5 years and 5 months, Pl of 2.35 and IRR of 25.4% while the PV-PCM
system result was found 62 PV panels with 9801 litters PCM storage capacity 22,001$
investment cost with actual present value payback period of 3 years and 11 months, PI of 3.18
and IRR of 33.8%. Therefore, the PV-PCM system provides a lower cost of investment and a
shorter payback period than the PV-Batteries system. The PV-PCM system has an investment
cost of 22,001$ compared to 29,370% for the PV-Batteries system, resulting in a 24.4% cost
savings. Additionally, the PV-PCM system has a payback period of 3 years and 11 months
compared to 5 years and 5 months for the PV-Batteries system, resulting in a 27.3% reduction
in the payback period. Furthermore, the PV-PCM system has an Internal Rate of Return (IRR)
of 33.8%, while the PV-Batteries system has an IRR of 25.4%, resulting in a 32.3% increase in
the IRR. Although results obtained have shown that adopting a 100% solar fraction system will

enhance the profitability by only around 35.3%. Thus PV-PCM system results in an investment
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cost that is lower than the PV-Batteries system and also a shorter actual present value payback
period and a higher IRR.

Therefore, the PV-PCM-VRF system compared to the PV-Batteries system in both
models is a more cost-efficient and profitable option for solar energy storage compared to the
PV-Batteries system. Accordingly, we were able to conclude that when it comes to
effectiveness, durability, capital investment, price, and economic benefits, PCM is deemed to be
more convent than using batteries as energy storage instruments.

By comparing the conventional system in both models, the baseline model required 76
PV panels with 88kWh batteries storage capacity, an investment cost of 31800$, a payback
period of 5 years and 11 months, a Pl of 2.17, and an IRR of 23.5%.While the optimized model
required 68 PV panels with 79kWh batteries storage capacity, an investment cost of 293708%, a
payback period of 5 years and 5 months, a Pl of 2.35, and an IRR of 25.4%. Results obtained
show that adopting the optimization enhancements of the energy conservation and efficiency
measures cause a reduction of 11% in PV panels and 10% in batteries storage capacity, 8.3% in
investment cost, 5.2% in payback period, enhancing 8.2% in IRR and the profitability index by
around 8.2% if compared to the local baseline model.

By comparing the proposed system in both models, we found that the baseline model
required 70 PV panels with 10376 litters PCM storage capacity, 23082$ investment cost, an
actual present value payback period of 4 years, and 3 months, a Pl of 2.94 and IRR of 31.4%.
While as for the optimized model results was found 62 PV panels with 9801 litters PCM storage
capacity of 22,001$ investment cost with an actual present value payback period of 3 years and
11 months, PI of 3.18, and IRR of 33.8%. Results obtained show that adopting the optimization
enhancements of the energy conservation and efficiency measures cause a reduction of 11.5%
in PV panels and 6.3% in PCM storage capacity, 3.07% in investment cost, 8.8% in payback
period, enhancing 7.7% in IRR and profitability index by around 8.1% if compared to the local
baseline model.

Accordingly, we were able to conclude that when it comes to effectiveness, durability,
capital investment, price, and economic benefits, PCM is deemed to be more convent in both
models than using batteries as energy storage technologies especially after analyzing the results
of the optimization simulation and conducting a thorough feasibility study for all the possible
systems and cases. Our optimization process has provided valuable insight into the
effectiveness of the proposed system, allowing it to make informed decisions on which systems

to implement.
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9. CONCLUSION

Renewable energy is sourced from natural sunlight which will never run out, unlike
more traditional energy-producing sources like coal and gas. According to scientists, systems
based on renewable energy are set to account for almost 95% of the increase in global power
capacity with solar PV alone providing for more than half.

This study provides a design guideline for creating, optimizing, and forecasting the
performance of a 100% solar cooling system in any Mediterranean climate similar to Adana
(Tirkiye). With the use of the simulation application "Design Builder," a baseline and
optimized model was created to generate the hourly cooling demands over the course of a year.
The annual cooling load was found to be 83051 kWh and 74304 kwh for LBV and OPV
respectively. The "Visual Basic" programming was used to create the mathematical model of
various components, such as the photovoltaic panels, variable refrigerant volume units, and the
cold phase change material. Using the Hooke and Jeeves optimization approach with the
restriction of reaching a 100% solar fraction at the lowest initial cost.

