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CAT : Cold Accumulation Tank

COP : Coefficient of Performance

COTR : Compression Operation Time Ratio
DSC : Differential Scanning Calorimetry
GSHP : Ground-Source Heat Pump

HAT : Hot Accumulation Tank

HP : Heat Pump

IEA - International Energy Agency

LSI : Load Shifting Index

PCI : Peak Clipping Index

PCM : Phase Change Material

SAWSHP : Solar-Assisted Water-Source Heat Pump
SCT : Solar Collector Tank

TES : Thermal Energy Storage

TGA : Thermogravimetric Analysis
WSHP : Water-Source Heat Pump
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EXPERIMENTAL AND NUMERICAL INVESTIGATION OF SYSTEM
PERFORMANCE OF LATENT HEAT STORAGE UNIT INTEGRATED WITH
SOLAR ASSISTED HEAT PUMP

ABSTRACT

In this thesis work, integration of a thermal energy storage (TES) unit to the evaporator
of a solar-assisted heat pump (SAHP) and condenser to an air-source heat pump (ASHP)
were investigated, separately, in order to evaluate thermal behavior of the TES unit and
heat pump (HP) performance from various aspects. In the first system (System-1), the
TES unit was utilized as a heat source for the HP to attain longer operation times and
peak clipping potential. In the second system (System-2), the TES unit was used as a
heat sink for the HP to be able to use the stored thermal energy during on-peak times
and attain load shifting. Thermal behavior and system performance were evaluated by
the experiments for both systems considering phase change material (PCM) utilization.
Regarding the experimental data, two different mathematical models were established
for each system, and the thermal behavior and system performances were investigated
for different PCMs in various conditions. As a result, it was found in the experiments
that integration of PCM to the System-1 significantly enhanced total heating time by
30.6% at low storage temperatures, while it showed an adverse effect at high storage
temperatures. In System-2, inclusion of PCM attained a higher HP performance and
load shifting, however, using PCM resulted in lower discharging time, due to
incomplete solidification. By elaborating the thermal performance of the systems
numerically, it was concluded that using PCM brings a remarkable potential to energy
efficiency and flexibility as well as heating time extension; however, their effective
thermal conductivity must be improved to benefit these materials for enhanced energy
efficiency, energy storage capacity and energy flexibility in heat pump systems.

Keywords: Energy Efficiency, Energy Flexibility, Heat Pump, Phase Change Material,
Thermal Energy Storage.
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GUNES ENERJILi ISI POMPASINA ENTEGRE GiZLi ISI DEPOLAMA
UNITESININ SISTEM PERFORMANSININ DENEYSEL VE SAYISAL
INCELENMESI

OZET

Bu tez calismasinda, bir 1s1l enerji depolama (IED) {initesinin giines enerjisi destekli bir
1s1 pompasinin buharlastirict tarafina (Sistem-1), hava kaynakli bir 1s1 pompasinin ise
yogusturucu tarafina entegrasyonu (Sistem-2) iki sistemin farkli kosullardaki
davraniglarin1 belirlemek adina ayr1 ayri1 incelenmistir. Birinci sistemde, IED 1s1
pompasi icin bir 1s1 kaynagi olarak kullanilarak sistemin ¢alisma siiresinin artirilmasi ve
pik enerji tiiketiminin azaltilmasi hedeflenmistir. Ikinci sistemde ise IED’nin 1s1
pompasindan aldig1 1s1y1 depolamasi ve sonrasinda pik zamanlarda bu enerjiyi
kullanarak pik enerji yiiklerini kaydirmasi ve esneklik saglamasi amaglanmistir. Iki
farkli sistemin 1s1l davraniglari, faz degistiren malzeme (FDM) kullaniminin etkisi
dikkate alinarak bir dizi deneylerle belirlenmistir. Sonrasinda her bir sistem igin birer
matematik model gelistirilerek farkli sartlar ve farkli FDM kullanimlar1 dikkate alinarak
degerlendirmeler yapilmigtir. Deneyler sonucunda Sistem-1 kapsaminda FDM
kullannminin  6zellikle diisiik 1s11 depolama sicakliklarinda toplam 1sitma siiresini
%30,6’ya kadar artirdigi gozlenmis ancak yiiksek depolama sicakliklarinda ters etki
yarattig1 goriilmiistiir. Sistem-2’de ise FDM kullaniminin 1s1 pompasi performansini ve
enerji esnekligini olumlu etkiledigi goriiliirken depolanan 1sinin desarji sirasinda
FDM’nin katilasma siirecini tamamlayamadigi icin 1sitma siiresinde diisiis tespit
edilmistir. Matematik model tizerinde yapilan sayisal incelemeler FDM’nin enerji
depolama ve enerji esnekligini iyilestirme hususunda ciddi bir potansiyele sahip
oldugunu ortaya koymustur. Ancak bu potansiyelin s6z konusu sistemler igin
degerlendirilebilmesi i¢cin mutlaka FDM igerisindeki 1s1 transferinin iyilestirilerek etkin
1s1l iletkenligin artirilmasi gerekmektedir.

Anahtar Kelimeler: Enerji Verimliligi, Enerji Esnekligi, Is1 Pompasi, Faz Degistiren
Malzeme, Termal Enerji Depolama.
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GUNES ENERJILi ISI POMPASINA ENTEGRE GiZLi ISI DEPOLAMA
UNITESININ SISTEM PERFORMANSININ DENEYSEL VE SAYISAL
INCELENMESI

GENISLETILMIS TURKCE OZET

Isil enerji depolama sistemleri 1s1 pompalarina entegre edilerek enerji verimliliginin
artirilmasi, 1sitma siliresinin uzatilmasi, depolanan enerjinin arz-talep dengesine gore
esnek bir sekilde kullanilarak elektrik sebekelerindeki pik yiiklerin azaltilmasi gibi
cesitli amaclarla kullanilabilmektedir. Yakin gelecekteki 1sitma sistemlerinin
elektrifikasyonu ve dekarbonizasyonu gibi noktalarda enerjinin esnek ve kontrollii bir
bigimde kullanilmasi biiyiik 6nem tasimaktadir ve 1sil enerji depolama sistemleri bu
amaca etkin bir sekilde hizmet edebilmektedir. Bu kapsamda 1sil enerji depolama
sistemleri 1s1 pompalarinin buharlastirici veya yogusturucu taraflarina entegre edilebilir
ve sO0z konusu amaglar icin farkli stratejiler altinda kullanilabilmektedir. Bu tez
calismasinda, 1s1l enerji depolama sistemlerinin 1s1 pompalarina iki farkli sekilde
saglanan entegrasyonu deneysel ve sayisal olarak incelenmistir. Bu amagla buharlastiric
tarafina entegre edilecek 1s1l enerji depolama (IED) iinitesi i¢in giines enerjisi destekli
bir 1s1 pompasi goz oniine alinmigken (Sistem-1) yogusturucu tarafina entegrasyonu i¢in
hava kaynakli bir 1s1 pompasi dikkate alinmistir (Sistem-2).

Oncelikle bir 1s1l enetji depolama (IED) tankinin giines enerjisi destekli 1s1 pompalari
dikkate alinarak su kaynakli bir 1s1 pompasi test diizeneginin evaporatdr tarafina
entegrasyonu dikkate alinmistir. Deneyler sirasinda gilines kolektorleri kullanilmayip
verilen 1s1 bir elektrikli 1sitic1 yardimiyla simiile edilmistir. Bu kapsamda yapilan testler
icin 1s1l depolama tankinin ii¢ farkli depolama sicakligina erismesi (Ts=35°C, 45°C ve
55°C) dikkate alinmistir. S6z konusu 1si1l depolama tanki igerisine faz degistiren
malzeme (FDM) dahil edilmesi i¢in 32 adet ¢elik tiip modiiler olarak yerlestirilmistir.
Tank icerisinde bu tiiplerin disinda 1s1 transfer akigkani ve ayni1 zamanda 1s1 depolama
ortam1 olarak su bulunmaktadir ve dolayisiyla hibrit bir 1s1 depolama {initesi olarak
tasarlanmistir. Her bir sicaklikta yapilan testler i¢in IED fiinitesi oncelikle elektrikli
wsitict yardimiyla sarj edilmis, sonrasinda su kaynakli 1s1 pompasi aktif hale getirilerek
depolanan enerjiyi tank igerisindeki su sicakligi referans olarak belirlenen Tr=20°C’ye
diistinceye kadar bir 1s1 kaynagi olarak kullanmisti. Bu noktada 1s1 pompasinin
yogusturucu tarafina bagli olan sicaklik kontrollii bir sogutma grubu vasitasiyla 1s1
pompasindan alinan 1s1, 1s1 transfer akiskaninin gidis ve doniis sicakliklar1 sirastyla
35°C-30°C dolaylarinda olmasi kaydiyla 1,4 KW ile 3,8 kW arasinda degisen ve ilgili 1s1
transfer akiskaninin bes farkli debisiyle ayarlanan (V=400, 600, 800, 1000, 1200 L/h) 5
farkl1 1s1 ytikiinde ¢ekilerek dur/kalk yontemiyle ¢alisan 1s1 pompasinin farkli sartlardaki
performansi ortaya c¢ikarilmistir. Ayrica, IED tanki igerisindeki su ve FDM’nin 1s1l
davraniglar1 da sicaklik Olclimleriyle ortaya cikarilmistir. Testler, modiiler tiipler
icerisinde su ve FDM bulunmasi durumlar i¢in ayr1 ayr1 gergeklestirilmistir. Faz
degisim sicakligi, gizli 1s1 depolama kapasitesi ve stabil faz degisim davranist
gostermesi gibi sebeplerden dolay1 bu sistemde (Sistem-1) tiiplerin igerisine ticari bir
FDM olan Rubitherm RT26 kullanilmistir. Deneyde elde edilen performans verilerinden
yararlanilarak sistemin ¢aligmasi matematiksel olarak modellenmis ve sonrasinda farkl
FDM’ler icin sistem performansi ve 1s1 depolama malzemelerinin (su ve FDM) 1s1l
davraniglar1 sayisal olarak elde edilmistir. Bununla beraber matematiksel modele bir
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giines kolektorii de eklenerek sistemin 1sitma periyodu boyunca farklt hava
kosullarindaki dinamik analizi gergeklestirilmistir. Ayrica Sistem-1 kapsaminda FDM
kullaniminin toplam 1sitma siireleri, enerji tiiketimi ve pik yiiklerin azaltilmasi
hususundaki esneklikleri detaylandirilmistir. Deneysel c¢alismalar sonucunda FDM
kullaniminin 6zellikle diisiik depolama sicakliklarinda (Ts=35°C) 1sitma siiresini
%30,6’ya kadar artirabildigi tespit edilmistir. Ayrica FDM kullanimiyla kompresoriin
dur/kalk sayisinda %10 civarinda azalma ve boylece enerji tiilketiminde %8’e varan
azalma kaydedilmistir. Ancak gizli 1smin tiimiiyle kullanilamamasi ve FDM'’lerin
duyulur 1s1 kapasitesinin suya gore oldukca diisiikk olmasi sebebiyle 1sitma tesir
katsayilar1 6zellikle diisiik 1s1 yiikiiniin dikkate alindig1 durumlarda suya kiyasla diistik
bulunmustur. Ote yandan yapilan sayisal ¢alismalarda, FDM kullanimmin 6zellikle
Aralik ve Ocak gibi giines radyasyonunun diisilk oldugu aylarda 1s1 depolama
kapasitesini 6nemli Ol¢iide iyilestirme potansiyelinin oldugu ortaya ¢ikarilmistir. Ancak
diisiik 1s1l iletkenlikleri bu durumun Oniindeki en biiylik bariyer olarak ortaya
¢ikmaktadir. Bu sistemlerde etkin 1s1l iletkenligin yaklasik 4 kat artirilmasiyla FDM, 1s1
depolama malzemesi olarak su kullanilan duruma gore yaklasik 2 kat daha fazla enerji
depolayabilmekte ve sonrasinda depoladig1 gizli 1sisin1 tamamen salabilmektedir.

Incelenen diger sistemde (Sistem-2) ise IED f{initesinin pik dist zamanlarda hava
kaynakli 1s1 pompasinin siirekli c¢alismasiyla sarj edilerek elektrik kullaniminin pik
yaptig1 siiregclerde 1sitma isleminin tamamen veya kismen IED {initesi igerisine
depolanan enerjiden saglanmasi ve bdylece pik yiiklerin kaydirilmas: amaglanmistir. Bu
sistemde referans sicaklik, yerden 1sitma yapilabilecek limit sicakliklar dikkate alinarak
Trer=35°C olarak alinmis ve IED igerisindeki su sicakligr Ts=55°C’ye gelinceye kadar
sarj islemi devam etmistir. Depolanan 1sil enerji, sogutma grubu yardimiyla 3,1 kW, 4,4
kW, 5,4 kW ve 12 kW olmak tizere dort farkli 1s1 yiikiinde ¢ekilmis ve sistemde FDM
olmasi ve olmamasi durumlarinda enerjinin ne kadar siire saglanabildigi izlenmistir.
Ayrica IED tanki igerisinde su ve FDM’nin de sicaklik degisimleri gdzlenmistir.
Deneylerden elde edilen verilere dayali olarak sistemin matematiksel modeli ¢ikarilmis
ve sistemin 1s1l sarj ve desarj siireclerindeki davranisi ve enerji esnekligi potansiyeli
farkli FDM’ler i¢in kiyaslamali olarak incelenmistir. Laurik asit kullanilarak
gerceklestirilen testlerde, 1s1 depolama malzemesi olarak su kullanilan durumun, laurik
asit kullanilan duruma gore oOzellikle yiiksek 1s1 yiiklerinde daha uzun siire enerji
saglayabildigi gortilmustiir. Sicaklik degisimleri incelendiginde, laurik asitin depoladig:
enerjiyl desarj siireci boyunca tamamen salamadigi ve hatta katilasma sicakliginin
altinda dahi faz degisimini tamamlayamadig1 gézlenmistir. Ancak 1s1 pompast ile sarj
siiresince yogusturucu tarafindaki sicakligi daha stabil bir halde tutarak daha yiiksek
1sitma tesir katsayisi ile siireci tamamlamasi itibariyle %3,2’ye kadar daha yiiksek bir
yuk kaydirma endeksi (enerji esnekligi) saglamistir. Gece tarifesinde IED’nin sarj
edilmesi ve FDM kullanilmas1 durumunda elektrik giderlerinde en yiiksek tasarruf
saglanmistir ve bu tasarruf desarj sirasindaki 1s1 yiikiine bagl olarak %14,8 ile %53,3
arasinda degismistir. Kurulan matematik model ile elde edilen sayisal sonuglar, Sistem-
1’deki duruma benzer sekilde kullanilan FDM’nin ve etkin 1s1l iletkenligin 6nemini
gostermistir. FDM’nin etkin kullanilabilmesi i¢in uygun faz degisim sicakligina, yiiksek
gizli 1s1 depolama kapasitesine ve standart parafin bazli FDM’lere kiyasla yaklagik 6 kat
daha yiiksek bir etkin 1s1l iletkenlige sahip olmasi1 gerekmektedir. Bu sayede yapilan
incelemede gizli 1s1 kullanimi %66’dan %100°e kadar artirilabilmis %68,9 olan yiik
kaydirma endeksi %82,3 e yiikselebilmektedir.
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Sonug olarak incelenen her iki sistemde de FDM kullanimi, dar bir ¢aligma sicakligi
aralifinda suya gore daha yiiksek enerji depolama ve salma kapasitesine sahip
olabilmektedir. Ancak, yanls faz degisim sicaklig1 se¢imi, diistik gizli 1s1 kapasitesi gibi
etkenlerden daha 6nemli olarak bu potansiyelin kullanimiin 6niindeki en biiyiik engel
FDM’lerin disiik 1s1l iletkenlige sahip olmasidir. Bu nedenle 1s1 depolama sistemlerinde
FDM kullanim1 planlanirken 1s1 transferini iyilestirici tekniklerle birlikte kullanilmasi
onerilmekte olup aksi durumda FDM kullaniminin su kullanimma gore herhangi bir
tyilestirici etki saglayamayacagi goriilmistiir. Glinesli giin sayisinin ve giineslenme
stiresinin uzun oldugu bolgeler i¢in Sistem-1 daha verimli bir 1sitma sistemi olabilirken
giines radyasyonunun daha az oldugu ve buna bagh olarak elektrikli 1sitmanin yaygin
oldugu bolgelerde Sistem-2’nin kullanimi enerji verimliligi ve esnekligine katki
saglayabilecektir.
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1. INTRODUCTION

Challenging the nature of the world for centuries, energy consumption for building
heating has become a significant issue for society since the need for shelter has always
been a vital issue in human life to provide safety and security, which will also
undoubtedly continue in the future. Considering that modern human being cannot adapt
themselves to the severe climatic conditions, especially sharp cold weather, the
requirement of warmth becomes one of the essential needs along with other
physiological requirements, as also indicated by Maslow’s hierarchy of needs in the
bottom level. This evidently indicates that the other high-level needs of society cannot
be fulfilled unless heating issue of buildings where people exist is somehow resolved.

Buildings are the spaces where the majority of a human lifetime is spent. Therefore,
proper heating of these structures is utmost important for people to feel themselves in a
comfortable place. In order to meet the heating requirement in buildings, various
heating systems and techniques have been developed over a long period, and these have
been gradually developed and enhanced. In addition to that, different energy sources
have been utilized for building heating, including fossil fuels such as coal, oil, and
natural gas, as well as renewable energy sources such as solar and wind energy.
Nevertheless, these developments could not yet satisfactorily reduce the high energy
consumption in building heating applications, nor the high carbon emissions. Therefore,
more efforts are needed for progressing in the field. One of the most effective ways to
achieve the targeted points in this field is to develop and improve novel heating systems
with higher efficiency and mitigated pollution. In the last decades for this purpose, heat
pumps (HP) have been popular for being significantly efficient and applicable systems
not to mention their high capability of using clean energy, even though partly. Heat
pump systems withdraw part of the heating energy from a natural source such as air,
water, ground, and solar energy. This energy is combined with the compression work to
produce a few more times of heating energy which is supplied to the demand side.
Hence, their coefficient of performance (COP) becomes larger than unity, which
indicates that several times more heating energy can be obtained compared to the

electrical energy supplied to the compressor in the heat pump cycle.



Electrification of heating systems is crucial, and it also sounds noticeably clean. Yet,
there are other challenges such as the production process of electricity, i.e., whether it is
produced using fossil fuels or not, the load on the electricity grids due to supplying a
large amount of energy required for heating, and the efficiency of such heating
techniques. Therefore, taking into account that each engineering improvement may
bring up new challenges, these issues should be addressed by implementation of new

techniques or technologies.

Thermal energy storage (TES) systems have been widely used in various engineering
applications and became more popular than ever in the last decades due to the
increasing importance of careful utilization of energy. Storing thermal energy in a
proper way can ensure an effective utilization of energy since the utilization period of
the stored energy can be controlled regarding its demand. For instance, solar thermal
energy can be stored during diurnal periods where it is abundant, and this thermal
energy can be used in nocturnal times where there is no renewable heat source from
solar energy. Scaling this from daily basis up to a seasonal basis, solar energy stored in
TES units in summer and spring times can be utilized in heating and domestic hot water
applications in fall and winter times, considering Northern Hemisphere. While the
thermal energy can be stored in various media as sensible heat, such as water tanks,
aquifers, ponds, building structures, ground, or even rock beds, there are other
techniques such as TES by latent heat or thermochemical reactions. Among them, latent
heat storage using phase change materials (PCM) is noticeably popular as they have a
large energy storage density at a nearly isothermal condition, which ensures a smaller
storage volume for a given amount of energy and storing or releasing this energy in a
small temperature interval which is usually more suitable for practical applications as

being at suitable working conditions of system.

Combining the aforementioned two technologies, i.e., heat pumps and thermal energy
storage units, is a remarkably effective way to provide an efficient and clean heating,
together with effective and flexible use of energy by managing it regarding supply or
demand sides as well as increasing the share of renewable sources in such applications.
Integrating TES units into heat pumps can be mainly considered in two different
layouts. A thermal energy storage unit can be either integrated to evaporator of the heat



pump, especially if the HP is a water or ground source one, or it can be interrelated with
the condenser of HP. In the first layout, an enhancement in the HP efficiency, compared
to conventional air-source heat pumps or water-source heat pumps using a pond or lake
as a heat source, is most likely expected due to the relatively augmented evaporator
temperatures. At the same time, the share of using renewable energy can be increased,
and the stored thermal energy can be used as the heat source of the HP in a high-demand
period, which can additionally reduce costs, carbon emissions, as well as enhance
energy flexibility. Here, renewable energy sources are suitable for thermal charge of the
TES unit. In the second layout, an air-source heat pump (ASHP) is usually considered to
thermally charge the TES unit that is used as the heat sink of the HP. Thus, thermal
energy is preserved during the off-peak periods where the heating demand is low, and
the electricity costs are relatively lower due to reduced grid loads at that time.
Thereafter, the stored thermal energy can be used during peak periods, hence, a
significant energy flexibility can be ensured, and the grid load and costs can be

mitigated.

Even though these two systems, heat pumps and thermal energy storage units, are
intensely investigated by researchers separately, the studies involving their coupling are
rather fewer. As the significance of efficient energy use in heating, mitigation of carbon
emissions as well as energy flexibility is increased in the last years, researchers started
to focus on these topics as well. Nonetheless, there are still significant research potential
in this field since the developed and developing countries try to convert their heating
systems into the aforementioned heat pump and TES systems, and since each system
and location has its own specifications that need to be examined individually.
Furthermore, the processes involving TES with sensible and/or latent heat storage
(using PCMs) have many other parameters such as TES medium or PCM used, the
suitability to application, and demanded priorities, which bring the requirement of
attentive investigation of each system. In addition to that, the relevant literature studies,
which will be discussed in detail in the upcoming section, focus on a single system with
a specific application or matching a specific need, by integrating TES either to
evaporator or to condenser side of a HP, and there is no study to the best knowledge of
author that includes a comprehensive experimental and numerical investigation that

explores the performance of these two different TES-HP layouts from multiple



perspectives, such as thermal behavior of the TES unit, system performance, and energy
flexibility potential. Therefore, this thesis work proposes the investigation of two
different TES-HP combinations for different point of view of application, in order to
comprehensively elaborate the thermal behavior and system performance considering
two different integration way of TES unit to a heat pump system. For this purpose, first,
a TES unit was designed and integrated to the evaporator of the HP test rig to explore
the system behavior for solar-assisted water-source heat pumps (SAWSHP), and the
impact of sensible and latent heat on the system performance and peak load clipping
potential was examined. In the second part, the TES unit was integrated to the
condenser of the HP by modifying the experimental setup. In this layout, the system
performance was also evaluated while the energy flexibility, i.e., load shifting, potential
of the system was assessed. For both layouts, the effect of PCM existence on the system
performance and flexible energy usage was explored by conducting the tests with and
without PCM. Moreover, two different mathematical models were established in regard
to the obtained experimental data, and the two systems were investigated in a more
comprehensive way, considering different weather conditions and different PCM
utilization. It is hoped that this thesis work, which includes a comprehensive
investigation for both system layouts having their own benefits and challenges
regarding the application area and user demand, can be a guidance for researchers and

engineers working in the field.



2. BACKGROUND AND STATE-OF-THE-ART

Rapid development of industrial and residential sectors along with increasing world
population in the last decades inevitably has brought together a significant augmentation
in the energy consumption. Furthermore, this intense energy consumption trend causes
hazardous changes in the climate affecting the human life. Thus, efficient use of energy
becomes more important than ever as it is not only a matter of cost but also a matter of
life-threatening future of human. Being one of the most energy-consumer sectors,
buildings are responsible for approximately 40% of the end-use energy consumption.
Residential and industrial buildings along with the relevant construction sectors for
various building types are within this share (Lakhdari et al., 2020).

Among various energy consumption applications in buildings, such as space heating,
domestic water heating, space cooling, appliances, cooking, and lighting, the space
heating applications are by far the most energy consumer aspect in the regions located
especially in temperate and continental climates. Considering all these applications in a
residential building, the share of space heating comes to the top by 48%, whereas
domestic water heating accounts for 22%, making the share of heating operations up to
70%, as seen from Figure 2.1 (Bouckaert et al., 2021; UN Environment Programme,
2019).
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Figure 2.1. Global final energy consumption in EJ in recent ten years (left) and share of
different applications in energy consumption (right)

This situation brings an important requirement for space heating applications, which
should be energy-efficient and environment-friendly. Hence, efficient devices using

completely or partly clean energy sources as well as having relevant operation strategies



are in the scope of researchers to address the aforementioned issue, rather than using
conventional methods such as using fossil fuels and direct electric heating. At this point,
heat pumps come forth for efficient heating applications as well as using clean energy
and attaining energy flexibility (Bampoulas et al., 2021; Ren et al., 2021). State of the
art of heat pumps and details about their applications along with benefits and drawbacks
are presented in the following subsection.

2.1. Heat Pumps — Significance, State of the Art, and Development

Continuously preserving their significance throughout the last few decades, heat pumps
have recently ascended to a pivotal position for building heating applications due to its
superiorities in the modern era where the dependence on fossil fuels for energy
production is desired to be abandoned. Divided into two major categories basically as
vapor-compression (mechanically driven) and sorption (thermally driven), heat pumps
attain an efficient heat transfer from a low-temperature medium to a high-temperature
medium. At this point, although the sorption-based heat pumps require significantly
lower energy input, vapor compression heat pumps ensure a higher energy performance
with low cost and low CO, emissions, as studies show (Miglioli et al., 2023). Vapor
compression heat pumps are simple heating devices that use electrical energy in its
compressor to transfer thermal energy from a cold to hot environment regarding the
thermodynamic principle of vapor compression refrigeration cycle, as schematically
shown in Figure 2.2 (Zhang et al., 2018).
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Figure 2.2. Schematic view of a simple air-to-air heat pump system based on vapor
compression refrigeration cycle

In this cyclic operation, a refrigerant ideally in saturated vapor state is compressed in

the compressor to the superheated vapor phase, and it passes through a heat exchanger



named condenser where it releases the thermal energy into the environment or to a heat
transfer fluid (HTF), during condensation. Thereafter, the refrigerant passes through an
expansion device where it encounters a sudden pressure drop, and it enters the
evaporator in liquid or liquid-vapor mixture phase in a lower pressure, which can be
appropriate for rejection of heat from the environment or HTF and evaporate. Lastly, it
completes the cycle by entering the compressor through the suction line. Thanks to this
working principle, heat pumps meet the requirement of heating energy partly from
electricity, in order to operate the compressor in the cycle, and partly from an
environment the evaporator interacts with (Mohanraj et al., 2018). This environment can
be a natural low-temperature heat source, such as air, water, or ground. Furthermore, as
a renewable and abundant source, solar energy can be utilized to evaporate the
refrigerant, and it can also help improving the efficiency and flexibility, which are
evaluated in forthcoming sections. Heat pumps can be named by the energy source they
benefit from, i.e., a heat pump rejecting heat from the air, water, or ground can be
respectively named as air-source heat pump (ASHP), water-source heat pump (WSHP)
and ground-source heat pump (GSHP) (Utlu et al., 2014). Should the solar energy
accompany the evaporation process, the heat pump can be named as solar-assisted heat
pump (SAHP) (Nouri et al., 2019).

Types of heat pumps regarding their heat source can be categorized as shown in Figure
2.3. Utilization of air-, water-, or ground-source heat pumps depends on a few aspects
such as application, heating requirement, availability of source, and space. Nevertheless,
they may have their own benefits and drawbacks, compared to each other. Air-source
heat pumps have a relatively simpler structure due to rejecting heat from ambient air via
a heat exchanger with fan (Yu et al., 2021a). It is easy for assembly and operation since
it does not require a specific requirement for the installation. Besides, it also does not
require a large space and can be installed in a compact way. Nonetheless, it has
relatively lower efficiency compared to WSHP and GSHPs, and its utilization is
challenging at the ambient temperatures close to the freezing point of water vapor as
this may lead to frosting phenomenon on the evaporator (Yu et al., 2021b). Even though
this challenge can be solved by defrosting operations, they require some amount of
energy, reducing the heat pump efficiency as well as resulting in an intermittency in the
operation (Qu et al., 2012; Xi et al., 2021). On the other hand, WSHPs and GSHPs have



relatively higher efficiency as they directly reject heat from water or ground using a
borehole structure or a horizontally arranged piping system where the HTF circulates
(Benli and Durmus, 2009).

Types of Heat Pump Systems
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t Geothermal Adsorption
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Figure 2.3. Categorization of heat pumps with respect to heat source

Not surprisingly, a water source such as a pond or lake for WSHP; and a ground space
for GSHP is required to be present nearby to be able to reject the thermal energy for the
evaporation process of the refrigerant in the heat pump cycle (Schibuola and Scarpa,
2016). Furthermore, the installation may require additional efforts and material, which
makes these systems more complicated compared to ASHPs. This complication brings a
benefit in terms of efficiency and stability, together with the advantage of non-
requirement of defrosting. In addition to the heat pump types mentioned above,
integration of solar energy utilization in heat pump systems is an effective way to take
benefits of renewable energy sources in heating applications (Chu and Cruickshank,
2014). SAHPs take benefit of solar energy in various ways. Thermal energy taken from
solar panels can be used to achieve higher evaporation temperatures in the heat pump
cycle, which attains a higher thermal performance together with lower energy
consumption resulting in lower CO2 emissions (Miglioli et al., 2023). Besides, a storage
tank can be utilized to store thermal energy into a medium such as water, which makes
the system not only efficient but also more compact and cost-effective, compared to
WSHP or GSHP mentioned above. Additionally, photovoltaic (PV) or
photovoltaic/thermal (PV/T) panels are integrated to heat pumps in order to exploit
solar energy and convert it into electrical energy to support the compressor and match

the demand of hot water for direct use or any other process (Bisengimana et al., 2022;



Yang et al., 2018). This type of heat pumps is divided into two main categories with
respect to the assembly of PV/Ts or solar collectors to the cycle, namely direct and
indirect expansion SAHPs. Direct expansion solar-assisted heat pumps use the solar
collector or PV/T system directly in the heat pump cycle where the refrigerant is
evaporated by absorbing solar energy while passing through the PV/T panels. On the
other hand, a heat transfer fluid is considered within the cycle where it absorbs heat
from the solar collectors or PV/Ts, and then the heat transfer fluid aids the evaporation
of the refrigerant flowing through an external heat exchanger, namely the evaporator
(Brahim and Jemni, 2017). Nevertheless, utilization of solar energy in the nocturnal
time becomes almost impossible although it is an abundant and clean energy source for
many applications. At this point, it should be noted that storage of thermal energy
becomes crucial to be able to use it as per needs and demands in an engineering
application, and the storage of thermal energy can be ensured in various ways, which
are presented in detail in Section 2.2. The air, water, ground sourced heat pumps
together with solar assisted heat pumps are schematically shown in Figure 2.4 to
illustrate their basic operation principles (Dawe, 2022; Niessink, 2019; Ninikas et al.,
2014; Osterman and Stritih, 2021).
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Figure 2.4. Schematic view of a) ASHP, b) WSHP, c) GSHP, and d) SAHP
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Figure 2.4. (Continued) Schematic view of a) ASHP, b) WSHP, ¢) GSHP, and d) SAHP

Space heating applications are still highly dependent on fossil fuels all around the
world, regardless of the development level of countries. Considering the instability in
the fossil fuel supplies relying on various factors around the world such as conflicts
between countries and indefinite supply-demand relation resulting in instable costs, not
to mention the global pollution they bring. Thus, numerous countries around the world,
especially the United States, China, Japan, and the countries in the European Union, put
a significant effort to electrify space heating applications through dense investments to
the field (IEA, 2020). Although a question may arise concerning the source of the
electric since the electricity is also mostly produced by fossil fuels, it can be emphasized
here that there are on-going studies around the world focusing on the electricity
generation from renewable energy sources. Hence, the remarkable potential of heat
pumps for the aforementioned purposes is incontrovertible, and this potential is
reflected by many research studies as well as applications and investments. According
to a recent International Energy Agency (IEA) report on heat pumps (IEA, 2021), 2021
has been a record-year for heat pump sales in Europe with 2.2 million units, and the
growth rate of the number of air-to-water heat pumps in Europe reached almost 50% in
2022 (see Figure 2.5).
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Figure 2.5. Annual growth of a) air-to-water and b) air-to-air heat pumps in 2022

Significant effort is made to reduce the dependence on fossil fuels in various sectors
including building heating that consequently leads to decarbonization. Therefore, some
countries accelerated their investment on electricity-driven environment friendly heating
systems, which mainly covers heat pumps (Walker et al., 2022). Quantitative reports
show that the share of heat pumps in global heating applications, which was 9% in year
2021, is expected to increase up to 18% in 2030, and the capacity of heat pumps is
expected to increase significantly, particularly in developed countries, as shown in
Figure 2.6.
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share of heat pumps in global heating (blue)

Aforementioned IEA Heat Pump Report foresees that installation of 600 million heat
pump units will be required globally to achieve 20% of building heating needs in 2030,
and 50% of heating demand will be met by heat pumps in 2050. Serious amount of
installations are completed in European Union (EU) as well, where the air-to-air, air-to-
water, and ground-source heat pumps are the most considered types, according to the
latest report of European Heat Pump Association (Nowak, 2023). Tiirkiye also makes
investments to increase its heat pump capacity as well. According to the national news
agency of Tirkiye, Mitsubishi Electric invests 113 Million USD in heat pump
production in Tirkiye, which includes 50% increase in the air-to-water heat pump
manufacturing (Topcu, 2022). In addition to the investments in consideration with
reduction of energy consumption and fossil fuel dependence, integration of heat pumps
with renewable energy sources is taken into account as a significant target to be
achieved, i.e., approaching net-zero energy building (NZEB) concept. Therefore,
utilization of renewables in heat pumps as well as various heating applications is
crucial, and the share of renewable electricity in heat pumps significantly increased
from 2010 to 2021, and expected to grow further by 2030, as shown in Figure 2.7
(Bouckaert et al., 2021; IEA, 2021).
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Despite ensuring highly efficient and clean heating applications for residential and
industrial sectors, electrification of heating system in an intense way using heat pumps
may lead to excessive loads in the electricity grid, which results in issues such as
insufficient or instable electricity power in the grid and mismatch between supply and
demand. To prevent this occurrence, effective and flexible use of energy should be taken
into consideration. Furthermore, integration of renewable energy into the heating
systems with heat pumps may require an adjustment of energy flexibility, namely the
organization of supply and demand sides, due to the fact that renewable energy sources
such as solar or wind energy are intermittent even though their presence is abundant
(Reynders et al., 2013; Zhu et al., 2021). An effective way to reduce such instabilities
and enhance energy flexibility as well as to mitigate the mismatch between supply and
demand in heat pump heating systems is to use thermal energy storage systems along
with them, which is popularly in scope of researchers in last years (Gu et al., 2023; Y. Li
et al., 2021). Besides, according to the studies of which the results are reflected to
Figure 2.8 (Shi et al., 2019), the developed and developing countries, including U.S.A.,
China, Tirkiye, Canada, Spain, Australia, etc., attach a considerable importance to heat
pump research and development dedicated to renewable energy utilization such as solar

energy.
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Figure 2.8. Main countries conducting research and development on heat pump systems
coupled with renewable energy

2.2. Thermal Energy Storage: Overview and General Aspects

Controlling energy utilization is as crucial as its efficiency and cleanness since an
uncontrolled and disorganized use of energy obviously leads to inefficiencies and
overconsumption of produced energy. Therefore, produced energy should be held
appropriately, and it should be used effectively. This can be achieved by using energy
storage techniques. Similar to the batteries used to store electrical energy, thermal
energy can be stored in various ways as well. Basically, TES means a process where the
heat is accumulated into a medium that can maintain this energy to be used at a later
time when it is demanded. Considering a heating application, this process is named as
thermal charging, while releasing the stored thermal energy for use is called thermal
discharging (Sterner and Stadler, 2019). Nevertheless, in cooling, air-conditioning, or
chilling applications, the thermal charge and discharge terms can be used inversely since
the term “cold storage” is the focus point in such applications (Sterner and Stadler,
2019).

