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ABSTRACT
AMIRAHMAD ZARE. Design, Simulation, and Performance Analysis of Multifunctional Solar-
Assisted Heat Pump Systems for Residential Buildings. (Under the directions of DR. WEIMIN
WANG)

Residential buildings contribute about 22% of the national energy use in the U.S. Space
heating, domestic hot water (DHW), and space cooling are the three major end uses, respectively
accounting for 43%, 19%, and 8% of the residential sector’s total primary energy consumption.
Currently, fossil fuels are the predominant source of energy in the residential sector. To address
the problems caused by the combustion of fossil fuels, alternative renewable, low-emission, and
energy-efficient technologies for heating and cooling applications in residential buildings are
highly needed. In this respect, solar-assisted heat pump (SAHP) systems are a promising solution
by coupling solar collectors with heat pumps that can complement each other to achieve high solar
utilization and high efficiency of the heat pump.

This research proposes and evaluates a hybrid multifunctional SAHP system that can
provide space heating, space cooling, DHW, and onsite electricity generation. The indirect
expansion SAHP system supports both parallel and series configurations. Major components of
the SAHP system include unglazed PVT collectors, a liquid-to-liquid heat pump, a thermal storage
tank, a DHW tank, auxiliary electric water heaters, and pumps. Photovoltaic-thermal (PVT)
collectors are used to serve three functions, including electricity generation (daytime), heat
collection (usually daytime), and radiative cooling (usually nighttime). The system design and
controls support fourteen operational modes involving different components for space heating,

space cooling, and DHW heating.



TRNSYS software is used to model and simulate the multifunctional SAHP system. The
system performance is evaluated in two locations (i.e., Baltimore, MD and Las Vegas, NV) with
different climates. Based on the performance analysis of the system simulation, three potential
performance improvement strategies, including replacing the thermal storage tank with an outdoor
swimming pool or a tank having phase change materials for latent thermal storage, and replacing
the liquid-to-liquid heat pump with a dual-source heat pump are explored. The TRNSYS
simulation results are also used to calculate the simple payback period of the incremental
investment associated with the multifunctional SAHP system relative to a reference air-source heat
pump system.

With a 2 m® storage tank and 30 m? PVT collectors, the multifunctional SAHP system has
a seasonal performance factor of 2.7 in Baltimore and 3.7 in Las Vegas. In comparison with the
reference system, the SAHP system saves energy by 48% in Baltimore and 61% in Las Vegas.
The seasonal performance factor of the SAHP system can be further improved by using a
swimming pool to replace the storage tank in Las Vegas and using a dual-source heat pump in

Baltimore.

Keywords: Photovoltaic-thermal (PVT) collectors, Heat Pump, TRNSYS, Building Simulation, Thermal Storage




ACKNOWLEDGMENTS

My Ph.D. was a long journey with many ups and downs along the way. This dissertation
would not have been possible without the help and support of many amazing people around me.
First and foremost, I would like to thank my advisor, Dr. Weimin Wang. Words cannot express
my gratitude for him, who tirelessly supported me and encouraged me throughout the process. His
technical knowledge, positive mindset, insight, and leadership have always amazed me and have
set a high bar for me that I hope to reach one day. | would also like to thank my co-advisor, Dr.
Nenad Sarunac, for his helpful suggestions, feedback, and assistance in moving my research
forward. Additionally, I would like to thank the rest of my dissertation committee, Dr. Russell
Keanini, and Dr. Mona Azarbayjani, for devoting their time to read my dissertation and providing
invaluable comments. Lastly, |1 would like to thank my family for their love and encouragement
during this challenging stage of my life. My deepest gratitude goes to my parents and my sister,
Mahsa, who kept pushing me and never stopped believing in me, and especially to my loving wife,

Tiffany, who patiently supported and encouraged me in all possible ways.



DEDICATION
I dedicate this dissertation to my daughter, Charlotte Pardis, who has brightened my life

since she was born a year ago. Your smile means the world to me, and | love you so much.

Vi



TABLE OF CONTENTS

LIST OF TABLES ...ttt e bt e b et et e e sae e e beesnnas Xi
LIST OF FIGURES ...ttt ettt ettt et e et et nnne e xiii
CHAPTER 1: INTRODUCTION ...ttt 1
I T ot 0o T USSR 1
1.2 ProbIem SEAEMENT ..o 2
1.3 RESEAICN ODJECLIVES ... et nr e enes 4
1.4 Organization OF AISSEITALION. .........ccuiiiiieieeie et sr e enes 4
CHAPTER 2: LITERATURE REVIEW .....ooii e s 6
2.1 Overview of photovoltaic-thermal (PVT) COllECtOrS.......cccovviiiiiiiee e 6
2.2 Overview of solar-assisted heat pump system configurations............cccccvveeveeieniiesieeiennnn, 15
2.3 Applications of solar-assisted heat pump SYStEMS .........ccviiiiiriinieniee e 20
2.3.1 SAHP systems for domestic hot water heating ..........c.ccovvviiieniie s, 21
2.3.2 SAHP systems for SPace NEALING........c.eiveiirii e e 22
2.3.3 SAHP systems for both DHW and space heating ..........cccccccevveviiieiieesn e, 24
2.3.4 Multifunctional SAHP SYSIEMS .......ccviiieiieie et 27

2.4 Studies on using PVT collectors for radiative COOlING ........cccccvevieiiiiiiii e 35
2.5 SUMMArY O HEEIatUure TEVIEW .......ccuviiiiiiiiie ettt sttt 37
CHAPTER 3: SYSTEM DESIGN .....coiiiiiiiiiiiei ettt 39

vii



3.1 Multifunctional solar-assisted heat pump system prototype design.........c.cccecvevveiververnenne 39

3.2 Sequence Of SYSTEM OPEIALION ........cveiveieeieieesie e e et e e ae e e sreeeeanes 41
3.3 RETEIBNCE SYSTEIM ... ittt ettt bbbt b et e et e b e beenbenneesreeneeenes 47
3.4 Boundary considerations for the SyStem deSIgN ..........ccceeeririieienie e e 48
3.4.1 ClImMate CONTITIONS. .....ccueiiieieieieeeie e 48
3.4.2 BUIlAING DESCIIPLION ....ecvveciieiieee ettt este e e e naeenaenneas 49

3.5 COMPONENT SIZING ...vtiteeieeieette st ese e se ettt et e e este e e st e steeaesseesteesteaseesseeneesneesreeneeanes 51
CHAPTER 4: SYSTEM SIMULATION......coiiiiieiiee e 52
4.1 Type 560: PVT SOIAr COHECIONS ......oiviiiiiiieiieeie e e 53
4.2 Type 927: Liquid-to-liquid heat pUMP ......ooeiiiiieie e 61
4.3 Types 156 & 158: Thermal StOrage .........cevveieiieiiee e ee s 62
N Y oL It I S U o  o FO T TPPPT PR TUPROPP 64
4.5 Type 91: Plate heat eXChanQer.........ccvoe e 65
4.6 TYPE 138: FIUIA NBALEI.....ceeeiiie ettt 65
4.7 Type 119: Air-t0-air NEat PUMP .....eoiuiiiiiie et sre e enes 65
4.8 SYStEM SIMUIATION. ....ctiieii ettt sr e enes 66
CHAPTER 5: SYSTEM PERFORMANCE ANALYSIS ..o 69
5.1 Verification of control implementation ..............coovieiieii i 69
5.1.1 System operation in the WINTEr SEASON ........ccccveieeieeieiie e eriesee e see e e sae e 70

viii



5.1.2 System operation in the SUMMET SEASON ........c.ccvvereeieieereeieseesee e sree e eee e e aeesnees 72

5.1.3 System operation in the Shoulder SEASON..........cccuevveiiiieriee e 73
5.2 Statistical analysis of system operational MOUES...........cooirieiiiiiiiie i 75
5.2.1 Run time analysis of modes related to space heating and cooling..........cc.cccceevviiinnen. 75
5.2.2 Run time analysis of modes related to DHW heating ..........cccocevieiiiinninieiiencciees 78
5.3 System performance evaluation and analysiS..........ccccevvereiieiireie e 81
5.3.1 Solar ULIIZALION FALIOS ........coveeeiriiieeeeisiere e 81
5.3.2 SOIAN FIACTIONS ...t 85
5.3.3 Self-CONSUMPLION ..ottt nneas 89
5.3.4 Area-specific cooling power of PVT COlleCtOrs.........ccoeiviiiiiiieciic e 91
5.3.5 Fractional energy savings relative to the reference system..........ccccvveveevviccivcieenn, 92
5.3.6 Seasonal performance faCtOrS..........ccueuiiieiieeie e 97
5.4 SENSITIVILY @NAIYSIS ....vveieieieitieie ettt e et e e aeeaeene e reeeeeneenneens 100
5.4.1 Sensitivity analysis of collector area and storage tank volume...........c.ccccooveiieenne, 100
5.4.2 Impact of nighttime radiative COOIING ........ccoiiiiiiiiiiie e, 102
5.4.3 Impact of thermal storage charging with the heat pump.......cccccooeiiiiiiiiicee, 103
5.5 Simplified CONLrOl SLrALEQY .....ecvveieiieiecie et 104

CHAPTER 6: INVESTIGATION OF SYSTEM PERFORMANCE IMPROVEMENT

STRATEGIES. ... s 108

6.1 Strategy 1: Using an outdoor swimming pool for thermal storage............cccocvevveveieennenn, 108
IX



6.1.1 Swimming Pool MOAEliNG .......cocviiieiiie e 109
6.1.2 System simulation and results for Strategy L........cccccvvveriieiiiiie s 112

6.2 Strategy 2: Using a tank with integrated phase-change-material (PCM) modules for thermal

R (0] 510 TP PP 117
6.2.1 PCM storage tank MOAEIING ........uoiiiiiiiiiieii e e 117
6.2.2 System simulation and results for Strategy 2........ccoccveiieniiie i 120

6.3 Strategy 3: Dual-Source Neat PUMP ......ccveivieeiieie et 127
6.3.1 Dual-source heat pump MOAEIING .....ccvveieiieiiie e 128
6.3.2 System simulation results for Strategy 3........cccccvvieiieieiieie e 132

CHAPTER 7: SYSTEM ECONOMIC ANALYSIS ..o 137
7.1 Capital COSt ESLIMALION. ......eiiiiie ettt e reenne e 137
7.2 Simple payback PEIIOM .......c.oiieiieece et 139

CHAPTER 8: SUMMARY, CONTRIBUTIONS, AND FUTURE WORK.........c.cccceiiirinnn. 143

8.1 SUIMIMIAIY ...ttt ettt e ekt ekt e et e e et et e s a b e e esb e e nbb e e e nbb e e e bbeeenbeeeanes 143

8.2 CONITDULIONS ...ttt b bbbttt 145

8.3 FULUIE WOTK. ...ttt bbbttt 146

REFERENGCES ...ttt ettt ettt e bt b e m b e et e e s ab e e ebeeenneenee e 149

Appendix A: Reviewed studies 0f SAHP SYSIEMS .......c.cccveiiiiriiiereee e 161

Appendix B: Normalized data files of heat pUMPS.........ccevviiiiieie e 166



LIST OF TABLES

Table 2-1: Comparison of direct and indirect expansion SAHP SyStems............cccocvevveveevvernene 18

Table 2-2: Operational modes and corresponding refrigerant circulations in the SAHP system

presented DY Wang et al. (2011) .....ooveiiiieiieic e 30
Table 3-1: The schedule of pumps and valves of the multifunctional SAHP system................... 46
Table 3-2: Thermal performance of exterior building envelope........c.ccccooceveve i 51
Table 4-1: Parameters of unglazed PVT COIECTOrS .......cccooviiieieiiecice e 60
Table 4-2: Parameters of the liquid-to-liquid heat pUMP.......cccoviiiiieii e 61
Table 4-3: Parameters of the thermal storage and DHW tanks ...........ccccooceviveveiic s 63
Table 4-4: parameters of the air-to-air heat PUMP .....cccooiv i 66
Table 4-5: Control parameters of the proposed and reference Systems..........cccevevvverveveesvereene 68
Table 5-1: Seasons defined in the two 10CaLIONS............coviiiiiiice e 75
Table 5-2: Annual SPF of the system before and after the simplification...............ccccccoeeveenen, 107
Table 6-1: PCM tank mMajor PArametersS........c.ecueieerieeieiieieeieseesiessesae s eseesraesseesaessaessesseessens 119
Table 6-2: Air-to-liquid heat pUMP PArAMELETS ......cc.ecieiieie e 129

Table 6-3: Comparison of the system running time in different modes and with different sources
TOr SPACE NEALING ....eeveeee ettt e s te e teaneesre e teanaesnaesaeeneenrens 135
Table 6-4: Comparison of the system running time in different modes and with different sources
TOF SPACE COONING ...ttt et e e e s e s ae e aeaneesre e teenaesnaesneeneenrens 135
Table 7-1: Estimated equipment costs of the proposed SAHP System.........ccccccevvveveiieeneciennn, 138

Table 7-2: Estimated equipment costs of reference conventional air-source heat pump system 139

Xi



Table 7-3: Annual electricity consumption and production of the single-family house simulated in
this work in Baltimore and Las VS ........ccuviieieerieeieseesiesiesiee e seesae s aneesree e anaessaessesneesnens 141

Table 7-4: Simple payback periods of the solar-assisted multifunctional heat pump system against

the conventional air-source heat PUMP SYSEM .......ccviiiiiiere e nneas 142
Table A-1: Reviewed studies of SAHP systems for domestic hot water heating....................... 161
Table A-2: Reviewed studies of SAHP systems for space heating ...........cccceveveviveienienvciennn, 162
Table A-3: Reviewed studies of SAHP systems for both DHW and space heating.................... 164

Table B-1: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid
0T Y A 0T 0 oSSR 166
Table B-2: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid
0T Y A 0T 0 oSSR 171

Table B-3: Normalized heating data file of the Carrier (Model 30AWHO012-3Ph) air-to-water heat

xii



LIST OF FIGURES

Figure 2-1: PVT collector €Nergy OULPULS .......ccveiveeieiiere e siee e ettt saa e nneas 7
Figure 2-2: Utilization of solar spectrum of a PVT collector (Ldmmle et al. 2020) ...................... 7
Figure 2-3: Covered PVT collectors manufactured by Endef (2020)........ccccovevvvieivereiieireieennn 9
Figure 2-4: Uncovered PVT COHECIOIS .......voiuiiieceece et 10
Figure 2-5: Concentrating PVT collectors manufactured by Sunoyster (n.d.) .....c..ccccevveveiiennenn. 11

Figure 2-6: PVT collector technologies and applications based on the operating temperature

(LAMMIE €t al. 2020) .. .ccueiciieieee ettt a e e re e re e e naenreenaenres 12
Figure 2-7: Energy balance of a radiative SUIface ..........ccceveieiieii s 14
Figure 2-8: Schematic of a direct SAHP SYSIEIM .......c.ccoviiieiiceceee e 17
Figure 2-9: Schematic of an indirect SAHP SYSTEM .........ccoviiiiiiiice e 17
Figure 2-10: Schematic diagram of a Parallel SAHP SYStem ........ccccccvvveveieiieie e, 19
Figure 2-11: Schematic diagram of a Series SAHP SYStEM.........cccccvvieiiveresieiiese e, 20
Figure 2-12: Schematic diagram of a Parallel/Series SAHP SyStem ........ccccccevvvevviieieenesiennnn, 20

