UNIVERSITY OF OKLAHOMA
GRADUATE COLLEGE

ENERGY PERFORMANCE STUDY OF
HEATING, COOLING, AND HOT WATER
SYSTEM INTEGRATED WITH THE LATENT HEAT THERMAL ENERGY

STORAGE IN DIFFERENT U.S. CLIMATE ZONES

A THESIS
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
Degree of
MASTER OF SCIENCE

By
EMMNAUEL HAKIZIMANA

Norman, Oklahoma
2020



ENERGY PERFORMANCE STUDY OF
HEATING, COOLING, AND HOT WATER
SYSTEM INTEGRATED WITH THE LATENT HEAT THERMAL ENERGY

STORAGE IN DIFFERENT U.S. CLIMATE ZONES

A THESIS APPROVED FOR THE
SCHOOL OF AEROSPACE AND MECHANICAL ENGINEERING

BY THE COMMITTEE CONSISTING OF

Dr. Li Song, Chair
Dr. Hamidreza Shabgard, co-Chair

Dr. Jie Cai, 314 committee member



© Copyright by EMMANUEL HAKIZIMANA 2020
All Rights Reserved.



Acknowledgment

Acknowledgment

Foremost, praised be the LORD God Almighty for His love, mercy, care, and
protection to my committee members and me through the COVID-19 pandemic
and all the time. A great and wonderful God continues to sustain me every day.
Glory to Him (God), who lives forever.

I would like to express my sincere gratitude to my master’s thesis advisors,
Dr. Li Song, and Dr. Hamidreza Shabgard. Prof. Song accepted me into her lab and
trained and encouraged me to be a better technical writer, a researcher, and a
better academic version of me. Her guidance, endless patience, and infinite
support have intellectually shaped me, supported my growth, and inspired me to
complete this work. My sincere gratitude to Dr. Hamidreza Shabgard, co-advisor,
for his patience and guidance. Without both Prof. Song and Dr. Shabgard, this
thesis work would not have come to completion. Special thanks to Dr. Jie Cai for
accepting to be on my committee member. I look up to him for his gentleness and
caring. I am deeply motivated to take up his example.

I would like to express my special thanks to Prof. Mistree for his friendship.
Words cannot express how grateful I am. His impact and selfless support would be
my legacy forever.

For two years, many people have been helpful to color my life both
academically and socially. I would like to thank my colleague at the graduate
student community. They have believed in me and nominated me to be the co-chair

for one and a half years. Not only have I gained leadership experience, but also I

(iv)



Acknowledgment

got an opportunity to develop networking. Further, I would like to acknowledge
fellow students from building energy efficiency laboratory. Their support was
essential to me.

Lastly, I express my sincere appreciation to my family for their love and
support throughout, especially my brother Alphonse Mugenzi. Special thanks to
my girlfriend and my best friend Jennymae Joseph, who encourages me always to
give my best. Special thanks to my church family at Norman seventh day Adventist.

Glory be to God who brought you into my life.

v)



Table of Contents

Table of Contents
Acknowledgment ........coccoviiiiieiiieeccceeeeee e e iv
Table Of CONTENLS....ccceiverririerereeeeeeteete ettt vi
LiSt Of Tables ..c..eeeiiiiiiieeieeeeeteceeseeeeeeeeeee et viii
LiSt Of FIZUIES ..uvveieiiiiieeecctee ettt ectee e e ee e e e e e ata e e e e araeeeeeans viii
Definition of the Terms ........ccccceeveeverrerrerrerrerreeerer e xi
ABSTRACT ...ttt et ettt s stessteste st e st e s be st e s s esaeesseesseenne Xiii
1.  THE BACKGROUND OF THE PROJECT ......ccccceiiiiiiiiiiiiiiereeeeeeeeeenen, 1
1.1.  The System LayOut......ccccceeeveeeiereeeieeeeiieeecieeeceeeeeveeeecareeeaeeeans 1
1.2.  The Components of the LTHES System ........ccccccceeevieeeiveeecnneennns 3
1.3, Research ODbjJectives .......cccoevueeeiiriieeiienienieeeeee e 8
1.4.  Thesis Overview/Organization ..........cccccceeeeeeeeeveeeeeseeescveeesveennns 9
2. LITERATURE REVIEWS ...ttt eeeceeeeeeee e e e e 11
2.1, State OF ATt coveeiiieiieeeieeeeecteee et a e e s ae e 12
2.2, Identifying the Gaps.....ccccccceeeeieeecieeeeiieeecie et eeeeeevae e 21

3. LHTES SYSTEM MATHEMATICAL MODELING AND EQUIPMENT
SIZING 23

3.1.  Mathematical Heat Transfer and Exergy Modeling................... 23
3.2.  Candidate Cities Selection and Equipment Sizing ..................... 31
3.3. Equipment Base SiZe.......cccccceeeeiuireiieiiiieeeeecireeeeecreeeeeseeee e e 38

4.  LHTES SYSTEM HEAT TRANSFER AND ENERGY PERFORMANCE
ANALYSIS 40

(vi)