Thermal energy storage techniques are usually categorized into three major phenomena
depending on the physical or chemical structure of the charge or discharge process. As
shown in Figure 2.9, TES encompasses sensible heat storage (SHS), latent heat storage
(LHS), and thermochemical energy storage are the main techniques for TES. These
techniques have obvious advantages and drawbacks over each other. One of the most
evident differences between these methods is the volumetric energy storage capacity,

meaning that the amount of energy that can be stored in a unit volume of material or
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medium. As seen in Figure 2.10, the required volume in order to store a given amount of
thermal energy is the lowest in thermochemical storage, while it is the largest when SHS
is considered using water with a temperature difference of 70 K (Arteconi et al., 2012).
In the upcoming subsections, aforementioned types of thermal energy storage are

presented in detail.
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Figure 2.9. Major branches of thermal energy storage
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Figure 2.10. Comparison of required storage volumes for different TES techniques

2.2.1. Sensible Heat Storage

Increasing temperature of a material or medium by applying an energy input results in
sensible heat storage (SHS). Thus, the physical state of material is preserved in this
technique, while the energy storage or release is related to a remarkable temperature
variation. Therefore, a wide range of materials or medium can be used in thermal energy

storage applications as long as their specific heat capacity and other thermophysical
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properties are adequate. This aspect makes sensible heat storage a simple and
inexpensive option for many engineering applications. Water tanks, ground, aquifers,
rocks, and building structural mass are well-known examples of sensible heat storage
media for applications dealing with building energy saving, space heating and cooling
(Tungbilek et al., 2023).

Having a significantly large specific heat capacity of around 4.187 kJ/(kg-K) and being
abundant, water is one of the most popular sensible heat storage materials frequently
used in various applications in residential and industrial sectors, such as domestic hot
water (DHW) production and storage, solar energy harvesting, heating, ventilation, and
air-conditioning (HVAC) (Pinel et al., 2011). The range of temperature in water storage
tanks used for space heating and DHW is usually between 25°C and 80°C (Li, 2016).
Besides, a phenomenon named temperature stratification may occur in water tanks
depending on its design and working conditions, and the high-temperature portion of
water is accumulated at the top, while the cooler one is sunk due to having higher
density. The moderate temperature portion between these hot and cold portions is called
thermocline (Rendall et al., 2020). Tank geometry, inlet and outlet positions, and natural
or forced mixing effects are some of the factors that play an important role in thermal
stratification. Water tanks considered for only SHS is desired to have a high level of
stratification as well as a sufficient insulation, which increases thermal energy storage

and release performance, affecting energy efficiency (Lugolole et al., 2019).

Ground soil and rock beds can be used as thermal energy storage media depending on
their adequacy to an application. This type of media is usually suitable for long-term
thermal energy storage since the thermal mass is large and the temperature fluctuations
occur in a relatively longer period compared to water tanks or similar. Despite their
nature of long term thermal charge and discharge, ground soil and rock beds do not
require any separate site and they have a large mass to be used for energy storage (Xu et
al., 2014). Furthermore, with its high heat capacity and density that are respectively
around 920 J/(kg-K) and 1800 kg/m®, ground soil has a high potential of thermal energy
storage for building heating applications as well as flexible use of energy (Givoni,
1977). In order to charge and discharge thermal energy to/from ground soil or rock beds
in building heating applications, borehole heat exchangers having U-shaped piping or
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horizontal serpentine structure (see Figure 2.11) are favorably used (Gustafsson et al.,
2010; Rodrigo-ilarri et al., 2010). In case of storing heat at low temperatures, e.g.,
between 0°C and 40°C, heat pumps can be used to extract and beneficially use the
stored energy. Otherwise, the thermal energy can be directly used via circulation pumps
when the storage temperature is relatively high, such as 40°C — 80°C. The thermal
storage efficiency of soil is generally around 70%, depending on soil type, because of its

low thermal conductivity and inevitable heat losses (Reuss et al., 1997).

==

Figure 2.11. a) Horizontal ground heat exchanger, b) vertical ground heat exchanger
(Rodrigo-ilarri et al., 2010)

Aquifers, which are rocky or sedimented geological bodies holding groundwater, are
another natural form of thermal energy storage media. These structures are usually
large, containing a large mass of water, which makes them suitable for long-term
thermal energy storage via sensible heat, similar to the ground soil mentioned above,
together with their low-cost usage possibility (Dincer et al., 1997). Thermal energy is
stored in aquifers via solar energy in summer times, and it can be utilized in colder
seasons as a heat source. An inverse operation is also possible for cooling applications.
A heat pump can be used to take benefits of this naturally stored thermal energy;
however, it is not an obligatory, and the energy can be directly used by the circulation
through the space to be heated or cooled (Lee, 2010). Utilization of thermal energy from
an aquifer is schematically illustrated in Figure 2.12 for bringing a visual understanding
to the concept (Lee, 2010). As seen from the figure, a continuous or cyclic regime can
be considered using TES from aquifers depending on thermal energy storage situation

and groundwater conditions.
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Figure 2.12. Illustration of thermal energy utilization via aquifers for a) continuous
regime and b) cyclic regime (Lee, 2010)

In buildings, structural components have a significant mass, and some of these
components, i.e., construction materials, are appropriate for storing and releasing
thermal energy via sensible heat. Considering the capability of heat storage and release
of these materials, the heating and cooling times of a building can remarkably vary.
Relatedly, temperature fluctuations inside the building vary with respect to the structural
thermal mass the building has. For instance, construction materials having heavy
physical material content such as masonry have usually higher thermal mass compared
to the lightweight materials such as fiber-supported timber or construction steel
(Kendrick et al., 2012). As building construction materials are carefully selected taking
into account the required structural thermal mass, thermal energy storage through these
building components brings no additional installation costs or maintenance requirement,
which makes this technique a favorable one for building energy regulations as well as
energy flexibility (Wolisz et al., 2020). Yet, advanced control strategies may be required
to fully take benefits of TES into structural thermal mass (Reynders et al., 2017). By
using this technique for sensible heat storage in buildings, significant energy savings

can be attained by regulating temperature fluctuations, which results in a more
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comfortable space for inhabitants and reduced costs and CO: emissions (Romero
Rodriguez et al., 2018; Zilberberg et al., 2021).

2.2.2. Latent Heat Storage

Latent heat storage or release is a phenomenon, which usually takes place by the change
of physical phase of a material, such as from solid to liquid, liquid to gas, solid to gas,
or reverse forms of these processes. Some materials can also store and release thermal
energy by solid-solid phase change with the variations in their physical structures
reflected by crystallization (Nazir et al., 2019). As a general concept, these materials are
called phase change materials (PCM), and they usually have remarkably high latent heat
capacity, which means that they can store or release considerably high amount of
thermal energy at a nearly constant temperature during phase change (Khan et al.,
2016). Owing to their superiorities in latent heat capacity and a wide range of phase
change temperatures, PCMs play an important role in applications where thermal energy
storage and/or thermal energy management is of great importance, e.g., solar energy
systems, cooling of electronic components, building heating/cooling and domestic hot

water production, waste heat recovery, etc. (Qaiser et al., 2021).

Compared to sensible heat storage systems, usually a smaller volume is required to store
a given amount of thermal energy via latent heat storage, which provides a higher
energy storage density and makes this technique favorable for applications where the
volume or space area is a constraint for the design (Sharma et al., 2023). Furthermore,
as discussed previously, a significant temperature variation occurs in sensible heat
storage systems, while almost an isothermal process occurs during latent heat storage,
i.e., throughout the phase-change process of PCM (Li et al., 2023). Hence, applications
such as TES integrated heat pumps, thermal management of electronics, and HVAC,
where the storage temperature should be remained around a specific value, generally
require latent heat utilization attained by various PCMs (Ali, 2019; Shahjalal et al.,
2021). For a typical PCM which exhibits a solid to liquid phase change process, the
temperature variation with respect to energy storage is shown in Figure 2.13. As
illustrated, a significant amount of thermal energy is stored during phase change,

namely latent heat, without any notable temperature variation.
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Figure 2.13. Illustration of temperature variation with respect to stored energy for a
typical solid-liquid phase change material

Phase change materials used in latent heat storage systems can be categorized into
several types depending on their physical structure and the phase change process they
follow in order to absorb or release thermal energy (Sharma and Chauhan, 2022). As
shown in Figure 2.14, PCMs can be classified regarding the physical phases changed in
applications during heat absorption and release. Solid-Solid PCMs change their physical
structure via crystallization during thermal energy storage, and they do not exhibit any
liquid form (Fallahi et al., 2017). Furthermore, they have high latent heat capacity
(Venkitaraj and Suresh, 2019) as well as advantages such as having no leakage
problems (Feng et al., 2019). Liquid-Gas PCMs store and release a high amount of
latent heat during boiling and condensation processes, and a typical application area of
these materials is heat pipes (Fang et al., 2020).
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Figure 2.14. Classification of phase change materials
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Apart from these two types of PCMs, the solid-liquid phase change materials are
frequently used in thermal engineering applications because of their remarkable latent
heat capacity, simplicity, and suitability for a wide range of applications requiring
different thermal storage temperatures, as solid-liquid PCMs can be found with different
melting temperatures (Khan et al., 2016). As a frequently used PCM type in thermal
energy storage applications, solid-liquid PCMs have different types regarding their
chemical and physical structure, namely the organic, inorganic, and eutectic ones.
Organic PCMs consist of paraffins and fatty acids, which have carbon atoms in their
chemical compounds. These materials are chemically stable in general and suitable for
many TES applications as they have a consistent phase change temperature range
together with sufficient latent heat storage capacity (Akeiber et al., 2016). Along with
their desirable features, there are some crucial drawbacks of organic PCMs. They
usually have a low thermal conductivity between the range of 0.1 W/m-K and 0.7
W/m-K, which is their greatest handicap in TES applications (Pereira da Cunha and
Eames, 2016). Therefore, in practical applications, it is likely to employ thermal
conductivity enhancement techniques to the organic PCMs in order to accelerate their
melting and solidification rate, which helps exploiting the latent heat at a higher rate
(Teggar et al., 2021; Yildiz et al., 2023). Using extended surfaces on PCM containers
(Wu et al., 2022), inclusion of nanoparticles (Boumaza et al., 2023), utilization of
porous media such as metal foams (V R and Chanda, 2023), and using multiple PCMs
regarding their phase change temperatures (Mahdi et al., 2020) are some popular
examples for heat transfer enhancement techniques implemented to PCMs. Another
drawback of organic PCMs is that they are usually flammable and exhibit a
considerable amount of volume expansion, as well as they are relatively expensive (D.
Li et al., 2020).

On the other hand, inorganic PCMs, such as salt hydrates and nitrates, have relatively
higher thermal conductivity compared to organic PCMs. In addition to that, they are
regarded as low-cost materials for TES (Imran Khan et al., 2023). Nevertheless,
chemical structure of some inorganic PCMs such as salt hydrates is not suitable to be
conserved in metallic containers or capsules since they may exhibit a chemical reaction,

which results in corrosion and deformations leading to leakage problems and ineffective
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operation of latent heat storage (Akeiber et al., 2016). Besides, occurrence of
supercooling phenomenon and phase segregation are the major drawbacks of inorganic

PCMs together with corrosiveness (Shen et al., 2020).

Eutectic PCMs are produced by mixing different types of PCMs to achieve desired
PCM properties taking benefit of different single PCMs and prevent the aforementioned
drawbacks (Kalidasan et al., 2023). In order to obtain an eutectic PCM, an organic-
organic (Sharma et al., 2015), inorganic-inorganic (Risuefo et al., 2017), and organic-

inorganic mixtures (Karaipekli et al., 2016) can be considered.

Selection of appropriate PCM is crucial for thermal energy storage applications since
the suitable phase change temperature to the considered application should be
attentively determined in order to fully exploit the latent heat storage capability of the
material. Otherwise, the latent heat can be utilized partly, or it can even not be exploited
at all, leading to ineffective heat transfer as well as unnecessary cost increase. Along
with the suitable phase change temperature, the PCM should have a sufficient amount of
latent heat capacity. The melting-solidification temperatures and latent heat of fusion of
PCMs noticeably vary depending on the PCM type. As seen in Figure 2.15, paraffins
have a wide range of phase transition temperatures varying roughly between O and
100°C, while their latent heat capacity has a relatively narrower range, approximately
between 150 and 200 kJ/L. Conversely, salt hydrates have narrower alternatives of
phase change temperature compared to paraffins; however, they have a variety of latent
heat capacity. Sugar alcohols, nitrates, hydroxides, chlorides, carbonates, etc., have a
wider range of phase change temperatures and fusion heat values, nonetheless, their
phase transition temperatures are higher than 100°C. Thus, paraffins and salt hydrates
are more suitable for practical engineering applications such as solar energy systems,
thermal management of electronics, thermal energy storage for heat pumps and building
heating/cooling. As seen from the aforementioned figure, especially paraffins and fatty
acids are available at the desired phase change temperatures for such applications. For
instance, PCMs to be used in the latent heat storage applications together with heat
pumps can be considered with a phase change temperature of around 0°C to 30°C for
evaporator side and approximately 40°C to 80°C for condenser side integration in the
vapor-compression cycle-based heat pumps.
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2.2.3. Thermochemical Energy Storage

Despite being in its early stage of development and requirement of significant amount
of time and effort, thermochemical energy storage is a promising technology for TES
applications because of its remarkably high energy storage density. As illustrated
previously, two to twenty-times higher thermal energy can be stored or released using

thermochemical energy storage techniques (Pardo et al., 2014).

Sorption-based and reaction-based thermochemical energy storage are two main
phenomena in this type of TES. In sorption-based thermochemical energy storage, the
energy is stored by a surface mechanism breaking the physical and chemical bonds
between the sorbent and sorbate where the two major processes are absorption and
adsorption. On the other hand, in reaction-based storage, the thermal energy is stored or
released via reversible chemical reactions without sorption. The reaction based
thermochemical energy storage has a significantly higher energy density and wider

operation temperature range compared to sorption-based methods (Desai et al., 2021).

As thermochemical energy storage is based on composition and decomposition of
atomic and molecular bonds of relevant materials, there is no heat loss during thermal

charging and discharging processes in this technique (Sunku Prasad et al., 2019). Hence,

23



the stored energy can be maintained for an unlimited period of time, theoretically, and
thus, this technique becomes perfectly suitable for seasonal thermal energy storage
applications (Desai et al., 2021; Solé et al., 2015a). In addition to that, a significant
amount of thermal energy can be stored in small containers since the energy storage
density of thermochemical systems is remarkably high (Pardo et al., 2014).
Nevertheless, there are some challenges needed to be addressed, such as corrosiveness
of some thermochemical materials with metallic containers and the requirement of an

external additional energy to initiate the discharging (Solé et al., 2015b).
2.3. Integration of Thermal Energy Storage Systems to Heat Pumps

Considering the state-of-the-art of the heat pump technology together with its future
prospects and potentials in building heating systems discussed in Section 2.1, coupling
heat pumps with thermal energy storage systems is an indispensable necessity for
effective and efficient energy use as well as managing the balance between supply and
demand sides, which helps reducing the excessive loads in the grid and CO2 emissions
(Péan et al., 2019). From another point of view, using thermal energy storage systems
coupled with heat pumps can increase the share of renewable energy utilization where
the solar-assisted heat pumps constitute a practical implementation in this aspect
(Lazzarin, 2020). For these purposes, various thermal energy storage techniques are
taken into account in order to achieve an efficient and flexible use of energy. As
mentioned in previous section, latent heat energy storage is a favorable option for
thermal energy storage due to its high volumetric energy density and energy storage
capability at a nearly isothermal process. Also, sensible heat storage techniques are
suitable for heat pumps in a simpler way where water is frequently used for this purpose
thanks to its remarkably high specific heat capacity (Qu et al., 2015). Nonetheless,
thermochemical energy storage technology is not readily available for this purpose
because of its complexity and cost. To conclude, sensible heat storage systems, such as
water tanks, aquifers, ground, and rock beds, latent heat storage systems involving
various phase change materials, and combination of sensible and latent heat storage
systems are all suitable and promising methods for the integration of TES and heat
pumps (Trinkl et al., 2009).

24



Integration of latent heat thermal energy storage systems into heat pumps can be
accomplished using thermal energy storage tanks or units as a convenient technique. In
heating and cooling systems with heat pumps, such tanks or units may contain PCM
only, in order to consider latent heat storage and release via a heat transfer fluid passing
through (Agyenim and Hewitt, 2010; Moreno et al., 2014a), as shown in Figure 2.16.
Alternatively, a combination of sensible and latent heat storage can be acquired, e.g.,
using a water tank containing PCM modules inside, which is also called hybrid thermal
energy storage unit (see Figure 2.17). Thereby, PCM and water can exchange thermal
energy during charging and discharging processes, while water itself can store and
release sensible heat as well (Kelly et al., 2014).

Figure 2.16. Latent heat thermal energy storage tanks used for HVAC applications
(Moreno, Castell, et al., 2014)
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Figure 2.17. Schematic view of a thermal energy storage tank including water and PCM
modules (Kelly et al., 2014)

Various factors including the type of heat pump, purpose and aim of thermal energy
storage, and utilization period affect the system layout for the thermal energy storage
unit integration to heat pumps. Therefore, thermal energy storage unit and heat pump
coupling can be categorized as seasonal and short-term storage depending on the user

requirements and type of heat pump which can be an air-source heat pump,
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water/ground-source heat pump, and solar-assisted heat pump (Pardinas et al., 2017,
Pinamonti et al., 2021). Relatedly, the assembly of the thermal energy storage system,
i.e., to the evaporator or condenser of the heat pump, varies with respect to the design
considerations along with the focused purpose of TES integration, such as energy
efficiency, energy flexibility, or increasing the share of renewable energy utilization (Gu
et al., 2023). Certainly, these objectives of benefit can be achieved at the same time. For
example, a TES system integrated to a heat pump can achieve energy efficiency together
with providing a more flexible energy usage. Nevertheless, the focus point of the design
may be different, and the TES integration does not necessarily increase the energy
efficiency while increasing energy flexibility or regulating supply-demand mismatch
(Hirmiz et al., 2019). Alternatively stated, this relation is dependent on the system

design and performance.

2.3.1. Energy Flexibility in Buildings: An Overview Related to Thermal Energy

Storage and Heat Pumps

Energy flexibility is a wide-meaning term and covers a variety of applications and
points of view, hence, there is no single definition of this concept. Depending on focus
point, energy flexibility can refer to the flexibility of grid and electrical energy, flexible
use of thermal energy in building heating and cooling, or both targets (Luc et al., 2019;
Reynders et al., 2018). Yet, energy flexibility measures can be implemented to both
electrical systems and thermal systems, even though its implementation is still limited in
thermal systems compared to electrical ones (Luc et al., 2019). According to the Annex
67 of IEA, energy flexibility in buildings is regarded as a solution to the imbalance
between the supply and demand caused by increasing utilization of renewable energy
sources -which are intermittent energy sources- in electricity and thermal energy
generation, without jeopardizing the occupant comfort (Jensen et al., 2017). Thus,
controlling the energy generation and consumption through an effective way becomes a
focal point for future energy systems in buildings.

In buildings, energy flexibility can be implemented at different levels depending on the
scope in consideration, such as system-, building-, district-, and even sector-level, as
seen in Figure 2.18. Furthermore, these levels can have different phases such as

operation and design. Additionally, according to the purpose of the implementation, e.g.,
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evaluation of system potential, control strategy, and energy management, different
methods are studied (H. Li et al., 2021).

Energy Flexibility
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Figure 2.18. Hierarchical diagram for various energy flexibility applications (H. Li et
al., 2021)

As a simpler perspective, the energy flexibility at a level of building heating/cooling
systems can be defined as the ability of the system to react changes in supply and
demand. Hence, it is divided into two main categories as supply and demand side where
the studies focused on each of them or both of them in combination. As shown in Figure
2.19, supply side management and demand side management can be implemented using
various methods from different perspectives with respect to the system design and user

requirements (Luc et al., 2019).
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Figure 2.19. Level of details for supply side and demand side management activities
(Luc et al., 2019)

Considering the number of literature studies separately searched by the keywords
“Demand Side Management” and “Supply Side Management” in Scopus index, it is
noticed that demand side management is notably more often studied compared to supply
side management. As illustrated in Figure 2.20, various activities are considered for
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demand side management (DSM), which include load shifting, peak clipping, valley
filling, strategic load growth/conservation, and flexible load shape (Hirmiz et al., 2019).
Load shifting activities include shifting the load from on-peak to off-peak times by
preventing the increase in energy consumption during peak times; hence, the same
amount of energy is consumed in a distributed way during a certain period without
violating grid capacity during on-peak periods. Peak clipping is a similar activity where
the reduction of energy usage during on-peak times is aimed, while valley filling
considers a systematic increase of loads in off-peak periods to utilize energy more
effectively. Strategic load growth involves the increase in total energy consumption
taking into account relative prices of different fuels in electricity generation, and the
strategic conservation focuses on reducing the consumption during on-peak and off-
peak periods (Gelazanskas and Gamage, 2014; Sharda et al., 2021). Out of these
demand side management activities, load shifting and peak clipping are the most
considered ones for focusing on energy efficiency and flexibility (Sharda et al., 2021).
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Figure 2.20. Different objectives for demand side management (Hirmiz et al., 2019)

Thermal energy storage systems integrated with heat pumps is an appropriate way to
help organizing load shifting and peak clipping actions (Date et al., 2021). For this
purpose, different thermal energy storage strategies can be considered with respect to
the storage period, depending on the storage medium, energy source, and application,
and these can be divided into two main parts, namely seasonal storage, and short-term

storage. Seasonal thermal energy storage, also named as long-term storage, covers a
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long period ranging from weeks to years, whereas the short-term thermal energy storage
Is considered in a range between a couple of hours to a few days (Olsthoorn et al., 2016;
Sartor and Dewallef, 2017). In addition to the options for thermal energy storage period,
there are two major alternatives for the integration of a TES system to a heat pump,
regarding the layout of the system, which are the assembly of TES to the evaporator of a
heat pump and to the condenser of a heat pump (Pardifias et al., 2017). As this thesis
work focuses on the aforementioned two system layouts for TES integration to heat
pumps, following subsections include the explanation of these two different ways of

integration of TES to heat pumps.
2.3.2. Integration of Thermal Energy Storage Unit to Heat Pump Evaporator

When integrated to evaporator of a heat pump (HP), thermal energy storage systems act
as a heat source medium with its stored energy, and it provides thermal energy for the
evaporation of refrigerant. Hence, this type of an integration is likely to be seen in
water-source and solar-assisted heat pump systems as well as ground-coupled solar-
assisted heat pumps, namely hybrid source heat pumps (Han et al., 2008; Niu et al.,
2013). For this type of applications, there could be two advantages: i) higher
evaporation temperatures because of the stored heat at a relatively higher temperature
can boost up the heat pump efficiency, i.e., the coefficient of performance (COP), and
i) the load shifting, or peak clipping, and augmentation in the share of renewable
energy utilization can be attained (Pardifias et al., 2017). Furthermore, utilization of
latent heat storage systems with PCM helps obtaining temperature stability at the heat
source of the HP (Zhou et al., 2023).

Stable heat source temperature and/or higher thermal efficiency for the HP can be
achieved by integrating various thermal energy storage units in seasonal or short-term
periods. Besides, the utilized thermal energy storage system may be benefiting the
sensible heat, latent heat, or both in the same unit. For instance, thanks to the large
thermal mass they own, aquifers and ground are good examples for seasonal (long-term)
thermal energy storage media to be used as a heat source for a HP (Lee, 2010; Xu et al.,
2014). In addition to that, it is possible to consider a large water tank partly or fully
buried into the ground, rock bed, or concrete to store thermal energy within a heat
exchange between the water tank and the surrounding medium (Dahash et al., 2019).
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For example, Lottner et al. (2000) investigated the potential of seasonal TES along with
Schematic illustrations of such systems having large storage tanks for seasonal thermal
energy storage are given in Figure 2.21 (Hesaraki et al., 2015; Lottner et al., 2000), and
it should be also noted that these systems are suitable to be utilized with solar energy
systems (Hesaraki et al., 2015). Considering that these systems are able to store sensible
heat, it is also possible to integrate PCM to these systems in order to further enhance the
heat storage capacity. Recent studies involve latent heat storage materials to improve

energy storage density as well as to aim at reducing the required storage tank volume.

Collectors,

Figure 2.21. Schematic view of a SAHP system with seasonal TES tank connected to
the heat source of the HP (left), a solar-assisted district heating system with 4500 m?
seasonal storage tank buried into ground in Hamburg-Bramfeld (right), and the close-up
schematic

In SAHPs, the solar energy can be collected in the periods when it is abundant, and then
it can be used as heat source of the HP when the heating demand is high. This operation
helps achieving multiple targets such as enhancing flexibility in energy utilization by
demand side management, extending the operation time of the heat pump, increasing
renewable energy utilization share, stable operation, and augmenting energy efficiency
by the higher evaporation temperature (Plytaria et al., 2018; Sezen et al., 2021). Both in
seasonal energy storage (Wang et al., 2010) and short-term energy storage (Moreno et

al., 2014b), sensible and latent heat storage units can be used at the evaporator of solar-
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assisted heat pumps. In seasonal consideration, the solar energy is collected in the
summer seasons (considering Northern Hemisphere), and it is stored in seasonal TES
units. Then, the stored energy is used in the winter times when the heating demand is
high. Considering that the storage temperature may be relatively low, this energy may
not be adequate for direct heating, hence, it can be used in the evaporator of the heat
pump. Thereby, the solar energy abundant in summer is used in winter, and the SAHP
can be even coupled with ground heat sources as well (Wang et al., 2010). As a second
option, solar energy can be stored in short-term, i.e., daily or every couple of days,
during diurnal periods where the solar energy is abundant and the heating demand in the
building is relatively low. Thereafter, the stored energy is used as the heat source for the
HP in nocturnal time, and thereby, the share of renewable energy utilization in heating
can be increased, and load shifting can be also achieved (Belmonte et al., 2022).
Furthermore, depending on the system design, direct heating is another option for short-
term TES when high storage temperatures can be reached (Chu and Cruickshank, 2014;
Lazzarin, 2020). Compared to the seasonal storage systems, the thermal energy storage
tanks of the short-term SAHP systems are relatively smaller and less complex, as
expected, and a schematic view from the numerical study of Belmonte et al. (2022) is
illustrated in Figure 2.22. Using PCMs can enhance the volumetric storage capacity of
TES integrated to SAHP, as mentioned previously. One of the most important
contribution of this utilization is that it can balance the mismatch between the supply
and demand, and the service time of the HP system is increased while the operation of

the compressor is shortened (Goémez et al., 2018).
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Figure 2.22. Schematic illustration of a SAHP system with short-term thermal energy
storage unit integrated to evaporator
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2.3.3. Integration of Thermal Energy Storage Unit to Heat Pump Condenser

Thermal energy storage units are used at the condenser of heat pumps in various
applications. In this configuration, thermal energy storage unit takes a role of a heat
sink, rather than heat source, as mentioned for evaporator. In the designs where the TES
unit takes place at the condenser, the heat pump is used to charge the TES unit by
sensible and/or latent heat. Thereafter, the accumulated heat is used for space heating,
domestic hot water, or any other process requiring heat (Y. Li et al., 2020; Zou et al.,
2017). Here, the operation period of the heat pump plays a significant role since it is
determinative for the order of energy consumption of compressors as the electricity
tariff varies throughout a day depending on policy of supply authorities, and this
variation is usually adjusted regarding the load in the electricity grid (Bampoulas et al.,
2021; Niu et al., 2013). Thus, as the key point here, integration of TES to HP condenser
can help accumulating thermal energy in the off-peak periods, which is a time interval
where the electricity consumption is lower, e.g., nocturnal times, and the stored thermal
energy can be used in the on-peak periods without consuming high amount of electrical
energy due to the partly or completely inactive compressor during this period (Shi et al.,
2019). Similar to the previously mentioned HP systems with TES integrated to their
evaporator, these systems can be designed to benefit sensible heat, or sensible and latent
heat in combination, namely a hybrid system, as schematically illustrated in Figure
2.23. As seen from the figure, the system may contain a water tank to store thermal
energy, and it can also include PCM modules, which can be in different shapes or

properties, to improve its energy storage capacity.

Integration of TES systems to HP condensers helps ensuring the load on the grid to
spread over different periods of the day, instead of accumulating into a specific time
interval, resulting in excessive demand, which is an effective demand side management
technique, namely the load shifting, to prevent wasting energy and attain an effective
energy utilization (Luc et al., 2019). In addition, the electrical energy produced is more
efficiently used this way, and it is not wasted in nocturnal periods. Moreover, authorities
encourage society using electricity in off-peak periods by adjusting the prices within
different tariffs. As depicted in Figure 2.24, Xu et al. (2021) showed the electricity tariff
in Sweden along with the action of shifting the load from on-peak to off-peak periods.
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Figure 2.23. Schematicuillustration of a a) water-based storage integrated and b) hybrid
water-PCM storage integrated GSHP system
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Figure 2.24. Variation of electricity prices depending on time of day and the load
shifting activity carried out

As another example, the effect of TES utilization on the energy consumption along the
time of day is well illustrated by Hirmiz et al. (2019) in Figure 2.25. It should be also

stressed here that utilization of heat pumps, especially together with thermal energy
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storage systems, has a significant potential for decarbonization of building heating due
to their ability of enhancing energy flexibility by the means of load shifting and peak
clipping (Nair et al., 2022).
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Figure 2.25. Representation of electricity utilization integral with and without TES
integration to a heat pump

Coupling the condenser of heat pumps with thermal energy storage units is usually
considered by air source heat pumps, i.e., air-to-water heat pumps in this case, because
of their simplicity for the objective. Nevertheless, thermal energy storage with the
heating load of a heat pump is improved using ground-source heat pumps, water-source
heat pumps, and even solar system assistance. Thereby, load shifting activity can be
evolved to an efficient way for short or long term storage as well as for domestic and
district heating purposes (Abdur Rehman et al., 2021; Gaur et al., 2021; Xu et al.,
2021).

2.4. Literature Survey

As the trend of electrification and decarbonization of heating systems has been rapidly
increasing in numerous countries and there is a related necessity for the energy
flexibility in order to achieve the requirements of this action, significant investments are
considered on the heat pumps and thermal energy storage systems. Therefore,
researchers accelerate their studies in this field in order to reduce the dependence on
fossil fuels as well as international energy sources that rely on policies among
governments. At this point, studies are clustered in different points of views, depending

on the connection of thermal energy storage unit to the heat pump, i.e., condenser or
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evaporator, and the consideration the period of thermal energy storage, i.e., short-term,
or seasonal. Regarding the relevant keywords, which are considered to be “heat pump”,
“thermal energy storage”, “phase change materials” and “energy flexibility”, the
number of studies in the last eleven years indexed by Scopus database is shown in
Figure 2.26. As seen from the figure, an acceleratingly increasing number of studies
indicates that the significance of the topic is increasing, due to the aforementioned
reasons. Yet, it is also noticed from the figure that the number of studies become lower
when the thermal energy storage is considered with PCMs specifically, and the
decrement is even more prominent when energy flexibility is taken into account, which

evidently indicate the needs for studies in these fields.
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Figure 2.26. Number of studies in the field regarding Scopus database last updated in
March 2024

Considering the literature works that deal with thermal energy storage integration to
heat pump evaporators, it is noticed that the solar assisted heat pumps are more
favorably studied because of their suitability of integration with renewable energy
sources. Badescu (2003) conducted a numerical work to investigate the impact of
sensible heat storage unit on the performance of a solar-assisted heat pump. The
researcher focused on the length of the TES unit together with the number of pipes
inside the unit. The results showed that the COP and exergetic efficiency values
decrease when longer TES units are utilized. It was also stated that smaller TES units

bring more efficient utilization but in a shorter time, while larger TES units are less
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efficient, but they provide energy for a longer period. Yumrutas and Kaska (2004)
carried out an experimental work on a solar-assisted heat pump experimental setup that
is integrated with thermal energy storage tank where water was used as the storage
medium making the tank a sensible heat storage unit. Daily and monthly measurements
were taken during the experimental work. They reported that the 650 L sensible heat
storage tank was sufficient for residential heating purposes. Besides, higher storage
temperatures were achieved during sunny days, and thus, the heat pump efficiency was
significantly increased in sunny days, compared to cloudy days, where the heat pump

COP values were 3.5 and 2.5, respectively.