Energy conservation and efficiency measures were adopted to reduce cooling thermal
needs for the residential villa. A parametric study was performed to reveal the reduction
percentage for each enhancement and then determine the overall hourly thermal energy profiles
for the optimized villa (OPV). Within the scope of this study, results obtained show that
adopting the optimization enhancements of the energy conservation and efficiency measures as
for the conventional system(PV-Batteries-VRF) caused a reduction of 11% in PV panels, and
10% in batteries storage capacity, 8.3% in investment cost, 5.2% in payback period, enhancing
8.2% in IRR and the profitability index by around 8.2% if compared to the local baseline
model. The proposed system (PV-PCM-VRF) cause a reduction of 11.5% in PV panels and
6.3% in PCM storage capacity, 3.07% in investment cost, 8.8% in payback period, enhancing
7.7% in IRR and profitability index by around 8.1% if compared to the local baseline model.

An optimization methodology was developed to find the best thermo-economical
combination between the number of solar panels, and cold thermal PCM storage volume. The
best thermo-economic combination was found to be 62 PV solar collectors, 66 kW VRF unit,
and 9.801 m3 cold phase change material thermal storage. Since the electricity tariff is
subsidized, the feasibility study shows that the payback period of this system is 8 years and 5
months if compared to the baseline conventional system of VRF units running using
municipality electricity. Nevertheless, in keeping with the country's energy policy trend of
eliminating these subsidies and utilizing the production cost, the payback period turns out to be
3 years and 11 months. The internal rate of return has reached 33.8% with a net present value of
47,936 USD.
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It is revealed from the study that the proposed residential building's solar cooling
system has the best benefits for the end-user consumer, government, and the world. If compared
to the LBV, it would reduce annual electrical energy use, electricity costs, and CO2 emissions
by 98%, Moreover, the research has shown that the installation of the PV system reduces
approximately 8 tons of CO; yearly, incentivizing decision-makers to invest more in such
systems.

Despite the high installation cost of the PV-driven VRF system and the fact that it is
weather dependent, the use of solar energy proves to have an immense and powerful impact on
the environment, especially when it comes to the universe's global warming crisis. In addition, a
few years after its installation, it will certainly be seen as a way of reducing energy bills and
electricity loss during long-distance transport.

The reason behind the present project and the completion of this report are to develop a
clear and detailed comparison between different storage systems required for the establishment
of a renewable energy system for a residential villa in Adana, Tiirkiye. This allowed us to set
side by side the traditionally used storage system and the new more developed and innovative
one and to decide on the more reliable system when it comes to the consumer's best interests.

Accordingly, we were able to conclude that when it comes to effectiveness, durability,
capital investment, price, and economic benefits, PCM is deemed to be more convent than using

batteries as energy storage instruments.
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ANNEX. 1 OPTIMIZATION ALGORITHM

A. Interface

Based on the mathematical modeling, a VRF PCM system calculator is programmed

using “Visual Basic” Programming. This calculator consists of 2 pages:

1. System Input Page: represents the inputs page of the project’s location, hourly
site information, hourly building’s cooling loads, total annual conventional electrical
consumption, solar panels areas, tilt angle of the solar panels, cooling loads power, and

phase change material energy capacity.

PCM Cold Storage Volume ws PV Panels Number
Ikem WValue Min Max | liration Yalue
Mumber of Panels ;] 120 1
PCM Starage Liter 1 30000 25
Conditional value 1]
Mawimum P pow er 539,308
Percentage of Peak power ta run the VEY 0%
Average power 5.9308
Melting temperature ol g
Latent heat of fusion LFK.JKg 180 )
Thermal conductivity 'wim.FK 0.5 : B0 B4 68 72 75 BN B4 ER 92 S5 10D 104 108 112 115 120
Density Kglm3 562 Number of PV Panels
Latert Energy starage k'wh 447.21
COP WRY 4
Cost per P USDipanel 110 Capital Cost vs PV Panels Number
Cost per PCM USDiter 0.75 35000
Ireerter SOV kw 545 29.727 —
Electrical energy saved kuh 20763 o
efficiency 0.95 ! \—,—’_’/
PRICE PER K'wH 0.14 D
2306.5
Dlesign day total energy kwhk 583.18
Mumber of hours working during peak laad g
Maximum power of new WRWY T2.895 Button 1

Figure 8. Optimized page in Excel

2. Optimized Page: it consists of one buttons. The “Loop run” runs an iterative function
that finds for each solar panel number its coincident PCM thermal energy storage such

that there is no need for auxiliary energy.

72



B. Hooks and Jeeves

The purpose of this annex is to describe the optimization algorithm used, which is based
on the Hooke and Jeeves method. The latter iteratively performs a combination of exploratory
and heuristic sequence moves.