Table of Contents

4.1.  Heat Transfer and Exergy Analysis .......ccccccveerviienevieeccneenennenn. 40
4.2.  Auxiliary Energy Demand.........ccccceceeeeviiieiieciiieececiiieeeeccineee e 44
4.3.  Energy Cost ANalysiS......cccccceeeevureerireencieeenieeeecieeeeneeeeceneeseneeens 60
4.4.  Energy Performance Evaluation........c.ccccceeeeeeeiiieneieeencneeennnn. 63
5. CLOSING REMARKS ... 70
REFERENCES...... s 74
APPENDIX ...coiititiiiiiiiiiiiieieieieteeeteteteeetseeteeeeetetetetstemststmtstmmsmmtsmstsmsmsmssmmsmee 85

(vii)



List of Tables
List of Tables

Table 3.1. Description of the thermal elements appearing in Figure 4.2 (a)

(€Ta [o) 07 0Ta 15 o) o o N 15 1 ) TSR SUPR 26
Table 3.2. Annual total building energy demand, total annual GHI, solar collector
area, and thermal energy StOrage SIiZe..........cueeieeeuiieeieeiiieeeeecreeeeceree e eeerre e e 38
Table 4.1 Utility rate for the candidate Cities .........ccceevueerrvieiriiiiriiiieniceeeeceee, 61
Table 4.2 The annual energy Cost SAVINGS .....cccceerrveirrriieiniierniieenrieeeseeeesseeeesanes 62
List of Figures

Figure 1.1. The view of the combined solar heating, cooling, and hot water with
latent thermal energy storage (adopted from [1]).....ccccecceeeviiniiiiiinniiniriiiiieneene 2
Figure 1.2. A schematic of an evacuated tube solar collector (adopted from [2]). 4
Figure 1.3. Schematic of the LHTES system showing the condenser section of the
input heat pipe, output heat pipes, and related heat exchangers (adopted from

L) ettt ettt et et seae e et e s ne e e bt e e b e e s abeeeneens 6
Figure 1.4. Hot water preparation loop in latent heat thermal energy storage
AL 1 PR 8

Figure 2.1. The U.S electricity nameplate capacity and generation. (The
distributions of various categories of energy under renewable generations in the
U.S) (adopted from [11]). coocceeeeeiiiieiieieiieeerieeerieeeesre et e eseeeesereesseaeessneessnnaeas 11
Figure 3.1. (a) A cross-sectional view of the LHTES system (along the line A-A in
Figure 1.3 embedded with the condenser sections of the output heat pipe and
evaporator sections of the heat pipe, (b) unit cell including one full input heat
pipe and an equivalent full output heat pipe, and (c¢) 1D cell equivalent to the unit
cell shown in the middle (adopted from [1])..cccccceeeviiiriiiieiiiieieieeceieeeeeeeeeeene 24
Figure 3.2. (a) Thermal resistance network for heat transfer analysis of the
LHTES system and related heat exchangers, (b) definition of the element
temperatures and interfacial temperatures between neighboring elements, (c)
illustration of the temperature variations across elements (adopted from [1])..25
Figure 3.3. Showing ASHRAE Climate Zones and marking selected cities
(adopted from [60]). coccveieeiieieieieieeecre et eere e ere e e eree e s sree e s saee e s e sbaeesraeesaaaeenns 34
Figure 4.1. Time variation of the melt volume fraction and the temperature at
which thermal energy is delivered to the load. (a) Jan 1st, (b)April 1st (c) July 1st
ANd () OCLODET 15t .ieeeiiiiiiiiieeee et eeeeerarer e e e e e e eeeesarsaseeeeeeeeeessnsssnsseeeas 43

(viii)



List of Figures

Figure 4.2. End of month exergy efficiency of the latent heat thermal energy
storage system in Los ANgeles, CA......coccuieeciieeeiieeeiieeeereeeecreeeeeeeeseaeeessaeesenneens 44
Figure 4.3. Miami - Daily energy demand for residential heating, cooling, and hot
water during the typical meteorological year with and without a solar collector. 46
Figure 4.4. Miami - Monthly energy demand for residential heating, cooling, and
hot water during the typical meteorological year with and without a solar
COLLECLOT. ..ttt ettt ettt e se e st e s e se e se e neas 47
Figure 4.5. Duluth - Daily energy demand for residential heating, cooling, and hot
water during the typical meteorological year with and without a solar collector. 49
Figure 4.6. Duluth - Monthly energy demand for residential heating, cooling, and
hot water during the typical meteorological year with and without a solar
COLLECLOT. ..ttt ettt sttt s e st e st e st e st e st e se e neeas 50
Figure 4.7. Oklahoma City - Daily energy demand for residential heating, cooling,
and hot water during the typical meteorological year with and without a solar
COLLECLOT. ..ttt ettt ettt e s et e st e st e st e st e seesneeas 51
Figure 4.8. Oklahoma City - Monthly energy demand for residential heating,
cooling, and hot water during the typical meteorological year with and without a
SOLAT COLLECTOT. ..eveiureerieiieieeteet ettt ettt sttt saeesa e sse e s e ne e neeas 52
Figure 4.9. Albuquerque - Daily energy demand for residential heating, cooling,
and hot water during the typical meteorological year with and without a solar

(0] 1 (ST (o) PRSPPI 53
Figure 4.10. Albuquerque - Daily energy demand for residential heating, cooling,
and hot water during the typical meteorological year with and without a solar