Figure 2-13: The schematic diagram of the SAHP system presented by Chu et al. (2014) ......... 28
Figure 2-14: The schematic diagram of the SAHP system presented by Wang et al. (2011) ...... 30
Figure 2-15: The schematic diagram of the SAHP system presented by Cai et al. (2016) .......... 31
Figure 2-16: The schematic diagram of the SAHP system presented by Entchev et al. (2014)... 32
Figure 2-17: The schematic diagram of the SAHP system presented by Kang et al. (2016) ....... 34
Figure 2-18: The schematic diagram of the SAHP system presented by Besagni et al. (2019) ... 35
Figure 3-1: Schematic diagram of the proposed multifunctional SAHP system: the upper part for
space conditioning and the lower part for DHW production...........c.cccccveveivenesieseese e 40

Xiil



Figure 3-2: Flowchart diagram showing the system control SEqUENCE..........cccccvevveceerveriesiennnn, 42

Figure 3-3: Profiles of the monthly average outdoor dry-bulb temperature and the monthly average

EfFECHIVE SKY TEIMPEIALUIE ... ..c.eeciiee ettt et e e e te e esre e aeeneenneas 49
Figure 4-1: PVT schematic (Klein et al. 2018)........cccooceiieiiiieieeie e 53
Figure 4-2: Energy balance on fin element (Duffie and Beckman 2006)............ccccccevivereivenenn, 57
Figure 4-3: TRNSYS model of the multifunctional SAHP System ..........ccccooeiieiniieiveie e, 67
Figure 5-1: System operation 0N FEDIUAIY 5 .......cccveiiiiiiieiesie e 71
Figure 5-2: System operation ON JUIY 4 ........cvo oo 73
Figure 5-3: System operation 0N May 9 .......cceoiiiieii i 74

Figure 5-4: Monthly running time of operational modes related to space conditioning in Baltimore

....................................................................................................................................................... 84
Figure 5-10: Solar thermal fraCtioN...........coceiiiiiiieis e 86
Figure 5-11: System and site solar electrical fractions in Baltimore...........c.cccooevviiiiieieiienenn, 88

Xiv



Figure 5-12: System and site solar electrical fractions in Las Vegas ........ccccccevvveverieerverieseennnnn, 88

Figure 5-13: System and site self-consumption of onsite solar electricity generation in Baltimore

Figure 5-16: Monthly fractional energy saving of the proposed system compared to the reference
SYSEEM TOI BAILIMOIE......oiieiicic ettt esreenbeeneenreeeeenes 95
Figure 5-17: Monthly fractional energy saving of the proposed system compared to the reference
RNV G (O G I Y=o T ST SS 96

Figure 5-18: Annual energy consumption comparison between the proposed and reference systems

and fractional energy saving of the proposed system compared to the reference system. ........... 97
Figure 5-19: SPF comparison between the proposed and reference systems in Baltimore........... 99
Figure 5-20: SPF comparison between the proposed and reference systems in Las Vegas......... 99
Figure 5-21: Sensitivity analysis on PVT area and storage tank volume for Baltimore............. 101
Figure 5-22: Sensitivity analysis on PVT area and storage tank volume for Las Vegas............ 101
Figure 5-23: Impact of Mode 11 on the system energy consSUMPLioN ..........cccceevvieereeieereennenns 102
Figure 5-24: Impact of Mode 6 on the system energy CONSUMPLION ........ccceevveeieerieereneesieeneennns 103

Figure 5-25: Flowchart diagram of the simplified control strategy for the proposed system..... 105
Figure 5-26: Schematic diagram of the SAHP system with simplified controls in Baltimore... 106
Figure 5-27: Schematic diagram of the SAHP system with simplified controls in Las Vegas .. 106

Figure 6-1: Schematic diagram of the SAHP system with a swimming pool ..............cccccvennne. 109

XV



Figure 6-2: Energy balance of the swimming pool Water............cccccvevvvieiieenecie e 110
Figure 6-3: The modified section of the TRNSYS model for the pool case..........cccccecevvrvennne. 113
Figure 6-4. The change of annual SPF with the pool temperature limit applied to Mode 6 in
BaITIMOTE. ... s 116

Figure 6-5: The change of annual SPF with the pool temperature limit applied to Mode 5 in Las

Figure 6-7: Comparison of the SPF for systems featured the use of PCM with different melting
temperatures in Baltimore while keeping the PCM module at 50% of the tank volume............ 123
Figure 6-8: Comparison of the SPF for systems featured the use of PCM with different melting
temperatures in Las Vegas while keeping the PCM module at 50% of the tank volume........... 124
Figure 6-9: Comparison of the SPF for systems with different percentages of the tank volume used
by the PCM module having a melting temperature of 10°C (Baltimore) ..........c..ccceevvvviiveennnnn. 126
Figure 6-10: Comparison of the SPF for systems with different percentages of the tank volume
used by the PCM modules having a melting temperature of 10°C (Las Vegas) ........cccevvvernen. 126
Figure 6-11: Schematic diagram of the PVT-dual-source HP system...........ccccccovvvevvrieninennnnne. 128

Figure 6-12: The modified section of the TRNSY'S model for the dual-source heat pump case 130

Figure 6-13: The impact of temperature offset on annual SPF in Baltimore................ccccovennee. 133
Figure 6-14: The impact of temperature offset on annual SPF in Las Vegas............cccccevvenenne. 133
Figure 6-15: Baltimore monthly mode time activation.............ccccevveriiieiieese s 136
Figure 6-16: Las Vegas monthly mode time activation.............ccccevvvevviieeiieeniesiieseese e 136

XVi



CHAPTER 1: INTRODUCTION

1.1 Background

The building sector consumes the most energy in many countries of the world. In the U.S.,
buildings account for 40% of the total primary energy use, of which 22% is from residential
buildings and 18% is from commercial buildings (EIA 2021). Residential buildings in the U.S.
consume about 21 Quads BTU of primary energy per year, 88% of which is from fossil fuels (EIA
2021). Because fossil fuels are non-renewable resources and the combustion of fossil fuels emits
greenhouse gases (GHGs), the cause of global climate change, efforts are needed to switch from
fossil fuels to renewable energy to meet the demands of people.

Space heating, domestic hot water (DHW), and space cooling are three major energy end
uses in residential buildings. The above three energy end uses respectively contribute to 43%, 19%,
and 8% of the total energy consumed by the residential sector (EIA 2018). On average, the above
three energy end uses make up 59% of the energy expenditure, which is an economic burden for
nearly one-third of all households in the U.S. (EIA 2018). Therefore, it is critical to integrate
renewable energy and energy-efficient technologies for the design and operation of high-
performance residential buildings (Hadorn 2015).

Solar energy systems are the most commonly used renewable energy systems in residential
buildings (Tsalikis 2015). Building-integrated solar energy systems have many advantages,
including no need for additional land use, no waste emissions in the operation stage, silent
operation, minimal maintenance requirement, and reduced energy transmission losses due to the

short distance between the energy supply and the demand. In particular, the short distance between



energy generation and use is crucial for solar thermal systems as it is typically not practical to
transport heat over long distances.

Building electrification represents an important opportunity to reduce GHG emissions. At
the present, fossil fuels are the major fuel type for residential heating, with natural gas used in 53%
of all households in the U.S. (EIA 2018). Replacing fossil fuel-based heating equipment with
efficient heat pumps can significantly reduce energy consumption in residential buildings and
address fossil fuel-associated environmental concerns. Geothermal heat pumps, ductless mini-split
heat pumps, solar-assisted heat pumps, and heat pump water heaters are all promising technologies
to be considered in the process of building electrification.

A solar-assisted heat pump (SAHP) combines solar collectors and a heat pump together to
form an integrated system. In the system, the solar collectors perform the function of the heat
pump’s heat source, and this heat is used to boost the heat pump’s evaporator temperature for
heating. Thus, the heat pump has improved efficiency because of the boosted evaporator
temperature. In addition, the solar collectors typically operate at a low temperature in SAHP
systems, resulting in more solar collection, increased solar fraction, and reduced conventional
source energy consumption (Banister and Collins 2015). To address the mismatch between solar
energy generation and the building load, thermal energy storage can be used in SAHP systems.
According to Hadorn (2015), SAHP systems are a promising solution for achieving high-

performance or even net-zero energy residential buildings.

1.2 Problem statement
Many studies have been conducted on the development, design, testing, and techno-

economic analysis of SAHP systems in residential buildings. However, previous studies have a
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primary focus on space heating and DHW. The current practice is to have separate systems and
equipment used for space heating, DHW heating, and space cooling. The standalone approach of
separate system design and operation is simple but may limit the opportunity of energy cascading
(i.e., the process of using the waste heat from one process as the energy source for another) and
cause seasonal equipment use.

Most previous studies on SAHP systems use conventional solar collectors as the heating
source. In recent years, using photovoltaic-thermal (PVT) collectors to convert solar radiation to
electricity and heat simultaneously has attracted increasing attention in studying SAHP systems
(IEA SHC Task 60). If PVT collectors are used in a SAHP system, the majority of existing studies
rely on the use of PVT collectors for electricity generation and heating collection. Actually, PVT
collectors can be used for cooling purposes through long-wave radiation heat losses from the PVT
surface to the outer space over clear nights (Eicker and Dalibard 2011). However, the triple uses
of PVT collectors in a SAHP system have rarely been explored.

Therefore, the research problems to be addressed with this research include the following:
1) How can a multifunctional SAHP system be designed to be capable of electricity generation,
space heating, DHW heating, and space cooling? 2) How can the multifunctional SAHP system
be controlled given the complexity of system operation? 3) How to evaluate the energy
performance of the multifunction SAHP system using building simulation programs? 4) How is
the performance, both energy and economics, of the multifunctional SAHP system when compared
with the conventional reference system? 5) What is the impact of different component sizes and

control options on the system performance?



1.3 Research objectives
The primary objective of this research is to develop a novel hybrid multifunctional PVT-
HP system with a custom control capable of providing space heating, space cooling, DHW, and
electricity in single-family houses. This research intends to achieve the following objectives:
e Proposing a novel multifunctional SAHP system based on PVT collectors with a detailed
control strategy with many operational modes
e Applying the multifunctional SAHP system to a single-family residential building design
and studying the impact of climate on system performance
e Investigating the impact of increasing the thermal storage capacity on system performance
through utilizing the swimming pool and phase change materials (PCM) instead of thermal
storage tank
e Exploring the benefits of using dual-source HP (using air-source and solar-source) instead
of single-source HP (using solar-source) in the proposed SAHP system
e Performing economic analysis to evaluate the economic feasibility of the proposed SAHP

system with and without incentives

1.4 Organization of dissertation
The dissertation is organized as follows:
e Chapter 2 presents the literature review about SAHP systems, focusing on the studies that
used PVT collectors. In addition, the multifunctional SAHP systems are discussed in more

detail in this chapter.



Chapter 3 discusses the proposed SAHP system design and its control strategy. The
hypothetical building and the baseline system used to facilitate the comparison with the
proposed system are also introduced in this chapter.

Chapter 4 describes the component models and the system simulation with the TRNSYS
software.

Chapter 5 gives the performance analysis of the TRNSYS simulation of the proposed and
reference systems. In this chapter, the proposed system control implementation is verified
through preliminary representative day analysis first. Later, statistical analysis of the
proposed system operational modes is performed. Then, performance indicators are
introduced, and energy calculations and comparisons for assessing system performance are
presented. The sensitivity analysis to evaluate the impact of main system parameters is then
followed. Lastly, the proposed system performance with a simplified control strategy is
explored.

Chapter 6 investigates three potential system performance improvement strategies on the
basis of the SAHP system discussed in Chapter 3. The three strategies include using an
outdoor swimming pool for thermal storage, using phase change materials to enhance the
thermal storage capacity, and using a dual-source heat pump to replace the liquid-source-
only heat pump.

Chapter 7 presents a high-level economic analysis of the proposed system compared to the
reference system. The simple payback period is calculated for the cases of with and without
incentives.

Chapter 8 ends this dissertation with a summary of major findings, contributions, and

suggestions for future work.



CHAPTER 2: LITERATURE REVIEW

Solar-assisted heat pump (SAHP) systems are used to provide heating, cooling, and
electricity in buildings. This chapter starts with an overview of photovoltaic-thermal collectors,
the solar component used in the SAHP system in this work. Then, different configurations and
applications of SAHP systems are reviewed. Lastly, the knowledge gaps identified from the

literature review are presented to justify the need for this research.

2.1 Overview of photovoltaic-thermal (PVT) collectors

Conventionally, photovoltaic (PV) modules and solar thermal collectors (STC) are separate
devices used to generate electricity and heating energy, respectively. Attaching an absorber plate
to the back of a PV module leads to a hybrid PVT collector that can simultaneously convert solar
energy into electricity and heat (Figure 2-1). The capability of using PVT collectors for heat
generation lies in the low electrical efficiency of PV modules. As Figure 2-2 shows, PV modules
made from crystalline Silicon can convert only 15%-20% of solar radiation to electricity, while
approximately 65%-70% of the solar radiation is absorbed by the PV modules and converted to
heat. The generated heat, if not dissipated from the PV modules timely, will cause the increase of
PV cell temperature and lower the electrical efficiency. This problem can be addressed by using a
heat transfer medium to take away the generated heat and reduce the PV cell temperature, which
is the basic concept of PVT collectors. Therefore, compared to standalone PV modules, the PVT
collectors usually have slightly higher electrical efficiency except for those collector designs
targeted at high-temperature applications. Compared to standalone STC, the PVT collectors

usually have lower thermal efficiency because some solar radiation is used for electricity
6



generation. In general, well-designed PVT collectors have higher overall efficiency (electrical plus

thermal) than both standalone PV modules and solar thermal collectors (Zenhdusern 2017).
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Figure 2-2: Utilization of solar spectrum of a PVT collector (Ldmmle et al. 2020)
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PVT collectors can be classified according to the heat transfer medium (water, air, and

refrigerant), the design (uncovered or unglazed flat plate, covered or glazed flat plate, and

concentrating), and the PV cell technology (thin film, monocrystalline silicon, and polycrystalline

silicon). Different PVT collector designs are briefly described below.

Covered flat-plate PVT collectors (Figure 2-3) are featured as having an air gap between
the PV module and the transparent front cover, which reduces heat losses to the ambient.
The insulating characteristics of the air gap are favorable for the thermal efficiency and
allow for high operating temperatures. However, the high operating temperature and the
optical losses due to the front cover may lower the electrical efficiency of the PV modules.
Covered PVT collectors are used in medium operating temperature applications (e.g.,
DHW in large buildings, including hotels and resorts).