The exploratory step is repeated in the vicinity of the current point on a regular basis in
order to find the best point about the current point. Then, using these two points, a pattern move
in the sequence is created.

The current point is disturbed in both positive and negative directions along each variable
one at a time in the exploratory move, and the best point is reported. The current point is
modified to the best value at the end of any variable perturbation. If the point discovered at the
end of all variable perturbations differs from the original point, the exploratory move is
considered to be successful; otherwise, the exploratory move is deemed to be unsuccessful. In
any case, the best point is thought to be the result of the exploratory move.

A new point is discovered by jumping from the current best point along a direction
connecting the previous best point and the current base point. This phenomenon is called the
pattern move. If the pattern move does not take the solution to a better region, it is rejected, and

the scope of the exploratory search is reduced.
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Figure 9. Optimization Algorithm Flow Chart

Step 1: Determine the Initial Point

Npi = Np

VCP cMi — VCPCM

CFOSn = Np : COStpanel + VCPCM : COStCPCM + COStVRF + COStInstallation + Pen(aux>0)

Step 2: Exploratory move along each variable one at a time

Do Whilek <3

Find Np.1) @ Min { CFos i (Np; + step, Vepew),

Chosni (Npi —step,Vepewm ).

Chosi (Npi Vercmi) }

74



Find Vepemagy @ Min { CFogyi (Npiiay Vorowi +Step)
CFosni (Npiiay 1 Veromi — Step)
Chosni (Np(i+l) Vepeni) 3
CFOSn(i+1) = Np(i+1) 'COStpanel +VCPCM(i+1) 'COStCPCM + COStVRFOSn + Aux- Pen(aux>0)
_Step 3: Check if better point is reached.
If And (Npi = Npgy . Veromi =Veremang )

Then CFogni is the optimal solution

Else move to Step 4

Step 4: Pattern move,;
Nogiz) =2+ Nogy = Np,

VCPCM(i+2) =2 'VCPCM(iJrl) _VCPCMi

Step 5: Exploratory move along each variable one at a time

Do Whilek <3

Find Npg,5 @ Min { CFOSn(NP('H—Z) + Step,vcpcwl(nz)) :
CFOSn (Np(nz) - Step’VCPCM(i+2)) :
CFosn (Np(nz) ’VCPCM(i+2)) }

Find Vipomiza) @ Min { CFog, (Np.a):Vepomiiz +StEP) .
CFosni (Npgi3): Veremisg — Step).
CFosni (NP(i+3) ’VCPCM(i+2)) }

CFosngi+3 = Npgisa) - COStoaner + Vepomisg) - COStepen + COStypeasy + AUX- Pen . o

_Step 6: Check if better point is reached.

If CFosniva < CFosngay

Then
Ny = NP(i+2)

VCPCMi :VCPCM(i+2)
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NP(i+1) = NP(i+3)

VCPCM(i+1) = VePeM(i+3)
Move to Step 4
Else

NPi = NP(i+1)

VCPCMi = VCPCM(i +1)

Move to Step 2

Figure 10 displayed illustrates the implementation of the Hooke and Jeeves algorithm
using the programming language Visual Basic. This code script serves as a computational

framework for executing the Hooke and Jeeves optimization method, which is utilized to find

the minimum or maximum of a given function.
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“ Microsoft Visual Basic for Applications - [Modulel (Code)]

% File Edit View Inset Format Debug Run Tools Add-Ins Window Help -8 X

HE-d e b0 Y FY 5@ Ln1zCol2 -

l{Generan v‘ |Buﬂon1_cnck v
Sub Buttonl Click() 73

Dim i As Intege
Dim j As Integer
Dim k As Integer

1 H

k=5

i = Sheets("Input").Cells(5, 8)
j = Sheets("Input").Cells(6, 8)
Sheets ("Input”).Cells(5, 7) = i
Sheets ("Input").Cells(6, 7) = ﬂ

Do While i < Sheets("Input").Cells(5, 9)

Do While Sheets("Input”).Cells(7, 7) > 0 And j < Sheets("Input").Cells(&, 9)

j = 3j + Sheets("Input").Cells(e, 10)
Sheets ("Input™).Cells(6, 7) = jJ

Loop

Sheets ("Input") .Cells(k, 20)

]
e

Sheets ("Input").Cells(k, 21) = j
k=k+1

i =1i + Sheets("Input”).Cells(5, 10)
Sheets ("Input").Cells(5, 7) = 1
j = Sheets("Input").Cells(6, 8)