(0] 1 (ST (o) USRS PPP ORI 54
Figure 4.11. Los Angeles - Daily energy demand for residential heating, cooling,
and hot water during the typical meteorological year with and without a solar

(0] 1 (ST (o) TP URRR PP RRRPPPPRRI 55
Figure 4.12. Los Angeles - Monthly energy demand for residential heating,
cooling, and hot water during the typical meteorological year with and without a
SOLAT COLLECTOT. ..ttt ettt ettt et et e et esae e sneeeas 56
Figure 4.13. Reno - Daily energy demand for residential heating, cooling, and hot
water during the typical meteorological year with and without a solar collector. 57
Figure 4.14. Reno - Monthly energy demand for residential heating, cooling, and
hot water during the typical meteorological year with and without a solar
COLLECTOT. ..ttt ettt ettt et e st e st e s bt e s b e e st e et e s sntessneessaenas 58

(ix)



List of Figures

Figure 4.15. Portland - Daily energy demand for residential heating, cooling, and
hot water during the typical meteorological year with and without a solar
COLLECTOT. ..ueeieiiieiteeie ettt e et e bt et e et essae e s beesbeesabeesabessssessseessaenns 59
Figure 4.16. Portland - Monthly energy demand for residential heating, cooling,
and hot water during the typical meteorological year with and without a solar

COLLECTOT. ..ueeieiieeieeeiee ettt ettt ettt e et e et e s sae e s be e s beesabeesatessssessseessaenns 60
Figure 4.17. Energy savings per collector size versus energy saving per PCM

ITIASS. teeeeeererierunnrreeeeesesseeessssrsateeeessesessssrstteeeessesesssssrrtateesssssessnmrrateeeesessssssnsrssssaeees 65
Figure 4.18. Daily total building energy and the absorbed solar energy (1) Duluth,
(2) Oklahoma City, and (3) LoS ANZELES.......cceeevereeiieeerieeeiieeecteeeeeeeeeeeeeeeeneeenns 67

(x)



Definition of the Terms

Definition of the Terms

Q energy (kWh)
load heating, cooling, and hot water loads (kWh)
Acoltector collector surface area (m?2)
cop coefficient of performance
GHI global horizontal index
HP heat pipe
HVAC heating, cooling, and air conditioning
LHTES latent heat thermal energy storage
HX heat exchanger
ODE ordinary differential equation
PCM phase change material
T™MY typical meteorological year
TES thermal energy storage (kWh)

ASHRAE American Society of Heating, Refrigerating and Air-
Conditioning Engineers

SEER the seasonal energy efficiency ratio
EER energy efficiency ratio
h hour
d day
T temperature (K)
Tocm PCM temperature (K)
hg the heat of fusion (kJ/kg)
m mass (kg)
Mpcy PCM mass (kg)
a LHTES energy saving ratio
Bsolar solar utilization ratio
spm saving per PCM mass
spa saving per area
Neollector collector efficiency
c specific heat (J/kg K)
cp Specific heat capacity (J/kg K)
E thermal element
Ex exergy(kJ)

(x1)



S mn Oos\Sgﬂ

height of PCM compartment (m)

thermal conductivity (W/m K)

thermal conductivity of the PCM (W/m K)

thermal conductivity of metal in the metal foam (W/m K)

input (output) hp spacing (m)

related to the number of the PCM thermal elements in the solid
region

number of PCM thermal elements in the liquid region

heat transfer rate (W)

radius (m)

entropy (kJ/kg K)

melting front location (m)

the temperature at the interface of PCM regions around input
and output heat pipes (K)

the temperature at the interface of PCM thermal element Enand
En+1(K)

PCM melting temperature(K)

the temperature of the elements En calculated in the middle of
the element (K)

metal wall temperature (K)

melt volume fraction

melted PCM volume (m3)

thermal element half-thickness (m)

density (kg/m3)

Porosity

generic variable

(xii)



ABSTRACT
ABSTRACT

An energy performance study of a new solar thermal-powered heating,
cooling, and hot water system, integrated with a latent heat thermal energy storage
(LHTES) and applied in cities in different climate zones (or regions) across the
United States, is conducted. A mathematical model was developed and simulated
using MATLAB to determine the energy demands with and without the LHTES.
Seven cities were selected in seven different U.S. climate zones. For each city, the
daily building energy demand, daily global horizontal index (GHI), solar collector
area, and thermal energy storage size were calculated. To evaluate the capabilities
and benefits of the LHTES system, the annual building energy demand with and
without solar collector and thermal energy storage, energy cost savings, annual
energy savings per unit PCM mass of thermal energy storage, energy savings per
unit area of the collector and solar energy utilization ratio was calculated. Results
show that the LHTES system is capable of reducing energy demands for residential
buildings in all the seven climate zones; however, the system is more beneficial in
warmer climate zones than in colder climate zones. In warmer climate zones, the
equipment sizes are smaller, the annual energy savings per unit mass of thermal
energy storage is larger, energy savings per unit area, energy cost savings, and solar
energy utilization ratio are higher than in colder climate zones indicating that
LHTES system are more beneficial in warmer climate zones than in colder climate
zones. Nevertheless, further research should be conducted to carefully investigate
the capital cost and affordability of the system to initiate the deployment of the

LHTES system in the HVAC industry.