Uncovered flat-plate PVT collectors (Figure 2-4) do not use the front cover, and the PV
modules are exposed to the ambient directly. Due to the lack of the air gap above the PV
modules to reduce heat losses, there is a high convective and long-wave radiative heat
transfer coefficient between the PV modules and the ambient air, which is the reason why
uncovered PVT collectors are called wind and infrared-sensitive collectors (WISC) in some
European countries. Uncovered PVT collectors are beneficial for low-temperature (up to
50°C) applications (e.g., space heating and the source of heat pumps). In particular, when
the operating temperature falls below the ambient temperature, the fluid flowing through
uncovered PVT collectors can absorb heat from the surrounding air, which enables their
use in periods with low or even no solar radiation.

Concentrating PVT collectors (Figure 2-5) are constructed from concentrating PVs (e.g.,

parabolic trough and linear Fresnel reflector) and thermal absorbers. Because concentrating
8



PVs greatly enhance the solar radiation gathering process, the specific area of PV cells per
power generation can be significantly reduced from conventional flat-plate design. In
addition, because of the high useful thermal energy generation, concentrating PVT
collectors can be used in high operating temperature (above 80°C) applications such as

thermal-driven cooling and industrial thermal processes.

According to Lammle et al. (2020), uncovered PVT collectors are the dominant type,

constituting 80% of the PVT market. They are mainly used for DHW production and space heating.

Figure 2-3: Covered PVT collectors manufactured by Endef (2020)



Figure 2-4: Uncovered PVT collectors

a) Schematics of an uncovered PVT collector 1 - Anti-reflective glass 2 - Encapsulant 3 - Solar PV cells
4 - Encapsulant 5 - Backsheet 6 - Heat exchanger 7 - Thermal insulation ((Lammle et al. 2020) b)
Uncovered PVT collectors manufactured by Endef (2020)
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Figure 2-5: Concentrating PVT collectors manufactured by Sunoyster (n.d.)

PVT collectors can be used for different applications, including the source of heat pumps,
pool water heating, DHW and space heating for buildings (e.g., single-family and multi-family
houses, hotels, and hospitals), and industrial and agricultural processes. Generally, which type of
PVT collector design is suitable for a given application depends on multiple factors, such as the
prioritization of heat or electricity generation, the desired temperature range, the area and location
available for collector installation, and the economics. Figure 2-6 presents the PVT applications
and corresponding suitable collector technology based on the operating temperature. IEA Task 60
reports that about two million square meters of PVT collectors were installed globally in the past
five years with an anticipated annual growth rate of 10%. Over the past decades, a number of niche
markets for PVT applications are observed: uncovered PVT collectors with air being the heat

transfer medium for space heating (in France), DHW production in lodgings, and uncovered PVT
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integration with heat pumps. In particular, with the advances of heat pump technology and the
efforts on building electrification, there is an increasing attention to the coupled use of uncovered

PVT collectors and the heat pump for DHW and space heating.
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Figure 2-6: PVT collector technologies and applications based on the operating temperature (Lammle et
al. 2020)

Using PVT collectors as the source of solar-assisted heat pump systems has the following
prominent advantages:

e The solar thermal energy produced by PVT collectors can boost the heat pump’s evaporator
operating temperature higher than the ambient air, which improves the heat pump’s
efficiency and heating capacity. Meanwhile, if uncovered PVT collectors are used, the PV
cell’s operating temperature is reduced, which increases the PV electrical efficiency.

e PVT collectors can generate both electricity and heat with one device and thus have a

higher overall efficiency than the standalone PV modules and solar thermal collectors. This
12



makes the use of PVT collectors an attractive option when the roof area with favorable
orientation for solar utilization is limited in a building.
e Relative to the side-by-side use of PV modules and solar thermal collectors, using PVT

collectors is more appealing by providing aesthetic homogeneity to the roof.

Ever since the concept of inception, PVT collectors have been predominately used for the
dual purposes of heating and electricity generation. However, it is more desirable to use PVT
collectors to address the cooling needs because of the coincidence of high solar radiation and space
cooling load. There are a couple of approaches to address the cooling demand via PVT collectors.
One approach is to use thermal-driven technology for cooling (e.g., absorption and desiccant
cooling). In this case, covered PVT collectors and concentrating PVT collectors are needed to
generate medium-to-high temperature liquids. Another approach is based on the nighttime
radiative cooling of uncovered PVT collectors. Hence, the PVT collector actually integrates the
functions of PV modules (for electricity), solar thermal collectors (for heating), and radiative
cooling panels (for cooling) together. Certainly, these functions do not play at the same time.
Electricity and heating normally occur in the daytime with the presence of solar radiation, while
cooling normally occurs at nighttime without solar radiation. Considering that nighttime radiative
cooling is used in this research, but it is not well known, a brief description of radiative cooling is
provided below.

Radiative cooling represents a process by which a body loses heat through long-wave
thermal radiation (Vall and Castell 2017). Figure 2-7 illustrates the energy flow items involved in
a radiator’s cooling process, where P,,,; denotes the thermal radiation to the sky, Py, IS the

absorbed atmospheric radiation, P, is the absorbed solar radiation, P.,,,, is the convective heat
13



transfer rate between the surface and the ambient, and P,,,4 is the conductive heat transfer from
the surface to the adjacent materials. The net radiative cooling power of the radiator can be
expressed as:
Pclg = Praa — Patm — Peun — Peonw — Peona (2-1)
The outer space is a perfect heat sink, with its temperature being close to absolute zero
Kelvin. However, because the water vapor in the sky absorbs the infrared radiation emitted by the
Earth, the sky temperature from the earth is much warmer than the outer space. The radiator surface
emissivity and the temperature difference between the radiator surface and the sky determine the
magnitude of radiative cooling power (P,,4). Since the cloud cover and ambient relative humidity
affects the sky temperature, the radiative cooling power varies with weather conditions for a given

radiator.

o

Patm Psun Prad Pconv Pcond

Tsurface Tambient

Radiative surface

Figure 2-7: Energy balance of a radiative surface

14



Uncovered PVT collectors can function as nighttime radiative cooling panels because the
glass material on the top of the PV module has an emissivity of around 0.9, and there is no air gap
between that glass and the absorber plate. Similar to heat collection, different heat-carrying fluids,
primarily air and water, can be cooled by PVT collectors via radiative cooling. The air-based
design usually uses hollow channels formed between the PV laminate and the absorber plate for
air distribution. In water-based design, PVT collectors normally have the PV laminate, the
absorber plate, and the heat exchanger used to transfer heat between the absorber and the water
flow bonded together. Water-based PVT collectors are commonly used for radiative cooling
because water has a higher heat capacity than air and thus contributes to a higher overall efficiency

of the system.

2.2 Overview of solar-assisted heat pump system configurations

Air-source heat pumps and solar collectors have been traditionally used separately to
reduce the primary energy consumption in residential buildings, where the heat pump is used for
space heating and cooling while the solar collectors are used for DHW heating. This common
separate use often causes the following issues in winter when the air temperature is low. First, both
the capacity and coefficient of performance (COP) of the heat pump decrease with the outdoor air
temperature. The capacity may become insufficient to meet the heating load, which triggers the
use of auxiliary electrical heating. In particular, many old-fashioned heat pumps have the cut-off
ambient air temperature set at as high as -5°C, below which the heat pump no longer operates.
Frosting on outdoor coils also deteriorates the problem of low capacity and efficiency of air-source
heat pump operation in cold weather conditions. As for solar heating, the solar collectors cannot

be used directly for DHW when the solar radiation is low. The heat losses to the ambient increases
15



when the outdoor air temperature is low. Coupling solar collectors with heat pumps can
complement each other to achieve high COP of heat pumps and solar utilization. The solar
collectors coupled with the heat pump can be conventional solar thermal collectors and hybrid
PVT collectors (Mohanraj et al. 2018). In SAHP systems, the heat pump’s COP is improved due
to the boosted evaporator temperature. Meanwhile, when coupled to the heat pump, the solar
collectors have a low operating temperature, leading to the increase of solar fraction (Bakker et al.
2005, Banister and Collins 2015). If PVT collectors are used, the low operating collector
temperature is also beneficial to the PV module’s electrical efficiency. With efforts on high
performance and even net-zero energy buildings, SAHP systems have attracted increasing
attention in recent years, as reflected by the two task forces (Task 44 and Task 60) of the
International Energy Agency Solar Heating & Cooling Programme.

There are two major classifications of SAHP systems: direct expansion and indirect
expansion systems (Vaishak & Bhale, 2019). In direct expansion SAHP systems (Figure 2-8), the
refrigerant directly flows through the collector. The collector functions as an integral part of the
heat pump (i.e., being the evaporator for heating and the condenser for cooling). In contrast,
indirect expansion SAHP systems do not have the solar collector as an integral part of the heat
pump. The collector and the heat pump are combined together via an intermediate heat exchanger
for transferring solar energy. Thus, the collector working fluid is decoupled from the refrigerant
loop in the heat pump (Figure 2-9). Table 2-1 compares the direct and indirect expansion SAHP

systems with respect to their advantages and disadvantages (Kamel et al. 2015).
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Figure 2-9: Schematic of an indirect SAHP system
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Table 2-1: Comparison of direct and indirect expansion SAHP systems

SAHP System Advantages Disadvantages
Integration Approach
Direct expansion o Reduced number of units e System performance is highly
¢ High collector efficiency influenced by uncertain weather
e Minimum corrosion to the conditions
collector e May require specially fabricated
¢ No freezing concern of working collectors
fluid
Indirect expansion e Easy maintenance o Freezing issue needs to be
o Relatively well-developed addressed for liquid-based
technology collectors
e Commercial collectors are o Possible impact on collector life
available due to water-based corrosion
o Flexible system configurations o Efficiency loss due to the use of
intermediate heat exchanger

For indirect expansion SAHP systems, the collectors and the heat pump can be connected
in parallel or series. In a parallel configuration, the collectors and the heat pump can independently
supply useful energy for end uses. The useful energy is located on the load side of the heat pump,
and it can be used instantly or stored for future use. Figure 2-10 is the schematic diagram
representing typical parallel configurations. One major characteristic of parallel configuration is
that the heat pump operates only if the collectors alone cannot meet the thermal load. In a series
configuration, the collector is used as the source side of the heat pump either directly or through a
thermal storage unit (Figure 2-11). The purpose of the series configuration is to increase the
evaporator temperature of the heat pump for heating and therefore downsize or eliminate additional
heat sources. Thermal storage is typically found on the source side of the heat pump in a series
configuration to compensate for the fluctuating nature of solar thermal energy. In a parallel/series
(P/S) configuration (Figure 2-12), the solar energy from collectors can be used on both sides of

the heat pump (load side in parallel mode and source side in the series mode) depending on the
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weather and system operating conditions. The solar thermal energy either replaces the heat pump
heating (when used on the load side) or increases the temperature level of the source side of the
heat pump (when used on the source side). Therefore, the system performance in the P/S
configuration is potentially improved compared to series-only and parallel-only configurations
(Hadorn 2015). According to the market analysis by Ruschenburg and Herkel (2013), 61% of
installed SAHP systems are parallel, while 6% have series integration, and 34% represent a

combination of different configurations.
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Figure 2-10: Schematic diagram of a Parallel SAHP system
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2.3 Applications of solar-assisted heat pump systems
SAHP systems can be applied in residential buildings to have a single or multiple
functionalities, including DHW production, space heating, space cooling, and electricity

generation. Many studies have been conducted on the development, design, testing, techno-
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economic analysis, and optimization of SAHP systems for different applications. Most previous
studies on SAHP systems have concentrated on using solar thermal collectors as the heat pump’s
source for heating. In this section, different applications of indirect SAHP systems are reviewed

with a focus on the systems that use PVT collectors and have more than one functionality.

2.3.1 SAHP systems for domestic hot water heating

Sterling and Collins (2012) performed a simulation study using TRNSYS software to
investigate the performance of an indirect expansion SAHP for DHW. The SAHP system has two
tanks: one tank on the source side of the heat pump for energy storage and one DHW tank on the
load side of the heat pump. Solar thermal collectors are used to charge the storage tank. Depending
on the storage tank temperature, the storage tank can be used to heat the DHW tank via a heat
exchanger or used as the heat pump’s source. Therefore, the system has a parallel-series
configuration. Banister and Collins (2015) further developed a test apparatus to validate the
component parameters used in the TRNSYS model. Based on the validated simulation model, they
compared the dual-tank SAHP with a standard electric DHW system and a traditional solar
domestic hot water system. Their TRNSYS simulation results showed that for a 7.5 m? solar
collector area, the dual tank SAHP system reduced electricity consumption by 69% relative to the
non-solar system and 23% relative to the conventional solar DHW system. The savings could be
greater for systems with a larger collector area.

PVT collectors have been used in SAHP systems for DHW production as well. Bai et al.
(2012) used TRNSYS to simulate a series SAHP system for sports center water heating in Hong
Kong. Their simulation results indicated that the SAHP saved 67% energy consumption than a

conventional electric DHW system. Wang et al. (2015) made an experimental study of a series
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SAHP system for DHW heating. A salient feature of the system lies in the use of a composite
evaporator that can accommodate both ambient air and the water from a solar tank as the source
of the heat pump. The experiments indicated that the system COP was 2.24 for the case of using
the dual heat source evaporator, while it was 1.31 for the case of using the air source only. Qu et
al. (2016) tested a series dual-source heat pump water heating system in Shanghai, China. The dual
sources include an air-cooled evaporator and a water-cooled evaporator that are parallelly
connected and can be independently used. The water in the water-cooled evaporator circulates
from a storage tank heated by PVT collectors. They examined the impact of source temperature
on DHW heating, but the investigation was conducted individually for each of the two sources
instead of the simultaneous use of the dual sources. Fine, Friedman and Dworkin (2017) examined
a series SAHP system with two cascaded heat pumps. The simulation results showed that the
cascaded heat pump system had 37%-68% more annual thermal energy output than the evacuated
tube heating system. Dannemand, Perers, and Furbo (2019) developed and tested a SAHP system
for DHW. The system had two tanks: a cold buffer storage tank and a hot storage tank located
respectively on the source side and the load side of the heat pump. PVT collectors could directly
charge both tanks. They showed that PVT collectors could solely cover hot water demand on sunny
summer days and add a substantial amount of energy to the buffer tank on days with low solar
irradiation. More studies of SAHP systems for DHW production are presented in Table A-1 in

Appendix A.