Han et al. (2008) combined the solar assistance and ground heat source for the
evaporator of heat pump in their numerical study. A water-to-water heat pump was
considered for their numerical computations, and a TES unit was also integrated with
solar collectors to store and release renewable thermal energy. Eight different operation
modes were simulated by the authors regarding the operational design of the system.
The numerical computations were carried out for a long-term, ranging from 146 to 1017
hours. The researchers made some assumptions to simplify the model, which include the
neglection of temperature stratification effects on the charge and discharge,
temperature-independent thermophysical properties of PCM inside the storage tank,
isothermal phase change of PCM, simplified U-tube model, and neglected internal heat
gains. Depending on different heating modes, such as direct heating, using individual or
hybrid heat sources of ground and solar, the researchers reported total-energy-based
average system COP in a range of 2.51 to 10.5. Furthermore, the authors highlighted
that latent heat storage utilization significantly improved efficiency, which is reflected
by an increase of 12.3% in system COP, compared to the SAHP without latent heat
storage. In addition, they indicated that the system flexibility and stability was
enhanced. A similar simulation study was conducted by Qi et al. (2008) where the
researchers underlined that it is the first study that considers water and PCM in a
seasonal thermal energy storage unit integrated to a solar-assisted heat pump. The
authors considered CaCl>-6H20 as PCM inside the tank, which has a phase change
temperature of about 29°C, hence, an appropriate thermal energy storage material for
the heat source of SAHP applications. A storage tank of 456 m® having 2520 storage

units was taken into account in the numerical simulations, and the abundant solar energy
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in summer was considered to be stored in the TES unit, which is then used as a heat
source in winter conditions. It was reported in the study that the average heating COP
during the heating period was computed as 4.2, and it was emphasized that this value is
significantly higher than that of air-source heat pumps. With the seasonal latent heat
thermal energy storage system, the solar collector efficiency was increased, the energy
losses from the storage tank were reduced, and the size of the storage tank was
considerably decreased compared to a central heating system using only water as a
thermal energy storage medium. Nevertheless, the authors also indicated the drawbacks
such as inevitable high cost of the system and the complexity of the storage system due
to large amount of PCM units. Therefore, they suggested conducting experimental work
to investigate the system in technical and economical ways. Tamasauskas et al. (2012)
numerically studied the efficiency of solar assisted heat pump with sensible and latent
heat storage options where a tank with ice slurry was taken into account for thermal
energy storage medium. They took electric heaters as reference to compare the
efficiency of solar-assisted water-to-water heat pumps throughout annual operation. The
authors concluded that the heat pump with sensible heat storage uses 81% less energy
compared to electric heaters, while this ratio is 86% for the heat pump with latent heat
storage. Besides, the solar fraction of the system and the COP of the heat pump were
calculated as 0.88 and 8.22, respectively. Another relevant work was considered by Ugar
and Inall1 (2008) which dealt with thermal and economic comparisons of solar heating
systems with a seasonal TES unit. In the numerical work, basically three different
storage tanks were considered for comparison, which are the storage tank with and
without insulation and the underground storage tank. It was concluded that the
underground storage tank was more beneficial for enhanced thermal performance and
lower payback time. Relatedly, Trinkl et al. (2009) also suggested using an uninsulated
latent heat storage tank buried underground, which can thermally interact with the soil
as a storage medium, for heat pump applications. Lv et al. (2016) investigated the
impacts of thermal energy storage integration to ground-source heat pumps putting an
emphasis on operational expenses with and without TES unit. The authors strongly
recommended using thermal energy storage tank, which not only attained higher COP
but also saved 35.2% and 18.3% cost saving in winter and summer, respectively, related

to the off-peak electricity utilization thanks to thermal energy storage.
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Bearing in mind that latent heat thermal energy storage units are not also for water-to-
water heat pumps but also they can be used together with air-source heat pumps, Niu et
al. (2013) studied the performance and thermal charging/discharging behavior of an air-
source heat pump, which can also supported by solar energy system, depending on its
operation mode. Also, a novel thermal energy storage unit act as a triple-sleeve heat
exchanger was introduced in the experimental work. Apart from being a medium for
solar energy storage and prevent instable operation in the system, this heat exchanger
also acted as the evaporator of the heat pump. It was reported by the authors that the
latent heat unit significantly improved the performance, which provided a COP up to
3.9 in the heat pump unit. Another work dealing with an air-source heat pump integrated
with solar energy was conducted by Wu et al. (2019). In their experimental work, the
authors proposed a system where the heat pump had air-source and solar evaporators
(regenerator), which were able to be utilized interchangeably or in combination. After
conducting daily tests at different ambient temperatures, they concluded that COP and
exergy efficiency of the heat pump system were enhanced by 70% and 67% using solar
regenerator system, respectively, compared to conventional air-source heat pump. As a
result of the study, the authors recommended using the proposed system in the regions
where the weather conditions are cold but mostly sunny.

Performance of a thermal energy storage integrated heat pump is of great importance
from the first as well as second law of thermodynamics. In this regard, Utlu et al. (2014)
experimentally studied a solar-assisted heat pump that had a latent heat storage unit
connected to its evaporator. The authors considered a phase change material with a
phase-change temperature in the interval of 42°C-44°C, which was filled in cylindrical
containers vertically located inside the latent heat storage tank. A short-term, i.e., daily
heat storage and release was taken into account, and measurements were taken
continuously for about 20 days. Energy and exergy efficiencies of different components
of the heat pump were monitored throughout this period. According to the data
provided, the daily heat pump COP was varying in the range of 4 to 5. The daily
average overall energy and exergy efficiencies of the latent heat storage unit during
throughout the experiment days were found to be around 58% and 2.3%, respectively. A
similar study on the experimental rig was conducted by the same research group (Aydin
et al., 2015), and it was concluded that a PCM with the phase change interval of 35°C —
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40°C would be more beneficial and efficient for increasing the share of solar energy due
to easier phase change process even in cloudy weather conditions where the solar
radiation is low. Qu et al. (2015) investigated a solar-assisted heat pump system, which
had two different thermal energy storage tank. One of the tanks contained PCM, while
the other one had water only. The water tank and the PCM tank had a volume of 850 L
and 800 L, respectively, and sodium-sulfate-decahydrate (Na2SO4-10H2O) were used as
PCM packed in aluminum cans. The researchers experimentally tested three different
working conditions for daily operation, and they concluded that the peak COP reached
up to 10.03 in the case of using dual-tank latent heat storage, which was reported to be
approximately 3.5 times higher compared to the case of water only thermal energy
storage. Besides, the authors indicated that the energy consumption of the compressor
slightly changed during the operation of different cases, hence, using dual tank latent
heat storage was found to be beneficial. Youssef et al. (2017) considered an indirect
expansion solar-assisted heat pump to explore the effect of latent heat utilization on the
performance and system stability. They considered the heat pump for domestic hot
water purposes, and a PCM heat exchanger, which contains 30 kg of paraffin having a
phase change temperature of 17°C, was integrated to the evaporator of the heat pump
system. The stored thermal energy was designated by the researchers to be used in
night-time or when the solar radiation is too low. The results of the study showed that
using PCM brought an enhancement in the heating COP by 6.1% for sunny days and
14.0% in cloudy days.

It was proven by the literature studies given in the previous paragraph that integration of
thermal energy storage systems can attain higher thermal efficiencies due to maintaining
a relatively higher temperature at the evaporator and avoiding defrost requirements in
cold weather, as well as increasing the share of renewable energy utilization. In addition
to that, especially combined with PCM, using thermal energy storage can stabilize the
fluctuations sourced by the intermittency of solar energy, meaning that storing solar
thermal energy instead of using it directly at the heat pump evaporator can avoid the
instabilities in the performance as well as intermittent heat pump operation (Gu et al.,
2023). Similar benefits are also obtained for ground source heat pumps coupled with
thermal energy storage units involving PCM (Alavy et al., 2021; Mousa et al., 2022; Qi

et al., 2016). Even though integrating thermal energy storage systems to the heat pump
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evaporators has numerous benefits, especially in solar-assisted heat pumps, their
capability to manage the demand side is questionable without using a thermal energy
storage unit at the condenser of the heat pump. More clearly, the supplied thermal
energy by the heat pump should be stored in a medium by sensible or latent means, and
it should be used depending on the heating demand or electricity grid conditions. Hence,
energy flexibility can be attained this way. Nonetheless, the operational conditions and
limits as well as system performance can be different regarding the utilization of
thermal energy storage unit at the condenser or at the evaporator. As mentioned
previously, utilization of TES unit at the evaporator is more focused on the stabilization
and efficiency, while using it at the condenser of heat pumps is rather dedicated to

demand side management, i.e., load shifting or peak clipping.

Development in the electricity generation by the renewable energy sources, such as
solar and wind, has brought questions about the proper management of instabilities and
fluctuations in the electricity grid due to the intermittent nature of renewable energy
sources (You et al., 2024). In addition to that, as the investments on heat pump
technology, manufacturing, and utilization is sharply accelerating, there has been a
concern due to the excess and disorganized utilization of electricity, which leads to a
significant increase in the peak electricity demand, due to electrification of heating,
even though heating by heat pump is an efficient way and is also a promising solution to
reduce instabilities by proper demand side management (Knittel et al., 2024). Moreover,
coupling heat pumps with thermal energy storage can enhance energy flexibility by
contributing to the load shifting or peak clipping operations (Arteconi et al., 2013; Jin et
al., 2023). Thus, researchers recently conducted various studies on the demand side
management activities attained by heat pumps coupled with sensible or latent heat
storage units. Arteconi et al. (2013) conducted a study that emphasizes the role of heat
pump and thermal energy storage combination in demand side management techniques.
They modelled and analyzed the utilization of heat pump coupled with a TES unit to
shift the load to off-peak periods, where the on-peak period was considered between
16:00 and 19:00, during heating a room in Northern Ireland case. The authors stated that
an acceptable indoor temperature control was achieved even if the heat pump was
turned off during the aforementioned on-peak time interval. Furthermore, they pointed

out that a cost saving can be achieved using appropriate tariff. In another work with a
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similar scope, Baeten et al. (2017) studied the effect of attaining energy flexibility by
using heat pumps with thermal energy storage on the consumer, i.e., end user, costs,
considering multi-objective control strategies. The authors highlighted that adding a
storage tank to the system with heat pump remarkably helps reducing peak loads.
Besides, they reported that larger storage tanks attain a larger amount of load shifting,
nonetheless, it was underlined that applying demand management always brings
additional costs to the end user, compared to the cases where no storage tank used, or
load shifting is implemented. Hence, the authors recommended that heat pump users
should be encouraged to participate to such strategies by renumeration of their
expenses. Another modelling work was carried out by Renaldi et al. (2017), by
emphasizing the importance of decarbonization and flexibility in domestic heating
systems in the United Kingdom. Within this scope, they compared the thermal energy
storage integrated heat pump systems to the conventional natural gas boiler heating
systems. Using an 8.5 kW heat pump system with 300 L thermal energy storage unit
attained 37% of cost and emission savings. Nevertheless, similar to the findings of the
previously mentioned study (Baeten et al.,, 2017), the researchers underlined that
equipment and operational costs of heat pumps are higher than the conventional heating
systems. However, integration of TES and time-of-use tariffs can help reducing these
costs in the heat pump heating systems. Furthermore, government incentives about
renewable energy can also boost up these savings and attract the end users in the UK to
use heat pump. Arteconi and Polonora (2018) investigated three different cases where a
TES unit is connected to heat pump condenser for different purposes including energy
efficiency and demand side management. Different focal points were considered in
these cases where a ground-source or air-source heat pump is utilized together with a
TES tank. The authors concluded that the case with ground-source heat pump can
effectively postpone the energy utilization using TES tank, which can reach up to 8
hours when underfloor heating is considered. A similar emphasis was put on the issue
by Campos et al. (2020) where the authors investigated four different residential heating
scenarios in rural areas of Hungary, taking into account the annual number of building
retrofits, utilization of heat pumps and hot water storage tanks, and yearly demographic
trends in the selected regions. The scenarios took different percentage of the retrofitted

buildings yearly, such as 1.25% as standard renovation and 2.5% as advanced energy
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efficiency retrofitting, as well as nearly-zero energy building concept. It was found that
modest building retrofit actions provided relatively small energy savings which are
insignificant, while more effective scenarios including a larger rate of retrofitting
ensured 23% to 69% reduction in final energy consumption. Moreover, using heat pump
with a hot water storage tank in well-insulated dwellings was found to provide
theoretical energy flexibility reaching 3.4 kWh per 24h each year.

Since PCMs can significantly contribute to the thermal energy storage capacity of the
storage tanks integrated to heat pumps, which expectedly results in an improved energy
flexibility, some recent studies in the field focuses on latent heat utilization to augment
the storage capacity and load shifting capability. Besides, this improvement in the
thermal energy storage capacity of heat pump storage tanks can also provide a reduction
in the required tank volume. To this end, Kelly et al. (2014) used a detailed building
simulation model to investigate the thermal buffering needed to achieve a sufficient load
shifting regarding the Economy 10 tariff for a typical detached dwelling in United
Kingdom. The researchers considered a buffer tank with and without PCM for
comparison. Striking findings were reported by the authors such as the volume of the
buffer tank was halved by using PCM, quantitatively from 1000 L to 500 L. This
amount was found to be sufficient to fully shift the load to off-peak period without
violating the end user’s needs. On the other hand, the results of the work highlighted
that the electrical demand of the heat pump increased by 60% due to load shifting,
which leads to increased cost and CO2 emissions. This notable penalty of energy
consumption was reported to be sourced by decreasing efficiency of heat pump during
thermal charging process as well as the heat losses from the buffer tanks. As a similar
work focusing on storage volume and demand response, Hirmiz et al. (2019)
investigated the performance of a thermal energy storage tank integrated with a heat
pump for load shifting. The outcomes of the study showed that substantial volume
saving can be attained using a hybrid tank involving 75% PCM, compared to a storage
tank with water only. The authors indicated that the COP of the heat pump remarkably
decrease as the storage temperature increases, and thus, the total daily electricity
consumption increases. Quantitative analysis showed that the heat pump COP decreased
from 3.4 to 2.5 during thermal charging from the storage temperature of 40°C to 50°C.

As a result, the authors concluded that utilization of thermal energy storage coupled
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with heat pump condenser is not a solution for energy efficiency, and this action would
even lead to higher energy consumption due to larger storage temperatures and heat
losses. Nonetheless, this issue is still controversial and some studies in the literature
reported the opposite conclusion or interpretation, especially in the presence of PCM
(Arteconi and Polonara, 2018; Qureshi et al., 2011; Xu et al., 2021). At this point, in
order to achieve energy efficiency and flexibility at the same time, advanced smart
control units can be used, as reported by Lizana et al. (2018). End user electricity bill
and the retailer electricity cost were respectively reduced by 20% and 25%, despite an
increase of 8% in the final energy consumption. A similar finding was also stated by
Fitzpatrick et al. (2020) where a residential building heating was simulated as a case
study considering a hybrid heat pump together with thermal energy storage unit, and a
gas boiler. The findings of this study revealed that the considered demand response
strategies led to both higher thermal energy storage utilization and higher gas boiler
utilization, which were stated to be 17.1% and 12.1% in maximum demand response
intensity, respectively. Consequently, this resulted in higher overall primary energy
consumption values that were reported to be between 1.6% and 9.1%. Jin et al. (2021b)
investigated a solar assisted air-source heat pump performance for different volumetric
flow rates of heat transfer fluid at the condenser side of the HP. Furthermore, they used
a latent heat storage tank integrated to the heat pump. The authors concluded that a
significant increase in the energy efficiency of the HP, which reaches up 57.5%, is
achieved when solar energy is introduced compared to single HP system. In addition to
that, the authors pointed out that the volumetric energy density is 25.97% higher in
hybrid TES tank that uses sodium acetate trihydrate urea as PCM, compared to the TES
tank using sensible heat only. Hence, a volume reduction of 21% can be ensured. The
same research group (Jin et al., 2023) conducted a modelling work to evaluate the peak
demand shifting potential of an air-source heat pump integrated with thermal energy
storage, which was designed to meet domestic hot water demand. Four different setpoint
temperatures and four different PCMs with different phase change temperature intervals
were taken into account. Moreover, four different volume fractions of PCM inside the
TES tank were considered to evaluate the appropriate amount of PCM in a latent heat
storage unit used for the aforementioned purpose. As a result of the study, the authors

recommended 75% of volume to be filled with PCM and assign higher setpoints for
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energy efficiency, nevertheless, adjusting the setpoint at 60°C resulted in a higher
electricity consumption. In wintertime, the energy consumption was found to be
decreased by 5.9% to 8.3% depending on operation strategy. Considering PCM
selection, the researchers indicated that the phase change temperature interval should be
around 50°C, rather than 30°C and 60°C, and selecting 50°C of phase change
temperature interval respectively reduce operational cost by 0.7% and 11%, compared
to other mentioned phase change temperature intervals, respectively. Considering time-
varying energy tariff, the night water heating strategy brought a significant cost saving,
quantitatively 13.6%, due to the concessionary rate gained by the night tariff. Another
recent work was conducted by Lin et al. (2022) focused on a novel heat exchanger
where the refrigerant of the heat pump conducts a direct interaction with the PCM
where the heat loss is reduced. The authors investigated the effects of geometrical
parameters of the heat exchanger as well as different PCM configurations, namely
single-stage and three-stage, and it was found that three-stage PCM is superior to the
single-stage in terms of energy and exergy efficiency. Targeting at combining energy
flexibility with enhanced energy efficiency, Xu et al. (2021) conducted a numerical
study and investigated four different system configurations where a desuperheater and a
booster were used to enhance the energy efficiency. The authors concluded that using
both desuperheater and booster was an efficient way for achieving energy efficient load

shifting.

Increasing popularity of the heat pumps in space heating and domestic hot water
applications results in a remarkable augmentation of the number of studies in the field
as well as the investments to these efficient heating devices, especially in developed and
developing countries such as USA, China, Tiirkiye, and EU countries. Nevertheless,
intensely electrification of heating processes by heat pumps leads to the increasing risk
of excessive grid loads. To eliminate this, thermal energy storage is considered, which
can provide energy efficiency and flexibility. Furthermore, TES can increase the
beneficially utilization of renewable solar energy. For these reasons, researchers
accelerate their studies, and they recently focus on the TES integration to heat pumps.
For this purpose, thermal energy storage units can be coupled with evaporator or
condenser, and researchers investigate them one by one. Nevertheless, the studies

usually focus on one of these systems, although each of these two systems has different
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advantages, which need to be evaluated from the efficiency and flexibility point of
views. Therefore, this thesis work aims at contributing to the literature by evaluating the
energy efficiency and flexibility of these systems and make recommendations

accordingly.
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3. MATERIALS AND METHODS

This thesis work consists of several stages including experimental and numerical works
carried out on two different heat pump systems separately, namely a solar-assisted heat
pump system where a thermal energy storage system integrated to its evaporator and an
air-source heat pump that has the thermal energy storage system integrated to its
condenser. Therefore, the present part of the text has been divided into several
subsections providing details about the experimental and numerical studies conducted
for both considered systems, separately. To be clearer, the thesis work includes three
major chapters, which are about the CFD studies, experimental evaluation of the
considered TES integrated heat pump systems, and the mathematical modeling of the
two investigated heat pump systems. The CFD studies were carried out in order to
comparatively assess the phase change behavior in the straight- and corrugated-wall
tubes, which helps selecting the appropriate PCM container type to be used in the
following experimental studies. Moreover, the average convective heat transfer
coefficients for different cases are estimated by the aforementioned CFD studies, which
constitute an input for the mathematical model which is established for the operation of
the TES integrated heat pump systems. The second major chapter of the work covers the
experimental studies for both systems. In the experiments, thermal behavior of the TES
materials, namely water and the PCM, inside the TES unit is elaborated as well as the
operational performance of the heat pump systems in different conditions. Besides, the
operational heat pump data obtained from these experiments are partly used as inputs in
the following mathematical model established in order to allow numerically simulate
the operations and thermal behavior of the heat pump system and TES unit,
respectively. In addition to that, phase change behavior of the PCM is also assessed by
the experiments. Lastly, the operations of the examined TES integrated heat pump
systems are mathematically modeled with the aid of experimentally obtained data.
Thereby, within the experimental study ranges, the operation of the heat pump is
simulated for different circumstances such as different TES materials or weather

conditions.

For the outline of this chapter, first of all, the preliminary CFD studies for the selection
of PCM tubes from two alternatives were presented. Then, the experimental rig and the
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process together with instrumentation details are presented. Thereafter, the numerical
methods for the evaluation of dynamic working behavior of the heat pump systems as

well as energy flexibility relations are explained.
3.1. Numerical Implementation for PCM Tube Selection

One of the major issues in latent heat storage applications by phase change materials is
the incomplete melting or solidification that hinders the benefits of latent heat
utilization. The main reasons for this phenomenon are the low thermal conductivity of
the PCM, and the thermal resistance of the container in which the PCM is located.
Hence, it is utmost important to enhance the thermal conductance from the heat transfer
fluid to the PCM, and the selection of container material and design are crucial at this

point.

For the selection of vertical tubes to be integrated into the TES tank, two different tube
types were considered within the study, namely the standard straight surface tube and
corrugated surface tube available in the market, and these were compared regarding
their capability of heat transfer and contribution to the phase change process of the
PCM. To evaluate their effect on the phase change phenomenon inside the TES tank, a
set of computational fluid dynamics (CFD) analysis were carried out on the commercial
CFD software licensed in Kocaeli University, ANSYS Fluent, simulating the fluid flow
and heat transfer around the tubes. This simulation study was presented under three
subsections involving the description of the problem along with the governing equations
and boundary conditions as well as the assumptions, the validation of the numerical

procedure, and the grid and time step independence tests.
3.1.1. Description of the Problem and the Numerical Implementation

Considering the large volume of the tank and detailed surface geometry of the tube
surfaces, the problem was simplified in order to obtain an overview of the comparison
between the standard and corrugated tubes. Thus, a small portion of each tube, which
are the same diameter but 4.5% height, filled with a PCM of Rubitherm® RT26 was
considered, and they were investigated inside a three-dimensional fluid domain where

the heat transfer fluid flows in a turbulent regime. To evaluate the fluid flow effects, two
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different flow orientations, namely in the crossflow and axial flow were taken into
account in two different fluid domains. The fluid domains with the simplified tube
geometry are shown in Figure 3.1. The a, b, and c respectively stand for the height,
width, and length of the fluid domains. The inlet and outlet sections are indicated in the
figure, while the dimensions of the fluid domain created for the crossflow case (see
Figure 3.1a) are a=0.045 m, b=0.2 m, ¢1=0.27 m, ¢2=0.57 m, and ¢3=0.9 m. In the fluid
domain of axial flow case, these dimensions are considered a=0.05 m, b=0.1 m, ¢1=0.09
m, ¢2=0.045 m, and ¢3=0.225 m.

a) C) Outflow

‘Outﬂo“ " ‘ ‘ ‘
Vst

=

.

Inlet

b)

Side view

1171

Inlet

Figure 3.1. Simplified fluid domains with PCM tube portion and the utilized mesh
structure for the crossflow case

Considering the possible fluid flow velocity inside the TES tank, three different mass
flow rates (m=0.45, 0.90, and 1.80 kg/s) were considered, which correspond to the
presumed flow velocities in the tank. The inlet temperature of the heat transfer fluid was
taken into account in accordance with the planned storage temperatures in the System-1.
Three different storage temperatures, which are Ts=35°C, 45°C, and 55°C, were
planned to be tested within the experimental studies. Therefore, the inlet temperature of
the HTF in the CFD studies were taken as 45°C. With the considered momentum and
thermal boundary conditions, it was aimed to estimate the fluid flow and heat transfer

behavior between the water inside the tank and the PCM inside the tubes.
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The governing equations of the problem, ensuring the conservation of mass, momentum
and energy, are given as follows in the Equations (3.1), (3.2) and (3.3) (Bathcelor,
1967):

L. (oV) = 3.1
e (pV)=0 (3.1)
2 (V) + (V- V)V = —vp + 7 - (w(pV + pV") 2V - V1) + pg + F (32)
pCy |5+ (V- V)T| = V- (kVT) (3.3)

Regarding the turbulent flow of the heat transfer fluid considered in the fluid domain,
the k-e¢ turbulence model was applied, which is mathematically expressed in the
Equations (3.4), (3.5) and (3.6) as follows:

APKD 4 9 (pkruy) = 2 Ee) Ok _ (3.4)
ot + ax; (,Dk ul) - axj [(,u + Uk) ax,] + Gk PE
209) L 0 ey = 2 |(p+ 1) 2 £G —Chpl (3.5)
ot T ox (peu;) = ox; [(” + os) ox;| T Crey Gk — Coep
k*Z (3l6)

.ut=Cu

&

In the above equations, ok, o, C1., and Cy. are constants, which have the values of ox=1,

The above given governing equations were solved by finite volume method integrated
into the aforementioned commercial software ANSYS Fluent. Second order upwind
scheme was considered for the discretization of momentum and energy equations, while
the turbulent Kinetic energy and turbulence dissipation equations were taken into
account by the first order upwind scheme. Besides, the pressure-velocity coupling was
treated by SIMPLE algorithm.

As briefly mentioned previously, the boundary condition at the inlet of the fluid domain
was taken as mass flow rate with constant temperature, which was 318.15 K for melting
simulations and 283.15 K for solidification processes. Symmetry boundary condition
was considered along the remaining walls of the fluid domain to avoid Venturi effects,

which may deteriorate the fair comparison.
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Apart from the flow of the heat transfer fluid inside the domain, PCM is located in the
tube, which is placed inside the fluid domain. For the treatment of phase change
phenomenon, enthalpy-porosity technique was implemented. Besides, Boussinesq
approximation was employed to deal with the buoyancy-driven convective motion of
the melted PCM inside the domain. The governing equations for the phase change
process of the PCM, which are respectively the continuity, momentum, and energy
equations, are shown by Equation (3.7), (3.8), and (3.9), respectively, as follows (Mahdi
et al., 2020), (Duan et al., 2020):

ap (AT — 3.7
StV (pV) =0 (3.7)
2 (V) +V-(pV - V)V = —Vp +uV?V + ppG(T —Ty) + § (3.8)
- (P p p+u pBY( 0) +

9 A(oVH) =V - 3.9
~(pH) +7 (pVH) =V - (kVT) 3.9

The initial temperature of the PCM domain was set to 25°C for melting simulations and
26°C for solidification simulations, according to the solidus and liquidus temperatures
of the material. Furthermore, fixed mass flow rates at the inlet of the domain were taken
into account for each case, while outflow condition was employed at the outlet of the
domain. The surrounding walls were kept adiabatic, while the PCM tube wall was
considered thermally conductive with negligible thermal resistance since the tubes to be
utilized were planned to be made of steel with 0.25 mm wall thickness. Besides, the
thermophysical properties of the heat transfer fluid (water) and PCM (RT26) considered
in the CFD studies are given in Table 3.1.

Table 3.1. Thermophysical properties of the water and RT26 considered in the CFD
studies

p(kg/m®)  Cp (U(kgK)) Kk (W/mMK)) u (Pa-s) Ln(Jkg) S (LK)

Water 996 4183 0.622 0.00079 - -

RT26 825 2000 0.2 0.0035 110000  0.00058
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3.1.2. Validation of the Numerical Procedure

In order to validate the numerical procedure considered on ANSYS Fluent, an
experimental work conducted by Mahdi et al. (2019) was considered. In the given
experimental work, the melting process of a paraffin based PCM in a double tube latent
heat storage unit was observed, and temperature measurements were taken from six
different points inside the PCM. The inner tube of the latent heat storage unit has an
outer diameter of 23 mm, and the outer tube that contains PCM has a diameter of 70
mm, while the length of the tube is 460 mm. The measurement points were named by
the authors as A and B for the radial directions respectively from the center with the
suffix of 1, 2, and 3 representing the axial direction. Paraffin wax was considered in the
study, which has a melting temperature range of 48.3°C — 62°C, latent heat capacity of
114540 J/kg, specific heat of 2000 J/kgK, thermal conductivity of 0.14 W/mK, dynamic
viscosity of 0.033 Pa-s, and a density of 820 kg/m®. Water was considered heat transfer
fluid flowing inside the inner pipe of the latent heat storage unit, and the flow regime of

the water was turbulent.

In the numerical computations, thermophysical properties of the heat transfer fluid,
water, were taken constant, and the fluid flow was considered turbulent as indicated in
the examined literature work. For the paraffin wax, the thermophysical properties were
also taken constant, except density, which was treated by Boussinesq approximation.
The pressure-velocity coupling was carried out by SIMPLE algorithm, and the
discretization of convective terms were treated by second order upwind scheme. The
equations for turbulent kinetic energy and dissipation rate were discretized by second
order upwind scheme. Since a numerical analysis were also conducted by the authors,
the numerical model was established in consistency with the information provided in
the relevant paper (Mahdi et al., 2019).

In order to compare the temperature results obtained in the experimental work and
computed by the present numerical study in the thesis, three temperature measurement
points along different directions, i.e., radial and axial, are selected. The temperature
variations obtained by the numerical study and those indicated by data points were
given in Figure 3.2. As seen from the figure, the experimental data and the present

numerical outcomes have a significant consistency in terms of their trends and values.
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The differences between the numerical and experimental outcomes at some specific
points, which are lower than 10%, can be attributed to the assumptions in the present
numerical model as well as the laboratory condition and experimental nature of the

literature study considered.
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Figure 3.2. Validation results against temperature measurements from different points
3.1.3. Grid and Time Step Size Independence Tests

The solution of a numerical work must be independent from the grid size and time step
size. Therefore, several numerical tests including different mesh and time step size
should be systematically carried out for each considered fluid domain geometry. In this
study, three different mesh structures with polyhedral elements of which the sizes are
indicated by element numbers of 796212, 957256, and 1312726 were created for the
fluid domain involving corrugated tube geometry in crossflow case. The results
obtained for the melting process were elaborated in terms of average heat flux on the
tube surface and average liquid fraction values of the PCM (RT26), as given in Figure
3.3. As seen from the results, using 957256 and 1312726 elements yielded the same heat
flux results, while there were even marginal differences between the liquid fraction
values obtained using these two mesh structures. Thus, the mesh with 957256
polyhedral elements were considered for further analyses in order to reduce

computational cost.
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Figure 3.3 Grid independence test results for the crossflow case in terms of a) heat flux

and b) liquid fraction
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Figure 3.4. Time step independence test results for the crossflow case

53



After completion of grid independence test and determination of the most suitable mesh
structure, the solution was ensured to be independent from the time step size by
conducting melting analyses considering three different time steps, namely At=0.05,
0.10, and 0.15 s, separately. As a result of these analyses, the corresponding liquid
fraction values were given in Figure 3.4, and it was noticed that insignificant differences
occurred between At=0.05 s and 4t=0.10 s; hence, the time step size for the following
analyses were chosen as 4t=0.10 s to save computational time. It is noteworthy that the

time step size was considered At=0.1 s for the aforementioned analyses with different

meshes.
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Figure 3.5. Grid independence test results for the fluid domain of the axial flow case
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For the cases where the fluid flow was considered from bottom to top of the domain,
I.e., axial flow cases, an additional grid and time step independence test was conducted
since the geometry of the fluid domain includes some differences. Hence, three different
grid structures were tested where the results are presented in Figure 3.5 in terms of both
heat flux and liquid fraction variation, in order to observe the effect of grid structure on
both parameters. Yet, there was no significant difference observed between the heat flux
values obtained by the mesh structures having element number of 839412, 1049448,
and 1332726. Similarly, liquid fraction values were also found to be close to each other.
In order to ensure the grid independent solutions, a close-up examination was
considered, and the mesh structure with the element number of 1049448 was selected

for further computations of axial flow cases.

A set of time step independence tests was carried out to determine an appropriate time
step for the solutions ensuring the most possible computational time saving. The results
of the time step independence test are given in Figure 3.6. Regarding the obtained
outcomes, the time step of 0.05 s was selected for further computations, which would

give accurate solutions with reasonable computational cost.
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Figure 3.6. Grid independence test results for the fluid domain of axial flow case

3.2. Experimental Setup

A comprehensive heat pump experimental rig existing in Kocaeli University, as shown

in Figure 3.7, was considered for the experimental works after integrating a thermal
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energy storage unit and a solar collector tank with electric heater to experimentally
simulate the operation of a solar-assisted heat pump. The experimental heat pump
system was designed and manufactured to be able to work as a water-to-water heat
pump as well as an air-to-water heat pump thanks to having a cold-water accumulation
tank (CAT) and an air-source evaporator at the same time in the back of the device, of

which the operation is controlled by electro-valve depending on user demand.