(xiii)



The System Layout

1. THE BACKGROUND OF THE PROJECT

In this thesis, the energy performance study of a novel solar thermal-
powered heating, cooling, and hot water system, integrated with latent heat
thermal energy storage (LHTES) system is conducted. The LHTES system serves
thermal energy storage and supply heating, cooling, and hot water loads in
residential buildings. An electric or natural gas heater can be used as a backup for
times when solar energy is not sufficient or not available, providing a versatile
heating source with minimum extra cost [1]. In this chapter, the layout of the
heating, cooling, and hot water system integrated with latent heat thermal energy
storage is presented first; then, the components of latent heat thermal energy
storage are discussed; and lastly, the research objectives and thesis

overview/organization are summarized.

1.1. The System Layout

The layout of the solar-thermal powered heating, cooling, and hot water
system integrated with the latent heat thermal energy storage is shown in Figure
1.1. The system includes an evacuated glass tube solar collector, a home absorption
air conditioning unit or heat pump unit, and a latent heat thermal energy storage
(LHTES) unit. The LHTES unit is composed of three heat exchangers and a PCM
(phase change material) compartment connected to a glass tube collector by heat

pipes. The three heat exchangers serve to generate saturated vapor for absorption
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air conditioning, produce hot air for space heating (not needed if an absorption

heat pump is employed), and supply hot water for domestic applications.

Section View of
., the LHTES Unit

Figure 1.1. The view of the combined solar heating, cooling, and hot water with latent
thermal energy storage (adopted from [1]).

The solar radiation is absorbed on the outer surface of the solar collector
and vaporizes the liquid working fluid inside the pipes. The created saturated vapor
leaves the collector pipes from the top. It is then passively driven to the LHTES
unit due to induced pressure difference between the relatively hot (collectors) and
relatively cold (LHTES unit) sides. Inside the LHTES unit, the vapor rises the input
heat pipes, where it condenses due to heat transfer to the relatively colder PCM
regions. The evacuated tube collectors, the condensation pipes inside the PCM, and
connecting tubes create a heat pipe loop in which the collectors serve as the
“evaporator” section, and the tubes penetrating the PCM act as the “condenser”

section [1].
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1.2. The Components of the LTHES System

The proposed LTHES system is made up of evacuated tube solar collectors,
latent heat thermal energy storage unit with three heat exchangers for an
absorption air conditioning unit or heat pump (not shown in this thesis), a solar-
assisted water heater unit, and a space heating unit (not needed if the heat pump
is used). The comprehension of an individual unit in the system can serve as a
guide to selecting equipment for experimentation or motivate the interested
researcher to seek more information. As such, the brief functionality of each unit

is presented in this section.

1.2.1. The evacuated tube solar collector

The evacuated tube solar collectors (ETCs) convert solar energy into
thermal energy for domestic and commercial hot water heating, pool heating,
space heating, air conditioning, etc. ETCs consist of evacuated tubes with two
evacuated hollow glass tubes connected to heat transfer fin through which thermal

energy is transferred by heat pipes to the manifold [2].
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Manifold

Header Pipe

Evacuated Tube

Heat Transfer Fin

Heat Pipe

Mounting Frame

Figure 1.2. A schematic of an evacuated tube solar collector (adopted from [2]).

Evacuated hollow glass tubes create excellent insulation, trapping the heat
inside the tube, making evacuated glass tubes highly efficient [3]. The solar
selective coating absorbs solar energy and conveys it to the heat pipes which are
located inside the inner tubes. The heat pipe contains a heat transfer fluid (typically
water or ethylene glycol), which is the medium to transfer thermal energy to the
manifold. The boiling temperature of the liquid inside the heat pipes is coupled
with the internal pressure of the heat pipes. Applying heat to the heat pipes leads
to the vaporization of the liquid working fluid inside the heat pipes. The vapor then
rapidly rises to the top of the heat pipe while carrying a large amount of energy to

the manifold. As the heat is off-loaded to the manifold (and then to the LHTES
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unit), the vapor condenses, and liquid returns to the bottom of the heat pipe,
creating a loop. An aluminum fin, held in the tube by a spring clip, facilitates heat

transfer, and mechanically supports the heat pipe in place [4].

1.2.2. The latent heat thermal energy storage unit

The latent heat thermal energy storage unit is shown in Figure 1.3. Thermal
energy storage is connected to the solar collector by heat pipes running from ETCs
manifold to the bottom section of the LHTES unit. The unit is comprised of input
heat pipes, output heat pipes, PCM chamber (space separating input and output
heat pipes filled with choice PCM), and heat exchanger chamber (right above the

PCM chamber).
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Figure 1.3. Schematic of the LHTES system showing the condenser section of the input
heat pipe, output heat pipes, and related heat exchangers (adopted from [1]).

The PCM is a substance with a high heat of fusion which, when melted and
solidified at a specific temperature, can store and release a large amount of energy
[5]. The Input and output heat pipes are made of stainless steel [1]. The PCM is
impregnated in aluminum metal foam to improve melting and solidification rates
[6]. Thermal energy flow starts the solar collector, by which from thermal energy
absorbed vaporizes liquid working fluid into a saturated vapor (shown by the left-
bottom red arrow) to the bottom of the LHTES unit. The saturated vapor then
accumulates into the condenser section of the input heat pipes. Saturated vapor
creates a temperature difference between the condenser section of input heat pipes

and the neighboring PCM thus heat is transferred through PCM to output heat
6
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pipes. The thermal energy transferred through the PCM is eventually transported
to the three heat exchangers via output heat pipes. A natural gas burner is used as

an auxiliary energy supply when solar energy is not sufficient or not available.