2.3.2 SAHP systems for space heating
Space heating is one of the main applications of SAHP systems that have been extensively

studied in the literature. Table A-2 in appendix A lists the reviewed studies but only several
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representative ones are presented here. Bellos et al. (2016) performed an energetic and financial
evaluation of four SAHP systems, namely, an air-source heat pump system with PV modules, a
water-source heat pump system with conventional flat solar thermal collectors, a water-source heat
pump system with PVT collectors, and a water-source heat pump with PV modules and solar
thermal collectors. Each system was examined with different PV or collector areas (no less than
20 m?). The solutions with minimum total costs were compared. It was concluded that the air-
source heat pump system with PV modules had the lowest cost if the electricity rate is less than
0.23€/kWh, and otherwise, the water-source heat pump system with PVT collectors had the lowest
cost. Plytaria et al. (2018, 2019) extended the work by Bellos et al. (2016) further by adding a
PCM layer to the floor for underfloor heating. Adding the PCM layer resulted in an electricity
consumption reduction by more than 40%. With the reduced electrical load, they found that the
water-source heat pump system with PVT collectors became the most appropriate option with
respect to the total cost. However, the simple payback was increased from 10.2 years to 18.3 years
after the PCM layer was added. Vallati et al. (2019) used Matlab simulation to investigate the
potential benefits of a series SAHP system for space heating in three European cities. With 40 m?
PVT collectors and a 4 m? storage tank, the proposed system could cover up to 70%, 62%, and
47% of the space heating demand in Rome (12.41 MWh), Milan (14.99 MWh), and Cracow (16.94
MWh). Simonetti, Molinaroli, and Manzolini (2019) proposed a series dual-source SAHP system.
The composite evaporator could absorb energy from the ambient air and the water circulated from
PVT collectors. The system concept was validated in the laboratory, and then a numerical model
was developed in Matlab for the optimal design of the composite evaporator. Their results showed
that the system COP was increased 14% compared to the standard air-source heat pump system.

Del Almo et al. (2020) used TRNSYS simulation to look into the technical and economic
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feasibility of a series SAHP system for an educational building in Spain. The system integrated 75
PVT collectors (1.96 m? per panel) and 200 PV modules, a water-to-water heat pump, a seasonal
storage (300 m®) on the source side of the heat pump, and a secondary storage on the load side of
the heat pump. Their results showed that the heat produced by the PVT collectors could cover 60%
of the heating demand of the building, and the simple payback period was 15.4 years.

All aforementioned SAHP systems for space heating have series configuration.
Parallel/series configuration is also used in a few studies. For example, Li et al. (2015) developed
and implemented model-predictive control algorithms for a SAHP system installed at Purdue’s
Living Laboratory. Building-integrated PVT collectors were used for preheating the ventilation
air, and the warm air was also used as the source of an air-to-water heat pump. The hot water
generated by the heat pump was then used for radiant floor heating. Based on the TRNSYS
simulation results for a period of one month during the heating season, the SAHP system with
model-predictive controls had ~45% energy savings than the baseline none-solar radiant floor

heating system.

2.3.3 SAHP systems for both DHW and space heating

SAHP systems for DHW and space heating were extensively studied by IEA SHC Task 44
(Hadorn 2015). Some representative studies are briefly presented below, while the reviewed SAHP
studies for DHW and space heating are presented in Table A-3 in Appendix A.

Haller and Frank (2011) used simulation models to compare the performance between
series configuration and parallel configuration for space heating and DHW. Based on the
simulation results, they developed the criterion to determine whether switching from parallel

configuration to series configuration was beneficial. However, the criterion was not
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straightforward for use because it required the heat pump COP and collector efficiency for the
cases of air and water being the sources of the heat pump. Dott, Genkinger, and Afjei (2012) used
the Polysun software to compare nine different SAHP systems for space heating and DHW. The
systems varied with the use of solar panel types (e.g., solar thermal collectors, PV modules, and
PVT collectors), heat pump sources, and building types. The simulation results showed the main
characteristics of the respective systems, but it was challenging to conclude which one was the
best. Lerch, Heinz, and Heimrath (2015) used TRNSYS to compare five SAHP systems with a
conventional air-to-water heat pump system for space heating and DHW. The five SAHP systems
had different configurations, heat storage use, and heat pump sources. The seasonal performance
factor (SPF) of the system was one of the major metrics used to compare all systems. The system
that enabled the direct use of solar collectors as the additional source for refrigerant evaporation
had the highest SPF. Carbonell et al. (2015, 2016) proposed and modeled a SAHP system with an
ice storage tank for space heating and DHW. The simulated system was validated with one-year
measurements from a pilot project installed in Switzerland with a monitored yearly SPF of 4.6.

In addition to the work related to IEA SHC Task 44, there are many other studies on SAHP
systems for space heating and DHW. Poppi et al. (2016) used TRNSYS simulation to investigate
the influence of component sizing on energy consumption for two parallel SAHP systems: one
with ambient air and the other with borehole as the heat source of the heat pump. Different sizing
options were considered for the collector area, the heat exchanger size for DHW preparation, and
the heat pump. Emmi, Zarrella, and De Carli (2017) compared four different dual-source SAHP
systems for a single-family house in Vicenza, Italy. All systems combined an air-to-water heat
pump and a water-to-water heat pump in parallel. The water-to-water heat pump used different

sources (e.g., PVT collectors, borehole, and the combination of them) in the four systems. Their
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TRNSYS simulation results showed that 1) recharging the borehole in heating-dominated
buildings was not an economical solution if there were a few borehole fields; and 2) the solar-air
source combination appeared to be the most advantageous one if adequate roof surfaces and
storage were available. Sakellariou et al. (2019) modeled a solar-assisted ground source heat pump
system for a single-family house in Birmingham, UK. An earth energy bank (EEB) of 47 m®
volume was employed to store thermal energy. The heat pump’s source-side loop had a ground
heat exchanger and a plate heat exchanger used to couple with the EEB and the solar subsystem
with PVT collectors, respectively. The solar heat always contributed to the heat pump operation
via the ground heat exchanger. Solar heat could be stored in the EEB in case of no heating load.
Sommerfeldt and Madani (2019) conducted a techno-economic analysis of ground source heat
pump systems with series-connected PVT collectors for a multi-family building of 2000 m? floor
area in Stockholm, Sweden. They found that integrating PVT collectors of 236 m? could reduce
the borehole length by 18% or the borehole spacing by 50% while maintaining an equivalent
seasonal performance factor of the system without PVT collectors. Simonetti et al. (2020)
performed an energetic and economic assessment of three different SAHP systems for a single-
family house in Milan, Italy. The three assessed systems included an air-to-water heat pump plus
PV modules, a water-to-water heat pump with PVT collectors as the source, and a water-to-water
heat pump with dual sources (ambient air and PVT collectors). The analysis was performed for a
different number of solar modules and battery sizes. They concluded that the dual-source heat
pump system with the largest battery size achieved the highest energy savings (77%) compared to

a conventional boiler-based system.
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2.3.4 Multifunctional SAHP Systems

A universal definition of multifunctional SAHP systems does not exist in the literature.
The desired multiple functionalities can be specified differently for different applications. For
residential buildings, it is reasonable to include space heating, space cooling, and DHW when
referring to multifunctional heat pump systems. Therefore, a multifunctional SAHP system can be
designed by extending from one of the SAHP systems for space heating and SHW, as discussed in
Section 2.3.3, to cover space cooling as well. More specifically, the kind of multifunctional SAHP
systems of particular interest to this research have the following characteristics:

e A single heat pump contributes to space heating, space cooling, and DHW. Thus, those
systems that use non-heat pump equipment (e.g., absorption chillers) or one more heat
pump for space cooling are not counted.

e Solar modules (e.g., conventional solar thermal collectors and PVT collectors) are used as
the source of the heat pump at least for some of its operational modes. This means that the
SAHP system should have series or parallel/series configurations. Simple parallel
configurations are excluded because they usually have low solar utilization when low-

temperature solar collectors are used.

A number of SAHP systems meeting the above characteristics have been found from the
literature review, and they are presented below with an emphasis on the system description.

Chu et al. (2014) presented a multifunctional SAHP system for space heating, space
cooling, dehumidification, and DHW in a high-performance house that participated in the 2013
Solar Decathlon. As shown in Figure 2-13, the SAHP system consisted of conventional solar

collectors, two thermal storage tanks, and a liquid-to-liquid heat pump. An air-handling unit was
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used to heat, cool, and dehumidify the supply air. In the winter, the cold tank was charged with the
solar collectors and used as the heat pump’s source to maintain the temperature at the bottom of
the hot water tank no less than 40°C. The water in the hot tank was used for DHW and space
heating needs. In the summer, the heat pump operation is reversed to maintain the temperature at
the top of the cold tank no greater than 6°C. To avoid overheating of the hot water tank in the
summer, if the temperature at the bottom of the hot tank was above 40°C, the refrigerant flow
would bypass the hot water tank, and the heat would be dissipated to the ambient via an outdoor

radiator.
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Figure 2-13: The schematic diagram of the SAHP system presented by Chu et al. (2014)

Wang et al. (2011) presented a dual-source multifunctional SAHP system for space

heating, space cooling, and DHW heating. Figure 2-14 shows the schematic diagram of the
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proposed system. Table 2-2 lists the seven operational modes and the corresponding refrigerant
flow paths, where component indices in the flow paths can be found in Figure 2-14. Figure 2-14
and Table 2-2 indicate that 1) the heat pump had ambient air (Modes 1 and 4) and solar-heated
water (Mode 5) as its alternative source for heating; 2) the heat pump had dual evaporators (the air
heat exchanger and the water heat exchanger) as well, which was used depending on the
operational mode; 3) the system provided a defrosting mode using tank water as the source to
defrost the outdoor air exchanger (Component 4 in Figure 2-14). An experimental setup was built
to verify the system could work in all seven operational modes. However, no details were given
on how to determine which source should be used at what conditions. In addition, it is not clear
whether the water tank had an auxiliary heating device to maintain the tank temperature setpoint
and, if so, whether the system operation would end up using the auxiliary heat as the source of the

heat pump at low solar radiation conditions.
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1: compressor; 2: indoor air-cooled heat exchanger; 3: water-cooled heat exchanger; 4: outdoor air-
cooled heat exchanger; 5: receiver; 6: dry filter; 7-8: four-way valves; 9—11: capillary tubes; 12—14:
check valves; 15—17: solenoid valves; 18: insulated water tank; 19: solar collector; 20: water pump.

Figure 2-14: The schematic diagram of the SAHP system presented by Wang et al. (2011)

Table 2-2: Operational modes and corresponding refrigerant circulations in the SAHP system presented
by Wang et al. (2011)

Mode number

Operation mode

Refrigerant circulation

1 Space heating 1-7-8-2-12—5—6—17—11—4—7—1

2 Common space cooling 157 —4—14—5-6—-15-9—2—8—1

3 Common solar water heating The refrigeration circulation stops.

4 Heat pump water heating 15783135617 —11—4—7—1

5 Solar-assisted space heating 1->7—8-2-12—-5-6—16—10—3—8—1

6 Space cooling and heat pump 157831356159 >2->81
water heating

7 Energy-saving defrosting

1-7—4—14—5—-6—16—10—3—8—1

30




Caietal. (2016, 2017) proposed and studied the operation of a dual-source multifunctional
heat pump system for space heating, space cooling, and DHW. As shown in Figure 2-15, the
system consisted of solar thermal collectors, two air heat exchangers (one indoor and one outdoor),
two water tanks (one DHW tank and one solar water tank), a compressor, capillary throttling
devices, water pumps, and a plat heat exchanger coupling the water loop and the refrigerant loop.
The system could support the following five operational modes: 1) air source for DHW heating,
2) solar water source for DHW heating, 3) air source for space heating, 4) solar water source for
DHW heating, and 5) air source for space cooling. They developed a numerical model for the
system and verified the model with laboratory tests. Through simulations, Cai et al. (2017) found
that using the air source was superior to the solar water source for space heating when the ambient
temperature was above 4°C, and the solar water source was more efficient for DHW heating when

the ambient temperature was below 3°C.

Figure 2-15: The schematic diagram of the SAHP system presented by Cai et al. (2016)

Entchev et al. (2014) proposed a solar-assisted ground source heat pump system for space

heating, space cooling, DHW, and electricity generation. As Figure 2-16 shows, the system
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consisted of PVT collectors, a solar tank, a hot water tank, a cold water tank, and a ground source
heat pump with boreholes. The solar tank was used to preheat the city water before entering the
hot water tank and transfer heat energy to the hot water tank at applicable conditions. The hot
water tank had two immersed heat exchangers for space heating and DHW. The cold water tank
was used to provide chilled water for cooling in the summer season. The ground source heat pump
was equipped with a desuperheater to preheat the city water for DHW use. The SAHP system was
compared with a reference system having a boiler and a chiller for space conditioning and DHW
in Ottawa, Canada. TRNSYS simulation results showed that the multifunctional SAHP system had

58% energy saving than the reference system.

House

Office

Figure 2-16: The schematic diagram of the SAHP system presented by Entchev et al. (2014)

Kang et al. (2016) investigated an air-based multifunctional SAHP system and evaluated

its performance for residential buildings located in Incheon, Korea, and Ottawa, Canada. As Figure
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2-17 shows, the system consisted of a horizontal ground-to-air heat exchanger, an air-to-water heat
pump, a hot water storage tank, and PVT collectors. The hot water tank was used for space heating
and DHW. In summer, the chilled water from the heat pump was directly circulated to the fan coil
units. In winter, the heat pump was turned on when the temperature at the bottom of the tank was
lower than 40°C and was turned off when the temperature was above 45°C. Generally, the ambient
air was preheated or precooled by the ground-to-air heat exchanger before entering the heat pump’s
outdoor coil. In winter, the PVT collectors were used to preheat the ambient air when the average
air temperature behind the PVT collectors was 5°C higher than the air temperature near the outlet
of the ground heat exchanger. The PVT collectors would not be used for preheating after the
temperature difference between the air behind the PVT collectors and the air near the outlet of the
ground heat exchanger fell below 2°C. Based on the simulation results, Kang et al. (2016) found
that the SAHP system had 45% (in Incheon) and 42% (in Ottawa) energy savings than a reference

conventional system using a boiler for space heating and DHW and chiller for space cooling.
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Figure 2-17: The schematic diagram of the SAHP system presented by Kang et al. (2016)

Besagni et al. (2019) experimentally investigated a multifunctional SAHP system for a
detached house in Milan. As Figure 2-18 shows, the SAHP system had PVT collectors, a DHW
tank, an intermediate-temperature storage tank used as the water source of the heat pump, an
intermediate storage tank used to provide water to fan coils, and a heat pump. The heat pump was
equipped with an air-source evaporator and a water-source evaporator connected in series. The
glycol-water solution in the PVT collector loop could be circulated through the DHW tank or the
intermediate-temperature storage tank, depending on the two tank temperatures. The heat pump
was used to provide space heating, space cooling, and DHW. In the space heating mode, the water
source was used if the tank water temperature was higher than the ambient air. In the space cooling
mode, only the air source was used for the heat pump operation. However, the glycol-water

solution was circulated between the intermediate storage tank and the PVT collectors at night to
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reduce the tank temperature in the coldest hours of the day while the air source was used at other
times. Besagni et al. estimated that their SAHP system had 15.4% lower daily-averaged energy

consumption than the baseline air-to-water heat pump system.
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Figure 2-18: The schematic diagram of the SAHP system presented by Besagni et al. (2019)

2.4 Studies on using PVT collectors for radiative cooling

At the University of Applied Sciences in Stuttgart, Germany, Eicker and Dalibard (2011)
used uncovered PVT collectors to generate cold water, which was then used to charge either the
PCM ceiling or the storage tank. The concept was implemented in a residential zero energy
building and tested under the climate conditions of Madrid, Spain. The measured radiant cooling
power was in the range between 60 and 65 W/m? when the PVT collectors were used to cool the
storage tank and in the range between 40 and 45 W/m? when the collectors were used to cool the

PCM ceiling directly. Eicker and Dalibard also performed a simulation analysis, and they found
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that the simulated summer cooling energy production per m? of PVT collector was 51 kWh in
Madrid, Spain, and 55 kWh in Shanghai, China. Palla et al. (2014) investigated the potential of
using a new prototype of PVT collectors for space heating, space cooling, and electricity
production in six different locations using TRNSYS simulation. They concluded that the highest
radiative cooling potential could be achieved in cold and moderate climates where cooling was
required temporarily. Cremes et al. (2015) conducted experiments to investigate the impact of
backside insulation on the performance of two differently design PVT collectors. They determined
that backward insulation improved the PVT collector efficiency by 20-30% for both heating and
radiative cooling applications. Gurlich, Dalibard, and Eicker (2017) compared the use of PVT
collectors and the combined use of thermal collectors and PV modules via TRNSYS simulations.
The PVT collectors had triple roles: electricity generation, thermal energy collection, and
nighttime radiative cooling. Based on the simulations for three residential buildings in Portugal,
Italy, and England, they found that PVT collectors using PVT collectors had ~6% higher exergetic
efficiency than the combined use of thermal collectors and PV modules. However, from the
economic point of view, using PVT collectors was more economically favorable if the additional
cooling and electricity production was sufficient to compensate for the loss of heat gains.
Researchers at the Technical University of Denmark have also investigated the radiative
cooling aspect of water-based PVT collectors. Pean et al. (2016) investigated the impact of
environmental parameters on the nighttime radiative cooling potential of unglazed PVT collectors
based on experiments. They indicated that the cooling output was affected most by the air
temperature. Relative humidity, wind speed, and cloudiness were other parameters with a

substantial impact on the cooling output. Bourdakis et al. (2016) experimentally tested a system
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integrating PCM panels and PVT collectors. The cold water from PVT collectors was used to
charge PCM ceiling panels at night.