I

Figure 3.7. Aview of heat pump experimental rig

The heat pump utilized for the tests include two accumulation tanks, namely hot and
cold accumulation tanks having a volume of about 150 L. In addition, a 2-hp Copeland
ZB15KQE scroll compressor is used to ensure the circulation of refrigerant, which is
R407c, in the vapor compression refrigeration cycle. While the evaporation of the
refrigerant is carried out by the help of a plate heat exchanger where the heat transfer
fluid is water, there are two different options in the device for condenser, which are a
plate heat exchanger and a coil heat exchanger located inside the hot accumulation tank
(HAT). The heat pump system is able to implement a relay-controlled on/off system for
the compressor, which can be connected to a temperature value at any point or value
interval, and the photographs of the compressor and the process-controller mounted on

the system are shown in Figure 3.8.
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Figure 3.8. The scroll compressor in the system (left) and the on/off relay-based process
controller (right)

The thermal energy storage system integrated to the aforementioned heat pump setup
consist of a high-density-polyethylene (HDPE) cylindrical tank with a 1.2-m-length and
630 mm internal diameter. The PCM module mounted into the tank includes 32
corrugated-wall steel tubes 2 inches in diameter and 1 meter in length, which are filled
with PCM during tests. The reason behind the selection of this type of tubes relies on
the computational fluid dynamics (CFD) simulations of which the details were given in
the next subsection. Eighteen J-type thermocouples were mounted at different locations
along the radial and axial directions on the tank, as well as at the two inlets and two
outlets, in order to comprehensively measure the temperature distribution of water
inside the thermal energy storage tank. In addition to that, ten different T-type
thermocouples were immersed into the six of the PCM tubes to monitor their
temperature variations. At this point, it is worth noting that four of the six PCM tubes
contained one thermocouple immersed up to their midpoint along axial direction,
namely H/2 considering the total PCM-filled height of the tube as H, and two of the
PCM tubes included three thermocouples located at the heights 0.35H, 0.60H and
0.85H, so that any axial variation in the temperature along the PCM inside the tubes
could be monitored. A photograph of the insulated thermal energy storage tank equipped
with thermocouples is given in Figure 3.9. Additionally, the schematic front view of the
TES tank and the schematic top-view of the PCM module inside the tank are shown in
Figure 3.10. As seen from the figure, the temperature of the water inside the TES tank
was measured at 9 points in axial direction, from Ts to T1s, while it was measured at 5

points in radial directions, from Tis4 to Tis. In addition to that, the inlet and outlet
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temperatures at both sides of the tank are measured, and they are labeled as T1, T2, Tg,
and Tg4, for inlet-1, outlet-1, inlet-2, and outlet-2, respectively. Besides the water
temperatures, different PCM tubes were selected for the placement of thermocouples in
order to measure the PCM temperatures and evaluate if there is any significant
difference in melting/solidification rates regarding the position of the tubes inside the
tank. An organized distribution of tubes equipped with thermocouples was ensured
within the tank geometry in order to monitor the temperature variations of the PCM
tubes that are relatively closer to the inlets and outlets, as well as to the center of the

tank.

Figure 3.9. Photograph of the thermal energy storage tank with insulation and
thermocouples
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Figure 3.10. Schematic front view of the TES tank (left) and schematic top view of the
PCM module inside the TES tank with thermocouple numbers and locations
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In addition to the previously mentioned thermocouples located in the thermal energy
storage tank and PCM tubes, two thermocouples were utilized at the condenser inlet and
outlet of the heat pump to measure the temperature of heat transfer fluid which is
circulated through the hot accumulation tank to reject the heat produced by the heat
pump. Furthermore, an ENTES MPRG63 network analyzer (+1%) (see Figure 3.11) was
used in the heat pump system to monitor the energy consumption of the scroll
compressor. The volume flow rates of the circulating heat transfer fluid via circulation
pumps in the thermal energy storage tank as well as in the hot accumulation tank were
measured using glass-tube float flowmeters. Universal data loggers of ORDEL UDL100
(=1%) were utilized to monitor and log the temperature data, while the electrical power
data were transferred by ENTES RS485-USB converters (+0.015%) to the computer
software, as shown in Figure 3.11. For the System-1, uncertainties arisen from various
instruments were analyzed using a well-known method (Moffat, 1988), and the highest
uncertainty was found in calculation of COP value which was +8.25% in this system.
Furthermore, the uncertainties in the measurement of volume flow rate, condenser inlet-
outlet temperatures and electric power drawing from the network were within the

maximum range of +£0.11 L/h, £0.28°C, and £0.011 W, respectively.

Figure 3.11. Photographs of the network analyzer (left), RS485-USB converter
(middle), and the universal temperature data logger (right)

3.3. Investigated Heat Pump System Layouts and Experimental Procedures

In the beginning of the explanation of the experimental procedures, it should be
highlighted that two different heat pump systems, both integrated with thermal energy

storage unit by different considerations, were investigated within this thesis work in
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order to separately evaluate their operational performance as well as their benefits and
drawbacks. Thus, first, the thermal energy storage unit described in the previous section
was integrated to the evaporator of the water-source heat pump to provide a heat source,
considering renewable energy utilization. This system was labeled as “System-1" in this
work. At this point, the focus was on the effect of thermal energy storage utilization on
the heat pump performance and augmentation of renewable energy utilization, which is
considered solar energy. In the second system, which is named as “System-2”, the
thermal energy storage unit was integrated to the condenser of the heat pump, which
uses air as the heat source. Hence, in this system, the thermal energy is continuously
stored by accumulating the heat provided by the air-source heat pump into the thermal
energy storage tank up to a certain temperature value. Then, the charging process is
ceased, and the stored thermal energy is directly used for the heating purpose, which
significantly contributes to the load shifting operations depending on the electricity
tariff.

3.3.1. Integration of Thermal Energy Storage Unit to the Evaporator (System-1)

Within the concept of this configuration of heat pump and TES combination along with
renewable energy utilization, the solar energy can be stored in the diurnal period where
the heating needs of a residential building is not very high, and this stored energy can be
used as a heat source for the heat pump in nocturnal period, leading to a more efficient
heating as well as organized utilization of solar thermal energy. Thus, this system was
considered as a solar-assisted water-source heat pump system integrated with a TES
unit. A schematic diagram to illustrate the system is given in Figure 3.12. An additional
50-liter insulated tank incorporated with a 3-kW electric heater was externally coupled
with the TES tank in order to experimentally simulate a solar collector tank (SCT).
There were two main reasons for the utilization of an additional tank with electric
heater: First, the duration of the experiments in order to increase the water temperature
inside the TES tank would be so high that it would not allow the similar circumstances
for all considered cases. Secondly, the electrical energy supplied was measured by the
network analyzers, which allowed the amount of energy provided to heat up the water,
and this would not be possible if the experiments would have conducted using actual
solar collectors. Moreover, thanks to the measurement of electrical energy, the total
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thermal energy stored as well as the thermal energy supplied to the heat pump
evaporator could be estimated by this way. By using the aforementioned electric heater,
the heat transfer fluid heated up was circulated between the SCT and TES tank in order
to thermally charge the TES unit. The heat pump rig has a cold accumulation tank
(CAT) connected to TES tank and a hot accumulation tank (HAT) acting as the
condenser. In addition to that, an external chiller unit was used to reject the heat that is
accumulated in the HAT as a result of heat pump operation and simulate a residential
building to be heated. The heat load that is rejected by the chiller was adjusted by the

flowrate of the heat transfer fluid which is controlled by a valve.
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Figure 3.12. Schematic diagram of the investigated solar-assisted heat pump with TES
unit (System-1)

As the thermal energy storage tank is integrated to heat pump evaporator in this system,
the phase change temperature interval is of great importance since it must be suitable for
the operation of the water-to-water heat pump system. Therefore, a commercially
available PCM by Rubitherm GmbH was considered because of several reasons. First,
the experimental procedure was considered to be finished when the water temperature in
the TES tank reaches down 20°C, which is explained in detail in the upcoming
paragraphs concerning the experimental procedure. Hence, a phase change temperature
of around 25°C — 28°C would be appropriate for this application. Secondly, temperature
stability was taken into account, and it was foreseen that a temperature just above 20°C
would ensure an efficient operation of the heat pump, hence, it was crucial to make the
evaporation temperature stable around the temperatures about 20°C and fairly above.
Thirdly, the PCM was desired to have a sufficient amount of latent heat capacity to be
able to store a significant amount of thermal energy. Last but not least, the availability
and price of the PCM were taken into consideration. Regarding all these reasons,
Rubitherm RT26 was selected as the PCM to be used in the tubes inside the thermal
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energy storage tank due to its appropriate and highly stable phase change interval
between 25°C and 26°C, a combined heat capacity, namely the latent and sensible heat,
around 180 kJ/kg between 19°C and 35°C, and relatively low-cost compared to the
equivalent products. The considered PCM in its 10-kg-packing is shown in Figure 3.13,
while its thermophysical properties taken from the manufacturer are shown in Table 3.2
(Rubitherm, 2023).

Figure 3.13. Photograph of the utilized PCM, RT26 in its package

Table 3.2. Thermophysical properties of the RT26 used in experimental works
(Rubitherm, 2023)

Parameter Value

Density (kg/m?®) 880 (solid) / 750 (liquid)
Specific heat capacity (J/(kg-K)) 2000

Thermal conductivity (W/(m-K)) 0.2
Solidus/Liquidus temperature (°C) 25/26

Heat storage capacity (J/kg) 180000
Maximum operation temperature (°C) 60

Here, it should be stressed that the heat storage capacity value given by the
manufacturer covers not only the phase change enthalpy of the material but also the
sensible heat storage. In other words, the heat storage capacity covers the combined
thermal storage of the material in the temperature range of 19°C to 34°C (Rubitherm,
2023). At this point, the temperature-enthalpy diagram of the material provided by the
manufacturer is given in Figure 3.14 (Rubitherm, 2023). As seen from the figure, the

heat storage capacity of the material around 25-26°C is about 104 to 120 kJ/kg.
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Figure 3.14. Temperature-enthalpy diagram of RT26 (Rubitherm, 2023)

Experimental procedure for System-1: The experimental procedure of the tests
conducted for this heat pump system where the TES was integrated to its evaporator
(System-1) can be divided into two major periods, namely, charging and discharging. In
the first step of the experiment, the heat transfer fluid (water) inside the solar collector
tank (SCT), TES tank, and cold accumulation tank (CAT) is maintained at 20°C by pre-
heating or cooling operations. Thereafter, the electric heater inside the SCT is activated
to thermally charge the thermal energy storage unit until the central temperature in the
TES tank, which is the reading of thermocouple Ts, reaches a certain value. This
temperature value is defined as storage temperature, Ts, and its effect is also
investigated for Tst =35°C, 45°C, and 55°C. After the central tank temperature reaches
the predefined storage temperature, the electric heater is turned off, and the thermal
charging process is completed. At this point, it should be noted that the valves between
the TES tank and the cold accumulation tank of the heat pump are kept closed, which
means that the CAT temperature is maintained at 20°C. Besides, the condenser
temperature, which is initially equal to the temperature of the hot accumulation tank
(HAT), is also maintained at 35°C for the initial conditions of the tests. Once the
charging process is completed, the valves between the TES tank and CAT are opened,
and the heat pump compressor and the chiller are activated simultaneously. The
temperature setpoint for the chiller is specified as 30°C, and this ensures that the return
temperature of the heat transfer fluid to the HAT is maintained around 30°C, while the
supply temperature of the water at the exit of HAT is around 35°C. The thermocouple
measuring the water temperature at the exit of the HAT is connected to the on/off relay

controller, and the compressor is automatically turned off when the temperature reaches
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35.4°C, and it is turned on again when the temperature reaches down 35.0°C. By this
on/off cycle, the temperature of the water circulated through the heating space remains
around 35°C, which is an appropriate heating temperature considered for underfloor
heating systems. Since the thermal energy is continuously rejected from the HAT by the
chiller, this on/off operation becomes a continuous cycle, which depends on several
parameters such as heat rejection rate and the temperature of the water inside the TES
unit. In order to test the thermal behavior at different heating loads, five different
volume flow rates of the heat transfer fluid circulating between the HP condenser and
the chiller unit were considered, which are namely V = 400, 600, 800, 1000, and 1200
L/h, and consideration of these HTF flow rates correspond to the heat loads ranging
approximately between Q.4 = 1.4 to 3.8 kW. The operation of the heat pump system
is ceased when the TES tank temperature, Ts, reaches down 20.0°C. In the experiments,
the discharging process started from Tg=35°C, 45°C, or 55°C, and it ended when
Tg=20°C. Therefore, a PCM with a phase change temperature of 26°C was presumed to
be suitable for this process as it could exhibit appropriate melting and solidification

behavior in both charging and discharging processes.

The experimental procedure of the System-1 is summarized by block diagrams as

shown in Figure 3.15.

. P
Opening the valves between
TES tank and CAT,
simultaneously activating
heat pump compressor and
chiller

Maintaining initial
temperatures of the cold and
hot accumulations tanks at
20°C and 35°C, respectively
by pre-operations

Thermally charging the TES
tank by electrical heating in
the SCT until 7, reaches
considered value

b o '\ y 5 y
™ Y Y
Collecting and saving the i Ceasing the operation Olf : OPEI"agng the TES tank
data after shutting off the leat pump system once the integrated heat pump system
system TES tank temperature, Tg, with on/off operation of the
Yy reaches down 20°C COmpressor

N v <

Figure 3.15. Block diagram for the experimental procedure summary of System-1

In the experimental process of the System-1, the collected temperature and energy data

over time are analyzed to obtain the performance results, such as thermal charge and
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discharge times, time ratio of compressor operation (COTR), the total supplied heating
energy to the load (the rejected heat by the chiller) and the total consumed electrical
energy of the compressor over the total test time, of which the ratio yields the energy-
based coefficient of performance (COP) value of the heat pump. The average rate of
heat rejection from the hot accumulation tank integrated to the condenser, Qyqq. iS
calculated by taking the average of thermocouple readings at the inlet and outlet, that is
Thar,; and Tyar,0, iNto account, together with the measured volumetric flow rate, V, by
flowmeter. Assuming that the density and specific heat of the heat transfer fluid, which
are denoted by p and Cp, remains constant, this value is calculated as given in Equation
(3.10) (Xu et al., 2021):

Qload = (pVCp)(THAT,o - THAT,i) (3-10)

In order to obtain the amount of total thermal energy rejected from the heat pump
condenser, i.e., from the hot accumulation tank (HAT), by the circulation of heat
transfer fluid, water, the heat transfer rate values presented in the previous expression
are integrated over the total heating period, i.e., total test time until the heat pump
operation is ceased. Therefore, total energy obtained from the heat pump is expressed by
Equation (3.11) as follows (Jin et al., 2021b):

Qload = ftend Qloaddt (3.11)

tstart

In the above equation, tsaart and tend respectively indicates the start and end times of the

test where the heat rejection from the hot accumulation tank continuously takes place.

Utilizing the network analyzer, the electrical power drawn by the heat pump
compressor, P, is measured, and the total electrical energy consumed by the compressor,
W, is expressed in Equation (3.12) (Jin et al., 2021a):

W = [*" pdt (3.12)

tstart

Here, it should be underlined that the compressor operation is not continuous in this
system layout (System-1); hence, the power drawn by the compressor can be zero in
certain time intervals between tsaart and tend, Whenever the outlet temperature of the HAT
is at the predefined value, that is 35.4°C.
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Considering the total heating time and the start/stop operation of the heat pump
compressor during this period, a performance parameter named as compressor operation
time ratio (COTR) is defined for this system in order to evaluate the share of compressor
operation, i.e., electrical energy utilization, in the total heating period, and this

parameter is expressed in Equation (3.13) as follows:

COTR = tcompressor (313)

ttotal

where teompressor and tiotar indicate the total time when the compressor is active and the

total time of the system operation, i.e., total discharging period.

The average coefficient of performance (COP) of the heat pump based on its energy
consumption and heating energy supply is defined to evaluate the performance of the
heat pump at different heat load levels regarding the PCM existence inside the TES
tank, and it is shown in Equation (3.14):

cop =% (3.14)
P

One of the aims of the design of the TES integrated solar-assisted water source heat
pump (SAWSHP), which was labeled as System-1 within this thesis work, is to clip the
electric loads during the peak periods, and thus, enhance the energy flexibility of the
system. To quantify the peak clipping potential of the system under different
circumstances such as operational conditions, PCM utilization, thermal charging status,
etc., a peak clipping index (PCI) was defined, which takes into account the consumed
electrical energy by the compressor during on-peak period. For this purpose, the ASHP
within the same experimental rig was considered as the baseline case to meet the same
heating demand, and the COP of the ASHP was calculated from the obtained data in an
ambient temperature of 11°C. The peak period energy consumption values were

compared regarding Equation (3.15):

PCl = Whaseline,peak =W actualpeak (315)
Wbaseline,peak
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3.3.2. Integration of Thermal Energy Storage Unit to the Condenser (System-2)

Another option for the integration of thermal energy storage units to heat pumps is to
couple the TES unit to the condenser of the heat pump. Thereby, the thermal energy can
be transferred to the TES tank, and this energy can be used in a period where it is
needed, or when it is more convenient to use ensuring energy flexibility. Although
different energy sources can be used for heat source of the heat pump, the most common
type for this configuration considered in the literature is an air-source heat pump
(ASHP), mainly used as air-to-water heat pumps when integrated with thermal energy

storage, due to its simplicity and suitability for applications (Ermel et al., 2022).

In this system investigated, an air-to-water heat pump is utilized to store thermal energy
into the storage medium inside the TES tank during off-peak periods, and this stored
thermal energy is considered to be used in the on-peak period. This type of an operation
attains a significant energy flexibility, particularly load shifting. The system design
explained in the previous section was modified to construct the system schematically
given in Figure 3.16. As shown in the figure, the system consists of an air-source
evaporator, a compressor, an expansion valve, and the hot accumulation tank (HAT)
coupled with the condenser of the heat pump. The TES tank is integrated to the HAT at
the condenser side of the heat pump where the thermal energy is stored into the TES
tank by the circulation of the heat transfer fluid, water, by the help of a circulation
pump. The stored thermal energy inside the HAT and TES tank is rejected by the chiller
unit, which simulates the heat load for the space heating purpose, after thermal charging
process is completed. The heat loads in the discharging process are determined by the
volume flow rate of the heat transfer fluid and the temperature controller of the chiller,
which allows discharging the thermal energy inside the thermal energy storage tank at

different heat loads.

Similar to the previously mentioned system, the tests were also conducted with and
without PCM in this system. However, since the TES tank is integrated to the
condenser, the temperature of the water inside the TES tank is increased from a
reference temperature (35°C) to the storage temperature of 55°C in this application.

Therefore, another PCM should be selected for utilization in the corrugated tubes inside
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the TES tank. A commercially available fatty-acid based PCM, lauric acid, was

purchased to be used in System-2.
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Figure 3.16. Schematic diagram of the investigated air-to-water heat pump with TES
unit integrated to the condenser (System-2)

Even though it was not considered in a heat pump system experimentally investigated,
to the best knowledge, this PCM is commonly considered in the investigation of various
thermal energy storage systems in the literature (Kalapala and Devanuri, 2020; Mishra
et al., 2022) due to its simplicity, availability in the market, inexpensive cost, and
suitability for such applications with a phase change temperature interval between 41°C
to 48°C and a latent heat capacity of around 160-180 kJ/kg. Considering that its phase
change interval is between the lowest and highest storage temperatures taken into
account in this system, namely 35°C and 55°, its utilization was foreseen to be suitable
for both thermal charging and discharging during the operation of the System-2. Lauric
acid is solid in the typical indoor ambient conditions, and it is produced in granular
form as seen in Figure 3.17.

Figure 3.17. Lauric acid in granular form before DSC tests
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It should be noted here that the density of this material is low in the granular form due
to air gaps between the granules when poured into the tubes. Hence, the lauric acid in an
amount of 50 kg is poured into the corrugated tubes, considering the safety limit
preventing any leakage or outpouring effect, as well as the similar amount (~50 kg)
considered in System-1. The thermophysical properties of the lauric acid available in
the literature are given in Table 3.3 (Rocha et al., 2023; Shokouhmand and Kamkari,
2013).

Table 3.3. Thermophysical properties of lauric acid used in experimental works (Rocha

etal., 2023)
Parameter Value
Density (kg/m?®) 940 (solid) / 885 (liquid)
Specific heat capacity (J/(kg-K)) 2180 (solid) / 2390 (liquid)
Thermal conductivity (W/(m-K)) 0.16 (solid) / 0.14 (liquid)
Solidus/Liquidus temperature (°C) 43.5/48.2

Although thermophysical properties of the lauric acid are given as in the table by
various literature studies, there may be some differences with the values depending on
the chemical structure of the material. Therefore, differential scanning calorimetry
(DSC) tests were conducted on the lauric acid purchased for this thesis work in order to
reveal its latent heat capacity as well as melting and solidification temperature ranges.
The results of these tests are given in Figure 3.18, and it is seen from the figure that the
PCM exhibits melting behavior approximately between 44°C and 55°C with a peak
point of 48°C, while its solidification process occur between 39°C and 41°C where the
peak point is at 41°C. In addition to that, the latent heat capacity of the utilized material
is about 160 kJ/kg, according to the test results. Besides, as the chemical stability of the
material with respect to temperature variations is also important, hence, a
thermogravimetric analysis (TGA) on the material was carried out in order to ensure
that the material is chemically stable and suitable for the considered application. The
result of the TGA for the considered lauric acid is given in Figure 3.19, and it is

obviously noticed from the figure that this PCM is chemically stable up to around
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200°C, and it does not exhibit any degradation below 115°C. Hence, this material is
suitable for the utilization in thermal energy storage implementations for building

heating or domestic hot water applications together with heat pumps without any

concern of degradation.
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Figure 3.19. TGA results of the utilized lauric acid

To calculate the density of the purchased lauric acid, the weight of a certain amount of

the material in liquid form is checked regarding a certain value of volume using a digital
precision scale with a sensitivity of 0.001 g and a beaker glass, respectively. According
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to the measurement and observation, the density of the material is found to be around
850 kg/m?3, which is consistent with the values given in various literature works (Rocha
etal., 2023).

Experimental procedure for System-2: Similar to the procedure considered in System-1,
the total test can be divided into two main periods as thermal charging and discharging.
Different from the System-1, the charging process is carried out by the continuous
operation of the air-source heat pump of which the condenser temperature starts with
35°C. By the continuous operation of the air-to-water heat pump, the water temperature
inside the thermal energy storage tank (Tst) is risen from Tt =35°C to Tst =55°C to store
thermal energy. During the charging process, the temperature variations inside the tank,
the power drawn by the compressor and the elapsed time are monitored. Once the Ts,
which is the reference temperature in the middle point of the TES tank, reaches the
required storage temperature (Tst =55°C), the charging process is ended. Thereafter, the
vanes between the TES tank and the chiller are opened, and the discharging process is
started by the aid of chiller unit rejecting heat from the TES tank. Different heating
loads are adjusted by the volumetric flow rate of the heat transfer fluid and the
temperature controller of the chiller unit, and the thermal behavior of the water and
PCM (in cases of presence) are monitored along with the total discharging time. When
the reference temperature, Tg, reaches back 35°C, the discharging operation is finished,
considering that 35°C inlet water temperature is usually minimum acceptable
temperature for space heating, e.g., for underfloor heating operations. The experimental

procedure for System-2 is summarized by the diagram given in Figure 3.20.
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Starting the thermal operation of the ASHP‘.__ the Tt_le chargmg op_e{atoxop is
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The vanes between the TES
tank and the chiller is
opened, and the chiller is
turned on for discharging
the energy in TES at
specific heat loads.

Temperature variations of
the water and PCM (if any)
are observed during
discharging, and the total
elapsed time is monitored.

The discharging process is
terminated when T¢g=35°C,
and the collected data are
saved for post-processing.

- 4 - 4 A

Figure 3.20. Block diagram for the experimental procedure summary of System-2
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During the continuous operation of System-2 in thermal charging process, the heat
rejected from the heat pump condenser, Qonq, iS estimated by the thermocouple
measurements located at the inlet and outlet of the HAT, and the volume flow rate
measurement is considered by the glass-tube flowmeter, as the same way given for the
System-1 in the previous section. Besides, the electrical power drawn by the compressor
is noted using the network analyzer. The COP is defined by the ratio of heating load of
the condenser (Q.) to the power drawn by the compressor (P) during charging, and it is

expressed in Equation (3.16):
cop =% (3.16)

Considering its operation principle, the heat pump system denoted by System-2 is
beneficial for energy efficient load shifting operations ensuring energy flexibility.
Storing the thermal energy during off-peak periods for the purpose of using it during on-
peak periods without (or with smaller amount of) electrical energy consumption means
a load shifting operation, which is one of the various activities for energy flexibility. In
order to quantify the load shifting, the load shifting index (LSI) is defined regarding the
ability to use previously stored thermal energy in peak periods to shift the electrical load
to off-peak periods. This energy flexibility parameter can be defined as given in
Equation (3.17) (Awan and Ma, 2023; Jin et al., 2023):

t.
peak,end Pdt

LSI = 1 — ~pegkstart (3.17)

ftend Pdt
tstart

Related to the shifted load from the on-peak to off-peak periods, a significant cost
saving can be attained as well, due to the noticeably varying electricity prices with
respect to the tariffs. Considering the off-peak period where the thermal charging by the
heat pump is carried out and the utilization share of the thermal energy during on-peak
period, the cost saving rate can be calculated by the ratio of payment for electricity
during charging period in an off-peak period to the payment of the same amount of
electricity in the on-peak period. This performance parameter evaluates the potential of
the cost saving in case of thermal charging in off-peak periods, compared to the thermal
charging or heating in the on-peak period. Hence, this comparative parameter, cost

saving ratio (CSR), was defined within Equation (3.18):
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[LSRXCoff—peak}*Kl_LSR)XCon—peakﬂ (3.18)

Con—peak

CSR=1-

Here in the above equation, the symbol C represents the electricity cost during the

relevant period, namely on-peak or off-peak, as mentioned in the subscripts.
3.4. Mathematical Modeling of TES Integrated Heat Pump Systems

Mathematical models for each investigated TES integrated heat pump systems were
created under consideration of the experimental data, which are used to characterize the
heat pump performance for the investigated cases, and the simulation algorithms were
established by FORTRAN along with the mathematical model. The heat pump
performances for each system (System-1 and System-2) were characterized by
regressions regarding the time-dependent TES tank temperature and compressor power
drawn, which is one of the methods within the context of grey-box modeling, for the
estimation of heat pump performance by mathematical modeling (Baster, 2017; Song et
al., 2023).

The in-house built codes are capable of predicting the total charging and discharging
times for each system given the required heat load within the range of experimental
data. Furthermore, the temperature variations in each tank including solar collector tank,
TES tank, accumulation tanks, and an exemplary PCM tube, as well as average
compressor energy consumption, COP values, and total compressor operation time are
among the simulation outputs. The details of the mathematical modeling of each system

are given in the following sections.
3.4.1. Mathematical Modeling of System-1 (TES integrated SAWSHP)

Starting with the mathematical model of System-1 where the TES is integrated to
evaporator side of the heat pump, the assumptions taken into account can be listed as

follows:

e The water inside all the tanks, i.e., the solar collector tank (SCT), thermal energy
storage tank (TES), hot and cold accumulation tanks (HAT & CAT) were considered
lumped system, due to the slight variations in the temperature values in axial and

radial directions inside the TES tank according to the measurement values.
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e As the compressor power drawn has a slight variation between setpoint temperatures
for on/off cycle as well as the suction/discharge pressures, this was taken a constant
value as the average power consumption value.

e The heat transfer inside the PCM medium was assumed one-dimensional, namely, in
radial direction only. Hence, the phase change occurred also in one-dimension. The
natural convective effects were implemented using a Nusselt number correlation
derived for PCMs in vertical cylinders (Kim et al., 1989).

e The thermophysical properties of the PCM, namely the density, thermal conductivity,
and specific heat capacity were taken constant.

e The density and specific heat of the heat transfer fluid, water, were considered to be

constant.

Along with the above-mentioned assumptions, the mathematical model of the System-1
where the TES unit is used to create a heat source environment for the heat pump can be
expressed by Equations (3.19) to (3.22) for thermal discharging process as follows,

regarding the energy balance for each tank:

dr .
mgcrCy —dStCT = tscrCp (Tres — Tscr) (3.19)
MrsCp lES = Oger — Qcar + (3.20)
TES“p T QSCT QCAT QTube—total
dr . .
MearCy —dCtA * = ticar Cy(Trgs — Tear) — Qs (3.21)
dr . .
My a1 Cp % = Qc — Qioaa (3.22)

Here, m, Cp, T, and Q represent the mass of the water inside the relevant tank, specific
heat of water, temperature, and heat transfer rate, respectively. The subscripts SCT,
TES, CAT, HAT, Tube-total, load, C and E respectively stand for the solar collector
tank, thermal energy storage tank, cold accumulation tank, hot accumulation tank,
heating load, the condenser and the evaporator of the heat pump. As the tanks
containing water are considered lumped system, the temperatures with relevant
subscripts represent the water temperature exiting the aforementioned tank. While the
heat transferred to the HAT by the heat pump condenser, Q., depends on the heat pump

performance, the heating load is varied by the volume flow rate of the heat transfer fluid
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(V), and the inlet and exit temperatures of the heat transfer fluid circulating between the
HAT and the chiller unit, which are measured by the thermocouples at these locations.

Hence, the heat load is represented in Equation (3.23) as follows:

Quoad = PV Cy(Tuare — Trar,i) (3.23)

The heat transfer through the PCM including phase change process was carried out in
radial direction only as it was assumed that there would be negligible difference in the
axial direction of the vertical tubes inside the tank, due to the significantly uniform
temperature distribution of water. Hence, the governing equations for the heat transfer
through the PCM during no-phase-change condition and phase change situation was
respectively expressed by the following equations, and thereafter was the equation given
for the heat exchange between the tubes and the water in the TES tank. Here, it should
be noted that the transferred sensible and latent heat from/to one PCM tube is

calculated, and its amount is considered for all the tubes located in the TES unit.

oT _ 19 (4..0T 3.24
pCp at _rar(krar) ( )
oT _ 10 (1,97 _ of 3.25
Cooc =7or (kr ar) PLu g, (3.25)
QTube = hAsurf (Ty=r — TrEs) (3.26)
QTube—total = Z?:l QTube(i) (3.27)

In the above given equations p, Cp, T, Kk, Ly, and f stand for the density, specific heat,
temperature, thermal conductivity, latent heat capacity and liquid fraction of the PCM
inside the tubes, respectively. Besides, r, t, h, and Asurt respectively denote the distance
in radial direction, time, convective heat transfer coefficient between the PCM medium
and the water medium where the thermal resistance of the steel tubes was negligible,
and the surface area of the tubes. The value of the average convective heat transfer
coefficient along the tube surface was estimated by the aid of previously conducted
CFD simulations. Besides, it was presumed that the convective thermal resistance at the
outer side of the PCM tubes would be much lower compared to the conductive thermal
resistance within the PCM medium, due to the low thermal conductivity of the PCMs.
In other words, the dominant thermal resistance would be sourced by the PCM, while

the thermal resistance at the outer side of the tubes would be relatively slight, and this

75



phenomenon was also justified by the numerical computations in the section of the
discussion of the results of the mathematical model for the System-1.

Integration of solar collector into the model of System-1: Thermal charging and
discharging performances of the TES unit integrated to System-1 were investigated and
discussed over the established numerical model considering five representative days
from each month in the heating season. Therefore, the FPSC was included into the
mathematical model even though it was not present in the experimental studies. The flat
plate solar collector (FPSC) utilized in the study of Kim et al. (2018) was considered in
the mathematical model, and the tilt angle of the solar collectors was taken as 35°, and
their azimuth was taken into account as south facing. The useful heat gain from the solar
collectors and the outlet temperature were respectively calculated using following

equations (Kim et al., 2018):

Qsc = AscFr [(Ta)Gﬁ — (UL)(Tsc,in — Tamp) (3.28)
seout = e, sc,in .

Here in the above equations, Asc, Tscin, Tscout, Tamb, Gp, Qe Mige, and Cp respectively
stand for the solar collector area, solar collector inlet temperature, solar collector outlet
temperature, ambient temperature, incident solar radiation on the tilted surface, mass
flow rate of the heat transfer fluid, and the specific heat of the heat transfer fluid, which
is water. In addition to that, the multiplicated terms with the heat removal factor denoted
by Fr(za) and Fr(UL) signify the absorption coefficient and heat loss coefficient of the
flat plate solar collectors. Considering the utilized solar collectors, the values of these
terms were given as 0.883 and 4.865 W/m?K, respectively (Kim et al., 2018). In the
simulations, these values of the solar collectors were taken constant as it was assumed
that there was no variation with the mass flow rate of the circulation pump between the
TES tank and solar collectors as well as the convective heat transfer coefficient between
the collector surface and the ambient air was taken a constant average value, as
similarly taken in the considered literature work. Yet, the ambient temperature values
were taken as variable considering the meteorological data. Two of the aforementioned
solar collectors were considered in this thesis work where each one has a collector area
of Asc=1.68 m?.
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3.4.2. Mathematical Modeling of System-2 (TES integrated ASHP)

For the mathematical modeling of the operation of System-2 where the TES tank is
integrated to the condenser side of the heat pump, the assumptions presented for the
System-1 about the thermal behavior of the HAT and TES tank as well as the heat
exchange between the water and the PCM were considered. Exceptionally in this case,
the power drawn by the compressor is correlated with the temperature variation of the
TES tank by a regression regarding the experimental data since the operation of the
compressor is continuous, and hence, the power drawn by the compressor increases due
to the augmentation in the water temperature in the TES tank along with the discharge
pressure of the refrigerant at the compressor. Relatedly, the air-source evaporator load,
Qg, could be also correlated with the TES tank temperature. Apart from the modeling of
phase change process, the mathematical modeling for the thermal behavior of the water
inside the thermal energy storage tank was taken into account regarding Equation
(3.30):

dT . .
mTESCp thES = Q¢ — Quoaa + hAsurf (Ty=r — TTES) (3.30)

Following conditions, which are expressed in Equation (3.31) and Equation (3.32) were
applied for the above given equation, during thermal charging and discharging

processes, respectively:

IfP#0 {QC = mccp (Tcond,o - Tcond,i) (3.31)
Qload =0 .
ifp=o0} %=0 (3.32)
Qload #0

The aforementioned two different models established for System-1 and System-2 have
some limitations due to the considered assumptions and experimental data driven inputs
for some performance parameters characterizing the heat pump performance. Hence, the

assumptions & limitations of the models can be listed as follows:

e The water in all the tanks connected to the systems was considered lumped system
regarding the negligible differences in the experimental data. Hence, additional
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mathematical expressions should be included to the model in case existence of
stratified water tanks.