1.2.3. Space heating

Space heating can be achieved in two ways, i.e., by using the heat pump unit
or by allowing air through the middle sections of heat exchangers of the LHTES
unit (see Figure 1.3). The former (heat pump) method eliminates the air heat
exchanger, thus helps reduce the volume of the LHTES unit. To achieve space
heating with the former method, the air handling unit can be used to re-condition
and circulate air to the building [7]. The hot air produced can be distributed to

different spaces/rooms in the house.

1.2.4. Solar assisted water heater unit

Hot water is prepared by passing domestic city (cold) water through the hot
water heat exchanger inside the LHTES unit shown in Figure 1.2. Domestic city
water passes through the thermal energy storage unit where water flows normal to
the surface of output heat pipes in the water heater heat exchanger, thus absorbs
heat. Hot water then flows down into the storage tank and can be used when
needed. The water flow rate can be regulated to maintain the outlet temperature

within the desired range above the minimum temperature [8].
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LHTES unit Heat
exchangers

Cold water in Hot water out

™\

Y

» Hot water out

Water tank

Figure 1.4. Hot water preparation loop in latent heat thermal energy storage system

1.3. Research Objectives

In the course of the thesis, the main objectives will help in setting the

milestones and planning for the project. The objectives of this research are:

1. To simulate the heat transfer and building energy for solar thermal powered
heating, cooling, and hot water system integrated with latent heat thermal
energy storage on an annual basis (i.e., 365 days).

2. To evaluate the feasibility and the benefits of the solar thermal powered
heating, cooling, and hot water system integrated with the latent heat thermal
energy storage (LHTES) by analyzing and evaluating energy performance in

residential buildings for different climate conditions.
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1.4. Thesis Overview/Organization

This thesis aims to obtain the different research objectives by formulating a
mathematical model of a solar-powered LHTES system. The research objectives
boil down to determining the capabilities of the LTHES by calculating energy
captured by a solar collector, total building energy demand, and how much
auxiliary heating required when solar energy is not enough or not available. The
following chapters are organized as below:

Chapter 1. The background of the project. In this chapter, a knowledge of
the Heating, Ventilating, and Air-conditioning (HVAC) and hot water System
integrated with LHTES system is presented. In the end, the research objectives
and thesis overview/organization are presented.

Chapter 2. The literature reviews. In this chapter, the findings from the
literature search and review are presented. It is purposed to show the state of the
art of the LHTES system and provide research gaps addressed in this thesis.

Chapter 3. LHTES system mathematical modeling and equipment sizing. In
this chapter, the employed time-dependent one-dimensional heat transfer model
is presented. Besides, the climate zones (in which candidate cities are selected) are
explained, and equipment sizes required in each candidate cities are presented.

Chapter 4. LHTES system heat transfer and energy performance analysis.
In this chapter, the heat transfer, exergy, and building energy simulation results

are presented. Also, the annual building energy cost and the LHTES system energy
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performance evaluation are analyzed to propose the benefit of the LHTES system
in different climate zones.
Chapter 5. Closing remarks. This is the last chapter of this thesis. In this

chapter, conclusions and future work are provided.

10
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2. LITERATURE REVIEWS

Buildings account for approximately 40% of the worldwide annual energy
consumption. Fossil fuels (non-renewable energy) satisfy most of the energy
demands; thus, they contribute significantly to global warming. The measures to
alleviate fossil fuels’ impact on global warming should include offsetting the
building energy demand using renewable energies [9]. Among the renewable
energies available, solar energy is deemed the best option because of its
affordability, accessibility, and prevalence [10].

In the United States, the net renewable energy production accounts for
about 17.7%, out of which 2.0% is solar energy (see Figure 2.1). The rest of these
renewable energies come from hydropower, wind, geothermal, and biomass. Thus,

there is a need to harness the solar energy [11].

19.9% Nuclear
U.S. Renewable Generation: 715 TWh

29.8% Coal I

\ 0.7% Other

& o & 6@} &
0.8% Petroleum &£ & F &S
¢ g go” & &
& 4] Q" &P e
S) © A G
31.4% Natural Gas K ¥ ~
A Q!

Figure 2.1. The U.S electricity nameplate capacity and generation. (The distributions of
various categories of energy under renewable generations in the U.S) (adopted from

[11]).

In this chapter, the literature review intends to explore ways to harness solar
energy in an economical way possible and present the gaps (novelty) addressed by

this study.

11
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2.1. State of Art

The proposed LTHES system is an integration of several mature
technologies: solar collector, thermal energy storage, and absorption A/C. The
extensive literature review has revealed the existence of combination of the latent
heat thermal energy storage with only space heating, space cooling, hot water
system, heat pump, absorption air condition unit, or the combination of two
different units and no study has put all the three or more together. Further, a
current survey of an integrated system simulates the heat transfer and exergy of
the system for a cold day and a hot day. Therefore, there is a need to include
building heating, cooling, and hot water loads using the heat transfer and exergy
model and carry out a simulation for the entire year (i.e., 365 days). As a result,
blending in the building load and simulating the LHTES performance for the whole
of the year sets in the innovative approach and is the focal point of this study. Each

component of the system categorizes the literature review.