Sheets ("Input").Cells(6, 7) = J
Loop

End Sub

Figure 10. Hooke and Jeeves code using Visual Basic

C. Electro/Thermo-Economical Optimization
Thus, the optimization method used for this project is considered an Electro- economical
optimization that consists of getting the optimal result based on the cost of the project. It’s
about finding the minimal required equipment that could guarantee the customer the full

autonomy of the system.
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In this case, the two systems are considered separately. For the PV-Batteries system, the hourly
cooling load was compared to the PV-Electrical Energy. When the PV’s electrical energy is
higher than the required cooling load, the batteries are charging. However, when the cooling
load required by the building is higher than the energy supplied by the PV system, the batteries
will help the Photovoltaic panels to achieve the required level. In order to proceed to achieve
this result, one variable, which is the number of panels, shall be fixed, and the other variable,

which is the charge capacity of the batteries will be incremented.

For the PV-PCM cold storage system, the hourly cooling load was compared to the Thermal
Energy produced (available) from the VRF system. When this thermal energy is higher than the
required cooling load, the PCM cold storage is charging. However, when the cooling load
required by the building is higher than the thermal energy supplied by the VRF system, the
storage will help the Photovoltaic panels to achieve the required level. In order to proceed to
achieve this result, one variable, which is the number of panels, shall be fixed, and the other

variable, which is the cold PCM capacity will be incremented.

Increasing the number of panels of batteries/cold PCM beyond the needs will result in
oversizing the system and this will affect the cost of our system, this is why, there is a certain
number of panels that meets the minimum needed loads, and this number should be picked for
our system. A minimal and maximal value for the variables should be considered depending on

the circumstances of the project.
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ANNEX. 2 DESIGN BUILDER

This annex serves the purpose of showcasing the model, inputs, and resulting data that
can be generated using the "Design Builder" tool. Within the program, Figure 11 depicts the
villa's model as it was built. Additionally, Figures 12 and 13 provide an overview of the distinct

zones and spaces located on the ground and first floors of the villa.

File Edt Go View Tooks Help View rotation | Axonometic. v Nomal e

DZEAS R P GNP IEVEILLBLHOODOO HE Q6| &

Layout | Actvty | Construction | Openings | Ughtng | HVAC | Generation | Outputs | CFD.

X 4

[ L6t Viousise [ Hostng desion | Cooing design | Seistion | CFD | Deyigrtng | Cost nd Carbon
- add. edk or ek

-

Figure 11. Villa's Model
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Figure 12. First floor zones
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Navigate, Site Villa, villa, Ground Floor

Lghting | HvAC | Outputs [ cFD |
3 1
—"‘} E 4> 2 ECarPark

Byl Vils Domestic Lounge
B4 villa
=5 First Floor
&6 Bedoom-1
& Bedioom 2
) Bedioom 3
69 Conidor
) Family Bathroom
() Family Room
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E-) Master Bedroom
) wC-04
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B Driver's room =
€9 Guest room
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&-(§) Pantry

] we 3 @

Edt | Visuaise | Heating design | Cooling design | Smulation | CFD | Daylighting | Cost and Carbon

Figure 13. Ground floor zones
Figures 14 and 15 demonstrate various constructional inputs that can be incorporated into
the Design-Builder, such as walls, ceilings, windows, and shading. Meanwhile, Figure 16

displays the resulting thermal energy consumption data in sub-hourly intervals.

Villa, villa

Construction

Medium weight. moderate insulation

Adana U Wall

=pBelow grade walls Birick/block wall (insulated 1o 1995 regs)

gFIﬂt roof Flat roof U-wvalue = 0.45 W/m2K

=pPitched roaf (occupied) Clay tiles (25mrm) an air gap (20rmm) on roofing felt (Sram)

“pPitched roaf (unoccupied) Pitched roof- Uninsulated - Lightweight (data modified wh
Internal partitions Lightweight 2 x 25mim gypsum plasterboard with 100mm o

Sermi-Ex of
“pSemi-exposed walls Adana U Wall
“pSemi-exposed ceiling Flat roof U-value = 0.45 W/m2K
“pSemi-exposed floor External floor - Energy code standard - Medium weight (d
“plGround floor Ground floor slab - Energy code standard - Medium weig
“pBasement graund floor Ground floor slak - Energy code standard - Medium weig
“pExternal flaar External floor - Energy code standard - Medium weight (d

Internal floor 100rmm concrete slak
fi »»
»
»
»
»
»

»

IS

Figure 14. Construction Input Values
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Figure 15. Glazing Input Values
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Figure 16. Sub-hourly Energy Consumption

81