Phase change process was taken into account as in radial direction only, and the heat
transfer in radial direction was treated by conduction only. Yet, the natural convective
effects were taken into consideration using a Nusselt number correlation derived for
PCMs in vertical cylinders (Kim et al., 1989). To be more precise, the convective
terms should be included.

The compressor power drawn in the System-1 was taken constant at an average level
of value although it was observed that there were slight variations during the
operation. Nevertheless, as the heat pump in System-1 operates intermittently, the
compressor operates at specific pressure ranges, hence, the variations become slight.
In addition to that, some differences in the power drawn may be also sourced by the
electric network.

As the variation of evaporator load and compressor power were estimated using
experimental data, the models are specific to the investigated systems and tested heat
load values. Nevertheless, modifications such as tank dimensions, the PCM type,
PCM amount, addition of renewable energy sources for thermal and electric energy
etc., are possible and suitable for the model. Yet, in case of employing appropriate
performance inputs for different heat pumps, the model could be applicable for them
as well.

The water tanks used in the system were observed to exhibit a lumped system
behavior according to the temperature measurements. Hence, the water inside the
tanks were treated as lumped system in the mathematical models as well, and this
means that the model is applicable for systems having similar thermal behavior in the
water tanks. Thus, different approaches should be implemented for the water storage

tanks exhibiting a strong thermal stratification.

3.4.3. Numerical Implementation and Estimation of Heat Pump Performance

The differential equations in the above given mathematical modeling of the System-1

and System-2 were solved by finite difference method implementing an explicit

discretization scheme. The temporal terms were discretized by forward difference, while

the spatial terms were discretized in consideration of central difference scheme. As the
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water mediums in the tanks were taken as lumped system, the energy equation including
phase change phenomena was solved as one-dimensional in radial direction where the
convection boundary condition was applied between the water in the tank and PCM in
the tubes, with the consideration of convective heat transfer coefficient by the aid of the
outcomes obtained in CFD studies. The spatial and temporal step sizes were taken as
Ar=1 mm and At=0.25 s after consideration of step size independence tests.

Different approaches exist to estimate the performance of a heat pump for
implementation into numerical models. These can be categorized into three main
groups, which are namely black-box models, grey-box models, and component based
models (Baster, 2017; Green and Garimella, 2021; Murphy et al., 2013).

Black box models are fully empirical representation of a system using measured data.
As these models are non-transparent and based only upon input-output relation, the
knowledge about the system operation is usually not required, and the heat pump
performance can be quickly modeled using this method. However, the results may not
be highly interpretable, and some of the quantities or terms may not have a physical
meaning. In grey-box model approaches, the models are usually based on the essential
information about the system operation and physical phenomena, however, the key
performance parameters or quantities are based on empirical relations. Yet, additional
algorithms for the system operation are added into the model. Hence, a balance is
considered between the empirical data and component knowledge in grey box models,
which make them called partially transparent, and this approach is balanced between
predictivity and interpretability. Lastly, the component-based models are established by
modeling each component in the system individually. Thus, they require a large amount
of precise information about the components as well as the system. Therefore, the
modeling structure is remarkably complex, and there should be individual sub-models
for each component in the system, reflecting the dynamic behavior of each component
in the refrigeration cycle. These three major approaches along with their highlighting
points were summarized in Figure 3.21. In the mathematical modeling established
within the present thesis work, the approach used is regarded as a grey-box model with

particular algorithms.
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Black box models

*Fully emprical

«Input-output based

*Non-transparent

*Highly predictive, low interpretability

| Grey box models

*Combine emprical data and component
knowledge

+Partially transparent

*Balanced between predictivity and
interpretability

[ Component based models

*Modeling each component indivudually
*Complex modeling structure

*Requires significant component and system
knowledge

*High interpretability

Figure 3.21. Summary of the modeling approaches for heat pump performance
estimation

The evaporator load, Qy, is determined as an average value considering the total thermal
energy given by the electric heater and consumed by the heat pump during the
experimental tests for System-1. As the heat rejection by the evaporator varies with
respect to the heat load specifying the operational frequency of the heat pump
compressor, the evaporator load is correlated with the average heat load by linear

regression.

On the other side, due to the continuous operation of the heat pump in System-2, the
temperature of the TES tank represented by Tg increases uninterruptedly, along with the
compressor power drawn. Thus, the correlation between the water temperature in the
TES tank and compressor power drawn as well as the relation between the TES tank
temperature and evaporator load can be approached by a linear regression. Hence,
regarding the measured thermal behavior of the TES unit and the HP, the compressor
power, evaporator load, and relatedly condenser load was estimated and used in the

numerical model.

The heat pump in the numerical model operates with respect to the regression data for

the compressor and evaporator loads determining the heat pump performance
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characteristics. Hence, by only giving an input of heating load, the model can predict
the charging time of the TES tank, the temporal variations of the water temperature
inside the TES tank and temperature distribution inside the PCM tubes, as well as the
COP value, within the specified conditions in accordance with the limits of the
correlation. After completing the charging process, i.e., reaching the specified storage
temperature, the model switches to the discharging mode, and it discharges the thermal
energy at the given heat load estimating the total discharging time as well as the
temperature variations inside the water and the PCM during this process. Thereby, it is
possible to determine the energy consumed for charging process via considered heat
pump, and the sufficiency of the thermal energy for different cases can be interpreted.

Furthermore, this procedure can be used for different PCMs.
3.4.4. Validation of the Model Established for System-1

Validation of the established mathematical model was carried out by a set of
comparisons with respect to experimental data obtained on System-1. First of all, the
temperature variations of the TES tank and cold accumulation tank (CAT) during the
discharging process in System-1, i.e., during the heat pump operation, were compared in
case of using water storage tank with a storage temperature of Ts—=45°C along with a
HTF volume flow rate of 800 L/h, and the results were shown in Figure 3.22. The trends
of the temperature variations showed a remarkable consistency despite the assumptions
taken into account for the model. The maximum discrepancy at local points between the
numerical and experimental results were found to be 3.5 K and 2.1 K for T4 and Ts,

respectively, while the average discrepancies were 2.2 and 1.7 K, respectively.

Secondly, variation of PCM temperatures with respect to time were compared at the
same storage temperature and HTF volume flow rate, as given in Figure 3.23. In the
comparison, four different temperature values were considered. The numerically
obtained two different temperature variations represent the average PCM temperature in
the tank and the temperature at the center point of the PCM. On the other hand, the
experimentally obtained PCM temperature variations, PCM-1 and PCM-2 were taken
from the tube near the SCT and near the CAT, respectively. The temperature variations
were found to be consistent, especially during the phase change process. The maximum
discrepancy of the numerically obtained average PCM temperature at a specific data
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point was calculated as 1.9 K and 2.9 K with respect to PCM-1 and PCM-10,

respectively. Also, the average discrepancy was found as 0.5 K, proving the accuracy of

the numerical model estimating the PCM temperature variations.
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Figure 3.22. Comparison of the experimental and numerical temperature outcomes for
System-1 during heat pump operation
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Thirdly, the compressor operation trends obtained by the numerical model were

compared to the experimental data, considering the case with no-PCM and Ts=45°C. As

the compressor operation is intermittent in System-1, the start/stop operation is an

important parameter to evaluate the heat pump performance along with thermal energy

storage. Therefore, the compared data of the power drawn by the compressor were

shown in Figure 3.24. The data illustrated in the figure evidently revealed that the
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compressor operation trends in numerical and experimental works were remarkably
consistent. Furthermore, the numbers of start/stops in the experimental work and
numerical model were the same, which was 38 in this case. Nevertheless, the
compressor power drawn increased during the experimental tests due to the fact that the
pressure continuously increased during compression which causes a larger energy use of
the compressor. On the other hand, a constant power value was considered in the
numerical model. Yet, the average values are significantly close to each other within

2.9% discrepancy.
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Figure 3.24. Comparison of compressor power values

In the experimental studies conducted for the System-1, the TES tank was charged using
electric heater and the heat pump operation was started once the charging was
completed. Thus, the heat pump was utilized to discharge the stored energy inside the
TES tank. Comparing the total system operation time results, i.e., discharge time results,
for the case including PCM at V=800 L/h and Ts=45°C, the comparison outcomes were
given in Figure 3.25. Furthermore, another comparison for the COP values was
presented. As seen from the figures that the discharge times measured in the tests and
computed by the numerical model were significantly consistent for all considered
storage temperatures, Tst. Furthermore, COP values that were calculated regarding the
heating energy by the heat pump condenser and the energy consumed by the
compressor, and they were compared against experimentally obtained values, as
presented in Figure 3.25b. The discrepancies in heating time were calculated as 3.3%,
6.4%, and 9.3% for the storage temperatures of Ts=35°C, 45°C, and 55°C, respectively.
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Also, the discrepancy rates in COP values were 4.8%, 0.3%, and 2.3% for the same
storage temperatures, respectively.
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Figure 3.25. Comparison of system operation times and COP in discharge process using
PCM at different storage temperatures

3.4.5. Validation of the Model Established for System-2

Similar to the numerical model established for System-1, another numerical model was
created for System-2 considering the experimental data, as previously presented. The
credibility of the established numerical model was tested comparing the numerical and
experimental results in terms of temperature variations of the water and PCM in the

tank, as well as thermal charge and discharge times. First, the variations of water
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temperature inside the TES tank (Tg) were presented in Figure 3.26 in terms of
numerical and experimental outcomes when the discharge rate was 4.4 kW. As
obviously seen from the figure that the temperature variations were overlapping in the
majority of the thermal charge process, i.e., when the temperature was increasing from
35°C to 55°C. A slight deviation was seen which can be attributed to the intense
exchange of latent heat which slows down the rapid temperature rise. In addition to that,
a deviation was noticed just after the discharging process starts, namely after the
temperature reached Tg=55°C. The reason for this deviation was the time taken for
opening the vanes for the discharge process in laboratory conditions. Nonetheless, the
temperature values became also remarkably consistent once the discharging process

started, until it ended.
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Figure 3.26. Comparison of numerically and experimentally obtained TES tank water
temperatures
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Figure 3.27. Comparison of PCM temperatures during thermal charge and discharge
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Comparison of the variation of PCM temperatures in was given in Figure 3.27. As seen
from the variations of the temperatures obtained by the experimental results and
numerical model, it can be interpreted that the trends of the temperature curves are
considerably consistent in both charging and discharging periods including phase
change intervals, and it should be noted that the maximum discrepancy was around 3 K
at specific time interval which was no longer than 5 minutes, while the average

discrepancy throughout the whole process was 0.68 K.
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Figure 3.28. Comparison of thermal charging and discharging times of TES tank in case
of using PCM

As another crucial point, the thermal charging and discharging times of the TES unit
were compared where the results were presented in Figure 3.28. The charging times
computed by the numerical code were not dependent on the case and they were all 240
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minutes since the heat pump performance was evaluated and implemented into the
numerical computations by the aid of experimentally obtained data, as also indicated by
several works (Murphy et al., 2013; Patel et al., 2018; Simon et al., 2016). On the other
hand, the charging times in practical test conditions varied from case to case due to the
laboratory conditions. Nevertheless, these differences reached only up to 10 minutes
maximally that corresponds a deviation of 4.2%. Considering the discharge
temperatures shown in the figure, it can be observed that the values are remarkably
consistent with each other with a deviation involving couple of minutes. Although the
differences are within a few minutes, the percentage deviation was calculated to be

between 1.6% to 7.4%, which are also in acceptable ranges.
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4. RESULTS AND DISCUSSION

Integrated with thermal energy storage unit, two different heat pump systems were
investigated within this thesis work where one of the systems uses thermal energy
storage unit as a heat source at the evaporator side (System-1), while the other system

uses it as a heat sink to store the thermal energy before final use (System-2).

Prior to the experimental studies, a CFD study was conducted to select a tube geometry
from two alternatives available in the market, which are standard steel tube with straight
wall and corrugated-wall steel tube. Hence, a set of CFD simulations were carried out in
simplified domains, and the results including heat flux, heat transfer rate, and liquid
fraction were obtained and discussed. Thereafter, the thermal energy storage unit was
integrated to the existing heat pump experimental rig to create the layout of System-1.
After completing the experiments regarding the PCM existence, i.e., PCM and no-PCM
cases, the layout of the experimental rig was switched to the configuration of System-2
by the modifications in the assembly. By the time the experiments were conducted in a
similar way, the experimental data obtained from both systems were used to establish

the mathematical models of each system.
4.1. CFD Studies for Tube Selection

The selection of the appropriate geometry for PCM container was based on two
alternatives available in the market, which are namely a standard straight-walled tube
and a corrugated-wall tube. In order to provide an insight to their effects on the thermal
behavior of the PCM in case of a heat transfer fluid flow around their body, a set of
CFD analyses were carried out. Considering that the thermal energy storage tank used in
the study was significantly large and require a remarkable amount of computational
cost, the simplified models were established. These models include the crossflow
situation and axial flow direction situations, which are named as crossflow and axial
flow cases considering that the PCM containers were placed vertically in the fluid
domain. In fact, a more complex flow structure was already expected inside the TES
tank. Thus, to observe the fluid flow and thermal behaviors in a simplified way, these
two different configurations were taken into account. Three different mass flow rates

(m=0.45, 0.90, and 1.80 kg/s) at the inlet of the domains were taken into consideration
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for the simulations regarding the expected fluid velocities inside the tank. Both melting
(thermal charging) and solidification (thermal discharging) conditions were numerically
analyzed, hence, the inlet temperatures were taken as 45°C (318.15 K) and 10°C
(283.15 K), respectively, for melting and solidification cases. The reason for the
selection of the temperatures is that the medium thermal storage temperature is specified
as 45°C for the study, while the return temperature from the evaporator was assumed to

be around 10°C.
4.1.1. Thermal Charging and Discharging Behavior in Crossflow Orientation

Evaluation of the thermal behavior of the PCM was evaluated over the average heat flux
and heat transfer rate values along the tube walls with respect to elapsed time in the
process, and their effects on the liquid fraction evolution of the PCM was discussed.
The aforementioned heat flux, heat transfer rate, and volume fraction variations were
presented in Figure 4.1. As clearly noticed from the set of figures, the heat flux values
on the walls of both tubes exhibited a significant increase in the first quarter of the
process, especially the standard tube, and then it started to decrease until the end of
melting, which was due to the temperature difference between the tube walls and the
heat transfer fluid that was first large and then decreased through the end of the process.
Strikingly, heat flux values of the standard tube were found to be significantly large
compared to those of corrugated tubes in the crossflow case. This may indicate that the
fluid flow could not beneficially affect the heat transfer between the heat transfer fluid
(HTF) and PCM tube wall. In a clearer explanation, the corrugated structure of the tubes
may decrease the effectiveness of the convective heat transfer due to deteriorating flow
patterns of the HTF around the tube wall. Therefore, the average heat flux value, which
is directly related to the convective heat transfer coefficient, of the standard tube could
become 1.5 times higher than that of the corrugated tube within the first half of the
melting process. Considering the effect of inlet mass flow rate, it can be deduced that it
had a slight effect on the heat flux. Nonetheless, it is also evident that increasing mass

flow rate increased heat flux values throughout the melting process.

Apart from the heat flux values, the heat transfer rate is an important and determinative
parameter for the thermal charging process of the PCM because it indicates the amount
of energy transferred from the HTF into the PCM located inside the tubes. Here, the
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beneficial effect of increased surface area of the corrugated tubes on the thermal
performance was profound, as seen from Figure 4.1b. Even though the heat flux values
were higher for the standard tube, it was evidently noticed that the increased surface
area of the corrugated tubes provided remarkably higher heat transfer rate through the
tube walls in the beginning of the process, as can be seen from the scale-up portion of in
the figure. Thereafter, the rate of heat transfer through the corrugated walls decreased
and became lower than that of the standard tube, which can be attributed to the higher
natural convection effects inside the standard tubes once relatively larger portion of the
PCM was melted.

As one of the most important parameters in thermal charging and discharging processes,
the liquid fraction evolution for the two types of the PCM tubes was given in Figure
4.1c. The high heat transfer rate through the corrugated walls at the beginning of the
process remarkably affected the variation of liquid fraction with respect to time. Since
the heat transfer was significantly higher in corrugated tubes, the solid PCM, especially
near the corrugated inner walls, rapidly melted. The effect of remarkably large thermal
energy input in the first quarter of the process resulted in a higher melting rate inside the
corrugated tubes. Although the total melting times were significantly close to each
other, which were around 20 minutes, the melting rates of the corrugated tubes were
higher. In addition, this phenomenon became more profound when the mass flow rate
was increased. This can be also noticed from the scale-up portion. The liquid fraction of
the PCM in the corrugated wall tube is noticeably higher until the end of the process
when the mass flow rate was 1.80 kg/s. Therefore, even though the heat flux values on
the walls of the standard tubes were higher, the liquid fraction values of the PCM
located inside the corrugated tube were noticeably higher. Since the liquid fraction
evolution is a solid indicator for thermal energy storage performance, it can be inferred
that using the corrugated wall tubes are more beneficial in terms of thermal energy
storage. More importantly, in thermal energy storage systems, the phase change
processes can occur partly, which means that thermal charging or discharging may have
to be ceased or stopped due to the other circumstances such as heat source or heat sink

conditions.
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Figure 4.1. Variation of a) average heat flux, b) average heat transfer rate at the tube
walls and c¢) average volume fraction of PCM in the tubes at different mass flow rates in
crossflow orientation during thermal charging
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To present a numerical result deduced from the aforementioned figure, the PCM inside
the corrugated wall tube would store 3.3% more thermal energy compared to the PCM
inside the standard straight-walled tube when the process was stopped after 10 minutes,
meaning that 50% of the process. Considering a cease of process after 5 minutes from
the start, which means the 25% of the process, this ratio would be 9.0%. At this point,
the energy storage at a specific time could be higher using corrugated wall tubes.
Nonetheless, the corrugated walls could be recommended to be designed at the inner
side only with a straight outer wall of the tube, in order to prevent the deterioration of

the fluid flow outside, which leads to a decrement in the heat flux.

Thermal discharging process which includes the solidification of the PCM inside the
tubes is as crucial as melting process since it is also a significative point for effective
utilization of latent heat. The numerical outcomes, namely the heat flux (a), heat transfer
rate (b), and liquid fraction (c), were presented in Figure 4.2 for the thermal discharging
process. Similar to the charging process, a significantly high heat flux was computed,
which was caused by the difference between the inlet temperature of the HTF and the
initial temperature of the PCM. When these temperature values became closer to each
other, the heat flux values also decreased by time. In the same manner of the deduction
made for melting process, the heat flux values were also larger when standard tubes
were utilized as PCM container, compared to the corrugated ones, and this situation

lasted till the end of the solidification process that took around 100 minutes.

As the heat transfer rates were examined, it was clearly seen that the corrugated tubes
were superior in the beginning of the process until the first 25% of the period.
Thereafter, the heat transfer rates at the walls of the standard and corrugated tubes were
almost the same apart from insignificant differences. Therefore, considering the total
thermal energy transfer, the corrugated tube walls became advantageous in the majority

of the solidification period.

Reflection of the energy transfer to the thermal energy storage over the entire
solidification process was shown in Figure 4.2c by liquid fraction lines. Similar to the
liquid fraction curves in melting case, they exhibited noticeable differences between the
standard and corrugated tubes. The high thermal energy input in the first era of the
process was remarkably higher for corrugated tubes, thanks to its large surface area, and
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this resulted in an accelerated solidification process. Nonetheless, there was no

significant difference observed in the total solidification times. Yet, the corrugated

structure of the tubes can bring a considerable advantage when a partial energy storage

would be the case. For example, when 50 minutes were elapsed in the solidification

period where the mass flow rate was 0.90 kg/s, the liquid fraction of the standard and

corrugated tubes were respectively 15.4% and 12.6%. This means that there would be a

difference of 3.3% in the discharged thermal energy when the process was somehow

stopped at this time. This ratio would be 5.7% when the process was ceased after 30

minutes of its start.
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Figure 4.2. Variation of a) average heat flux, b) average heat transfer rate at the tube
walls and c¢) average volume fraction of PCM in the tubes at different mass flow rates in

crossflow orientation during thermal discharging
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Figure 4.2. (Continued) Variation of a) average heat flux, b) average heat transfer rate at
the tube walls and c) average volume fraction of PCM in the tubes at different mass
flow rates in crossflow orientation during thermal discharging

4.1.2. Thermal Charging and Discharging Behavior in Axial Flow Orientation

The fluid flow around the PCM tubes inside the TES tank can be expected to be
considerably complex where the fluid elements flow in rapidly changing various
directions. Hence, the fluid flow around the tube walls and its effect on the phase
change behavior of the PCM was investigated in two directions, namely in crossflow
and axial flow, in a simplified way. Equivalent to the presentation structure of the
crossflow case in the previous section, the heat flux, heat transfer rate, and liquid

fraction variations with respect to time were illustrated and discussed in this part.

Starting with the thermal charging process, the variations of the aforementioned
parameters, heat flux, heat transfer rate, and liquid fraction, were given in Figure 4.3.
Evaluating the heat flux values, it was noted that the average heat flux variation on the
wall of the standard straight-walled tubes was higher, compared to that of corrugated
tubes, throughout the process. However, the difference between the values of standard
and corrugated tube was lower in axial flow orientation, compared to crossflow one.
Although the heat flux values of the standard tube were approximately 1.5 times higher
than those of corrugated tube in crossflow orientation, this difference reached only up to
60%.
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Related to the relatively lower difference in the heat flux values together with the high
surface area of the corrugated tubes, the total heat transfer rates on the corrugated walls
were found to be considerably higher, compared to those on standard tube walls.
Besides, it should be highlighted that the heat transfer rates for the corrugated tubes
were higher almost in the whole process, as seen from the figure, which clearly ensured
a larger thermal energy transfer into the PCM. Quantitatively, the heat transfer to the
PCM was about 70% higher for the corrugated tubes compared to standard straight ones
in the initial steps of the process. Then, the difference was slowly decreased as the time
elapsed. Yet the total heat transfer rate through the corrugated tube walls was about 30%
higher in the halfway of the process, and it was 10 to 20% higher through the end of the
process. The reason can be interpreted by the relatively complex flow adjacent to the
corrugated tube walls, compared to the standard straight walls, especially in the
grooves, which can contribute to the complexity of the fluid patterns. Hence, convective
currents can be intensified in these locations due to the highly turbulent flow. This
results clearly showed that a larger heat transfer can be attained by using corrugated

wall tubes; hence, a higher melting rate was expected.

Liquid fraction curves shown in Figure 4.3c clearly justified the phenomenon occurred
adjacent to the corrugated walls. Compared to the crossflow orientation, a larger
difference between the liquid fraction curves of the two investigated tubes was
pronounced. From the beginning to the end of the melting process, the PCM in the
corrugated tubes had a higher melting rate due to the higher heat transfer because of the
increased surface area and relatively more complex flow structure, as discussed in the
previous paragraph. The total melting time of the PCM filled into the corrugated tube
was remarkably low compared to the standard straight tube. The total melting time of
the PCM in the corrugated tube and the standard straight tube were 12.3 and 17.8
minutes, respectively, which denotes that the melting time in the standard tube was
44.6% longer. Considering the partial melting at some specific points, the liquid
fractions after the first five minutes of the process (t=5 min) were 0.41 and 0.56 for the
standard and corrugated tubes, respectively. At t=10 min, these values were 0.72 and
0.94. This clearly proved that corrugated tubes would be remarkably superior to the
standard tubes for both fully- and partially completed melting processes.
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Figure 4.3. Variation of a) average heat flux, b) average heat transfer rate at the tube
walls and c¢) average volume fraction of PCM in the tubes at different mass flow rates in
axial flow orientation during thermal charging
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Variation of the aforementioned three parameters were likewise given in Figure 4.4 for
thermal discharging process. Starting with interpretation of heat flux values, it was
evidently noticed that the heat flux values obtained for the standard straight tube were
remarkably higher, compared to those of the corrugated tube walls. This situation was
also similar in melting process, however, in solidification it was more pronounced due
to the slight natural convection effects. Especially in the first minutes of the process, the
difference reached up to two folds, yet this difference decreased as the progress
continued. As the temperature gradient between the water and the tube surface
decreased by time, the heat flux values also decreased, and the average heat flux on the
standard and corrugated tube walls became closer to each other.

From the scale-up portions of the curves given for heat transfer rate in the figure, it was
noticed that the rate of heat transfer was considerably high within the first minutes of
the process when corrugated tubes were used instead of standard straight tubes even
though the heat flux values were found to be higher. The significantly larger surface
area of the corrugated tubes attained a higher heat transfer rate from water through the
PCM, which consequently contributed to the energy release during the solidification
process. Almost a two-fold difference was observed meaning that there was an energy
transfer through the PCM twice as much compared to standard straight tubes. Hence,
this situation led to a fast initiation of the phase change process. Thereafter, it was
noticed from the figure that the heat transfer rate values on the corrugated tube walls

were still above those of the standard tube at a rate around 5% to 20%.

Even if the difference between the heat transfer rate values decreased as the time
elapsed, the effect of high heat transfer on the liquid fraction curves continued. A higher
solidification rate was obtained for the PCM located in the corrugated tubes, initially,
and this continued until the end of the process, providing a lower liquid fraction value at
a given temporal point. The difference between the full solidification times was around
4% to 6%, depending on the mass flow rate. More importantly, in case of an incomplete
solidification or a cease of process, the PCM in the corrugated tube would definitely

release higher amount of energy.
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Figure 4.4. Variation of a) average heat flux, b) average heat transfer rate at the tube
walls and c¢) average volume fraction of PCM in the tubes at different mass flow rates in
axial flow orientation during thermal discharging
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To sum up, using corrugated PCM tubes to contain the PCM inside the TES tank may
cause a decrease in the heat flux, or similarly convective heat transfer coefficient, as the
corrugated surface may restrict the fluid flow compared to the straight surface of
standard tubes. Despite this adverse effect, the heat transfer rate through the surface of
the corrugated tube is relatively larger and it affects the phase change rate in a beneficial
way. Hence, using corrugated tubes is suggestible for similar engineering application,
nevertheless, a straight outer surface and corrugated inner surface would be a more
advantageous design. In addition to the obtained results, it is worth noting that the
average convective heat transfer coefficient along the tube surface was found to be
around 3000 W/m2K which was later used in the established mathematical model of the

TES integrated heat pump systems.

4.2. Experimental Studies for System-1

The tests for the layout of System-1 starts with a charging process of the solar collector
tank (SCT) and thermal energy storage tank (TES) controlled by an electric heater. The
process starts from Tg=20°C and lasts when Tg reaches desired storage temperature, i.e.,
Te=Ts+=35°C, 45°C or 55°C. Thereafter, the heat pump is activated which uses the TES
unit as a heat source, and the discharging process is started. For the discharging cases,
five different volume flow rates of the heat transfer fluid at the condenser side (=400,
600, 800, 1000, and 1200 L/h) are considered, which represent different heat loads
ranging from 1.4 kW to 3.8 kW. The process is finished when the TES tank temperature

reaches down Tg=20°C.
4.2.1. Temperature Variations in the TES Tank without PCM

The temperature variation inside the thermal energy storage tank is shown in Figure 4.5
for different flow rates in the case of no PCM existence in the TES tank at Ts—=45°C.
The solid lines represent three of the temperature sensors gradually located in axial
direction (Ts, Ts, and T11), while dashed lines represent the sensors in radial directions
(T4 to Tig). As seen from the figure, the temperature variations exhibited slight
differences in both axial and radial directions in the cases of the lowest, the median, and

the highest flow rates.
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Focusing on the close-up portions of the figures, the maximum difference between the
highest and lowest temperatures inside the tank is about 1°C, which was caused by the
fact that some of the sensors are close to the inlet and outlet ports where the hot or cold
fluid stream is stronger. Yet, the temperature distribution inside the tank was relatively
uniform. This outcome evidently showed and proved that the water inside the tank can
be regarded as a lumped system, regardless of the heat load variation which affects the
thermal discharge from the tank. In addition to this deduction, it was also seen that the
charging time from the reference temperature, 20°C, to the storage temperature
considered in this case (Ts=45°C) was about 220 minutes for all cases due to electric
heating, and the discharging times depended on the heat rejection related to heat load,
which ranged from 280 to 700 minutes. It is noteworthy to express that some
experiments were started below the considered reference temperature (20°C) due to the
ambient conditions, nevertheless, the charging and discharging times were considered

with respect to the reference temperature.

4.2.2. Temperature Variations in the TES Tank with PCM

Comparing the PCM temperatures in axial direction in two different tubes at Ts=45°C,
Figure 4.6 shows the temperature variation of PCM-1 & PCM-3 as well as PCM-6 &
PCM-8. It is worth noting here that the PCM-1 & PCM-3 represent the temperature
measurements from the tube located near the solar collector tank inlet/outlet sections,
and PCM-1 represent the temperature at the upper part of the tube (H/3), while PCM-3
shows the temperature at the lower part of the same tube (2H/3). This is also the same
for PCM-6 & PCM-8.

As the whole tank was electrically charged with a high flow rate and relatively high
electric power, there was no noticeable difference in the PCM temperatures during
charging process. It was noted that the PCM temperatures exhibit a variation in their
trend indicating their melting process, and thereafter, their temperature rapidly become
similar to that of water, pointing out that the melting process ends, and sensible heat is
then stored. Here, it can be inferred that all the PCM in the tubes were melted during
charging process. Then, discharging process started, and the latent heat utilization
became evidently noticeable by the temperature variations during this process. As seen
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from the figures, the nearly isothermal regions are noticed, especially when the heating
load, i.e., the HTF flow rate is low, due to the lower rate of heat rejection by the heat
pump which operates in an on/off condition. As the flow rate was increased, the
solidification process of the PCM, where the latent heat utilization is profound, became
shorter since the test process was ceased when the water temperature Tg reaches down
20°C. Hence, an incomplete solidification might be observed when the heat rejection is
at a high rate. Nonetheless, apart from the individual analysis, the results should be
compared to the no-PCM cases in order to reveal the contribution of latent heat of PCM,

which was discussed in the upcoming sections.
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Figure 4.6. Temperature variations of PCM in axial direction regarding measurements
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Another deduction from the figures can be made upon the PCM tube and sensor
locations. The figures show that the solidification of PCM-1 & PCM-3 was slightly
more rapid compared to those of PCM-6 & PCM-8. Here, the reason of this small
difference can be attributed to the fact that the tube including PCM-1 & PCM-3 was
located near the inlet/outlet ports where the fluid velocity was expected to be relatively
higher, causing a higher local convective heat transfer coefficient. On the other hand,
the tube including PCM-6 & PCM-9 was located at the center region of the TES tank,
hence, the fluid velocity is relatively lower since there was no strong fluid stream near
the tube. Similarly, solidification process was slightly more rapid at the upper part of the
tubes, which was attributed to the fluid stream inside the tank that was assumed to be
stronger at the mid and upper parts of the tank due to the locations of the inlet and outlet

ports.