2.1.1. Glass tube solar collector

According to SEIA, solar energy is the cleanest and the most abundant
renewable energy source available; the U.S. has some of the most abundant solar
resources in the world. Solar technologies can harness this energy for a variety of
uses, including generating electricity, providing light or a comfortable interior
environment, and heating water for domestic, commercial, or industrial use. There

are two different ways to harness solar energy, namely photovoltaics and solar
12
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thermal systems. Solar thermal systems are categorized into relatively low-
temperature non-concentrating systems (e.g., solar chimney, flat plate, and
evacuated tube collectors), and concentrating solar power [12].

Photovoltaic (PV) is a system that uses solar cells to convert solar energy
into electricity. The PV cells used by the Photovoltaic (PV) system entail two layers
of materials that are semi-conductors in nature made from silicon. When the cells
receive direct sunlight from the sun, they create an electric field on the segments,
which will generate a flow of electricity. When the intensity of the light from the
sun increases, then the flow of electricity on the surface increases [13].

The Photovoltaic (PV) systems require the need for special energy
converters or maximum power point tracking (MPPT) converters that can provide
maximum energy yield [14]. Environmental and operational stresses, such as
humidity, temperature, and high-voltage bias, and process limitations, such as
solder bond integrity, affect PV modules, and the balance of the system (BOS)
components, including power conditioning systems, in the same fashion giving rise
to corrosion, electro corrosion, solder bond coarsening, etc. [15]. PV systems are
not favored because of their high cost, low efficiency, and fast deterioration [16].

An alternative way of harnessing solar energy is by using concentrating
solar power (CSP). Concentrated solar power is a system that is used to generate
solar power by utilizing lenses and mirrors to concentrate a stream of light into one
area in the form of a receiver. Consequently, this leads to the generation of

electricity as a result of the conversion of solar energy into thermal energy.

13
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Nevertheless, CSPs are not favored because they are limited to arid climates[17],
utilize only a direct normal portion of solar radiation (i.e., diffuse radiation cannot
be concentrated), operates at a low thermal cycle efficiency [18], and expensive
[19].

Besides PV and CSP, other options to harness solar energy are non-
concentrating solar thermal systems such as solar chimneys, flat plates, and
evacuated glass tube collectors. (1) A solar chimney is a solar power generating
facility, which uses solar radiation to increase the internal energy of air flowing
through the system, thereby converting solar energy into kinetic energy. The
kinetic energy from the wind is then transformed into electricity by the use of a
suitable turbine [20]. One of the main disadvantages of solar chimneys is their (2)
flat plates have the solar absorbing surface approximately equal to the overall
collector area that intercepts the sun's rays. Both solar chimney and flat plate solar
collectors possess very low efficiencies [21]-[22]. (3) Evacuated tube collectors
(ETCs) are favored because they possess vacated space, which reduces convection
and conduction losses, thus enhance thermal performance [23]. In addition, ETCs
systems have high efficiency at a low angle of incidence [24] and are economical

[25].

2.1.2. Latent thermal energy storage and the phase change material (PCM)

Thermal energy storage is classified as sensible heat storage (SHS), latent
heat thermal energy storage (LHTES), and thermochemical energy storage

(TCES). In TCES, thermal energy is used to drive a reversible endothermic
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chemical reaction, storing the energy as chemical potential. During periods of high
solar insolation, an energy-consuming reaction stores the thermal energy in
chemical bonds; when energy is needed, the reverse reaction recombines the
chemical reactants and releases energy. Latent heat thermal energy storage
involves phase transformation of the storage material from one state to another,
such as solid-liquid, solid-solid, or liquid-gas and vise-versa when heated to the
transformation temperature. A liquid-gas transition requires a large volume of
material conduit, while a solid-solid transition involves low energy storage density
per unit volume of material. Therefore, the solid-liquid transition as applied to
latent heat storage applications is more efficient compared with the other
transformations and hence, is the most widely used. On the other hand, SHS
resembles latent heat thermal energy storage; however, it does not involve phase
transformation [26] - [27].

Nasiru et al. report that sensible heat storage requires a larger vessel as
compared with latent heat and thermo-chemical storages [28]. Thermochemical
storage, on the other hand, is associated with high energy storage density but still
at the pre-matured stage in terms of research and development. Among the three
thermal energy storage methods, latent heat energy storage is the most promising
and attractive due to its compactness and ability to store energy at the nearly
constant temperature corresponding to the phase-transition temperature of the

material. PCM thermal storage improves energy efficiencies by limiting the
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discrepancy between the energy supply and the energy demand for solar thermal
energy applications [29].