At the University of Wollongong in Australia, Lin et al. (2014) studied an air-based ceiling
ventilation system consisting of PVT collectors and a PCM ceiling. The PVT collectors were used
to generate electricity, solar heating during winter days, and radiative cooling during summer
nights. The system was evaluated with TRNSY'S simulation based on a Solar Decathlon house.
They showed that the average temperature reduction of air flowing through the PVT collectors
was 2.4°C during the nighttime. On summer nights, the air temperature was decreased as much as
3°C by passing through the PVT panels. In a subsequent study, Fiorentini, Cooper, and Ma (2015)
combined a standard reverse-cycle heat pump with air-based PVT collectors and PCM thermal
storage. The PVT collectors were used to warm the fresh air during the heating season and to cool
the fresh air during the cooling season. After being heated or cooled, the fresh air was supplied to
space directly if ventilation was needed; and otherwise, the air was sent to the PCM for thermal
storage. The thermal storage could be used either directly to condition the space or precondition

the air entering the air-handling unit.

2.5 Summary of literature review

SAHP systems have been commonly used for space heating and DHW generation. By
expanding the functionality to include space cooling, a multifunctional SAHP system can be
developed. Once developed, the multifunctional SAHP system is expected to have a couple of
major advantages: 1) reduce the number of equipment by using the heat pump for multiple
purposes, and 2) increase the energy efficiency by coupling the heat pump with renewable energy

components. A few multifunctional SAHP systems have been proposed. The functionality of space
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cooling has been mostly achieved with the use of two sources: using ambient air and water from
the collectors (Cai et al. 2016, Besegni et al. 2019) or using ground and air (or water) from the
collectors (Wang et al. 2011, Entchev et al. 2014). In addition, some of the previous work on
multifunctional SAHP systems focused on the demonstration of individual operational modes at
laboratory conditions. However, much research is needed on the system operation with different
modes at dynamic load conditions.

Using PVT collectors for radiative cooling is a relatively new concept. A number of
studies, either numerical or experimental, have been performed to estimate the nighttime radiative
cooling potential of PVT collectors. Because the cooling power is low and dependent on climate
conditions, coupling radiative cooling of PVT collectors with heat pump seems to a promising
approach because it shares the similar principle of SAHP for heating. However, no research has
been found on the development of a multifunctional SAHP system for space heating, space
cooling, and DHW based on PVT collectors. This research aims to fill in the knowledge gap by
proposing a novel multifunctional SAHP system and evaluating its performance with TRNSYS

simulations.
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CHAPTER 3: SYSTEM DESIGN

3.1 Multifunctional solar-assisted heat pump system prototype design

Figure 3-1 shows the schematic of the multifunctional solar-assisted heat pump system
prototype. Major components of the system include unglazed PVT collectors, a liquid-to-liquid
heat pump, a thermal storage tank for space conditioning, a DHW tank, two instantaneous electric
water heaters (for space heating and DHW production), four circulating pumps, and a number of
valves for flow direction controls. Because of the need for freezing protection in cold climates, a
mixture of propylene glycol and water in the ratio of 30% to 70% by volume is used as the heat
transfer medium between the PVT collectors, the storage tanks, and the heat pump. Though it is
possible to circulate glycol solution directly through the plastic tubes embedded in the floor, a
plate heat exchanger is used between the PVT-HP plant and the radiant floor, which has both
positive and negative impacts. The advantage comes from the reduction of pressure drop across
the radiant floor as water is less viscous than glycol. However, on the other hand, using the heat

exchanger introduces effectiveness losses.
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Figure 3-1: Schematic diagram of the proposed multifunctional SAHP system: the upper part for space
conditioning and the lower part for DHW production

There exist different types of PVT collectors. Unglazed flat PVT collectors are used in this

study because they not only serve the purpose of solar energy collection for heating but also act as

radiative cooling panels to dissipate thermal energy to the sky in the cooling season. Glazed
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collectors are favorable for solar collection, but they are less effective for radiative cooling
(Ld&mmle et al. 2020, Eicker and Dalibard 2011). In addition, as will be discussed later, the
collectors are sometimes used in the system as a heat exchanger for convective heat transfer from
the ambient air to the glycol solution. In this respect, unglazed PVT collectors are preferable to
glazed ones. Unglazed PVT collectors can generate low-temperature water up to 50°C (Lammle
et al. 2020), which is a major reason behind the use of hydronic radiant floor systems in the
building. Even so, it is not reasonable to expect the PVT collectors to fully meet the heating load.
Therefore, a liquid-to-liquid heat pump is used. When the heat pump is used for space conditioning,
its source side connects to either the PVT collectors or the thermal storage tank, and its load side
connects to the radiant floor system via the heat exchanger. The DHW tank water is heated by
PVT collectors and the heat pump’s desuperheater. The desuperheater uses superheated gases from
the heat pump’s compressor to heat the water circulated from the DHW tank. In addition, an
instantaneous electric heater is placed after the DHW tank to ensure the hot water temperature has

reached 49°C before being tempered with the city water.

3.2 Sequence of system operation
The seemingly complex piping (Figure 3-1) results from the system’s high flexibility to
support many operational modes. Figure 3-2 sketches the sequence of system operation. All

operational modes are briefly described as follows.
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Figure 3-2: Flowchart diagram showing the system control sequence

Mode 1: PVT collectors for space heating. Under this mode, Pump P1 is on, and it drives
the glycol solution flowing from the PVT collectors to the plate heat exchanger. Mode 1 operates
when 1) the space calls for heating, 2) the glycol outlet temperature (T;o;0y¢) from the PVT
collectors is greater than the temperature limit (Ts,,) acceptable for space heating, and 3) T;o; oyt
is greater than the thermal storage tank’s top outlet temperature (Tt 1,¢0p, S€€ Figure 3-1). The third
condition is used because the system has two alternative sources (PVT collectors and the storage

tank), and the source with a higher temperature is applied first.
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Mode 2: Thermal storage tank for space heating. Under this mode, Pump P1 is on, and it
drives the glycol solution flowing from the thermal storage tank to the plate heat exchanger. Mode
2 operates when 1) the space calls for heating, 2) Tyx1,t0p > Tsp1, AN 3) Texa top > Teotout-

Mode 3: PVT-HP for space heating. In this mode, Pump P1 circulates the glycol solution
between the collectors and the heat pump, while Pump P2 circulates the glycol between the heat
pump and the plate heat exchanger. Because PVT collectors are located on the source side of the
heat pump, the low temperature of the glycol from the heat pump’s evaporator enhances solar
utilization. Mode 3 operates when 1) the space calls for heating, 2) Tsy1 = Teorout > Ttk1,top, aNd
3) Teor0ut 1S greater than the low-temperature limit (T, ) for heat pump running. It is worth noting
that this mode works independently of solar radiation. At times of no solar radiation (e.g., cloudy
days and nights), the collectors simply play the role of a convective heat exchanger to transfer
energy from the ambient air to the glycol solution.

Mode 4: Tank-HP for space heating. In contrast to Mode 3, this mode uses the thermal
storage tank as the heat pump’s source. Mode 4 operates when 1) the space calls for heating, 2)
Tsp1 = Tekrtop > Teorout» AN 3) Texatop > Topa-

Mode 5: PVT for storage tank water heating. By running Pump P1, this mode uses the
collectors to charge the storage tank for heating. This mode operates when 1) the space does not
call for heating, 2) the system runs in the heating season, and 3) T, o, IS greater than the storage
tank’s bottom outlet temperature (T¢1 »o¢, S€€ Figure 3-1). The second condition is needed because
the system has only one thermal storage tank that is used to store warm water in the heating season
and cold water in the cooling season. Therefore, a seasonal changeover point is required to

determine the usage of the storage tank.
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Mode 6: PVT-HP for storage tank heating. In literature, it is common to use the storage
tank as the source of the heat pump for heating, as described in Mode 4. Up to our best knowledge,
the storage tank has never been charged by the heat pump in previous studies of solar-assisted heat
pump systems. Mode 6 is proposed in our work for the following two reasons. Firstly, because the
storage tank has a small capacity intended for daily cycling, the depletion of the tank
(i.e., Terr,eop < Tsp2) Would occur in many days if Mode 5 was merely relied on for tank charging.
Secondly, using collectors as the heat pump’s source increases solar utilization, as explained in
Mode 3. Mode 6 is used under the following conditions: 1) Ty t0p > Tsp2, 2) neither of Mode 1
to Mode 5 is activated, 3) the system runs in the predefined coldest period of time, and 4) the
average tank water temperature (T¢q,qvg) IS less than the high limit for heat pump charging
(Ttk1,nign)- Note that in the third condition, the coldest period is only part of the heating season
when the storage tank is likely depleted.

In addition to Modes 1 to 6 for space heating, the system has another 6 modes (Modes 7 to
12) for space cooling. The modes for space cooling correspond to those for space heating but with
the following major changes:

e The space calls for cooling in Modes 7-10, and the tank is charged for cooling storage in

Modes 11 and 12.

e The heat pump runs in the cooling mode in Modes 9, 10, and 12.
e Instead of using Ts,q, @ new control parameter Ts,3 is used in Modes 7 and 8 to indicate
the upper boundary to circulate the glycol from the collectors or the storage tank directly

for space cooling.
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e When comparing Tixq,¢0p With Teop0ue In Modes 7-10, their relations are reversed from
those in Modes 1-4. In addition, the conditions based on T, are not used.

e Modes 11 and 12 are used in the cooling season, and they are considered only at nighttime
when radiative cooling is possible for conventional PVT collectors. Mode 11 has the
condition Teo; oue < Ttk1,pot, Which differs from Mode 5. Mode 12 has a low limit for the

average tank water temperature (T¢1 10w) instead of the high limit as used in Mode 6.

As discussed earlier, the heat pump uses either PVT collectors (Mode 3) or the storage tank
(Mode 4) as the source for space heating. Both modes have a low-temperature limit setting for the
glycol entering the heat pump’s evaporator. If neither of the collectors and the storage tank can
work as the heat pump’s source, an instantaneous electric water heater is relied on for space
heating, which is labeled as Mode 13 in Figure 3-2.

Relative to space conditioning, DHW heating is much simpler. If PVT collectors are not
used in any of the modes for space conditioning, they are used to heat the water in the DHW tank
when the following two conditions are satisfied: 1) T,,; ., IS greater than the DHW tank
temperature at the glycol inlet (Tyzt0p), and 2) the DHW tank water average temperature
(Ttrz,avg) 1s less than a predefined high limit (T¢xznign), the purpose of which is to avoid
overheating the DHW tank. The operation of using collectors to heat the DHW tank is regarded as
Mode 14 in Figure 3-2. In this mode, the heated glycol solution flows through the immersed heat
exchanger in the DHW tank to heat the cold makeup water from the city mains. An instantaneous

electric water is then used to ensure the desired water temperature setpoint at 49°C.
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As Figure 3-1 shows, the system has many valves, including 3-way diverting valves, 3-
way mixing valves, 2-way valves, and check valves. Of the 3-way valves, V3, V7, and V9 are
mixing valves while all others are diverting valves. Wherever a 3-way mixing valve is used, it is
functionally equivalent to the use of two check valves on the two branch ports, as illustrated in
several places in Figure 3-1. All 3-way and 2-way valves are used as two-position valves for the
purpose of flow direction controls. Their positions and the status of four circulating pumps are
listed in Table 3-1 for all operational modes that have been presented. In Table 3-1, the 3-way
valve position is indicated by specifying which branch port (A or B) is fully open, while the 2-way
valve position is indicated by specifying whether it is open or close. The status of P4, the pump
used for circulating water between the DHW tank and the heat pump’s desuperheater, is marked
as on/off when the heat pump runs because the pump status also depends on the DHW tank water
temperature.

Table 3-1: The schedule of pumps and valves of the multifunctional SAHP system

Pump and Valve Operational Mode

Status 1&7 |[2&8 [3&9 [4&10 [5&11 [6&12 [13 |14 Idle

Pump P1 |on on on on on on off on off
P2 | off off on on off on off off off
P3 | on on on on off off on off off
P4 | off off on/off | on/off | off on/off | off off off

Valve Vi |B B B B B B A B
V2 | A - A - B A - -
V3 | A B A B - A - -
V4 | A A B B - B - -
V5 | B B B B - A - -
V6 | B B A A - A - -
V7 | B B A A - A - -
V8 |- - - - B A - -
V9 | B B B B A B - -
V10 | B A B A B B B -
V11 | close |open |close |open close close close | close
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Table 3-1 cont: The schedule of pumps and valves of the multifunctional SAHP system

Pump and Valve Operational Mode
Status 1&7 [2&8 [3&9 [4&10 |[5&11 [6&12 [13 [14 [Idle
Valve ‘ V12 close |close | close | close open open close | close

3.3 Reference system

A reference is needed in this research to facilitate the performance evaluation of the
multifunctional SAHP system. Some performance metrics (e.g., the percentage energy savings and
the simple payback period, to be discussed in Chapter 5) cannot be quantified without a reference
system. There are many options for the reference system definition. However, it makes more sense
to define one common system in the field as a reference. According to the Residential Energy
Consumption Survey (EIA 2018), a central system with a warm-air furnace and an air conditioner
is the most common system type for space heating and cooling. A natural gas-fired water heater is
also the most common equipment for DHW production. Considering that the multifunctional
SAHP system uses a heat pump and electricity as the only fuel type, the reference system is defined
to have a split air-source heat pump (ASHP) system for space heating and cooling and an electric
water heater for DHW production. Electric resistance is used as auxiliary space heating.