Figure 4.7 depicts the temperature variation of PCM in three different tubes located in
different parts of the tank for the investigated five flow rate values, together with the
water temperature in the TES tank. To recall, PCM-2, PCM-5, and PCM-9 denote the
PCM temperatures inside the tubes that are in the region near the SCT inlet/outlet ports,
in the central part of the tank, and in the region near CAT inlet/outlet ports. According to
the outcomes in the figure, a rapid melting process was seen for the PCM located in all
three tubes, and once the melting was completed, the temperatures rapidly reached the
TES tank temperature (Ts) with a slight difference. The reason for the slight difference
between the temperatures of melted PCM and water is the high thermal conductivity of
the steel tubes which leads to an insignificant thermal resistance between the two media.
Considering the discharging process, the similar deduction can be made up to the point
where solidification of PCM started. At all volume flow rates of the HTF, i.e., heating
loads, a distinct isothermal region during the solidification process was observed in all
considered three tubes. Yet, regardless of the heating load, the solidification process in
the tube indicated by PCM-2 became more rapid, compared to those in the other two
tubes. This can be attributed to the stronger fluid stream at the region due to high
volume flow rate of water circulating between TES tank and SCT, leading to a higher

local convective heat transfer coefficient.
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Figure 4.7. (Continued) Temperature variations of PCM located in different locations of
the TES tank

Figure 4.8 exhibits the temperature variations of the water in the TES tank and the PCM
in different tubes for the investigated storage temperatures, namely Ts=35°C, 45°C, and
55°C. The temperature variations do not exhibit a significant difference regarding
different storage temperatures. However, it was noticed that, at Ts+=35°C, the sensible
heat storage may be slightly lower depending on the PCM tube location when the
storage temperature is considered Ts=35°C. Yet, there was no incomplete melting
situation at the investigated storage temperatures, especially at the lowest one, which

might constitute this risk. However, in practical implementations, the relation between
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the phase change temperature interval of the PCM and the required storage temperature
of the thermal energy storage tank should be attentively taken into account.
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Figure 4.8. Temperature variations with respect to different storage temperatures
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4.2.3. Variation of Heating Time by Heat Pump Integrated with TES System

Total heating time using heat pump is the utmost important parameter to quantitatively
evaluate the system performance as well as the effects of enhanced thermal energy
storage by using PCMs. Total heating time describes the overall period where the heat
pump is activated. Hence, this process includes the thermal discharging of the energy in
the TES unit during the heat pump operation. Figure 4.9 exhibits the total heating time
using heat pump at different flow rates of the HTF, and at different storage temperatures
together with the existence or inexistence of PCM. According to the data presented in
the figure, as HTF flow rate, relatedly the heating load, increased, the total heating time
decreased due to larger rate of heat rejection from the evaporator of the heat pump,
which uses TES unit as the heat source. Similarly, increasing storage temperature leads
to higher energy storage, especially as sensible heat, and thus, the heating time
increased. Taking the case of V=800 L/h into account for a quantitative interpretation,
the heating time increased by 58.7% and 33.9% when the storage temperature was
gradually increased from Ts=35°C to Ts+=45°C and to Ts=55°C, respectively, in case of
using no PCM in the TES tank. These increment rates respectively became 44.9% and
12.0% for the same gradual increment when the PCM (RT26) was considered in the
tubes. Similar trends were observed in other flow rates as well. The reason is explained
by the fact that water has a significantly higher specific heat capacity compared to the
paraffin based PCM. Thus, increasing storage temperature at higher levels, both
materials, namely water and PCM, stored sensible heat where the specific heat capacity
IS a determinative parameter. It should be noted that the phase change interval of the
utilized PCM (RT26) is around 25-27°C, and beyond this interval, the material stores
sensible heat along with a temperature increase when the heat input is continued. In
addition to that, it can be inferred from the obtained time data that the elongation effect
of increasing storage temperature decreases by increasing storage temperature, and a

sharp decrement was observed especially beyond Ts=45°C.

Another significant interpretation about the heating times shown in the figure is the
effect of PCM utilization, instead of water only. Utilization of PCM provided a
significant extension in the total heating time at the investigated storage temperatures of

Tst=35°C and Ts=45°C, while it showed an adverse effect when the storage temperature
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was considered Ts=55°C. Quantitative results revealed that using PCM at a low storage
temperature such as Ts=35°C attained an elongation of 24.9%, 30.6% and 24.6% at the
HTF flow rates of V=400, 600, and 800 L/h, respectively. As the HTF flow rate
increased, the improvement effect of the PCM also decreased; yet a significant
enhancement in the total heating time was observed, which was around 16.9% at
V=1000 L/h and 15.3% at V=1200 L/h. The PCM effect on the time elongation
decreased when HTF flow rate was increased. Nevertheless, it is worth noting that the
improvement observed at V=600 L/h was larger compared to that at V=400 L/h. This is
due to the utilization of some amount of sensible heat after solidification process was
finished, i.e., after latent heat of PCM was already exploited. Hence, as the sensible heat
of water is considerably large compared to that of the PCM, the time extension becomes
smaller compared to that at V=600 L/h. Besides, the remarkable decrease in the
aforementioned improvement ratio at V=1000 and 1200 L/h occurred due to the rapid
heat rejection from the tank, which hinders the full exploitation of latent heat from the
PCM.

At Ts=45°C, the effect of PCM on the heating time extension diminished since the
sensible heat of the materials (water and PCM) was more dominant in the process.
Therefore, the rates of time extension were found to be in a range of 2.8% to 13.7%
depending on the flow rate.

More strikingly, the presence of PCM exhibited an adverse effect on the heating time
when the storage temperature was taken as Ts=55°C. In this case, the sensible heat of
the water became dominant in the overall thermal storage process, hence, the water
could store more thermal energy as sensible heat, compared to the PCM storing energy
by latent and sensible means. The prominent reason for this phenomenon is the low
sensible heat capacity of paraffin based PCM, which is around 2000 J/kgK, which is
less than half of that of water. Therefore, the total heating time decreased by 8.9%,
6.5%, 5.0%, 4.5%, and 4.1% at the HTF flow rates of =400, 600, 800, 1000, and 1200
L/h, respectively.
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Figure 4.9. Variation of heating time in the considered cases in System-1

4.2.4. Effect of PCM Utilization on the Power Drawn by the Compressor

Electrical power drawn by the compressor was presented in Figure 4.10 for the
investigated storage temperatures at V=800 L/h which represents the medium heating
load. First of all, the use of PCM brought a noticeable decrement in the compressor
power drawn at all considered storage temperatures, which can be sourced by the
relatively more stable temperature at the evaporator side of the heat pump, as similarly
indicated in several studies (Gu et al., 2023; Youssef et al., 2017). Even though this
reduction is around 20 to 100 W depending on the on/off cycle and storage temperature,
this could bring a significant energy efficiency taking into account that heat pumps
usually operate during a whole heating season. As seen from the zoomed-in portion of
the figure given for Ts=45°C, it is obviously seen that the reduction in the compressor

power drawn is around 100 W, which corresponds to an energy saving of 8%.

Another significant performance and efficiency metric at this point is the number of
start/stops of the compressor during its operation in a specific time interval. Lower
number of start/stops means a more efficient operation in heat pump systems because a
considerable amount of energy is consumed during compressor starts overcoming the
inertia. A stable operation with the existence of PCM may result in lower start/stop
cycles for a given period and heat pump system. Taking the ending point of the shorter

duration of the operation among the cases of PCM and no-PCM, the number of
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start/stop episodes reduced by the utilization of PCM. For instance, at Ts+=35°C, the
number of start/stop episodes was observed to be 26 when PCM did not exist in the TES
tank, and the number reduced to 25 when PCM was included, achieving a reduction of
3.8%. Nonetheless, the reduction in the number of start/stop cycles of the compressor
was more prominent at higher storage temperatures such as Ts=45°C and 55°C. For the
no-PCM and PCM cases, the number of start/stop episodes were respectively 38 and 34
at Ts=45°C, which indicated that incorporation of PCM decreased the start/stop cycles
by 10.5%. Similarly, at Ts=55°C, these numbers were found to be 50 and 45 in the no-
PCM and PCM cases, respectively, corresponding to a reduction of 10%. A similar
finding about the benefits of reduction of start-stop cycles was reported in a numerical
study about a thermal energy storage tank integrated heat pump, which was carried out
by Lyu et al. (2022).
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Figure 4.10. Compressor power values measured with respect to time regarding PCM
existence
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Figure 4.10. (Continued) Compressor power values measured with respect to time
regarding PCM existence

4.2.5. Effect of PCM Utilization on the Compressor Operation Time Ratio and
Peak Clipping Index

The share of compressor-active periods in a heating process presents significant
information about the energy efficiency of the process. The compressor operation time
ratio (COTR), which was previously defined as the ratio of the time when the
compressor is active to the total time of heating, was illustrated in Figure 4.11. An
overview to the figure reveals that increasing HTF flow rate results in higher COTR
value, which means that the heat pump compressor operated for a longer time within the
total heating period in order to meet the larger heating demand. Furthermore, it was
noticed that the compressor operation time over the entire heating period was slightly
lower when storage temperature was increased, which was grounded upon the shorter
compressor operation at higher evaporation temperatures. As a general deduction, this
relation between the evaporation temperature and heat pump efficiency was highlighted
by several researchers, e.g., Zhu et al. (2015) and Wu et al. (2019), to cite a few. A more
striking finding here was the variation of COTR with respect to the existence of PCM at
each storage temperature. It was found that the existence of PCM remarkably help
reducing COTR value at the low storage temperature, Ts=35°C, while it increases the
COTR at the high storage temperature, Ts=55°C, for low heating loads. Especially at
Ts=35°C, addition of PCM into the TES tank significantly mitigated the COTR and
relatedly achieved a considerable energy saving.

112



100

400 600 800 1000 1200
Flow rate (L/h)

b) 100
T =45°C

COTR (%)

400 600 800 1000 1200
Flow rate (L/h)

C) 100

COTR (%)

600 800 1000 1200

400
Flow rate (L/h)

Figure 4.11. Compressor operation time ratio (COTR) in the investigated cases
calculated by the experimental data
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As the obtained data revealed, PCM integration to the TES unit connected to heat pump
evaporator led to a reduction in the share of compressor-active time during the heating
period (COTR) by 10.47%, 6.99%, 13.02%, 11.32%, and 16.48% at the heat transfer
fluid flow rates of V=400, 600, 800, 1000, and 1200 L/h, respectively. However, at
higher storage temperatures, such as Ts=45°C and Ts=55°C, inclusion of PCM did not
exhibit an improvement in terms of COTR reduction at low flow rates. The quantitative
evaluation for Ts+=55°C showed that the COTR value increased by 15.73%, 4.56%, and
5.22% at the flow rates of V=400, 600, 800 L/h, while it decreased by 3.91% and 2.11%
at 7=1000 and 1200 L/h, respectively. This finding was physically interpreted by that
the heat rejection from the TES tank was at a larger rate when higher volume flow rates
were considered at the condenser side, resulting in a more frequent operation of the heat
pump. Hence, a higher rate of heat exchange occurred between the PCM tubes and the
water inside the TES tank at higher flow rates. On the other hand, at lower flow rates,

the heat rejection from the PCM was at a lower rate.

Considering the fact that the comparison of the COTR is based on the compressor
operation time and total duration of heating process, the ratio might not always be
beneficial although a full solidification occurred. Because the sensible heat of water at a
large temperature difference can be more advantageous compared to PCM inclusion, in
terms of total heating time. Here, it should be also highlighted that the incorporation of
PCM can be more advantageous in all investigated cases when the reference heating

time was taken a fixed value for both no-PCM and PCM cases.

Peak clipping index is highly related to the compressor operation ratio as it was defined
as the reduction in the energy consumption during peak times with respect to the
reference case, which was the air-source heat pump in the same operational conditions
where the ambient temperature was around 11°C. Reduced COTR led to higher PCI
values due to reduced electrical energy consumption of compressor, hence, it
contributed to the energy flexibility of the system in peak hours. For example, Figure
4.12 shows the peak clipping index values calculated by the experimentally obtained
data for three different storage temperatures at V=1000 L/h. As seen from the figure,
using PCM remarkably contributed to the improvement of PCI at a given storage

temperature, especially for lower storage temperatures such as Ts=35°C, where the PCI
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was improved from 14.6% to 23.7%. The reason was attributed to the effect of PCM on
the heating time extension, as well as lower compressor operation ratio during the test
period. Therefore, at the same storage temperature reached, using PCM was found to be

significantly effective for enhancement of peak clipping index.
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Figure 4.12. Peak clipping index values calculated by the experimentally obtained data
for different storage temperatures at V=1000 L/h

4.2.6. Variation of COP Values in the Investigated Cases

The coefficient of performance (COP) for the System-1 was defined to evaluate the
relative performance of the system with respect to its thermal energy supply and
electrical energy consumption over the total operation. Thereby, it has been possible to
evaluate the effect of storage temperature and PCM existence. However, it should be
underlined here that the compressor operation time ratio is also an important parameter
affecting the overall heat pump COP, regarding the definition of COP in the previous
section. According to the computed values given in Figure 4.13, increasing storage
temperature had a positive impact on COP due to higher evaporation rate attained in the
evaporator of the heat pump. Integration of PCM to the TES tank had a slight effect on
the COP, nevertheless, it showed a significant impact at higher HTF flow rates, i.e.,
higher heating loads, as the COP value also depends on the total test (discharging) time

and compressor time during the period.
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Figure 4.13. Variation of COP of System-1 in the investigated cases

Quantitative outcomes pointed out that gradually increasing storage temperature from
Ts=35°C to 45°C and then to 55°C ensured an enhancement in the COP value by 2.6%
and 8.9%, respectively, at a HTF volume flow rate of V=800 L/h. Considering the
addition of PCM, it was found that the COP values decreased at the low heating loads
by up to 10% depending on the heating load and storage temperature. However, at
higher heating loads, the COP was enhanced by up to 19.1%. Due to the fact that the
CORP is highly related to the balance between the latent and sensible heat utilization, the
comparison of drawing energy from the TES unit in case of using water only and PCM
integration was a critical point. Because although the PCM utilization increased the total
discharging time, this also brought a larger compressor energy consumption. In
addition, the sensible heat of the PCM is remarkably lower than that of water, roughly
less than half of it. Thus, in case of PCM existence, utilization of a large portion of
sensible heat from the PCM constituted a negative effect on the COP values, which
could be seen in low heating load, i.e., low discharging rates. On the other hand, in high
flow rates, the heating loads were larger, and the high latent heat of the PCM was more
prominent compared to the sensible heat of water, which brought a larger energy drawn
in comparison to water. Hence, the definition of the COP can be accordingly considered
since there could be various aspects effecting the interpretation of comparative COP

values, as similarly indicated by Hirmiz et al. (2019) and Belmonte et al. (2022).
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4.3. Experimental Studies for System-2

The thermal energy storage tank was disassembled and connected to the condenser side
of the heat pump in System-2, and thus, the heat pump was operated as an air-source
heat pump (ASHP). Therefore, the system has a different operation strategy compared
to that of System-1. First, the water and the PCM was thermally charged by the ASHP
to provide energy flexibility by load shifting, and then the stored energy was drawn at
different heating loads adjusted by the heat transfer fluid flow rate circulating between
the TES tank and the chiller unit. Thereby, the TES unit was charged in the off-peak
periods, and then the stored thermal energy was used during the on-peak periods.

4.3.1. Temperature Variations in the TES Tank

First of all, the temperature variations along the axial and radial directions during
thermal charging and discharging processes were monitored to justify the hypothesis of
lumped system approach to the water inside the TES tank. For this purpose, temperature
variations at three locations, namely Ts (axial, upper part), Tg (axial, central part) and
Ti4 (radial, near the tank wall), were given in Figure 4.14. Similar to the thermal
behavior of the water discussed in the previous section for System-1, there was
insignificant differences in the transient temperature profiles at various points inside the
TES tank. The figure illustrates the temperature variations of the aforesaid points during
both charging and discharging processes. It should be stressed that the charging process
was carried out by the heat pump continuously within the performance limits of the heat
pump. Yet, the discharging process was considered at different heating loads, and the
highest discharging rate, which was attained at V=1200 L/h and A4T=10 K and
corresponded to a heating load of approximately 12 kW, was selected for the evaluation
of temperature variation in order to observe the differences more clearly since it was
expected that a higher rate of heat transfer might cause larger local temperature
gradients. Regarding the obtained data, the discrepancy between the temperatures at
different locations that are far from each other was negligible, which proved that the

water in the TES tank can be regarded as a lumped system.
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Figure 4.14. Water temperature variations measured in System-2

Variation of PCM temperatures along with the reference water temperature in the TES
tank (Ts) is given in Figure 4.15 during charging by the ASHP and during discharging at
different heating loads, as a whole. Although the charging processes were similar to
each other due to the fact that the same heat pump was utilized in similar circumstances
for thermal charging process, the temperature variations exhibit some differences with
respect to the heating loads (Q;,44), i.€., the rate of heat rejection from the TES tank. As
seen from the figures, a parallel trend between the Tg and the PCM temperatures was
observed starting from 35°C to about 43°C. As revealed by the DSC tests, the PCM
utilized was expected to start changing its phase from solid to liquid at around 43°C,
which was experimentally observed in the tests. It was observed by numerous tests that
the PCMs in the tubes could be fully melted during the charging period until the water
temperature inside the TES tank reaches Ts=55°C. As the charging process was
common for all the cases, the temperature variations were similar to each other, and the
thermal charging process took around 240-250 minutes in these cases, considering the
thermal charging of the whole water inside the TES tank. As for the latent heat of PCM,
the melting process of the PCM took about 120 to 170 minutes depending on the PCM
tube being near an intense or weak flow stream. During the charging period, it can be

evidently seen from the figure that the slope of the water temperature, Tg, decreased
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while the PCM was melting. This was because of the remarkably high latent heat
storage of the PCM which stored a significant amount of thermal energy, hence, the

increase rate of the water temperature decreased during the melting process occurred.

However, in the discharging processes, the elapsed time and temperature variations
considerably changed depending on applied heating load, Q,,,4. When lower heat loads
were considered, it was slightly easier to reject the heat from the PCMs located in the
tubes since larger time was allowed for the heat exchange even if it was at a lower rate.
Thus, a larger amount of latent heat could be used. On the other hand, when the heating
load was increased to 4.4 kW, 5.4 KW or even as large as 12 kW, the heat rejection from
the TES tank became remarkably larger and faster. In addition to that, it was inferred
from the obtained data that the temperature gradient between the PCM tube surfaces and
the water medium was relatively lower. Therefore, larger times allowed for discharging
the total thermal energy in the TES tank ensured larger latent heat utilization in this

system.

Converse to the charging process, the slope of the water temperature, Tsg, did not exhibit
a significant slope change during solidification. One of the main reasons for this
occurrence can be referred to the unexpected liquid-to-solid phase change temperature
of the lauric acid. It is worth noting that the solidification was expected to initiate
around 48°C according to the DSC tests conducted for the lowest possible heat rejection
in the calorimetry settings. Nonetheless, the solidification was also started around 43°C
in the numerous experimental tests conducted. This shows that thermal behavior of the
lauric acid may be different in a practical application, compared to laboratory tests of
the material. As a result of this situation, most of the PCMs in the tubes located in the
TES tank could not fully finish the solidification process since the reference temperature
for the tests were 35°C, meaning that the test was completed when Tg reaches Tg=35°C.
Hence, a significant amount of latent heat remained in the PCM and could not be

transferred to the water medium to contribute to the building heating process.
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Figure 4.15. Variation of PCM temperatures during charging by ASHP and during
discharging at a) 3.1 kW, b) 4.4 kW, c) 5.4 kW, and d) 12 kW
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Figure 4.15. (Continued) Variation of PCM temperatures during charging by ASHP and
during discharging at a) 3.1 kW, b) 4.4 kW, c¢) 5.4 kW, and d) 12 kW

4.3.2. Heat Pump Performance During Thermal Charging of the TES Unit

Considering the charging process carried out by the ASHP, the performance of the heat
pump was evaluated regarding the experimental data. Within this scope, variations of
the heat transfer rate from the condenser (Qiongenser), the power drawn by the
compressor (P), and the COP values with respect to time were presented in Figure 4.16
for the no-PCM and PCM cases. As seen from both figures, the heat transfer rate from
the condenser decreased by the elapsed time, while the power drawn by the compressor
increased. Relatedly, the COP value of the ASHP also decreased. The reason is that the
temperature and pressure of the refrigerant at the compressor discharge as well as the
temperature of the water inside the TES tank increased significantly as the time elapsed.
Thereby, the difference between the refrigerant temperature and the water temperature
inside the hot accumulation tank, which is the primary medium where the condensation
occurred, decreased gradually. As a result, the heat rejection from the condenser
reduced. In addition to that, as the discharge pressure of the compressor was gradually
increased, the compression process became more difficult as the operation continued.
Hence, the power drawn by the compressor was increased. The decline in the heat
transfer at the condenser and the increase in the compressor power led to a significant
reduction in the COP values of the ASHP.
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Figure 4.16. ASHP performance during thermal charging with and without PCM in the
TES unit according to the experimental outcomes

Comparing the two cases regarding the presence of the PCM, it was noted that
integration of PCM resulted in a more stable heat removal from the condenser,
especially in the first half of the charging period. Then, the heat transfer rate from the
condenser started to decrease slightly, and after 180 minutes of charging process, a more
noticeable decrement was noticed. Because the existence of PCM ensured a more stable
temperature variation in the TES tank since a large amount of thermal energy was
transferred from water to the PCM during phase change process, which took place
almost in an isothermal way. Hence, as the PCM stored the thermal energy in latent heat
form, it slowed down the temperature rise of the water for a specific time interval,
which was evidently noticed from the previously presented temperature variation
figures. Nevertheless, the electric power drawn by the compressor was not considerably
changed as the compressor discharge pressure and temperature continued increasing
during the continuous operation. Yet, the stability in the heat transfer and a larger rate of
heat removal from the condenser attained a larger overall COP value of the ASHP.
Quantitative outcomes showed that the average COP values were 1.89 and 2.24 for the
no-PCM and PCM cases, respectively, indicating an enhancement of 18.5% by using
PCM inside the TES tank. Nonetheless, the charging time was slightly higher in case of
PCM existence. The total charging time was 237 minutes when there was no PCM in
the TES tank, while it was 247 minutes for the PCM case, and this means that 4.2%
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longer time needed to thermally charge the TES tank including PCM in the same
conditions where the ambient temperature was approximately 11°C throughout the

process.
4.3.3. Discharging Time of the Stored Thermal Energy

Discharging time of the stored thermal energy into the TES tank is of great importance
in such systems since they are determinative for satisfactorily meeting the heating
demand during specific periods, such as peak times for the grid. In this way, discharging
times were given in Figure 4.17 at the investigated heating loads for the cases including
and not including PCM. Expectedly, the discharging time proportionally decreased with
increasing heating load due to consuming the thermal energy at a larger rate when larger
heating loads were considered. Interestingly, utilization of lauric acid as the PCM in the
system did not help improving the discharging times, i.e., heating times for a specific
space. Conversely, addition of lauric acid brought an adverse effect to the system at the
considered heating loads. Quantitative outcomes obtained from the experiments
indicated that the total heating time using the stored thermal energy in the TES tank
decreased by 3 minutes (1.6%), 11 minutes (8.1%), 18 minutes (16.1%) and 2 minutes
(4.3%) at the heating loads of 3.1 kW, 4.4 kW, 5.4 kW, and 12 kW, respectively. As
inferred from the previously discussed temperature variations, the reason for this
unexpected occurrence was the insufficient heat transfer from the lauric acid to the
water inside the tank during solidification process. In other words, an insufficient
solidification rate by the utilized lauric acid was observed. Consequently, the latent heat
stored in the PCM could not be fully withdrawn within the required time period, i.e.,
until the water temperature inside the TES tank reached 35°C. Besides, it was noticed
that the total discharge time of the no-PCM and PCM cases became closer to each other
when heating load was decreased, e.g., when the heating load was gradually
decremented from 5.4 kW to 4.4 kW and to 3.1 kW. The maximum considered heat
load, around 12 kW, is an exception at this point. Since the thermal energy in the TES
tank was rejected at a significantly high rate, the difference between the discharging
times of no-PCM and PCM cases became insignificant. Besides, it should be stressed
here that the solidification point of the lauric acid (41°C) was close to the reference

temperature (35°C) where the system stopped operating. Therefore, a significant amount
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of thermal energy stayed in the lauric acid, resulting in a wasted latent heat potential, as
similarly seen in the temperature variations. Moreover, it was observed during the trials
and tests on the experimental setup that the lauric acid exhibited a supercooling
behavior meaning that it resisted to solidify completely even if its temperature reduced

below solidification point.
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Figure 4.17. Discharging times measured in the tests of System-2

4.3.4. Electricity Tariff and the Load Shifting Index

Load shifting index (LSI) was defined to determine how capable the system was to meet
the required thermal energy in the on-peak period without using electrical energy. In
other words, this flexibility parameter shows what portion of electric energy
requirement during on-peak period was met by the stored thermal energy during off-
peak periods. To this end, the electricity tariff applied in Tirkiye and the calculated LSI
values were illustrated in Figure 4.18. As can be seen from the figure, a five-hour period
is regarded as on-peak period in Tirkiye. Before that, the periods between 05:00 —
17:00 and between 22:00 and 05:00 are considered as the day and night tariffs for the
pricing of electricity, which depends on the intensity of the electricity use from the grid.
Considering the figure on the LSI, 67.0% and 69.1% of the thermal energy demand in
the on-peak period can be met by the stored thermal energy inside the TES tank at a
heating load of 3.1 kW, without and with using PCM, respectively. Besides, this energy

was charged by the ASHP as an efficient and cleaner way compared to conventional
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heating systems such as direct electric heating or natural gas boilers. Using PCM
increased the load shift capability to some extend (3.2%) due to higher COP values
during charging. As heating load was increased, the load shifting index decreased
significantly since the thermal energy became insufficient to cover all the on-peak
period when the demand is high. At the heating loads of 4.4 kW, 5.4 kW and 12 kW, the
LSl values were found to be 48.3%, 38.4%, and 17.4% for the no-PCM case,
respectively. In case of PCM inclusion to the TES unit, these LSI values became 50.1%,
41.5%, and 19.1%, respectively, which correspond to an increase of 3.9%, 8.2%, and

10.1%, respectively.
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Figure 4.18. Electricity tariff in Tiirkiye (a) and the calculated LSI values (b)
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Related to the load shifting strategies, a significant amount of reduction can be achieved
in the electricity bills. Considering the electricity tariff and prices in Tiirkiye as given
previously, the cost saving ratios (CSR) were given in Figure 4.19 with respect to
investigated heating loads. The cost saving ratio was evaluated for two different options,
which were the thermal charging within day-tariff and within night-tariff, separately.
This means that the thermal energy was considered to be stored during the day-tariff or
night tariff only, i.e., between 05:00 — 17:00 or 22:00 — 5:00, using the considered
ASHP. Then, this thermal energy was considered to be maintained in the TES tank, and
it was utilized during the on-peak period (17:00 — 22:00) until it was fully consumed.
Hence, during its consumption, although the thermal energy could not shift the total on-
peak load, it met the energy demand partly, as obviously seen from the LSI results.
According to the cost saving ratio values calculated, a significant reduction in electricity
bills can be attained, which reach up to 28.7%, 20.7%, 16.5%, and 7.5% for the heating
loads of Q,,,4=3.1 KW, 4.4 kW, 5.4 kW, and 12 kW, respectively, in case of no PCM
existence in the storage tank. Inclusion of PCM brought an additional saving in the cost,
and the saving rates became 29.6%, 21.5%, 17.8%, and 8.2%, respectively. When the
thermal charging operation by the ASHP is considered in a night-tariff period, a more
remarkable saving potential can be ensured due to time of use pricing, and these cost
saving rates became 51.7%, 37.2%, 29.6%, and 13.4% for the heating loads of
01000=3.1 KW, 4.4 kW, 5.4 kW, and 12 kW, respectively, in the no-PCM case.
Utilization of PCM brought a further cost saving potential, and these rates were found
as 53.3%, 38.7%, 32.0%, and 14.8%, respectively. For the electricity prices in Tiirkiye
in 2023, these rates correspond to monthly cost savings of around 132 to 156 TRY for
charging in day-tariff, and 239 to 280 TRY for charging in night-tariff.

These results showed that using thermal energy storage integrated to heat pumps is
significantly beneficial in terms of energy cost reduction and grid load shifting even
though a partly load shifting was attained. Increasing the size of TES tank can be an
alternative solution for increasing load shifting ratio, however, the thermal charging
time and energy consumption should be also attentively considered to optimize the
storage size. In addition to that, it should be emphasized that a notable amount of
thermal energy could not be released from the PCM (lauric acid) due to its significantly
low thermal conductivity (k ~ 0.14 W/mK). Consideration of thermal conductivity
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enhancers can ensure a more effective utilization of PCM for energy efficiency, load

shifting, and cost reduction.
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Figure 4.19. Cost saving rates sourced by the load shifting calculated by the
experimental data

4.4. Numerical Evaluation of System-1 Considering Thermal Energy

Storage/Release Capability and Energy Flexibility in Different Conditions

In this section of the thesis work, the performance of the thermal energy storage
integrated heat pump system was evaluated utilizing the mathematical model that was
established regarding the experimentally obtained data, as similarly approached in
relevant literature works (Green and Garimella, 2021; Murphy et al., 2013) via black-
box or grey-box models. Regarding the established mathematical model for System-1, it
is possible to integrate solar panels and thermally charge the TES tank. Hence, impacts
of variation of solar radiation in different months of heating season were investigated.
For the numerical simulations evaluating the thermal charging and discharging behavior
of the TES unit as well as the performance of the system, the city of Kocaeli, Tiirkiye,
was considered, and one representative day was selected from each month in the heating
period. The heating period was considered five months, from November to March. The

heating load was taken constant at 3 kW. Besides, different PCMs were considered in
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the TES unit to elaborate the impacts of phase change temperature and latent heat
capacity on the performance of the system.

The incident solar radiation data in the aforementioned five months for Kocaeli,
Tiirkiye, were obtained using the database of Photovoltaic Geographical Information
System (PVGIS), which is presented by EU Science Hub of European Commission and
used by many researchers working in the field (Arici et al., 2020; Campos et al., 2020;
Nizeti¢ et al., 2018). Variations of the hourly incident solar radiations on a south-facing
35¢ tilted surface were given in Figure 4.20a for the selected representative days in the
heating season months in 2020, and the variations of the ambient temperatures during
these selected days in each month were also given in Figure 4.20b. The solar radiation
data were obtained for clear days, and it was noticed that the incident solar radiation
values were considerably higher in the transitional months, such as November and
March, while they were significantly low in December and January where the days were
usually severely cold. Besides, the number of sunny hours, i.e., the daylight period, was
also lower in these two months, while it was higher in March. In order to collect the
useful solar energy, two flat plate solar collectors (FPSC), which were used by Kim et
al. (2018), were integrated to the system in the model. The FPSC had a surface area of
1.68 m?, regarding its dimensions, and the detailed properties of the FPSC were given
by the authors in the aforementioned study.

In the established mathematical model, the algorithm is based on thermal charging by
the solar energy absorbed by the solar collectors. Hence, the useful heat gain is
transferred to the thermal energy storage tank in order to thermally charge the water and
PCM (if any) inside the TES unit. A circulation pump was considered within the system
to circulate the heat transfer fluid in the pipelines. Thus, the heat transfer fluid is started
to be circulated when there is adequate solar radiation incident onto the surface of the
flat plate solar collector (FPSC). Thereafter, the circulation of the heat transfer fluid
between the solar collector and the TES unit is stopped in two conditions in the model:
1) reaching the specified maximum thermal storage temperature, and ii) when the heat
loss from the solar collector exceeds the heat gain, i.e., when there is only heat loss

from the collector, which occurs when the incident solar radiation is inadequate.
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Figure 4.20. Hourly a) incident solar radiation and b) ambient temperature variations on
the selected representative days in each month

In the discharging step, the modeled heat pump starts operating using the stored thermal
energy in the TES unit as a heat source, and it continues its operation within start-stop
cycles to provide the heating demand. The SAWSHP stops its operation once the water
temperature inside the TES unit reaches the reference temperature (20°C), as exactly

considered in the experimental works. Thanks to the established model, the effect of
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weather conditions on the thermal charging of the water and PCM inside the TES tank
was investigated. More specifically, thermal behavior of commercially available
different PCMs, such as Rubitherm RT24 HC, RT26, RT28 HC, and RT31 of which the
thermophysical properties were given in Table 4.1, in terms of temperature variations
and latent heat storage was examined under different weather conditions. Similarly in
the discharging step, several parameters such as temperature variations, amount of
energy release, total heating time, latent heat utilization and peak clipping index were

interpreted considering the obtained numerical results.

Before the discussion of the results obtained by the mathematical models for the heat
pump systems, it should be noted that the effect of convective heat transfer coefficient
on the total heating time during discharging and the average COP was examined. As
mentioned previously in the Section 3.4.1, the thermal resistance at the outer side of the
PCM tubes was relatively negligible, compared to the thermal resistance in the PCM
medium, which is much larger due to the low thermal conductivity of the PCMs, in both
System-1 and System-2. Yet, a set of computations were carried out on the established
mathematical model in order to see the impact of convective heat transfer coefficient at
the outer side of the PCM tubes. According to the obtained results given in Table 4.2,
the convective heat transfer coefficient value had almost no impact when it was
increased beyond a certain point. In other words, if the value of the convective heat
transfer coefficient is any larger than h=200 W/m?K, its effect on the computed values
becomes negligible. Here, it is noteworthy that the estimated convective heat transfer
coefficients from the CFD studies were around h=3000 W/m?K.

Table 4.1. Thermophysical properties of the PCMs used in the numerical study for
System-1

Thermophysical property RT24HC RT26 RT28HC RT31
Density (kg/m?®) 750 825 825 795
Specific heat (J/(kgK)) 2000 2000 2000 2000
Thermal conductivity (W/(mK)) 0.2 0.2 0.2 0.2
Phase change temperature (°C) 24 26 28 31
Latent heat of fusion (J/kg) 133000 110000 206000 106000
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Table 4.2. Variation of heating times and COP values by convective heat transfer
coefficient

Heating time in

h (W/(mK)) discharging (h) copP
50 4.94 3.67
100 5.31 3.67
200 5.40 3.65
500 5.40 3.65
1000 5.41 3.65
2000 5.41 3.65
3000 5.41 3.65
4000 541 3.65

4.4.1. Temperature Variations and Latent Heat Utilization of Different PCMs in
System-1

Utilization of different PCMs inside the TES unit was elaborated via temperature and
liquid fraction variations on each representative day selected from each five months in
the heating period, from November to March, in order to reveal the potential of using
PCMs in the TES units. For this purpose, temperature and liquid fraction variations of
water and different PCMs as TES material were numerically investigated and the results
were discussed in this section. Besides, the latent heat utilization for each PCM was
computed to reveal their TES capabilities for each month. Figure 4.21 shows the
temperature and liquid fraction variation of each considered TES material including
water on the representative day in November. The thermal charging process started with
the sunrise at 08:00 on this day, and the temperatures of the water and the PCM rapidly
increased until 15:50 where the solar radiation was lastly sufficient to increase the
temperature of the HTF. After this time, circulation of the water through the solar
collectors would have resulted in heat loss to the outdoor ambient; hence, the thermal

charging process was ceased. At this time, it was seen that the TES tank with water only
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had a slightly higher temperature compared to the TES tanks which contained PCM
inside the tubes. The reason was the large amount of latent heat absorption of the PCMs
in the tubes, which suppressed the rapid rise of the water temperature inside the TES
tank. The thermal behavior of RT28 HC drew attention here due to having a noticeably
smaller temperature when the thermal charging process ended. This occurrence was
sourced by the high latent heat capacity of the RT28 HC, which absorbed relatively

higher amount of latent heat from water, which resulted in a smaller temperature rise.