Several other kinds of research were conducted on the practical storage of
solar energy using phase change materials (PCM). Beatrice Castellani et al. studied
the application of clathrate hydrates as PCM in buildings. Clathrate hydrates are
crystalline structures in which guest molecules are enclosed in the crystal lattice of
water molecules. Castellani observed that clathrate hydrates have potential in
terms of improving indoor thermal comfort and reducing energy consumption for
cooling [30]. Kaygusuz et. al investigated the thermal characteristics of paraffin or
expanded perlite (paraffin/EP) composite for latent heat thermal energy storage.
The form-stable paraffin/EP composite PCM was prepared as a novel energy
storage material for LHTES applications. The paraffin as PCM was confined in the
porous EP by the mass fraction of 55% without melted PCM seepage, and the
mixture was described as form-stable composite. The melting and freezing
temperatures and latent heats of form-stable composite PCM were determined as
42.27°C and 40.79°C and 87.40 J/g and 90.25 J/g, respectively [31].

A handful of techniques for heat transfer enhancement were investigated to
improve the thermal performance of the LHTES system. The enhancement
techniques include the enhancement with fins to increase the heat transfer area
between PCM and heat exchangers [32]; the application of metallic inserts in heat
storage PCM-based units to improve thermal conductivity [33]; extended surfaces

and encapsulation of PCM to increase heat transfer surface area [34];
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Impregnation of porous metal foam to enhance the thermal conductivity of
conventional PCMs in LHTES systems [35]; dispersion of nanoparticles/high
conductivity materials such as aluminum powder and carbon nanoparticles to
paraffin wax to improve thermal conductivity [36]-[37]; distribution of low-
density materials such as carbon fibers to improve the transient thermal response
and thermal conductivity [38]; and combining two different enhancement
techniques viz. using multiple PCMs and addition of fins to increase the rate of
melting PCM [39] and integration of heat pipes with and without metal foams and
foils to improve heat transfer rate [40] - [41].

In this research, magnesium nitrate hexahydrate (used as PCM) is
embedded in an aluminum metal foam. Even though the inclusion of metal foam
suppresses the natural convection significantly, the improved effective thermal
conductivity more than offsets the effect of weakened natural convection. As such,
the addition of metal foams substantially enhances the heat transfer rate within

the PCM [1].

2.1.3. Absorption Refrigeration Cycle

Several types of research have been conducted on the solar thermal-driven
absorption refrigeration cycle. Mittal et al. [42] conducted a performance analysis
of several working fluids. They found out that among the major working fluids
available, LiBr/H20 is better suited for solar absorption air-conditioning

applications over ammonia/water because of the higher -coefficient of
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performance. Omar Ketfi et al. investigated the performance of a single effect solar
absorption cooling system utilizing LiBr/H20 as the working fluids. In his
research, he observed that the COP of the cycle increases with increasing the
generator and the evaporator temperatures. At the same time, it decreases with the
increase in the condenser and the absorber temperatures [43].

Alternatively, Oliver Marc et al. conducted a study on dynamic modeling
and experimental validation elements of a 30 kW LiBr/H20 single-effect
absorption chiller for solar application on which he concluded that the model
predicts with reasonable accuracy the outlet temperatures of the generator, the
cooling loop (absorber and condenser) and the evaporator, whatever the inlet
temperatures are[44].

In this thesis, LiBr/H20 is used as a liquid working fluid for absorption
heating, cooling, and air conditioning or a heat pump. LiBr/H20 has low specific

heat (¢p), thus the high coefficient of performance.

2.1.4. Integrated LHTES system in residential building

The recent concentrations of greenhouse gases in the atmosphere are vastly
increasing due to increasing energy consumption in all sectors, from
transportation to buildings. Buildings have a dominant contribution to global
energy use, accounting for about 40% of the total energy consumption. They are
responsible for over 30% of the CO2 emissions, and a large amount of this energy

is exhausted to provide thermal comfort in buildings, explicitly heating, cooling,
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and air conditioning system. These systems consume a large amount of energy;
thus, they have harmful effects on human health and the natural environment and
cause significant problems at peak energy load time. Therefore, alternative
sustainable strategies such as thermal energy storage (TES) can replace or at least
mitigate the increasing demand for these systems in buildings by preserving the
available energy at a time of surplus to be extracted and used during the
unavailability period [45]. Thermal energy storage is essential technologies for
decarbonization and constitutes a convenient way to store thermal energy in the
building by utilizing PCMs [46]. Residential buildings have been identified as one
of the few sectors that have the potential to see considerable energy savings
through the utilization of renewable energy and green building concepts [47].

Kossecka and Kosney conducted a study on the thermal balance of a wall
with PCM enhanced thermal insulation. In their study, the performance of the
PCM-enhanced insulation in different climate conditions was simulated on a
lightweight wall assembly with PCM-enhanced insulation under different external
thermal excitation. It was found that the heat gains maxima, resulting in high
cooling loads, are shifted in time by about two hours and reduced up to 22% for
not very high external sol-air temperatures[48].

Hawes et al. investigated impregnating the PCM into building materials
such as wallboard and concrete block [49]. This combination offers a wide range
of benefits, including saving energy in building, easy experimentation and

application and manufacturing cost-effective. Castellon et al. conducted an
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experimental study of PCM inclusion in the different building envelopes. It was
observed that impregnating building envelopes with PCM could achieve an
improved thermal comfort without a substantial increase in the weight of
construction material. For instance, the indoor temperature fluctuation was
reduced, the peak temperature was shifted, and the energy consumption of the
HVAC system was reduced [50].