The ASHP may operate in one of the following modes if it is on: the cooling mode, the
compressor heating mode only, the compressor heating plus auxiliary heating mode, and the
auxiliary heating mode only. The cooling mode is triggered on whenever the space temperature is
above the cooling setpoint. Which heating mode is used depends on the space temperature and the
outdoor air temperature. The compressor heating mode only is used if 1) the space temperature is
below the heating setpoint, and 2) the outdoor air temperature is above the auxiliary heater lockout

temperature, beyond which the auxiliary heater is disabled. The auxiliary can be used together with
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compressor heating if 1) the space temperature is below the heating setpoint minus 0.5°C, and 2)
the outdoor air temperature is above the compressor lockout temperature but below the auxiliary
heater lockout temperature. The auxiliary heating only mode is used if 1) the space temperature
is below the heating setpoint, and 2) the outdoor air temperature is no greater than the compressor
lockout temperature.

A 60-gallon (227 L) electric water heater is used in the reference system for DHW

production. The tank has its thermostat setpoint at 49°C.

3.4 Boundary considerations for the system design

The system presented in Section 3.1 is called a prototype because it considers a
comprehensive set of possible operations. The system prototype can be customized for different
conditions. Two boundary conditions that will probably affect the system design are the climate

and the building.

3.4.1 Climate conditions

The climate affects solar radiation, building thermal loads, and radiative cooling.
Therefore, the operational modes discussed in Section 3.2 may play different roles, and the system
performance will vary in different climates. This work considers two locations (i.e., Baltimore,
MD, and Las Vegas, NV) with quite different climate conditions. Baltimore has a mixed climate,
cold in winter and hot in summer, and it has annual heating degree days (HDDs) of 2495 °C-day
and cooling degree days (CDDs) of 704 °C-day. In contrast, Las Vegas has a milder and dryer
climate (HDDs= 1097 °C-day, CDDs= 1929 °C-day) (ASHRAE 2017). All degree days are

calculated with a base temperature of 18.8°C. Figure 3-3 shows the monthly average temperature
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profiles for the outdoor dry-bulb temperature and the effective sky temperature for the two
locations. The temperature profiles are based on the Typical Meteorological Year (TMY-2)
weather database, which offers daily values of the outdoor dry-bulb temperature, humidity ratio,
wind speed, solar irradiance, cloud coverage and so on. The outdoor dry-bulb temperatures are
directly available from the TMY-2 weather database, but the effective sky temperatures are

calculated from TMY-2 weather data fields using the TRNSYS software.
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Figure 3-3: Profiles of the monthly average outdoor dry-bulb temperature and the monthly average
effective sky temperature

3.4.2 Building description

The multifunctional SAHP system can be used for both residential and commercial
buildings. Because this study has its focus on residential buildings, a hypothetical single-family
house is created to investigate the system performance. The house has one floor with a total area

of 200 m?. The floor has a rectangular shape with an aspect ratio of 0.86. A slab-on-grade floor
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and wood-frame constructions are assumed. The house has a flat roof with a floor-to-ceiling height
of 2.44 m. On each fagade, windows occupy 2 m?. Note that the house geometry and construction
are more simplified than real buildings. This simplification does not sacrifice the value of this
research because building thermal loads are the primary concerns.

Regarding the thermal performance of exterior building envelope, Table 1 lists the U-
factors and R-values that meet the minimum code requirement of the International Energy
Conservation Code for residential buildings (IECC 2006). The U-factor refers to the heat loss
coefficient, including the construction and the air films on both sides of the envelope. The R-value
refers to the thermal resistance of the insulation layer only. Because the code requirement may
vary with climates, Table 3-2 provides the thermal performance of the building envelope for both
Baltimore, MD and Las Vegas, NV, the two locations chosen for studying the impact of climate
on system operation and performance.

For the reference system, the house has conventional slab-on-grade floor. However, for the
multifunctional SAHP system, the house has hydronic radiant floors constructed with an embedded
surface system (Babiak, Dusan, and Olesen 2007). With this construction, water tubes are
embedded in the surface of the building floor, and the surface layer with embedded water tubes is
insulated from the concrete slab.

An air change rate of 10 at 50 Pa is assumed for the air infiltration. Based on European
Standard SIA 2024, internal heat gains from lights, electrical equipment, and people are 9.72

kJ/(m?h), 28.80 kJ/(m?h), and 5.04 kJ/(m?h), respectively (SIA 2006).
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Table 3-2: Thermal performance of exterior building envelope

Building Envelope Thermal Performance
Baltimore Las Vegas
Roof U-factor=0.170 W/(m?K) U-factor=0.199 W/(m?K)
Ground Floor R-value=2.64 m?K/W R-value=0.88 m?K/W
Exterior Walls U-factor =0.465 W/(m?K) U-factor =0.465 W/(m?K)
Windows U-factor =1.69 W/(m?K) U-factor =1.12 W/(m?K)
SHGC=0.66 SHGC=0.4

3.5 Component sizing

Components are sized on the basis of load calculation and sensitivity analysis. Space
heating and cooling loads are determined by pre-running the annual simulation of the building
while keeping the space air temperature in the desired range. The peak heating and cooling loads
are used to size the heat pumps. Load calculation, engineering judgments, and the residential code
requirements (IECC 2006) are used to size other components such as the pumps and the fan.
Sensitivity analysis is performed to size the PVT collectors and the thermal storage tank, as to be

discussed in Chapter 5.
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CHAPTER 4: SYSTEM SIMULATION

In the present, there exist a large number of building energy simulation programs, which
may vary in different aspects, such as modeling features and capabilities, ease of use, validation
effort, and source availability (Crawley et al. 2008). The TRNSYS software is selected for this
research mainly because of the following considerations. First, the TRNSY'S software has a rich
library of validated component models (e.g., solar collector, PV, and energy storage) commonly
found in solar-based thermal and electrical energy systems. The strong capability of modeling solar
systems has made TRNSYS the most suitable choice in this study. Secondly, the TRNSYS
software is featured with its open and modular structure, which means that 1) each component,
representing either a real physical device or a utility tool (e.g., data reader, printer, and plotter), is
implemented as an individual subroutine; and 2) the source code of the component models in the
library is available to the user. The open modular feature of TRNSY'S facilities the creation of new
components and the modification of existing components, which are essential to simulate novel
systems. Thirdly, the TRNSYS software has a graphical user interface, through which components
can be dragged, dropped, and connected to form a whole system. This graphical user interface
significantly eases the use of the TRNSYS software.

TRNSYS components are usually referred to as Types. A Type is defined with its
PARAMETERS, INPUTS, OUTPUTS, and DERIVATIVES. Theoretically, both PARAMETERS
and INPUTS are the inputs of a TRNSYS component, but they are distinguished according to
whether their values change with time. PARAMETERS are time-independent inputs such as the
volume of a water storage tank and the area of solar collectors, whereas INPUTS are time-

dependent inputs such as the ambient air temperature and the water flow rate of a tank connection.
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During simulation, a TRNSYS component model turns the current values of PARAMETERS and
INPUTS into OUTPUTS, some of which may be used as the inputs for the downstream
components. For those components that solve differential equations numerically, DERIVATIVES
are needed to specify the initial values, such as the initial temperatures of various nodes in a
thermal storage tank or the initial zone temperatures in a multi-zone building. More details about
the aforementioned TRNSYS terminologies can be found in Klein et al. (2018). Major components

used to model the multifucnational SAHP system in TRNSYS are presented in this chapter.

4.1 Type 560: PVT solar collectors

TRNSYS Type 560 intends to model unglazed sheet-and-tube PVT solar collectors, the
schematic of which is shown in Figure 4-1. The collector comprises of PV cells, a thin adhesive
layer, an absorber plate in thermal contract with water tubes, and a layer of thermal insulation at
the back of the PVT collector. Because the heat collected by the PV cells is transferred to the
absorber plate by conduction, the adhesive layer needs to be thermally conductive but electrically

insulative materials such as Silicon adhesive and epoxy glue.

Incident Solar Radiation

PV Cells —»

Absorber /

Plate

Adhesive
& ’

Substrate etc.

— Insulation, Collector
Back Material
Flow Tubes

Figure 4-1: PVT schematic (Klein et al. 2018)
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In TRNSYS Type 560, the PVT collector is modeled by establishing the energy balance
equations respectively for the PV cells, the absorber plate and the tube, and the fluid in the tube.
These energy balance equations are briefly described next, and detailed discussions of the model
can be found in Klein et al. (2018).

For the PV cells, the energy balance equation is written as:

Tpy — Tap
S—he(Tpy — To) — hr(TPV - Tsky) - R—as =0 (4-1)
1

where, S is the absorbed solar radiation for thermal energy collection (W); Tpy, Ty, Tsiy,
and T, represent the cell temperature (°C), the ambient air temperature (°C), the effective sky
temperature (°C) and the absorber plate temperature (°C), respectively; h. is the convective heat
transfer coefficient (W/m?-°C) between the PV cells and the ambient air; A, is the radiative heat
transfer coefficient (W/m2-°C) between the PV cells and the sky; R, is the thermal resistance of
the adhesive layer, which is a user-defined parameter of the model.

In Equation (4-1), the absorbed solar radiation S is for thermal energy collection, after
accounting for the solar energy used for electricity generation. Thus, S is expressed as:
S = () nKraGr(1 —1e) (4-2)

where, (ta), is the solar transmittance-absorptance product of PV module at normal
incidence, K, is the incidence angle modifier to consider the impact of incident angle on optical
properties, G is the total solar radiation on the tilted collector surface (W/m?), and 7, is the
electrical efficiency of PV cells.

The value of (ta), in Equation (4-2) is determined from the PV reflectance, p, with

(ta), = 1 — p. The incidence angle modifier K, is based on the following equation:
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_ (o) _
U (ta), 1= 0(6059

- 1) (4-3)

where, 6 is the angle of incidence and b, is a constant called the incidence angle modifier
coefficient.

The electrical efficiency of PV is a function of the cell temperature and the incident solar
radiation:
Ne = Nsrcll + Br(Tpy — 25)][1 + B¢ (Gr — 1000)] (4-4)

where, ngr¢ is the PV efficiency at the Standard Test Conditions (cell temperature at 25°C
and solar radiation at 1000 W/ m?), B and S, refer to the temperature coefficient and the radiation
coefficient of PV electrical efficiency, with the unit of 1/°C and m?/W, respectively.

Many correlations are available to estimate the convective heat transfer coefficient h., an
overview of which is provided by Mirsadeghi et al. (2013). Test, Lessmann, and Johary (1981)
developed a linear correlation between h, and the wind speed (V, in m/s) based on an experimental
study using a collector-resembled plate on a building’s roof. The linear correlation is shown in
Equation (4-5), and its validity was further demonstrated in the experimental work by Sharples
and Charlesworth (1998). Because Equation (4-5) is developed specifically for solar collectors, it
is used in our research.

h. = 8.55 + 2.56V (4-5)

The radiative heat transfer coefficient is expressed as:
hy = £0(Tpy + 273 + Ty, + 273) {(TPV +273)2 + (Tgyy + 273)2} (4-6)
where, ¢ is the PV surface emissivity, o is the Stefan-Boltzmann constant, and T, is the

effective sky temperature (°C).
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The effective sky temperature is a critical variable that could have a large impact on the
system performance because of the consideration of radiative cooling. There exist many sky
temperature models (Evangelisti, Guattari, and Asdrubali et al. 2019). TRNSYS Type 15, a
component for weather data processing, is used to calculate the sky temperature. Type 15
calculates the effective sky temperature based on the model from Martin and Berdahl (1984).

The absorber plate and the tube are modeled in the same manner as classical flat-plate
thermal collectors (Duffie and Beckman 2006). By assuming the sheet above the tube is well
bonded and is at a local base temperature T}45., the sheet between the centerline separating the
tubes and the tube base can be considered a fin. For a differential element of the fin (Figure 4-2)

with unit length along the fluid flow direction, its energy balance is expressed as:

dzTabs _ Tabs - Tback . TPV - Tabs
dxz Rback Rl

k& (4-7)

where, k is the absorber plate’s thermal conductivity (W/m-°C), § is the plate’s thickness
(m), Tpqck is the temperature (°C) of the ambient air at the back of the collectors, R4k IS the
thermal resistance (°Cm?/W) between the absorber plate and the back ambient air. The thermal
resistance Ry, IS calculated from the thermal resistance of back insulation (R;,s) and the

convective heat transfer coefficient:

Ryack = Rins + 1/h¢ (4-8)
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Figure 4-2: Energy balance on fin element (Duffie and Beckman 2006)

For typical PVT collector installations on the roof, it is reasonable to expect that the
ambient conditions in the front of collectors are somewhat different from those in the back.
However, because of the lack of information, the convective heat transfer coefficients are used the
same and Ty, is assigned the same value of the ambient air temperature (T, in Equation (4-1))
in our research.

The differential equation (Equation (4-7)) has the following two boundary conditions:

e at the centerline separating the adjacent tubes (x=0), % = 0; and

e atthebase (x = @), T(x) = Tyuse-

Based on the above two boundary conditions, Equation (4-7) can be solved analytically to
obtain the temperature distribution along the plate as a function of the base temperature. With plate
temperature distribution function T,,¢(x), the energy conducted from the fin to the base (g, in
W) can be calculated per unit length in the fluid flow direction as:

dTgps(x)
Qpin = —k6—— = (4-9)
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For the base above the tube, the energy balance is established as:

TPV - Tbase D Tbase - Tback

4 = 2qfin + D - ;
qfluld qfln R1 Rback (4 10)

where, qrp,iq is the heat transferred to the fluid per unit length of the collector (W).
In addition, qsp,iq Can be expressed as the following:
_ Tbase - Tfluid (4'11)
ftwia =71 1
[ _|_ J—
hsiiamD ~ Cp
where, Tfpyiq is the fluid temperature in °C, h¢py;q IS the heat transfer coefficient (W/m?-
°C) between the fluid and the tube wall, C}, is the bond conductance (W/°C). The bond conductance

per unit length in the fluid flow direction be calculated from the bond thermal conductivity k,

(W/m-°C), the bond thickness &, (m), and the bond width b (m) as follows:

_ kyb
p = 5, (4-12)
The energy balance on the fluid flowing through a single tube is expressed as:
mdTspiq
Afiuia = Cp n dy (4-13)

where, ¢, is the specific heat (J/kg-°C) of the fluid, m is the fluid mass flow rate (kg/s) for
the entire collector array, n is the number of parallel tubes, y indicates the length in the fluid flow
direction.