When it was 17:00, the heating process by the SAWSHP was started, and the
temperatures began to decrease significantly as the water in the CAT and TES tank
mixed at first. Meanwhile, the PCM temperatures was slightly higher than the water
temperatures in the tank, having the same declining trend. It was evidently observed
from the figure that the average PCM temperatures showed a nearly isothermal trend
once they reached their phase change temperature. However, it was detected that the
PCM temperatures could not reach the reference temperature, 20°C, at the end of the
process when the water temperature reached the reference point, 20°C. This situation
indicated that the possibility of presence of unused thermal energy inside the PCM

media.

As inferred in the previous paragraph, the variation of liquid fraction was given in
Figure 4.21b in order to evaluate the variation of latent heat storage and release during
thermal charging and discharging processes on the representative day in November,
respectively. It was noticeable that the PCMs stored some amount of sensible heat
before melting started, and then liquid fraction started to increase rapidly, which
indicated the latent heat storage, and this continued until the liquid fraction value
reached unity (f=1). Yet, the thermal charging was not completed at that moment, and
this means that the PCM continued to store sensible heat in liquid from. Here, it should
be underlined that although the phase change temperature of RT28 HC is smaller than
that of RT31 which caused RT28 HC to start melting earlier, the duration for latent heat
storage was longer for RT28 HC, compared to RT31. This can be explained by the fact
that the RT28 HC has a considerably higher latent heat capacity, which took it longer to
be charged by latent heat. Nevertheless, during discharging, the latent heat of RT31 was
almost completely released, while that of RT28 HC was not released completely and
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17.9% of the latent heat was trapped in this material as an unused energy. This situation

was even more dramatic for RT24 HC, due to its smaller phase change temperature,

which was close to the reference point (20°C), and thus, it delayed the latent heat

release process.
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Figure 4.21. Temperature (a) and liquid fraction (b) variations of the considered TES
materials on the representative day in November

The temperature and liquid fraction variations of the considered TES materials were

given in Figure 4.22 for December. By an overview on the figure, it was evidently
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noticed that the temperature of the TES materials was not as high as in November due to
the fact that the solar radiation intensity was considerably lower in December.
Therefore, in case of using water as a TES material, the storage temperature reached
about Ts=40°C, and it was lower when PCM was used. A similar temperature trend was
observed as interpreted for November during thermal charging and discharging,
however, it was also noticed that the thermal charging process was shorter in December,
compared to the process in November. This can be attributed to the weather conditions
in December where the ambient temperature was significantly low, and the solar
radiation intensity was relatively weaker. Hence, after 14:00, it was not reasonable to
circulate water through the solar collector as it could bring a considerable heat loss,
rather than charging the TES unit. The discharging process was initiated at 17:00, as
planned in the model, and the temperatures dropped rapidly. Here, it should be noted
that the temperature of RT28 HC was lower due to the same reason explained
previously. It was also observed from the numerical computations that the RT28 HC
struggled to store thermal energy, and thus, it had to start discharging process at a lower
temperature compared to other TES materials. As the water did not store any latent heat,

its temperature was at the highest level among the investigated materials.
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Figure 4.22. Temperature (a) and liquid fraction (b) variations of the considered TES
materials on the representative day in December
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Figure 4.22. (Continued) Temperature (a) and liquid fraction (b) variations of the
considered TES materials on the representative day in December

A similar trend of liquid fraction curves to those obtained in November was observed
also for December. Although there was no incomplete melting situation detected, the
amount of sensible heat storage was different depending on utilized PCM. Here, the
phase change point was of great importance. A phase change point close to the reference
temperature of 20°C, i.e., smaller phase change temperatures, provided a more
guaranteed latent heat storage; however, this became a significant drawback during
discharging process ending up with incomplete solidification, i.e., ineffective latent heat

utilization.

The charging process in January was even more struggling due to the low solar
irradiation on the representative day, as given in Figure 4.23. The temperatures of the
water and the PCMs could not reach 40°C, and some of them barely reached 35°C.
Although a similar trend was observed as given in December, it was obvious that the
representative day selected in January was significantly colder. Relatedly, a conspicuous
occurrence was spotted, which was the probably incomplete melting of RT28 HC, due
to inadequate solar radiation for the thermal charging of the large latent heat capacity of

this material.
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Figure 4.23. Temperature (a) and liquid fraction (b) variations of the considered TES
materials on the representative day in January

The liquid fraction curves illustrated in Figure 4.23b provided a clear view about the

latent heat storage and release of the PCMs. As inferred from the temperature variations,
it was evidently seen that the PCM RT28 HC was unable to fulfill all the latent heat

capacity it has. Due to inadequate solar radiation causing lower heat transfer to the TES
tank as well as due to the high latent heat capacity of the PCM, 93.8% of the latent heat

of RT28 HC was fulfilled. Yet, it started releasing its stored thermal energy as soon as

charging was completed and discharge was started, and it covered the evaporator energy

of the heat pump until around 21:00, which was similar to the discharging time of RT26

case.
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On the day selected in February, the solar radiation values were obviously higher
compared to other winter months, December and January. Therefore, the temperature
and liquid fraction variations for February given in Figure 4.24 were similar to those
obtained for November. The water temperatures inside the TES tank reached above
45°C, except for RT28 HC, which indicated that the TES materials stored a considerable
amount of latent and sensible heat. The liquid fraction curves also confirmed this
situation as seen from the figure, and they reached unity for all considered PCMs.
Nevertheless, there was still an incomplete solidification observed for the PCMs, except

RT31 which has relatively higher solidification point.
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Figure 4.24. Temperature (a) and liquid fraction (b) variations of the considered TES
materials on the representative day in February
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March is usually the warmest month in a heating season in northern hemisphere. Due to
high solar radiation, it was seen in Figure 4.25 that the water temperature inside the TES
tank reached the upper limit of storage temperature, Ts=55°C. It should be underlined
that all the considered PCMs stored latent and sensible heat, meaning that their
temperatures reached the limit value, with the exception of RT28 HC, which had a
temperature reduction due to intense latent heat storage. After a slight heat loss
calculated to be around 162 W in a basement-like environment presumed at 15°C, the
discharging process started at 18:00. Here, it is noteworthy that the discharging process
started at 18:00 in March, due to longer sunshine time. Thereby, it was seen that the
heating process by the SAWSHP continued until late night, such as 01:00.

Considering liquid fraction curves in Figure 4.25b, a large plateau region drew
attention, which was due to the release of the large amount of sensible heat stored in the
PCMs. Similar to the deductions for the other months, the PCMs except RT31 could not
fully benefit the latent heat that they stored by solar energy during thermal charging.

Therefore, this potential must be evaluated, which was discussed in the upcoming

paragraph.
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Figure 4.25. Temperature (a) and liquid fraction (b) variations of the considered TES
materials on the representative day in March
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Figure 4.25. (Continued) Temperature (a) and liquid fraction (b) variations of the
considered TES materials on the representative day in March

The latent heat utilization of the considered PCMs was presented in Figure 4.26 in terms
of percentage utilization of the total capacity and total released thermal energy in kWh
to elaborate the latent heat utilization behavior of the examined PCMs. Considering the
ratio of the benefitted latent heat of the PCMs during discharging, it was noticed that
almost all the stored latent heat (around 99%) by RT31 was released, due to its
relatively high phase change point. On the other hand, only 55% to 60% of the latent
heat stored in the RT24 HC was released to contribute to the energy of the water inside
the TES tank. Besides, RT26 and RT28 HC provided a significant amount of the stored
latent heat in every month, which were respectively around 75% to 80%. However, an
exception was noted here about RT28 HC, which could not even release 40% of its
stored latent heat in January. Related to the temperature and liquid fraction curves
discussed previously, the reason for this phenomenon was the incomplete melting and

consequently ineffective benefiting from this PCM.

On the other hand, considering the absolute amounts of latent heat release from the
PCMs in interest, the computed outcomes were presented in Figure 4.26b, which
revealed that RT28 HC contributed to the TES unit with a great amount of latent heat.
Depending on the month, the total amount of latent heat RT28 HC discharged was from

100% to 200% larger compared to other examined PCMs. Combining the deductions

139



from Dboth figures evidently highlights the significant potential of thermal energy
storage/release of RT28 HC. At this point, the common challenge of PCMs, the low
thermal conductivity, comes up as a barricade in front of the effective utilization of
latent heat in TES integrated solar-assisted heat pumps. Comparing the results obtained
for RT28 HC to the RT26 that was used in the experiments, it was stated that RT28 HC
was able to release 67% higher latent heat.
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the total capacity and b) total released energy during the discharging period

4.4.2. Evaluation of Using Different PCMs in terms of Charge/Discharge Times
and Peak Clipping Potential in System-1

Thermal behavior of the TES materials, including water, and latent heat utilization

performance of the PCMs are crucial parameters determining the charging and
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discharging times, which consequently characterizes the heating performance and
energy flexibility of the system. The charging time in System-1 was highly dependent
on the considered weather conditions, i.e., solar radiation and ambient temperature,
while the considered PCMs have also an impact on this parameter. On the other hand,
the discharge time was characterized by the effective use of stored thermal energy inside
the TES tank since the operation of the system was terminated when the water
temperature inside the TES tank reach 20°C.
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Figure 4.27. Charging and discharging times of the TES unit filled with different TES
materials in System-1 obtained numerically for different PCMs

The charging and discharging times were respectively given in Figure 4.27. The thermal
charging time exhibited only slight differences with respect to the TES material.

However, in cold weather conditions such as the month December and January, the
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charging period was significantly low, due to insufficient solar radiation. This also led to
lower sensible heat storage depending on water temperature inside the TES tank.
Discharging times also showed slight differences with respect to considered TES
material. The discharging times obtained by using water or RT31 were almost the same,
while RT26 and RT28 HC vyielded a slightly lower discharge time. However, RT28 HC
exhibited an exceptional case in March, and the discharging time was markedly higher
in this month, compared to all other TES materials. This was grounded upon the
adequate thermal charging of the RT28HC. Hence, although the PCM utilization did not
exhibit a remarkable benefit in terms of discharging time in almost all investigated
cases, this occurrence evidently proved that appropriate PCM utilization with adequate
thermal charging could be outperforming the water only TES units. For instance, in
November, the discharging times obtained by using water and RT28HC were 308 min
and 301 min, respectively. However, in March, these values were respectively 456 min
and 467 min. The discharging time for the RT28 HC case was 2.3% shorter than that of
water in November, while it was 2.4% longer in March, although it was not able to

release all the stored thermal energy.

In order to elaborate the energy flexibility potential of the current system (System-1),
the peak clipping index was determined previously, which indicates the reduction of the
energy consumption for heating during peak period, which takes 5 hours between 17:00
and 22:00 in Tirkiye. As the heating was considered with heat pump, the air-source heat
pump considered in this thesis work was taken as the baseline case to determine the
contribution of the utilization of TES integrated SAWSHP to the energy flexibility, i.e.,
the peak clipping. The COP of the considered ASHP was determined to be 2.74 at a
condenser-side circulating HTF temperature of Tc=35°C, which is the same as the HTF
temperature of the considered SAWSHP. Hence, the electric energy consumption of the
reference ASHP in a continuous regime was 5.47 kWh during the 5-hour peak period.
On some occasions, such as the days having high solar radiation or long sunshine time,
the TES unit was charged at a high level that it could cover all the peak period, attaining
a significant peak clipping. However, in relatively colder months or in case of
ineffective PCM utilization, the TES unit could not be charged to cover all the 5-hour
period to meet all the heating demand in the peak period. In such cases, the

aforementioned ASHP was considered to start operating to complete the heating demand
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in the remaining peak period. In this case, the peak clipping was also calculated

accordingly.

Peak clipping indexes of the each considered case were presented in Figure 4.28. As
illustrated in the figure, utilization of TES integrated SAWSHP significantly help
clipping the peak loads during the peak period thanks to its high efficiency and high
heat storage capability using solar energy. At this point, the results showed that the
degree of thermal energy storage was crucial for clipping the peak loads as it directly
affects the efficient heating period. In November, February, and March, the TES tank
was thermally charged up to a higher temperature compared to the days in December
and January where the solar radiation was low. Hence, the efficient SAWSHP with TES
unit was able to operate for a longer period during the peak times in the warmer months,
consequently, the peak clipping index was found to be higher, meaning that a larger
electric load was clipped. For example, the PCI was around 25% - 27% in November
and February, and it even reached about 30% in March, meaning that the peak loads
clipped by about 25% to 30% in these months. However, the PCI was between 15% and

20% in December or January depending on the utilized TES material.

A critical point was inferred from the numerical outcomes. The thermal energy storage
material used inside the TES tank with PCM had a significant effect on the peak
clipping index (PCI), in comparison to utilization of an ASHP. Although utilization of
water as the TES material created a noteworthy peak clipping, utilization of PCMs
inside the tubes rather than water had also a conspicuous potential. For instance, using
RT31 provided 27.2% peak clipping, while using water attained 26.5%. Besides, the
PCI of these two materials were almost the same in February and March. However, it
should not be overlooked that the RT28 HC was not able to release all the stored latent
heat, as inferred from the liquid fraction curves given previously. This means that using
all the stored heat in the RT28 HC would be expected to yield a larger PCI value.
Hence, the heat transfer enhancement techniques could be useful for exploiting the
stored energy from the PCMs, and this issue was addressed in the following sections
where a re-evaluation process for the PCM utilization was carried out within this

context using the PCM with enhanced effective thermal conductivity.
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Figure 4.28. Peak clipping index for different PCMs investigated in System-1

4.4.3. Evaluation of Thermal Energy Storage and Volume Saving for TES Unit
Using Different PCMs

To analyze the effectiveness of different PCMs in terms of thermal charging and
relatedly their contribution to the volume saving, the total stored thermal energy into the
water medium in the tank and into the tubes were given in Figure 4.29, separately.
Examining the stored energy into the water inside the TES tank (~300 kg) for each case
(see Figure 4.29a), it was noticed that the stored thermal energy was the highest in case
of using water as a TES material inside the tubes, i.e., water case, rather than using
PCM. In case of using PCM, the heat stored to the water slightly decreased due to large
heat absorption of water. However, in warmer periods such as in March, the water inside
the TES tank can store quite similar amount of thermal energy, due to the fact that the
charging period was long enough to reach water temperatures at a certain value.
Quantitatively, in case of using water as TES materials in tubes, the water inside the
TES tank was able to store 6.4 kWh thermal energy in January and 12.2 kWh in March.
In case of using RT28 HC as the TES material, the water inside the TES tank stored 5.3
kWh in January and 11.7 kWh in March. From these results, it was found that 20.8%
and 4.3% more energy can be stored into the TES tank only, in case of using water as a
TES material inside the tubes, rather than RT28 HC. However, it should be stressed that
the energy store in the tubes were excluded in this computation. Considering the thermal

energy stored in the tubes in case of using water or various PCMs given in Figure 4.29b,
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remarkably high values were noted by using RT28 HC, compared to all other TES
materials including water. In the coldest month, January, the thermal energy values that
were stored inside the tubes were 1.47 kWh and 3.57 kWh in case of using water and
RT28 HC as a TES material, respectively. In the warmest month, these values were 2.81
kwWh and 4.28 kWh for the same TES materials, respectively. Correspondingly, this
result showed that using RT28 HC instead of water inside the TES tubes led to 142%
and 52.5% higher thermal energy storage in January and March, respectively, because of
large latent heat capacity of this material. It should be stressed that this latent heat stored
inside the tubes by the PCM had a great potential for the improvement of effective
thermal energy use, extension of heating time, and energy flexibility, as well as volume

saving for the TES units.
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Figure 4.29. Stored thermal energy in the a) TES tank and b) PCM tubes at the end of
the numerically simulated thermal charging process in System-1
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Higher thermal energy storage can consequently lead to a noticeable amount of volume
saving for the TES tank. Thanks to the high latent heat capacity of PCMs, they can add
extra energy capacity per unit volume, which can ensure a volume saving. However, in
case of using PCM, the latent and sensible heat storages should outperform the sensible
heat storage of water in order to effectively obtain downsizing potential. In the present
case with the given thermal energy storage data in Figure 4.29, utilization of PCM
(RT28 HC) provided a remarkable volume saving especially in colder months, such as
December and January, which reached up to 10.3% and 11.9%, respectively.
Furthermore, in March, a significant volume saving of 6.4% was attained. However, the
other considered PCMs did not significantly contribute to the volume saving, apart from
improvements around 1% to 2%. Here, it was deduced that the considered PCM should
store a significant amount of latent heat, i.e., the latent heat capacity should be high,
besides, the PCM should also store a considerable amount of sensible heat in order to
outperform water in TES applications. Hence, sensible heat storage capacity or

capability according to the application should not be overlooked.

[ water in the tank [T RT28 HC in the tubes
Water only (All months) 82% F
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Figure 4.30. Ratio between the released thermal energy from the TES tank and from the
tubes inside the tank regarding numerical computations

Figure 4.30 indicates the ratio between the released energy from the tank and from the
tubes, during the discharging process. Regardless of the considered months, 82% of the

thermal energy was stored in the TES tank and 18% was in the tubes in case of using

146



water as a TES material. In this case, the thermal energy was all in sensible form. On
the other hand, considering RT28 HC, a large portion of the thermal energy was
supplied from the PCM inside the tubes, which corresponded up to 37% in December.
Although the total energy storage was higher in case of using water by 4.3% to 11%,
except March where it was 2% lower, it was shown that utilization of PCM had a
significant potential when all the stored energy could be used.

4.4.4. Impact of Heat Transfer Enhancement by Effective Thermal Conductivity on

Thermal Energy Storage Performance and Energy Flexibility of the System-1

In the previous three subsections, it was found by the computations and comparisons
that using a PCM with high latent heat and appropriate phase change temperature, such
as RT28 HC, had a remarkable potential to improve thermal energy storage capability.
However, a challenging barrier, the inherent low thermal conductivity of PCMs, hinders
the effective utilization of these materials in thermal energy storage since low thermal
conductance led to incomplete melting or solidification, which consequently results in
ineffective thermal energy storage. To overcome this drawback, various heat transfer
enhancement techniques are utilized, such as addition of nanoparticles or attachment of

fins. Thereby, the effective thermal conductivity can be significantly enhanced.

In the present work, it was found that using RT28 HC could remarkably enhance the
energy storage capacity of the TES unit integrated to SAWSHP if the heat transfer
through the PCM was appropriately increased. In order to simulate this enhancement in
the present model, different effective thermal conductivity values were considered
parametrically. To focus on the effect of ket on the thermal behavior of the system, the
results were presented for the representative days in November, January, and March,
which were illustrated in Figure 4.31 to Figure 4.33. Furthermore, the temperature

variations were compared to the water only case taken as reference.

On the representative day selected in November, it was seen that the temperature in the
water-only case was significantly higher compared to the water temperatures in PCM
cases (see Figure 4.31a.). The reason was, as previously indicated, the high latent heat
absorption of the material. As the thermal conductivity was increased, it was evidently

seen from the figure that the slope of the temperature curves decreased during charging,
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due to the heat transfer from water to the PCM at a higher rate. Once the melting
process was completed, the temperature curves in the PCM cases coincided, which
showed that the variation of ket was more profound during phase change. This situation
also went on during the discharging process, until the temperatures reached the
solidification point. During solidification, a noticeable difference occurred between the
water temperatures in each case of different kes. More clearly, it was seen that increasing
kett Of the PCM (RT28 HC) was remarkably beneficial in terms of releasing heat to the

water inside the TES tank. Hence, it contributed to the discharging time as well.
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Figure 4.31. Temperature (a) and liquid fraction (b) variations of the considered TES
materials with different kess on the representative day in November
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The liquid fraction curves given in Figure 4.31b provided an important overview to the
latent heat utilization. As inferred from the figure, the PCM was fully melted in each
case in November, and they also stored a considerable amount of sensible heat. Besides,
in discharging, it was noted that increasing ke of the PCM vyielded a lower liquid
fraction at the end of the process, meaning that a higher amount of latent heat was
released. A point worth highlighting was that the liquid fraction curves became steeper
when ket was gradually increased. However, the steepness of the curve with respect to

increasing Kesr was limited to some extent.

As the coldest representative day considered within this study, it was seen from Figure
4.32 that the water temperatures could not reach 40°C in case of no PCM used and 35°C
in case of PCM used. Besides, even though the kesr was increased, the PCM was unable
to store significant amount of sensible heat after melting was completed. This can be
also inferred from the liquid fraction curves. The plateau region at f=1 was relatively
shorter, indicating that the sensible heat storage was lower compared to other months.
The original PCM with ket =0.2 W/mK was even not able to fulfill its latent heat
capacity during charging, and it also could not release all the stored energy during
discharging. However, increasing kes to kett =0.8 W/mK ensured a full discharge of the
stored latent heat.
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Figure 4.32. Temperature (a) and liquid fraction (b) variations of the considered TES
materials with different kesr on the representative day in January
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Figure 4.32. (Continued) Temperature (a) and liquid fraction (b) variations of the
considered TES materials with different ket on the representative day in January

The representative day in March was the warmest one in the heating season, and it was
noticed from Figure 4.33 that the water temperatures in no-PCM and PCM cases were
relatively closer to each other compared to other months. In addition, it was evident that
a significant amount of sensible heat was stored once the latent heat storage was
completed because of the higher solar radiation and longer sunshine period that allowed
to bring more heat input into the TES unit. Both from the temperature and liquid
fraction curves, it was clear that a high amount of sensible heat was released,
nevertheless, the ket should be higher, e.g., ket =0.8 W/mK in order to fully benefit the

stored latent heat.

For quantitative analysis of the latent heat release, Figure 4.34 shows the utilization of
latent heat in kWh as well as in percentage on the representative day in January. Since
the latent heat utilization exhibited negligible differences regarding different months,
the discussion was carried out on the coldest day. The computations revealed that the
original PCM with ket =0.2 W/mK was unable to store all the latent heat with respect to
its capacity, hence, the heat release in the discharge was also limited, which was
quantitatively 70.4%. However, when kest was increased one step to ket =0.4 W/mK, a
remarkable improvement was recorded. In this case, the RT28 HC was able to release
91.5% of its stored latent heat, which corresponded to 3.0 kWh. With this level of
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improvement of ke, the latent heat utilization was enhanced by 30%. Increasing ke
gradually to ket =0.6 W/mK, ket =0.8 W/mK, and eventually ket =1.0 W/mK ensured an
enhancement of 6% and 3%, respectively, while the latent heat use in case of ket =0.8
W/mK and ket =1.0 W/mK were identical. To sum up, increment of effective thermal
conductivity provided a remarkable enhancement in latent heat utilization of PCM,
however, its improvement effect decreased after ker =0.4 W/mK. Consideration of
ker=0.8 W/mK allowed to fully utilize the stored latent heat.
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Figure 4.33. Temperature (a) and liquid fraction (b) variations of the considered TES
materials with different ket on the representative day in March
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Figure 4.34. Latent heat utilization regarding different ke values on the representative
day in January

Effective utilization of latent heat had a considerable impact on the discharging times in
the TES integrated SAWSHP system. Hence, the computed discharge times on the
selected days in November, January and March regarding different ke values of RT28
HC were given in Table 4.3 to elaborate the influence of ket on the heating time that was
provided by the heat pump. It is worth recalling here that the discharging time was 307
min, 221 min, and 395 min on the representative days in November, January, and
March, respectively. As seen from the values presented in the table, augmentation of ke
had a remarkable impact on the elongation of the discharging time, i.e., the heating time
by the HP before the thermal energy in the TES unit was consumed. Increasing keff one
step, i.e., to ket = 0.4 W/mK ensured a noticeable elongation in the discharging time,
which corresponded to an increase of 3.7%, 7.8% and 2.9% in November, January and
March, respectively. This showed the prominent benefit of PCM utilization in cold
weathers. On the other hand, increasing keff from ket = 0.2 W/mK to keff = 0.8 W/mK
exhibited an enhancement in the discharging times by 7.3%, 13.7%, and 5.4% in
November, January, and March, respectively. It was evidently deduced that
improvement of latent heat utilization had a remarkable impact on the elongation of

discharging times, which led to longer heating times by the SAWSHP.

Comparing the PCM utilization with enhanced effective thermal conductivity to the

case of utilization only water in the TES unit, the computed discharging times were
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compared. First, the discharging times in case of using no-PCM was slightly higher in
November and January, in comparison to the original PCM (RT28HC with k=0.2
W/mK). However, it was 3% higher in March. Increasing the effective thermal
conductivity one step further, which is ket = 0.4 W/mK, the discharging times were
respectively 1.6% and 6.1% higher for PCM case in November and March, compared to
no-PCM case, while there was no improvement noted in January. Yet, augmentation of
the Kerr to ket = 0.8 W/mK attained a remarkable enhancement compared to using only
water in the TES unit. This enhancement in the discharging time was quantitatively
5.2%, 5.4%, and 8.6% in November, January, and March, respectively. A noteworthy
point was found that a further increment of ket beyond ket = 0.8 W/mK brought no
additional improvement. Therefore, a four-times enhancement of ket was adequate for

effective latent heat utilization in this case.

Table 4.3. Impact of ket on the heating times (min) during discharge in different months

Kett (W/(mK)) November January March
0.2 301 205 407
0.4 312 221 419
0.6 319 229 425
0.8 323 233 429
1.0 323 233 429

Increasing latent heat utilization of the PCM by enhancing the effective thermal
conductivity led to some influences on the energy flexibility of the system, which was
quantified by the peak clipping index (PCI). The computed PCI were given in Figure
4.35 for different kess values. It was deduced that increasing kest of the PCM ensured a
larger PCI in the cold days, while there was negligible difference between them in the
warmer days. On the other hand, it was noticed that the PCI of the PCM cases were
slightly lower compared to no-PCM case. For example, increasing Kett from Ke=0.2
W/mK to 0.4 W/mK brought an enhancement of 5.2%, by improving it from 17.2% to
18.1%, in December. Augmenting kest one step further made the value 19.1%. A more
remarkable enhancement was noticed in January, and the PCI increased from 14.3% to

18.1%. This means that effective utilization of latent heat could enhance the flexibility
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of the system by clipping the peak loads compared to ASHP systems. Hence, they can
attain a significant reduction in the grid load. The PCI is a complex energy flexibility
index that is dependent on the energy consumption which is related to the performance
of the heat pumps as well as the thermal behavior of the discharged TES unit. TES units
allowing a longer operation of the heat pump could also lead to slightly higher energy
consumption, which could not always enhance the peak clipping index. All in all, the
most important factor for the PCI was found as the charging capacity of the TES unit,
which was directly related to the solar radiation intensity in this system, since the TES

unit obtained the required energy directly from the renewable solar energy.
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Figure 4.35. Impact of effective thermal conductivity on the peak clipping index

4.5. Numerical Evaluation of System-2 Considering Thermal Energy

Storage/Release Capability and Energy Flexibility in Different Conditions

In the established model for System-2, the operation of the TES integrated ASHP
system during thermal charging and discharging periods is simulated considering the
ASHP performance obtained by the experimental data using grey-box modeling. Similar
to the experimental works, the initial temperature of the water as well as PCM inside the
TES tank were set to 35°C, and the thermal charging, i.e., melting, period of the TES
unit was continued until the water temperature reached 55°C. During charging process,
thermal behavior of the PCM was focused, hence, different PCMs, such as lauric acid,
Rubitherm RT38, RT44 HC, and RT47 of which the thermophysical properties were
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given in Table 4.4, were numerically tested inside the TES unit. Thereafter, the
discharging process was initiated, and the thermal behavior of the selected PCMs as
well as their load shifting potential were evaluated during thermal discharge, i.e.,
solidification process. It should be noted that the thermal charging process would take
about 4 hours. Then, as soon as the thermal charging process was completed, the
discharging process was initiated.

Table 4.4. Thermophysical properties of the PCMs used in the numerical study for
System-2

Thermophysical property RT38  Lauricacid RT44HC  RTA47
Density (kg/m?) 815 850 900 825
Specific heat (J/(kgK)) 2000 2300 2000 2000
Thermal conductivity (W/(mK)) 0.2 0.14 0.2 0.2
Phase change temperature (°C) 38 41 44 47
Latent heat of fusion (J/kg) 138000 155000 208000 136000

4.5.1. Temperature Variations and Latent Heat Utilization of Different PCMs in
System-2

Temperature variations of the water and PCM inside the TES tank were shown in Figure
4.36. The solid lines represent the water temperature, while the dashed lines point out
the average PCM temperatures in the tubes for each case. According to the numerical
outcomes depicted in the figure, the charging process taking from 35°C to 55°C was the
shortest in case of using water in the tubes, which can be expectable due to the rapid
temperature rises along with relatively lower thermal resistance since there was water
inside the tubes in the TES unit. On the other hand, it was noticed that the presence of
PCM inside the tubes slowed down the temperature rise of the water inside the TES
tank, and this decrement in the rate of change of temperature with respect to time was
smaller when the phase change temperature was low, such as RT38, because its phase
change process was initiated earlier, compared to other PCMs. Focusing on the PCM
temperature variations, they exhibited a rise accompanying to the water temperature
increase, meaning that they store sensible heat, and it was clearly noticed from the

figure that the increment rate was decreased once the PCM temperatures reached their
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corresponding phase change temperatures. For the PCMs except RT38, which has a
relatively lower phase change temperature, it was seen that their temperature could not
reach that of water in the TES unit until thermal discharge started. This shows that there
had still been a potential for the energy storage even if the material completed its phase
change and fulfilled all its latent heat capacity, i.e., there could be still a potential for
sensible heat storage into the PCM. Nonetheless, this could not happen due to the low

thermal conductivity and relatively higher phase change temperatures of the PCMs.
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Figure 4.36. Water and PCM temperature variations computed numerically in case of
using different PCMs in the TES unit in System-2

As soon as the charging process was completed, the heat pump operation was ceased,
and the discharging was started to meet the heating load specified as 3 kW. Hence, the
temperature of the water inside the tank started to decrease, and the PCM temperatures
accompanied this decrement in the water temperature up to a point around the phase
change temperature of the PCMs. This means that, the PCM used the sensible heat
stored, and thereafter, it started to release the thermal energy stored in latent heat form.
As seen from the figure as well as from the scale-up portion, a nearly isothermal
temperature profile was noticed on the dashed PCM temperature curves, indicating the
latent heat release. Nevertheless, the PCM temperatures were around the phase change
point when the water temperature inside the tank reached the reference temperature,
35°C, which indicates the end of the process. So, it was highly expectable that a

significant portion of latent heat stored inside the material could not be used during
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thermal discharging process. This phenomenon was examined over the liquid fraction
curves (Figure 4.37) given in the next paragraph.

Variations of computed average liquid fraction values for the investigated PCMs were
given in Figure 4.37 during the whole process, i.e., thermal charging and then
discharging, continuously. Tracing the curves presented in the figure, it can be clearly
seen that the liquid fraction values stayed at zero, which means that the material did not
start changing its phase for a while, and it stored sensible heat in solid state during this
period until its temperature reaches the phase change point. Once its temperature
reaches that point, the liquid fraction started to increase rapidly indicating that the PCM
was changing its phase from solid to liquid by storing thermal energy in latent heat
form. It is worth noting here that the liquid fraction still continued to increase when the
thermal charging period, which took nearly 4 hours, was over. The reason is that the
process was turned from charging to discharging as soon as the storage temperature
reaches Ts+=55°C, and it started to decrease from 55°C to 35°C. At this point, the PCMs
were at a lower temperature, and they sustained the energy absorption in both latent and
sensible heat form, except RT47 which stored 91% of its total latent heat capacity, until
the temperature of the PCM and the water equalized, which was due to the relatively
higher phase change temperature of the RT47. Thereafter, the PCM started to release its
sensible and latent heat to the water inside the TES tank. It is visible from the figure that
the discharging process ended before the PCMs released all the latent heat they had
previously stored. This clearly highlights that all the investigated PCMs were unable to
fully discharge their latent heat during this discharging process.

Related to the liquid fraction curves, the latent heat utilization was computed and
presented in Figure 4.38 since the key point of using PCM in a TES unit is the
exploitation of latent heat. The columns in the figure denote the amount of discharged
latent heat from the PCMs, while the line graph indicates the percentage use of the
latent heat capacity of the PCM. The computations showed that the PCMs RT38, lauric
acid, RT44 HC, and RT47 respectively released 0.52 kWh, 0.97 kwh, 1.79 kWh, and
1.34 kWh of latent heat. This corresponded to a latent heat utilization rate of 29%, 48%,
66%, and 76% for the RT38, lauric acid, RT44 HC, and RT47. Although the percentage
use value was higher for RT47, the amount of latent heat utilization was the highest for
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RT44 HC, indicating that it was the most beneficial PCM that could be used for the
purpose of latent heat utilization in this TES integrated ASHP system. Here, it should be
underlined that the phase change temperature and latent heat capacity are utmost
important parameters for exploitation of latent heat. Relatedly, it can be deduced that
using RT44 HC among the investigated PCMs could achieve the most beneficial latent
heat utilization for both charging and discharging. Furthermore, it was revealed that the
appropriate choice of TES material could further contribute to the energy flexibility of
the system as well as reduction of storage volume, which were discussed in the

following parts.