In another research, Nattaporn Chaiyat studied the concept of using phase
change material for improving the cooling efficiency of an air conditioning unit in
Thailand. Nattaporn compared the efficiency and energy performance of the air
conditioner with and without PCM. The modified system, i.e., the system with
PCM, was found to reduce about 9% of electricity use per day [51].

In other researches, Mehmet conducted an experimental investigation to
validate a solar-aided latent heat thermal energy storage for space heating by the
heat pump to determine monthly space heating loads, stored energy, and total
solar insolation on solar collector surface and compare it with the simulation
results [52]. The simulation and experimental results agreed in terms of PCM by
volume in solid-phase transitioning to the liquid phase. Once more, Du et al.
conducted experimental studies on an air-cooled two-stage solar absorption air
conditioning by investigating the feasibility and performance of the prototype [53].
The study revealed a stable COP and an acceptable range of electric efficacy when

the prototype is driven by hot water from 76°C to 88°C for air-conditioning.
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Recently, Shabgard et al. [1] developed a heat transfer and exergy model of
an integrated heating, cooling and hot water system with latent heat thermal
energy storage to quantify the exergy efficiency of the system and analyze the
thermal performance of a latent heat thermal energy storage system integrated
with heat pipes. Magnesium nitrate hexahydrate was selected as phase change
material (PCM). LHTES energy performance was analyzed for a residential
building in Phoenix, AZ (characterized by hot-dry climate). One dimensional heat
transfer model was developed, and the simulation was conducted for a typical cold
(January 1st) and a typical hot day (July 2nd). The results showed that a latent heat
thermal energy storage system with a capacity of 29kWh coupled with a 10m?2
evacuated tube collector solar collector can decrease the annual building energy by

about 87%. The exergy efficiency was found to be 74% (80%) for a cold (hot) day.

2.2. Identifying the Gaps

The performance of solar HVAC and hot water systems strongly depends on
solar insolation, climate conditions, and time-dependent energy demand. As such,
models that predict the system performance in various climate conditions
throughout the entire year are critical for the development of solar HVAC and hot
water systems. There is, therefore, the need to upgrade the heat transfer and exergy
model and carry out the simulation for the entire year (i.e., 365 days). Also, there
is a need to blend in the calculations of auxiliary energy demand into the model

and evaluate building energy performance evaluation. Until now, the integrated
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system of this kind has never been applied to different US climate zones other than
the hot, dry climate zone of Arizona Phoenix thus there is a need to simulate and
evaluate energy performance and benefits of employing LHTES system to
residential buildings in different climate zones across the United States.

In this research, the energy savings using the LHTES system is studied using
the simulation of a mathematical model for heating, cooling, and hot water over
the entire year. Also, the proposed method is assumed to perform differently in
different climate zone because different climate zones receive a different amount
of solar energy, and building energy demand differs by different building material,
weather conditions, and occupant behavior [54]-[55]. As such, an assessment of
the energy performance of the system in different climate zones across the United
States is needed. Further, the study of evaluation of the system performance in
different climate zones could provide a knowledge base for the deployment of the
solar-thermal driven cooling, heating and hot water systems integrated with latent

heat thermal energy storage.
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3. LHTES SYSTEM MATHEMATICAL MODELING AND EQUIPMENT

SIZING

A mathematical model (based on the concept of the thermal element
network for parametric studies) is presented in this chapter. The following
assumptions are made in the development of the model: constant thermophysical
properties, conduction-controlled melting and solidification in the PCM-metal
foam, negligible thermal resistance associated with pool boiling and condensation
and evaporation inside the HPs, the negligible pressure drop across the HPs,
negligible heat loss, well-insulated separating plates between the heat exchangers,
and negligible contact thermal resistances. Thus, heat transfer is the only
mechanism for exergy transfer across the boundaries in this model. A simplified
system-level mathematical model is adopted from [1] and presented first. Then,
the cities on which this study is conducted and the concise approach to sizing the
equipment (solar collector area and thermal energy storage) required for each city

are presented.

3.1. Mathematical Heat Transfer and Exergy Modeling

A cross-section view of the LHTES unit (cross-section A-A in Figure 1.3) is
shown in Figure 3.1. The unit cell is decomposed into a 1D cell (shown in Figure
3.1). 1D cell is comprised of the two pipes (condenser section of the input heat
pipes (HP) and the evaporator section of the output HP). Each surrounded by the

annular PCM region. The outer radius of the annular PCM region in the 1D cell is
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determined from the equality of the PCM mass between the 2D unit cell shown
in Figure 4.1b and the converted 1D cell in shown Figure 4.1c, ro=L/2n. It is
assumed that the outer surfaces of the annular PCM regions in the 1D cell are at
the same uniform temperature 75 (Figure 4.1c). The shared surface temperature 75

varies with time as the input and output heat transfer rates change.

(2) (®)

Figure 3.1. (a) A cross-sectional view of the LHTES system (along the line A-A in Figure
1.3 embedded with the condenser sections of the output heat pipe and evaporator
sections of the heat pipe, (b) unit cell including one full input heat pipe and an equivalent
full output heat pipe, and (c) 1D cell equivalent to the unit cell shown in the middle
(adopted from [1]).

The thermal network representative of the system shown in Figure 3.1 is
illustrated in Figure 3.2, and the description of each element is provided in Table
3.1. All the thermal elements in this work are annular and are characterized b