Combining Equation (4-11) and Equation (4-13), the fluid temperature can be solved to
have:

Cy n G,

Trnia(y) = <Tfluid,in + C_2> exp (m_cpC_3y> - (4-14)
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where, Tpiq,n 1S the temperature of the fluid entering the collectors, C;, C;, and C; are

complicated expressions as shown below.

T
C, = DF' (5 + Ry Ty + h Ty + =22 )
RbackF

Tback
S+ hrTsky + h T, + m

-D
+ 2kdp tanh (1/) 5 ) 1 1 1 (4-15)

7 + T DO
RlF RbackF Rl

W —D
C, = —DF’ (hr 4 h, + ) ~ 2k tanh(——) (4-16)

RbackF’

1 1 1
C;=1+DF ——+— (h +h +—)
3 <hfluid7TD Cb> r ¢ RbackF’

+ 2kSPt h<¢W_D)< ! +1> 417
an — -
2 hflul'dT[D Cb ( )
, 1
" hRy+h.R; +1 (4-18)
1 1 1
be J F' @R * RygerF” " RY (4-19)
kS
Based on Equation (4-14), the fluid outlet temperature at the collector length of L is the
following:
T, = <T + Cl) P
fluid,out — fluid,in Cz exp mcp C3 Cz (4'20)

The above equation shows that for a given mass flow rate through the entire collector array,
the fluid outlet temperature does not change with array connections, because both series and

parallel connections have the same product of n and L.
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As indicated in Equations (4-15)-(4-17), C,, C,, and C5 are related to S and h,., both of
which depend on the PV cell temperature. Therefore, the numerical model is solved by guessing
an initial value of Tp,. Then, the fluid out temperature, the mean fluid temperature, the mean base
temperature, the mean fin temperature, and the mean absorber plate temperature can be calculated.
Finally, Equation (4-10) is used to calculate a new value of the PV cell temperature Tpy,. The above
process is iterated until convergence is reached by comparing the values of Tp,, from the current
iteration and the previous iteration. More detailed discussion is provided in Klein et al. (2018).

Table 4-1 provides the parameters of unglazed PVT collectors used in this study. Nearly
all these parameter values are from Grossule (2015). Each collector has a dimension of 1m x 1.3m.
Twenty-three collectors are serially connected with a total collector area of about 30 m2. The length
in Table 4-1 indicates the length of the collector array instead of an individual collector.

Table 4-1: Parameters of unglazed PVT collectors

Parameter Value Unit
Collector length (L) 30 m
Collector width 1 m
Collector slope 45 degree
Absorber plate thickness (9) 0.001 m
Absorber plate thermal conductivity (k) 380 W/im-°C
Number of tubes (n) 15 -

Tube diameter (D) 0.036 m

Bond width (b) 0.01 m

Bond thickness (dp) 0.001 m

Bond thermal conductivity (k) 380 W/im-°C
Adhesive thermal resistance (R1) 0.001 m?*°C/W
Back insulation thermal resistance (Rback) 2.8 m?*°C/W
PV surface reflectance (p) 0.15 -

PV surface emissivity (g) 0.89 -

Incident angle modifier coefficient (bo) 0.1 -

PV nominal electrical efficiency (ne) 0.184 -
Temperature coefficient of PV efficiency (Br) -0.005 1/°C
Radiation coefficient of PV efficiency ((Bc) 0.00009 m2/W
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4.2 Type 927: Liquid-to-liquid heat pump

TRNSYS Type 927 represents a single-stage liquid-to-liquid heat pump, whose
performance is based on two external data files containing catalog data for normalized capacity
and normalized power consumption at different operating conditions (i.e., liquid flow rates and
entering liquid temperature at both the source side and the load side). One data file is for heating,
and the other data file is for cooling. In this work, the data files are developed based on a 3.3-ton
(11.7 kW) geothermal heat pump from WaterFurnace (model NSWO040), which has its rated

capacity and power consumption shown in Table 4-2. The normalized data files are attached in

Appendix B.
Table 4-2: Parameters of the liquid-to-liquid heat pump
Rating Condition Capacity (kW) EER for Cooling COP for
(Btu/h/W) Heating (-)
Cooling (30°C source, 12°C load) 10.5 155 -
Heating (15°C source, 40°C load) 14.0 - 4.8

Type 927 does not have the functionality of modeling desuperheater that uses superheated
gases from the heat pump’s compressor for hot water generation. Therefore, TRNSY Type 927 is
modified to support the use of desuperheater in the PVT-HP system. In the modified version of
Type 927, the heat transfer rate from the desuperheater to the water is calculated as:

Qaespr = U A(Tdespr — Tanw,in) (4-21)
where, qqespr 1S the heat transfer rate in W, UA is the heat transfer coefficient between the
refrigerant and the water stream (W/°C), Tgespr and Typyin represent the average refrigerant

temperature and the water inlet temperature (°C), respectively. Because the WaterFurnace product
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manual does not specify the desuperheater coil size and the refrigerant temperature, the values of
UA and Ty are estimated to be 100 W/°C and 49°C.

After qgespr is known, the same magnitude of heat transfer rate is deducted from the
condenser. Apparently, the use of desuperheater is favorable when the heat pump works in its
cooling mode because 1) the energy of superheated refrigerant gas is reclaimed instead of
dissipating to the heat sink, and 2) if the storage tank is used as the heat sink, using desuperheater
slows down the rise of the tank temperature. However, if the heat pump works in its heating mode,

using desuperheater will produce less energy for the targeted heating.

4.3 Types 156 & 158: Thermal storage

TRNSY'S offers a number of component models (e.g., Types 39, 153, 156, etc.) for thermal
storage using tanks. These models vary with respect to the number of ports for liquid (water) inlet
and outlet, the number of immersed heat exchangers, and whether and what type of auxiliary
heaters are supported. In our simulation model, TRNSYS Type 158 is used for the storage tank,
and Type 156 is used for the DHW tank. Both tanks are cylindrical. The storage tank has two pairs
of ports but no immersed heat exchangers. One pair of ports is configured to have its inlet fluid
stream on the top and the outlet stream at the bottom, whereas the other pair of ports have the
opposite configuration. The DHW tank has one pair of ports for makeup water heating and another
pair for connection to the heat pump desuperheater. Whenever there is hot water consumption at
end use points, the cold water from city mains enters the DHW tank at the bottom and leaves the
tank at the top. In contrast, the desuperheater-related ports have the opposite configuration. The

DHW tank also has an immersed heat exchanger (i.e., a coiled tube) used to heat the water from
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PVT collectors when conditions permit. The heat exchanger is needed because glycol solution is
used in the collector loop, but water is in the DHW tank.

To support the modeling of thermal stratification in both Type 156 and Type 158, the tank
volume is evenly divided into a number of vertical layers. Each layer, normally called a node, is
assumed to be isothermal, and its energy balance is established by considering the following
mechanisms: heat transfer between the tank and the ambient through the tank surfaces, fluid
thermal condition between neighboring nodes through nodes, fluid movement due to inlet and
outlet flow streams, the heat convection between the tank fluid and the fluid in the immersed heat
exchanger, and the mixing effects in case the nodes in the storage tank become thermally unstable.
Increasing the number of nodes leads to more refined modeling of thermal stratification in the tank
but also increases the computation time.

Table 4-3 summarizes the major parameters of the two storage tanks. The surface heat loss
coefficient is derived from the work (Furbo 2004), which investigated the characteristics of water
storage tanks for solar heating systems in the Denmark market. The height fraction is calculated
in reference to the tank height: a value of 0 refers to the bottom of the tank, and a value of 1 refers

to the top of the tank.

Table 4-3: Parameters of the thermal storage and DHW tanks

Parameter Storage tank (Type DHW tank (Type
158) 156)

Fluid in the tank propylene glycol water

Tank volume (m?®) 2 0.23

Tank height (m) 1.8 18

Number of tank nodes 6 6

Surface heat loss coefficient (W/m2-°C)
Height fraction of inlet 1

Height fraction of outlet 1

Height fraction of inlet 2

ol ok
PR ol
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Table 4-3 cont: Parameters of the thermal storage and DHW tanks

Parameter Storage tank (Type DHW tank (Type
158) 156)

Height fraction of outlet 2 1 0

Height fraction of HX inlet - 0.67

Height fraction of HX outlet - 0

4.4 Type 114: Pump

TRNSYS Type 114 models constant-speed pumps with several simple parameters,
including the rated flow rate, the rated power, and the fraction of motor heat loss transferred to the
fluid stream. The pump status is determined by an external control signal. If the pump is on, it
delivers the rated flow rate and consumes the rated power. The impact of the resistance of piping
systems on pump operation and the efficiency losses due to pump starting and stopping are not
modeled.

Figure 3-1 shows that the multifunctional SAHP system uses a total of four pumps to
circulate the fluids: Pump 1 is on the heat pump’s source side, Pump 2 is on the heat pump’s load
side, Pump 3 is used to move water between the plate heat exchanger and the radiant floor, and
Pump 4 is used for the heat pump’s desuperheater. Of the above four pumps, Pumps 1 & 2 circulate
the glycol solution while the other two pumps circulate water.

As Figure 3-1 shows, the piping length and the number of fittings vary with circuits served
by different pumps and even with different operating modes for the same pump. It is highly
reasonable to expect that the pumps are sized differently depending on the flow rate and the
pressure requirement. Because of the lack of actual piping dimensions, Pumps 1-3 are sized the

same for simplification, and they have the rated power of 75 W at the rated flow rate of 0.63 L/s
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(10 gpm). Pump 4 is much smaller, with the rated power of 15 W at the rated flow rate of 0.076

L/s (1.2 gpm).

4.5 Type 91: Plate heat exchanger

The plate heat exchanger between the PVT-HP system and the house is modeled with
TRNSYS Type 91, which takes a constant, user-defined heat exchanger effectiveness as the major
parameter. The heat transfer rate is calculated based on the heat exchanger effectiveness and the
inlet flow conditions (i.e., temperature and capacity rate) of the two fluid streams of the heat

exchanger. A value of 70% is used in this work for the heat exchanger effectiveness.

4.6 Type 138: Fluid heater

TRNSYS Type 138 is used to model two components in the system: one is the
instantaneous water heater for DHW heating, and the other is the auxiliary heater for space heating.
When the heater is on, Type 138 adds heat to the water stream and elevates the water temperature
at the heater outlet to the desired setpoint if the heater has sufficient capacity. Both heaters are
electric. The DHW heater has a capacity of 0.83 kW, and its setpoint temperature is 49°C. The

auxiliary heater for space heating has a capacity of 8 kW, and its setpoint temperature is 40°C.

4.7 Type 119: Air-to-air heat pump

The air-source heat pump in the reference system is modeled with TRNSYS Type 119,
which relies on the manufacturer’s catalog data to predict heat pump performance. Specified in
two text files (one for heating and one for cooling) external to TRNSYS, the catalog data includes

the heating/cooling capacity and the electric power consumption at different operating conditions
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(i.e., the air flow rate, the dry-bulb (DB), and wet-bulb (WB) temperature of the air entering the
indoor coil, and the outdoor air dry-bulb temperature). This performance map approach is similar
to the one used to model liquid-to-liquid heat pumps (Type 927) discussed earlier. The major
difference lies in that the performance data in the external data files are normalized for Type 927
but not normalized for Type 119.

The performance data are based on a 3-ton (10.6 kW) split air-source heat pump from
Carrier (Model: 25HCE436). Table 4-4 lists the major technical parameters of the product. The
rated conditions are based on the AHRI Standard 210/240 (AHRI 2017), which has 26.7°C dry-
bulb (DB) and 19.4°C wet-bulb (WB) for air entering the indoor coil and 35°C DB for air entering
the outdoor coil for rated cooling conditions and 21.1°C DB for air entering the indoor coil and
8.3°C for air entering the outdoor coil for rated heating conditions.

Table 4-4: parameters of the air-to-air heat pump

Parameter Value Unit
Air flow rate 0.57 md/s
Rated total cooling capacity 9.67 kw
Rated sensible cooling capacity 7.77 kw
Power consumption at rated cooling conditions 2.87 kw
Rated heating capacity 9.90 kw
Power consumption at rated heating conditions 2.74 kw
Indoor fan power 0.56 kw
Auxiliary electric heating capacity 6 kw
Auxiliary heater lockout temperature 10 °C

Compressor lockout temperature -6 °C

4.8 System simulation
After a system simulation model is built by connecting individual components together,
TRNSYS employs the successive substitution method or Powell’s method to solve the set of

governing equations used in the program. At each simulation time step, the computation starts
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from a known boundary condition and operates on the system components successively until
convergence is reached. The convergence is determined when the changes of all input values
between successive iterations have fallen below a predefined relative or absolute tolerance.
Figure 4-3 shows the TRNSYS simulation model developed for the multifunctional SAHP
system. Each mode requires a different path for the water and glycol solution loops. The water and
glycol solution flow paths are defined according to the control signals of the participating diverters
and pumps. It is worth mentioning that loops and the number of pumps and valves are slightly
different from the schematic diagram of Figure 3-1. The differences are resulted from the ease of
modeling without affecting the controls. A new TRNSYS type is developed for controlling the
system operation. This type determines the applicable operating mode based on the control
sequence described in Section 3.2 and then determines the control signals of all diverters, pumps,

and the heat pump corresponding to the operating mode.
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Figure 4-3: TRNSY'S model of the multifunctional SAHP system
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Table 4-5 lists the settings of controls parameters. As shown in the table, the SAHP system
and the reference system have different heating setpoints and cooling setpoints. The difference
between the setpoint temperatures in the two systems is coming from the employment of different
methods for providing space conditioning (radiant floor conditioning for the SAHP system versus
forced air conditioning for the reference system).

Table 4-5: Control parameters of the proposed and reference systems

Control Parameter Value (°C)
Tsp1 30
Tsp2 -3
Tsp3 20
Ttk1,nign 45
Ttkl,low 5
Ttkz,high 52
Thermostat heating setpoint 19
(proposed system)

Thermostat cooling setpoint 26
(proposed system)

Thermostat heating setpoint 21
(reference system)

Thermostat cooling setpoint 24
(reference system)

The building model has been developed in Google Sketchup and subsequently imported
into the TRNSYS package. TRNSY'S Type 56 is used to model the house, and Type 166 is used

to monitor the space air temperature.
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CHAPTER 5: SYSTEM PERFORMANCE ANALYSIS

The SAHP system is simulated with TRNSYS using a two-minute time step and the typical
meteorological year weather data (TMY-2) for the considered locations (Baltimore, MD, and Las
Vegas, NV). The implementation of system controls is verified first by checking whether the mode
changes correctly following the control logics described in Section 3.2. After the verification, the
operational modes are summarized with respect to their running time. The SAHP system
performance is then evaluated using utilization ratios, solar fractions, fractional energy savings,
and seasonal performance factors. Then, the results on sensitivity analysis are presented to
investigate the impact of collector area, storage tank volume, and certain modes on system
performance. The simplification of control strategy and its impact on system performance is

discussed at the end of this chapter.