1.0 Lauric acid
= RT38
= RT44HC
08 RT47
=
B
51
E 06
=
=
3 04
0.2
0.0
! ! ! ! ! ! !
0 1 2 3 4 5 6 7 8

Time (h)

Figure 4.37. Variations of liquid fraction of each considered PCMs in the TES unit
during thermal charging and discharging in System-2
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Figure 4.38. Latent heat utilization of different PCMs in System-2 regarding numerical
simulations
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4.5.2. Evaluation of Using Different PCMs in terms of Charge/Discharge Times
and Load Shifting Potential

The time needed to charge the TES unit as well as the duration of using the stored
thermal energy are significant metrics to determine the energy storage capability and
energy flexibility potential of the TES unit integrated to the ASHP. Therefore, Figure
4.39 indicates the thermal charging and discharging times computed for different TES
materials including water. Here, it was observed that using PCM instead of water inside
the tubes located in the TES tank extended the time required to bring the water
temperature from 35°C to 55°C. This duration was 222 minutes in case of having water
inside the tubes, while it was 240, 238, 245, and 228 minutes when RT38, lauric acid,
RT44 HC, and RT47 were used, respectively. Thus, the thermal charging time was
found to be 8.0%, 7.2%, 10.4%, and 2.7% longer in case of using RT38, lauric acid,
RT44 HC, and RT47, respectively, compared to water case. The reason for longer
thermal charge duration in RT44 HC case can be attributed to its melting temperature
which ensured an initiation of melting process in around half-time of the process and to
its high latent heat that provided a larger heat absorption which led to a decrement effect
in the rate of change of water temperature in the TES tank. On the other hand, the
charging time was close to that of water when using RT47, and it was due to its
relatively higher melting point as well as its incomplete latent heat storage situation.
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Figure 4.39. Thermal charging and discharging times in case of using different thermal
energy storage materials in System-2
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Thermal discharge times given in the figure showed that using RT44 HC attained a
3.6% longer discharge time compared to the case using water as a TES material. On the
other hand, using RT47 yielded almost the same discharge time with the water case,
while using RT38 or lauric acid exhibited a 2.1% decrement in the discharge time. It
should be emphasized here that the discharge time has a particular importance since it is
related to the meeting of the heating load during a space heating process as well as it has
a strong relation with the energy flexibility of the system. Because longer discharge
times without consuming electric energy improves load shifting capability of the

system.

Load shifting was the focus point for the purpose of the layout of System-2, i.e., the air-
source heat pump system charges the TES unit during off-peak periods, and this stored
thermal energy is utilized during on-peak periods without consuming additional electric
energy to operate the compressor. In other words, the electric energy that drives the
compressor to operate the heat pump system is obtained from the grid during off-peak
periods rather than operating it during on-peak times, hence, it attains a significant
reduction of the excessive loads on the grid. Furthermore, it also benefits from the time-
of-use tariffs which consequently led to lower electricity bills for the user. In addition to
that, it also helps reducing CO2 emissions since these emissions sourced by the
electricity generation are also significantly high if the load is high in the on-peak
periods. Therefore, the more electric energy shifted from on-peak to off-peak periods,

the higher the benefits in terms of energy efficiency and energy flexibility.

The load shifting index as an energy flexibility indicator computed for the TES
integrated ASHP system (System-2) were given in Figure 4.40 in case of using water
and different PCMs as TES materials. According to the computed and presented
numerical outcomes, the load shifting index was found as the lowest for water (64.9%)
and the highest for RT44 HC (68.9%), which indicated that more than 2/3 of the grid
load can be shifted to off-peak periods even though the PCM were not able to use all its
stored latent heat. Besides, this outcome showed that 6.2% larger amount of electric
load on the grid can be shifted when RT44 HC is used inside the TES unit, compared to
using water. Basically, it was inferred that utilization of any PCM considered within the
present work have a larger potential of load shifting, compared to that of water. The two
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main reasons here were that the relatively lower energy consumption of the heat pump
compressor during thermal charging due to its repressing effect on the rapid rise of the
water temperature which causes a larger energy consumption of the compressor during
thermal charging. Secondly, the longer discharge duration in case of using PCM
remarkably contributed to the load shifting, i.e., energy flexibility. Here, it should be
significantly emphasized that the RT44HC showed a superior thermal discharging
behavior even if its latent heat had not been fully exploited. This means that, there was
still a significant amount of thermal energy trapped in the PCM, and the benefits of
using this PCM inside the investigated TES unit could have been further enhanced by
heat transfer enhancement techniques from various points of views such as energy

efficiency, effective energy use, and energy flexibility.
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Figure 4.40. Load shifting index in case of using different TES materials

Shifting the grid loads from on-peak to off-peak periods using thermal energy storage
systems can also contribute to the reduction of energy costs due to time-of-use pricing.
Related to the amount of shifted loads, consuming energy in the off-peak periods rather
than on-peak periods brought a significant cost saving, which was evaluated over the
cost saving ratio (CSR) defined previously, and the results were given in Figure 4.41.
Besides, the rate of cost saving can be different with respect to the time period of
thermal charging, namely in day-tariff (05:00-17:00) or night-tariff (22:00-05:00).
Using water as a TES material achieved a cost saving of 27.8% and 50.1% depending

on charging in day-tariff or night-tariff, respectively. Using PCM instead of water
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brought a slight enhancement in CSR. Nevertheless, this enhancement was more
profound when RT44 HC used as a TES material because of its high latent heat capacity
and medium phase change temperature that is roughly between the initial and final
storage temperatures as a median. The cost saving was around 1.8% when using lauric
acid instead of water as a TES material. However, this enhancement was more
pronounced when RT44 HC was used instead of water, which was quantitatively 6.2%.
Hence, it was found from the computations that using a PCM having similar
thermophysical properties to those of RT44 HC would be beneficial for load shifting
and cost saving actions in the TES integrated ASHP system.
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Figure 4.41. Cost saving obtained by load shifting operations for different PCMs
4.5.3. Evaluation of the Effects of Different PCMs on the Storage Volume Saving

Ensuring the previously mentioned energy efficiency and flexibility at the highest
possible level is undoubtedly crucial for TES integrated heat pump systems. Yet another
important parameter is the size of the storage tank since it is usually limited due to the
space restrictions in many practical engineering applications. Therefore, the storage
volume should be reduced as much as possible without sacrificing the thermal energy
storage density. One of the best ways to achieve this is the phase change materials due
to their high storage density per unit volume. In this subsection of the numerical study
carried out for the System-2, the rate of volume saving was computed with respect to

using water only inside the TES tank, and the results were presented in Figure 4.42. The
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volume saving ratio for the thermal energy storage was computed regarding the total
thermal energy storage capacity of the TES unit including sensible and latent heat
regarding the TES materials it contains. Thereby, the calculation results showed that a
significant volume saving can be attained using PCM inside the TES units in the
examined system, compared to using water only. Quantitatively, using RT38, lauric
acid, RT44 HC, and RT47 could achieve considerable reductions in the TES unit
volume, which reached up to 10.1%, 8.5%, 11.7%, and 3.7%, respectively. The reason
why the volume saving rate was noticeably lower in case of using RT47 was that it was
not able to benefit all the latent heat capacity it had, nor the full sensible heat capacity.
Because RT47 could not be fully charged due to its relatively high melting temperature,
which did not allow it to fully use its chargeable latent heat capacity before the ASHP
system shut down at the limit storage temperature, Ts=55°C. Hence, it could not bring
an improvement in volume reduction as large as the other PCMs were able to. On the
other hand, using RT44 HC exhibited a considerable enhancement in the volume saving
of the storage tank reaching up to 11.7%, thanks to its high latent heat capacity as well
as suitable phase change temperature, which is approximately the mean of the initial and

final water temperatures in the TES tank.
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Figure 4.42. Rate of volume saving for thermal energy storage using different PCMs

Considering its benefits in thermal energy storage capacity, extension of heating time,
enhancing energy flexibility by larger amount of load shifting, and a significant rate of
TES tank volume reduction, the PCM labeled as RT44 HC were found as the

appropriate alternative among the investigated PCMs, for the utilization in the TES unit
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in System-2, although it could not exploit all of the stored latent heat during discharging
because of the limitation brought by the low thermal conductivity of these materials.
Hence, it was inferred that a more pronounced improvement can be achieved using this
PCM when the effective thermal conductivity would be higher, which was investigated

and discussed in the upcoming section.

4.5.4. Impact of Heat Transfer Enhancement by Effective Thermal Conductivity on

Thermal Energy Storage Performance and Energy Flexibility of the System-2

Previous computations clearly showed that RT44 HC is the most suitable thermal
energy storage material to be used in the TES unit of the System-2, among the other
investigated ones, thanks to its high latent heat capacity and appropriate phase change
temperature that allows to store thermal energy by using all the latent heat capacity.
However, the material could not use all the stored latent heat due to its low thermal
conductivity, which is a common problem for PCMs. Enhancing its effective thermal
conductivity can further highlight its benefits. Hence, a set of numerical simulations
were carried out and discussed in this subsection by gradually increasing the effective
thermal conductivity of the PCM from ke#=0.2 W/mK to 1.2 W/mK by 0.2 W/mK steps.
Following performance metrics were investigated according to the numerically tested

effective thermal conductivity values:

e Temperature and liquid fraction variations
e Latent heat utilization
e Thermal charging and discharging times

¢ Load shifting index and corresponding operational cost reductions

Starting with the temperature and liquid fraction variations given in Figure 4.43, it was
seen that, by the gradual increment of the effective thermal conductivity, the
temperature curves of the PCM reached the temperature of the water inside the TES
tank during thermal charging process, and their temperatures eventually reached
Ts=55°C when the effective thermal conductivity was kef=0.4 W/mK or above, while
the temperature of the PCM having an effective thermal conductivity of ke=0.2 W/mK
could not reach the specified storage temperature by accompanying water temperature

since the thermal discharging process started and the temperatures of the water and the
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PCM started to decrease again. Apart from that, it was noticed that increasing the
effective thermal conductivity led to a larger delay in the completion of the thermal
charging process, and the slope of the temperature curves decreased during the time
interval where the PCM stored a significant amount of thermal energy in latent form.
After a time-shift of about 25 minutes compared to the original material with kef=0.2
W/mK, the discharging process was started for the PCMs with ket >0.4 W/mK. The
temperature curves of the water and the PCM followed a similar trend up to the phase
change temperature, and thereafter, the average PCM temperatures started to exhibit a
nearly isothermal or a slowly decreasing profile, while the steepness of the water
temperature curves reduced due to large thermal energy release from the PCM, which
slowed down the reduction in water temperature inside the TES unit, which was a
similar situation observed in the experimental works. The system stopped working when
the water temperature reached 35°C, and it was seen from the figure that the PCM
temperatures did not reach that temperature, indicating that they may still have useful
thermal energy for the application, in sensible or latent form, which were evaluated by

the liquid fraction curves.

The liquid fraction curves given in Figure 4.43b clearly pointed out that all the PCMs
with various effective thermal conductivities managed to store all the latent heat
regarding the capacity of material, which can be interpreted by the liquid fraction curves
reaching f=1. Furthermore, it was also clear from the figure that the PCMs stored an
amount of sensible heat before they started melting as well as after they completed the
melting process. Considering that the thermal charging process took around 4.0 to 4.5
hours depending on the effective thermal conductivity, the PCMs with a ket >0.4 W/mK
fully stored the latent heat, and they additionally stored sensible heat before thermal
charging was completed. On the other hand, PCM with ke =0.2 W/mK stored an
amount of latent heat approximately 85% of its latent heat capacity. Yet, the PCM
continued to receive thermal energy from the water inside the TES tank that has a large
thermal mass and larger temperature even if the discharging started. Thereby, the PCM
with ket =0.2 W/mK was also able to store all its latent heat capacity. Nonetheless, there
were two major drawbacks such as i) it could not store any sensible heat as the charging
process completed, and ii) there had been a delay by the utilization of latent heat during
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discharging, which led this PCM to have a large amount of latent heat (33.7%) in its
medium when the discharging process ended.
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Figure 4.43. Effect of effective thermal conductivity on temperature and liquid fraction
variations in System-2

For a more specific focus on the latent heat utilization during thermal discharging,
Figure 4.44 illustrates the amount and percentage of latent heat use of PCMs with
different ket during thermal discharging. Obviously, the gradual increase in the Keft
attained a larger amount of latent heat use. Especially the PCM with ket =0.4 W/mK
exhibited a superior behavior in terms of latent heat utilization, compared to that with
ket =0.2 W/mK. However, this impact became less pronounced by the further increment
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of the effective thermal conductivity. The numerical outcomes showed that 1.79 kWh of
latent heat was discharged by the PCM with ket =0.2 W/mK, while it became 2.14 kWh
by one step improvement of effective thermal conductivity, i.e., to ket =0.4 W/mK. This
means that an improvement of 19.7% was achieved with this step. On the other hand,
increasing Kefr from keft =1.0 W/mK to 1.2 W/mK brought only 5.3% of improvement in
the latent heat use. Hence, it can be inferred that the major enhancement was ensured by
increasing the effective thermal conductivity of RT44 HC from ket =0.2 W/mK to 0.4
W/mK. Besides, all the latent heat capacity was benefitted when the effective thermal
conductivity was taken as ket =1.2 W/mK. As the augmentation beyond this value
would result in sensible heat utilization of PCM, rather than relatively larger latent heat

capacity, higher values of the effective thermal conductivity were not considered.
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Figure 4.44. Latent heat utilization at different effective thermal conductivities during
thermal discharging

The charging and discharging times were given in Figure 4.45 to evaluate the influence
of heat transfer enhancements on temporal performance of the processes. As interpreted
over the temperature curves, augmentation of ke led to an extension in both charging
and discharging times. At the first sight, prolonged thermal charging times can be taken
as a drawback; however, considering the TES applications for energy flexibility,
especially in such a system, there could be a relatively larger off-peak time to store
thermal energy. At this point, the discharging times would be more critical because they
directly affect the heating time as well as shifted load. Hence, the charging time

increased from 245 to 270 minutes when ket was augmented from kess =0.2 W/mK to 0.4
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or larger, meaning that the charging time was not further extended by the increment of
kett. The main reason for this occurrence was found as the lack of sensible heat storage
after melting process as seen from the temperature curves. With higher ket values, the
material was able to store larger sensible heat, which repressed the rise of water
temperature and prolonged the charging time. As a more critical point, the discharging
times were significantly improved by the increment of kesr. While it was 200 minutes for
ket =0.2 W/mK, the discharging times were significantly extended in a range of 232 to
247 minutes, for ket =0.4 W/mK and 1.2 W/mK. This clearly revealed the importance of
heat transfer enhancement applications for PCMs. It is noteworthy here that the
improvement is 32 minutes when ket was incremented from ket =0.2 W/mK to 0.4
W/mK, while the further improvement was 15 minutes when it was incremented from
ket =0.4 W/mK to 1.2 W/mK. Hence, an effective thermal conductivity of ke =0.4
W/mK attained the major improvement in the discharging times.
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Figure 4.45. Impact of effective thermal conductivity on the charging and discharging
times of the TES unit

As the energy flexibility indicator for the System-2, load shifting index (LSI) was
defined and discussed previously. In this part, the effect of heat transfer enhancement on
the LSI was presented in Figure 4.46a to evaluate the relation between the effective
thermal conductivity of the PCM and energy flexibility of the system. In previous
discussions, it was found that RT44 HC was successful for shifting 68.9% of the grid
load from on-peak to off-peak periods, even though it had not used all its latent heat
capacity. Hence, increasing effective thermal conductivity that can be ensured by
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various heat transfer enhancement techniques, the load shifting rate of the system was
remarkably improved. Related to the augmentation in latent heat utilization, the load
shifting index considerably increased from 68.9% to 78.4% when the ket was increased
from ket =0.2 W/mK to 0.4 W/mK. Obviously, further increment in ke helped
improving LSI, nonetheless, the rate of this enhancement was not as large. Increasing Kes
from ke#=0.2 W/mK to 0.4 W/mK provided an improvement of 13.8% in the load
shifting index, while further augmentation from ket =0.4 W/mK to 1.2 W/mK brought
only 5% of an improvement in LSI, although the ket was increased 200%. To sum up,
utilization of PCM with a proper and adequate heat transfer enhancement technique, or
utilization of a suitable PCM with relatively high thermal conductivity can markedly
contribute to the load shifting applications to improve energy flexibility of the TES
integrated ASHP system and provide an efficient heating with lower grid load and lower

carbon emissions.

Shifting the grid loads from on-peak to off-peak periods not only contribute to the
energy flexibility of the system, but also it can relatedly reduce the electricity bills due
to the time-of-use tariffs. Figure 4.46b indicates the cost saving rates (CSR) in two
cases, namely when the TES unit was charged during daytime and during night-time,
disregarding the heat loss from the TES tank. Using PCM (RT44 HC) with ket =0.2
W/mK brought a cost saving of 29.5% and 53.2% in case of thermal charging in the
day-tariff and night-tariff, respectively, compared to the case where no load shifting was
considered. Similar to the load shifting improvements, the increase of effective thermal
conductivity from ke =0.2 W/mK to 0.4 W/mK achieved a cost saving of 33.6% and
60.5% with respect to charging in day-tariff and night-tariff, respectively, compared to
the case with no load shifting implementations. This means that roughly an additional
14% cost saving can be attained with a slight heat transfer enhancement that can
improve kert to ket =0.4 W/mK. Further increments also acquired additional savings,
however, these were considerably slight in comparison. All in all, it was deduced here
that achieving the thermal conductivity of PCMs to two-folds of the original value using
a heat transfer enhancement technique, such as using fins in the application, can attain a
significant cost saving. Hence, the additional implementation for the heat transfer
enhancement should be carefully taken into account in order to avoid extra costs for any

unnecessary improvements that would bring slighter contributions.
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5. CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

Emphasizing the importance of thermal energy storage for effective space heating
applications by heat pumps as well as enhancing their energy flexibility, this thesis work
focused on elaboration of two different heat pump systems that are coupled with a
thermal energy storage unit. As thermal energy storage units can be coupled with heat
pumps via assembling the TES unit to the evaporator or condenser depending on
utilization strategy and energy flexibility considerations, the present thesis work aimed
at investigating both types of the system in terms of thermal behavior of the TES unit
during charging and discharging, its interaction with the heat pump system, and the
impacts on the system performance and energy flexibility indicators.

Prior to the study for the TES integrated HP systems, the tubes to be used as the
modular PCM containers were selected from two alternatives available in the market,
which were namely standard straight-wall tubes and corrugated-wall tubes. The effect of
tube surface geometry on the melting and solidification of PCM was investigated by a
set of CFD analyses. Thereafter, the experimental works were carried out for both

systems.

The first system that was labeled as System-1 within this work consisted of a water
source heat pump where the TES unit was integrated to its evaporator in order to
constitute a high-temperature heat source for the heat pump. Solar-assisted heat pump
systems were taken into scope within this part of the study; however, an electric heater
was used during the experiments to thermally charge the TES unit in this system, by
measuring the supplied electrical energy, which ensured a more standardized test
procedure, while the solar radiation effects were later investigated by a numerical model
established for the system. Rubitherm RT26 was used as phase change material inside
the PCM modules considering the three thermal storage temperatures (Ts=35°C, 45°C,
and 55°C) and the reference temperature (Tre=20°C) considered in the system. In order
to evaluate the thermal behavior of the System-1 at different heating loads, four
different volume flow rates were considered allowing different heating loads. Regarding
the experimental data obtained from the tests, a numerical model was established to
elaborate the thermal performance of the system in a more comprehensive way

including the effects of utilization of different PCMs and their effective thermal
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conductivities on the thermal charging and discharging behavior of the TES unit and

system performance.

In the second step, the same TES unit was integrated to the condenser of the heat pump
system, and it was thermally charged by the air-source heat pump. Thereby, utilization
of stored thermal energy was considered to be used for heating purposes during on-peak
periods to attain an enhanced load shifting. The reference temperature for the water
located inside the tank was taken as 35°C considering an appropriate temperature for
underfloor heating systems, and the TES unit was charged until the water temperature
reached Ts=55°C. Similar to the procedure regarded in System-1, the tests were
conducted for the cases where water was filled inside the tubes as well as for the cases
having PCM inside the tubes, separately. Lauric acid was utilized as a PCM in the
aforementioned TES integrated ASHP system. Thermal behavior of the system during
charging and discharging processes was investigated. Thereafter, a mathematical model
was established using the experimental data specifying the heat pump performance.

5.1. Conclusions

The major conclusions drawn from the CFD studies within the present thesis work can

be listed as follows:

¢ In both considered orientations of the HTF fluid flow, namely the crossflow and axial
flow, the heat flux values were found to be notably higher for standard straight wall
tubes, compared to corrugated wall tubes, reaching up to 1.5 times at some specific
time intervals. However, thanks to the large surface area of the corrugated tubes, the
total heat transfer rate was noticeably higher, reaching up to 2 times at specific short
time intervals and approximately 5% to 20% during the entire process, which
consequently led to a higher phase change rate at the initial steps that continued until
the end of the process.

e In crossflow orientation, both melting and solidification rates obtained for the
corrugated tube were higher compared to straight wall tubes. Although the total time
taken for the processes were almost the same, the liquid fraction curves of the
corrugated tube walls had a larger curvature. Hence, at a given time between the start
and the end of the phase change process, the melted or solidified portion of the PCM
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was larger in corrugated tubes, which quantitatively reach up to 9.0% and 5.7% in
melting and solidification, respectively.

¢ In bottom-heating orientation, on the other hand, a more remarkable difference was
obtained in the liquid fraction values due to the previously mentioned reason about
the high heat transfer rate by the large surface area of the corrugated tubes. The
melting process took 18 to 20 minutes for the PCM in the standard straight wall
tubes, depending on the inlet mass flow rate, while it took 12 to 14 minutes for the
PCM in the corrugated wall tube. This indicated that the melting time in the standard
tubes was about 50% longer, compared to corrugated walls. Relatedly, a significant
difference was noticed during the whole melting process, which means that using
corrugated tubes could be advantageous even if incomplete melting situations.
Besides, the variation of melting rate with respect to inlet mass flow rate was
profound in corrugated tubes, while there was negligible difference for the PCM in
the standard tube. The solidification rates in this flow configuration were also higher
for the corrugated wall tubes although the process ended at the same time for the two
examined tube types.

Considering the experimental and numerical works carried out for the System-1, which
denotes a solar-assisted heat pump system with a TES unit integrated to the heat pump

evaporator, the major findings related to this system can be presented as follows:

e According to the temperature measurements, it was observed that the temperature
variations of the water with respect to the location inside the tank were negligible.
Hence, the water inside the TES tank could be suitable for lumped system approach.
Although thermal stratification is usually desired in solar tanks to improve efficiency,
uniform temperature distribution resulted in a more uniform melting and
solidification of the PCM, in axial direction, which increased the phase change
effectiveness. Relatedly, the measured PCM temperatures from the tubes also did not
exhibit a significant difference in axial direction.

e At the storage temperatures of Ts=35°C and 45°C, addition of PCM attained a
significant elongation in the total heating, i.e., discharging, times, compared to no-
PCM cases. Especially at the low storage temperature (Ts=35°C), the heat pump

could provide a longer heating period reaching up to 30.6%, compared to using only
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water as TES material. When the storage temperature was increased to Ts=45°C,
PCM utilization was still advantageous although the rate of heating time
improvement was diminished, such as 2.8% to 13.7%, compared to using water only.
Strikingly, at Ts=55°C, utilization of PCM showed an adverse effect on the
discharging times. The reason was that the water utilized as TES material inside the
tubes stored a larger sensible heat compared to the sensible and latent heat storage of
the RT26 as the specific heat capacity of the water is 109% higher compared to that
of RT26.

Utilization of PCM noticeably decreased the COTR value, which denotes the share of
compressor operation time during a whole operational process of the HP. By using
PCM, the COTR remarkably decreased from 95.3% to 79.6% at Ts+=35°C and
V=1200 L/h, i.e., the highest heating load about 3.8 kW, while this reduction was less
profound at higher storage temperatures due to the diminishing share of latent heat in
the total energy use. Similarly, when PCM was considered as a TES material, the
COP values of the System-1 were found to be lower at low heating loads, while they
were noticeably higher at high heating loads, which is due to the portion of latent
heat utilization regarding the total energy use.

Outcomes of the numerical study on the mathematical model established for System-
1, it was found that using RT28 HC instead of RT26 can be remarkably more
advantageous due to its larger latent heat value as well as higher phase change
temperature. Since incomplete solidification occurred in this system, increasing the
difference between the solidification point of the PCM and the reference temperature
where the system stops operation would positively affect the latent heat utilization.
Furthermore, compared to RT26 which is a PCM used in the experiments, utilization
of RT28 HC attained 67% more thermal energy release. However, when a flat plate
solar collector utilized in the system regarding the dynamic behavior of the weather
conditions, it became challenging to thermally charge the TES unit up to high
temperatures as in water-only case, because PCM absorbed significant amount of
latent heat which restricted the increase of the water temperature inside the TES tank.
Therefore, the discharging time was found to be slightly lower when RT28 HC
utilized. Yet, it released about 3.0 kWh of latent heat, while RT26 used nearly 1.6
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kWh on most of the considered days, which proved that RT28 HC had a remarkable
potential when the heat transfer through the material could be enhanced.

e It should be underlined that PCMs, especially RT28 HC having a high latent heat and
suitable phase change point, had a larger potential in colder weathers to contribute to
the TES unit since the corresponding thermal energy storage of the water was
relatively low in cold weathers. Hence, latent heat utilization could be profound. To
achieve this, heat transfer enhancement techniques are strongly recommended.
Quantitative outcomes showed that RT28 HC stored almost twice as much thermal
energy compared to other TES materials; however, it was able to use only 38% to
81% of its latent heat, depending on considered month.

e Evaluation of the energy flexibility potential of the System-1 by the metric of peak
clipping index (PCI), it was concluded that using water was more prominent using
water, compared to using PCM in almost all cases, due to the fact that incomplete
latent heat release from the PCMs significantly restrict the peak clipping potential of
the system. On the other hand, consideration of a PCM with relatively high
solidification temperature, such as RT31 in this case, the PCI yielded slightly higher
compared to water.

e Regarding a holistic analysis of the obtained results, it was concluded that RT28 HC
was the most suitable PCM for System-1, among the examined ones. However, the
requirement of heat transfer enhancement applications for PCMs was evidently
deduced from the obtained results, in order to prevent incomplete phase change that
restricting heat absorption or release. According to the numerical results, the
effective thermal conductivity of the RT28 HC should be at least ker=0.8 W/mK in
order to allow the PCM to use 100% of its latent heat effectively. However, it was
found that further increment of effective thermal conductivity did not bring any

further enhancement within this scope.

In case of integrating the TES unit to the condenser of the ASHP (System-2), the system
was focused on storing the thermal energy during off-peak periods and use it during on-
peak periods in order to achieve load shifting. According to the obtained experimental
and numerical results for the system, following conclusions and recommendations can

be drawn from the thesis work:
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e Experimental results showed that the utilized PCM, lauric acid, could completely
melt and store latent heat during thermal charging period by the heat pump.
However, incomplete solidification was observed during discharging period even
though the heating load, i.e., the heat rejection rate from the TES unit, was
considered at a low level, such as 3.1 kW. Hence, it was observed in all cases of
different heating loads, the discharging time of the TES unit was longer when water
was used, instead of lauric acid, at a ratio of ranging from 1.6% to 16.1%.

e The load shifting index (LSI) obtained from the test results indicated that utilization
of this system can respectively shift the 67.0%, 48.3%, 38.4% and 17.4% of the peak
loads to the off-peak periods when the heating loads were Q;,44=3.1 kW, 4.4 KW, 5.4
kW, and 12 kW, using only water as a TES material. Inclusion of PCM (lauric acid)
was found to further improve LSI by 3.2%, 3.9%, 8.2%, and 10.1%, respectively, for
the aforementioned heating loads.

¢ In order to shift the loads to the off-peak periods, the TES unit can be charged either
in day-tariff or in night-tariff, which affects the cost saving ratio (CSR). The CSR in
the electricity bills reached up to 8.2% to 29.6% in day-tariff charging and up to
14.8% to 53.3% in night-tariff charging in case of using PCM, depending on the
considered heating load. Hence, it was concluded that a significant cost-saving can
be attained by the TES integrated ASHP system, in consideration of time-of-use
electricity pricing.

e Apart from lauric acid, different commercial PCMs were considered for the TES unit
of the system using the established numerical model. RT44 HC was found to be the
most suitable among the numerically investigated PCMs, and it achieved 3.6%
longer discharge time compared to water at a discharge rate of 3.1 kW, while
increasing the LSI from 64.9% to 68.9%, even though it could not release all the
latent heat it stored due to its low thermal conductivity. Besides, it was computed that
using RT44 HC can acquire a volume saving of TES tank reaching up to 11.7%.

e Numerical results showed that increasing thermal conductivity of RT44 HC from
kett=0.2 W/mK to 0.4 W/mK provided a remarkable enhancement (19.7%) in the
latent heat utilization. Thereby, 79% of the stored latent heat could have been
discharged, while it was 66% when ke=0.2 W/mK. Also, the LSI increased from
68.9% to 78.4%, which significantly contributed to the energy flexibility of the
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system. Increasing kest further enhanced the latent heat utilization, however, the rate
of augmentation diminished. At ker=1.2 W/mK, 100% of the stored latent heat could

have been used. In this case, the LSI increased up to 82.3%.

5.2. Recommendations

Regarding the deductions made from the CFD studies, it was revealed that using
corrugated tubes can be significantly beneficial for accelerating the melting and
solidification rates for a given period, compared to standard tubes with straight wall.
Nevertheless, their corrugated structure may restrict the fluid flow around the outer
surface of the tubes. Hence, utilization of corrugated structure only at the inner side of
the tubes can be recommended. Alternatively, a straight wall tube can be used together
with fins attached to the inner surface of the tube would be considerable beneficial for

the heat transfer enhancement both at the outer and inner side of the PCM containers.

Experimental results obtained for System-1 led to the recommendation of using PCM
for the cases where relatively lower storage temperatures reached by the water inside
the TES tank. In other words, using PCM is not recommended when a significant
amount of sensible heat of PCM is used during thermal charging and discharging,
because the sensible heat capacity of PCMs is considerably low, compared to that of
water. Hence, in such cases, using only water can be suggested. According to the
numerical computations carried out for different weather conditions, using PCM in the
TES unit in the months with relatively lower solar radiation is rather recommended.
Nevertheless, in order to fully benefit the latent heat storage and release of PCMs, using
heat transfer enhancement techniques to boost up the effective thermal conductivity of
the PCM is strongly recommended. When such techniques are unavailable or when the
solar radiation is high enough to thermally charge up the water inside the TES unit up to
certain temperatures, using water-only TES units would be a better option from various

point of views.

The deductions made from the results obtained for System-2 indicated that utilization of
PCM in the TES tank integrated to ASHP has a remarkable potential for increasing
heating time and enhancing load shifting ratio attaining a more flexible system.

Nonetheless, implementation of heat transfer enhancement techniques such as fin
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attachment or nanoparticle addition is inevitable in order to acquire a significant benefit
from the PCM. Otherwise, using water-only systems can be a more effective and
reasonable option if there is a risk of incomplete phase change or low latent heat

capacity of PCMs.

To conclude, both systems have advantages brought by integration of TES unit.
Comparing two systems to each other, it can be concluded that the System-1 can be an
efficient option for locations having high solar radiation and relatively longer sunshine
times. On the other hand, System-2 can be a good option for locations where the solar
radiation is weak, installation place is limited, and the load shifting activities are crucial
due to time-of-use electricity tariffs as well as high grid loads. In both systems,
utilization of PCM has a remarkable potential to further improve the thermal energy
storage capacity per unit volume. Nevertheless, in case of incomplete melting or
solidification, utilization of water can outperform the use of PCM. Moreover, when the
temperature difference for thermal charging or discharging, i.e., the temperature
difference between the lowest and the highest (initial & final) temperatures in the TES
unit, is high, the PCM utilization can also bring a challenging situation due to its
significantly low specific heat compared to water. Hence, PCM should be considered in
applications where the temperature difference between the lowest and highest one.
Besides, the heat transfer enhancement techniques should be inevitably applied to the
PCM in order to outperform water. When the latent heat storage and release of the PCM
can be appropriately assured, it can have a remarkable advantage for thermal energy

storage applications coupled with heat pumps.
5.3. Future Work

The obtained results from the three major parts of this thesis work, namely the CFD
studies, experimental tests, and numerical computations carried out for both TES
integrated heat pump systems, led to several future work ideas, which can result in
further improvements in the field. The future work ideas related to the present thesis

work can be listed as follows:

e Investigation of the most effective PCM tube geometries to be used in similar TES
units can be considered for a higher melting and solidification rates, which may
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consequently prevent incomplete thermal charging and discharging. At this point, a
tube geometry with straight outer walls and corrugated inner walls is worth
investigating to augment the heat transfer area at the PCM side without causing any
blockage effect for the flow of the heat transfer fluid at the outer side.

As the mathematical models established within the present thesis work are verified
with respect to the experimentally obtained data, different climatic conditions and
different PCM usage can be considered for the operation of System-1. Furthermore,
the operational algorithms can be also enhanced for both System-1 and System-2 to
improve the energy flexibility. Besides, different heat pump performance data can be
also implemented to the numerical model to examine the systems for different heat
pump cycles or operational characteristics.

Consideration of the two systems in combination, namely with dual TES units at the
evaporator and condenser side, can remarkably enhance energy flexibility potential
in terms of both peak clipping and efficient load shifting. In this case, the combined
system can be operated with a more advanced algorithm that allows a higher
efficiency and higher flexibility for the thermal energy storage integrated heat pump
system.

Utilization of PCM in the thermal energy storage unit integrated heat pump systems
similar to those in the present thesis work can lead to various cost depending on the
design of the system as well as the PCM types. Furthermore, the duration of stable
operation of the PCMs throughout the whole thermal charging and discharging
cycles can differ. Therefore, consideration of a cost analysis, or more
comprehensively, a life cycle cost analysis can be regarded as an important future

work.
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