5.1 Verification of control implementation

As seen from the control strategies described in Section 3.2, the SAHP system operates
differently with weather conditions. The effort of verifying control implementation needs to cover
all possible system operational modes. Therefore, a typical day is selected to represent each of the
winter season (November to April), the summer season (June to September), and the shoulder
season (May and October) for the Baltimore location. For each typical day, the ambient

temperature (Ty;,), the space air temperature (Tspqce), the PVT collector output temperature
(Tcor,0ut), the thermal storage tank output temperature (Ty4,0p) and the system operational modes

are investigated to verify the system operation.
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5.1.1 System operation in the winter season

February 5 is the day selected to represent the winter season. As Figure 5-1 shows, at the
beginning of the day, the space temperature is around 19°C. The system runs for space heating
because the thermostat initiated space heating before the start of the day, and the space temperature
has not reached the upper bound (i.e., 19.5°C) to stop space heating. Based on the flowchart
diagram of the control strategy (Figure 3-2), Mode 4 (Tank-HP for space heating) is the operational
mode for space heating because 1) the storage tank output temperature (Tyq +0p) is higher than the
collector outlet temperature Tep; gyes aNd 2) Texq,r0p IS IN between the temperature limit (Ts,q)
acceptable for space heating (30°C), and low-temperature limit (Ts,,) for heat pump running (-
3°C). The system continues running on Mode 4 until the space temperature (Tsyq..) reaches 19.5°C
at around 2:30 am when the system enters its idle mode. At about 6 am, T4, drops to 18.5°C
and space heating is required again. Because the conditions for running Mode 4 are still satisfied,
the heat pump uses the storage tank as its source for space heating. Using Mode 4 leads to the
gradual decrease of the thermal storage tank temperature. At around 7 am, Ty o drops below
Tsp2, Which deactivates Mode 4 but activates Mode 13 (backup electric heater for space heating).
Mode 13 is used until around 9 am when the following conditions are met 1) T, .y, is higher than
Tti1,tops AN 2) Teop,oue 1S In between Tg,1 and Ts,,. Thus, Mode 3 (PVT-HP for space heating) is
activated, and this mode continuously runs until the space temperature reaches 19.5°C at around
10 am. At this time, Because Ttx1,qvg 1S loWer than Ty, qyg aNd Teopone 1S higher than Tixq poe
Mode 5 starts to use PVT collectors directly for heating the storage tank. This mode runs
continuously until around 2 pm, when T, 5, drops below Ty, 50 and PVT collectors are no
longer able to directly charge the thermal storage tank. During the period of running Mode 5 from
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10 am to 2:00 pm, the storage tank temperature has been increased from -3°C to 12°C. Because
February is regarded as one of the coldest months, using the heat pump to charge the storage tank
with PVT collectors being the source (Mode 6) is a possible operational mode according to Figure
3-2. Therefore, after Mode 5, Mode 6 is used until around 4:30 pm when T, oy, drops below Ts,),.
During the period of running Mode 6, the storage tank temperature has increased from 12°C to
30°C. By comparing the trajectories of storage tank temperature between Mode 5 and Mode 6, one
can find that the thermal storage is charged at a higher rate in Mode 6 because the heat pump
provides a higher heating capacity than the collectors. After 4:30 pm, the system has been idle

except for the period from 6 pm to 8:30 pm when Mode 4 is used for space heating.
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Figure 5-1: System operation on February 5
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5.1.2 System operation in the summer season

July 4 is the day selected to represent the summer season. This day has outdoor air
temperature ranging from 18°C to 32°C. As Figure 5-2 shows, the first active mode occurs around
9:30 am, and it is a DHW heating mode. Because the collector outlet temperature (T;o; o,,¢) €XCeES
the DHW tank top water temperature (Tyx2,+0p) and the DHW tank average temperature (Tyyz, qvg)
is lower than Ty, pign (i-€., 52°C), Mode 14 is activated to use PVT collectors to heat the DHW
tank. The operation of Mode 14 runs continuously until around 11:30 am when T,,; ¢ 1S NOt
higher than T, .., after accounting for the applicable deadband. The space temperature reaches
26.5°C around the noontime, and hence the thermostat calls for space cooling. Because Tty 1 top IS
lower than T3 (20°C), the storage tank water is used directly for space cooling (Mode 8). As the
system operates in Mode 8, Tty t0p iNCreases to 20°C around 1:30 pm. Then the system switches
to Mode 10, which uses the heat pump for space cooling. Because the storage tank is the source of
the heat pump in Mode 10, the storage tank temperature continuously increases. At about 6 pm,
because Ty 0 DECOMeES lower than Tygq ¢4y, the system switches from Mode 10 to Mode 9 that
uses the collectors as the source of the heat pump for space cooling. The system operates in Mode
9 for approximately 30 minutes until the space temperature drops below 25.5°C and the space
cooling is no longer needed. After 8 pm (the starting point of nighttime), PVT collectors are used
to cool the thermal storage tank (Mode 11) because To; oy IS lOwer than Tygq poe. The capability
of using collectors to charge the storage tank for cooling comes from the combined effect of
radiative sky cooling and convective heat losses to the ambient. Mode 11 is active for the rest of

the day, and the storage tank temperature has decreased from 35°C to 26°C.
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Figure 5-2: System operation on July 4

5.1.3 System operation in the shoulder season

May 9 is the day selected to represent the shoulder season. This day has outdoor air
temperature ranging from 4°C to 19°C. As Figure 5-3 shows, space heating is required from 3 am
to 5 am. During this period, the storage tank is used as the source directly for space heating (Mode
2) because Tyx1,¢0p IS higher than T, (30°C). The tank temperature decreases with the system
operation in Mode 2. At about 4:30 am, the storage tank temperature drops below Ts,;, which
triggers the switch of system operation from Mode 2 to Mode 4 (Tank-HP for space heating).
Mode 4 runs for about half an hour until the space temperature reaches 19.5°C and the space
heating ends around 5 am. From 9 am to 2:30 pm, Ty y¢ IS higher than Teyq por aNd Tk rop,

which enables the PVT collectors to charge either the storage tank or the DHW tank. According
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to the control sequence (Figure 3-2), which tank is charged depends on the comparison of Tyyq qyg
and Ttxz,avg- If Tek1,avg 1S lower than Ty, 404, the storage tank is charged with the collectors
(Mode 5); otherwise, the DHW tank is charged (Mode 14). This control logic leads to the
alternative operations of Mode 5 and Mode 14 from 9 am to 2:30 pm. After 2:30 pm, T,y oyt 1S
lower than Txq por aNd Texz t0p, SO the collectors are not used for charging either of the two tanks.

The system keeps at the idle mode for the rest of the day because the space temperature lies
between the heating and cooling setpoints.
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Figure 5-3: System operation on May 9

By investigating the system operation in three typical days with different weather

conditions, we have verified that the controls work properly.
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5.2 Statistical analysis of system operational modes

The three single days of system operation in Figure 5-1 to Figure 5-3 have shown that the
length of time on different modes varies. It will be valuable to perform a statistical analysis of the
running time of all modes in different months. Such a statistical analysis serves two purposes: 1)
to facilitate the analysis of results later on when performance metrics are presented, and 2) to set
the foundation of simplifying controls for system operation. It needs to be noted that in the
following analysis, the heating season, the cooling season, and the shoulder season are defined

with minor differences in Baltimore and Las Vegas, as Table 5-1 shows.

Table 5-1: Seasons defined in the two locations

Location Heating Season Cooling Season Shoulder Season
Baltimore November to April June to September May, October
Las Vegas December to February April to October March, November

5.2.1 Run time analysis of modes related to space heating and cooling
Figure 5-4 and Figure 5-5 are the stacked bar charts showing the hours of system operation
in different modes for each month. These two figures indicate the following:

e Different climates in the two considered locations lead to different patterns of system
running hours. For Baltimore with a cold climate, the system operates longer time in the
heating season than in the cooling season. In the heating season, the total run time on modes
related to space heating and cooling ranges from 80 hrs (April) to 355 hrs (January) in the
heating season, while it is from 150 hrs (September) to 280 hrs (July) in the cooling season.
The system’s lowest operational time is 50 hrs (May) in the shoulder season. In contrast,
for Las Vegas with a warm climate, the total run time ranges from 90 hrs in April to 425
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hrs in July for the cooling season, from 80 hrs in February to 200 hrs in January for the
heating season, and the lowest operational run time (35 hrs in November) occurs in the
shoulder season.

Of all modes related to space heating, Mode 1 (PVT-SH, PVT for space heating), Mode 2
(TSG-SH, Thermal storage tank for space heating), and Mode 3 (PVT-HP-SH, Heat pump
for space heating with the PVT collectors being the source) have played very minor roles
because of their limited time of use. Mode 1 is not used at all, demonstrating that unglazed
plate PVT collectors can provide low-temperature heat only. In Baltimore, Mode 4 (TSG-
HP-SH, Heat pump for space heating with the storage tank being the source), Mode 5
(PVT-TSG Heat, Storage charging with the PVT collectors), Mode 6 (PVT-HP-TSG Heat,
Heat pump for storage charging with PVT collectors being the source), and Mode 13
(Backup heater) are predominately used. Note that Mode 6 is allowed only in the four
coldest months (January, February, November, and December). In Las Vegas, only Mode
4 and Mode 5 are predominately used, while Mode 13 is occasionally used (5 hrs in January
and not used in other months) because of the mild weather conditions.

Of all modes related to space cooling, Mode 7 (PVT-SC, PVT for space cooling) and Mode
8 (TSG-SC, Thermal storage tank for space cooling) are rarely used in both locations, while
Mode 10 (TSG-HP-SC, Heat pump for space cooling with the storage tank being the
source) and Mode 11 (PVT-TSG Cool, Storage charging with the PVT collectors) are
predominately used. Mode 9 (PVT-HP-SC, Heat pump for space cooling with the PVT
collectors being the source) usage is also significant in Las Vegas, but it is used much less

in Baltimore.
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e If the heat pump is used for space heating or cooling, the source can be either PVT
collectors (Modes 3 and 9) or the thermal storage tank (Modes 4 and 10). As indicated
earlier, it is more common to use the thermal storage instead of collectors as the source

because the thermal storage has a more favorable temperature for the heat pump operation

than the collectors.
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Figure 5-4: Monthly running time of operational modes related to space conditioning in Baltimore
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5.2.2 Run time analysis of modes related to DHW heating

DHW is heated by PVT collectors (Mode 14) and the heat pump’s desuperheater. An
auxiliary electric heater is placed after the DHW tank to ensure the water temperature leaving the
DHW tank has reached 49°C before being tempered with the city water. The auxiliary
instantaneous water heater is used quite often since the temperature of the water leaving the DHW
tank is usually less than 49°C. However, using Mode 14 and desuperheater results in a leaving
water temperature from the DHW tank higher than the city water, and therefore, instantaneous
water heater consumes less energy than the case without the use of Mode 14 and desuperheater.

Figure 5-6 and Figure 5-7 show the monthly running time of DHW-related modes for Baltimore

and Las Vegas, respectively. From these figures, the following can be concluded:
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In the heating season, PVT collectors are used to charge the thermal storage tank and DHW
tank when space heating is not needed. The average temperatures of the thermal storage
tank and the DHW tank are compared, and the one with the lower temperature is charged.
Because the thermal storage tank is often used as the source for space heating, resulting in
a lower temperature in the thermal storage tank than the DHW tank, the run time of Mode
14 is related to the space heating needs. In Baltimore, Mode 14 is not activated in December
and January. The run time of Mode 14 is slightly increased in other months with lower
heating loads (i.e., 10 hrs in March and November and 25 hrs in April). A similar trend is
observed in Las Vegas though the run time of Mode 14 is longer than that in Baltimore.
Because the desuperheater is used whenever the heat pump runs, the months with higher
space heating loads lead to a longer running time of the heat pump and the desuperheater.
Relative to the heating season, the system operates in Mode 14 more often in the cooling
season because of favorable weather conditions. Similarly, the desuperheater is used
significantly in both locations in the cooling season because of the need of running the heat
pump for space cooling.

The shoulder season has low space heating and cooling loads, and therefore, it generally
has much less time of DHW heating with the desuperheater than both the heating season
and the cooling season. In contrast, Mode 14 is used more often for DHW production. In
both locations, the run time of Mode 14 is more than 50 hours in all months of the shoulder

season.
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Figure 5-6: Monthly running time of operational modes related to DHW production in Baltimore
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Figure 5-7: Monthly running time of operational modes related to DHW production in Las Vegas

80



5.3 System performance evaluation and analysis

Meaningful metrics are needed to evaluate the performance of the multifunctional SAHP
system or to compare its performance with any reference systems such as the one presented in
Section 3.3. IEA SHC Task 60 has a subtask dedicated to developing key performance indicators
(KPIs) for PVT systems. SHC Task 60 defined KPIs related to energy performance, environmental
performance, and economic performance. Energy-related KPIs are defined at the component level
and the system level. Selective energy-related KPIs from Zenhdusern (2020) are used in this

research for the purpose of performance analysis.

5.3.1 Solar utilization ratios
The utilization ratios define the performance of PVT collectors over a specific period of
time. Since PVT collectors generate both heat and electricity, thermal, electrical, and energy

utilization ratios can be defined in Equations (5-1)-(5-3).

J Qpyrdt
= 5-1
WpyT th f Goyrdt (5-1)
J Epyrdt
WpyTel = [Coprdt (5-2)
® _ J Qpyrdt + [ Epyrdt -
PVT,en [ Goyrdt (5-3)

where, wpyr ¢n, WpyT 1, AN WpyT o INdicate the thermal, electrical, and energy utilization
ratios, respectively, Gpyr, Qpyr, and Ep,r are the solar irradiance (J/m?) on the collector surface,
the heat generation (J/m?), and the electricity generation (J/m?) per unit area of the PVT collector.
Because the values of Gpyr, Qpyr, and Epyp Vary with time, they are integrated for a specific

period of time (e.g., a month and a whole year) in Equations (5-1)-(5-3).
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The following needs to be noted regarding Equations (5-1)-(5-3):

PVT collectors are used for cooling as well in this study. However, the thermal utilization
ratio does not account for the usage of collectors for cooling because radiative cooling is
not part of solar irradiation.

Depending on weather conditions and system operation, it is possible that PVT collectors
absorb energy from the ambient air, which occurs when the collectors are operated below
the ambient air temperature.

The energy utilization ratio is simply the sum of the thermal and electrical utilization ratios.
Thus, the energy utilization ratio does not distinguish the different qualities of thermal and
electrical energy. Although there are approaches, such as using primary energy efficiency
as the conversion factor between electricity and thermal energy, they are not used in this

work to make the energy utilization ratio more easily understandable.

Solar utilization ratios are shown in Figure 5-8 for Baltimore and Figure 5-9 for Las Vegas.

In addition to solar utilization ratios (in dots), these figures also include the monthly area-specific

solar radiation (the yellow bars), area-specific useful solar heat gains (the red bars), and area-

specific solar electricity generation (the blue bars). The following observations can be made from

Figure 5-8 and Figure 5-9:

Though solar irradiation is the highest in summer, the useful solar heat gains and solar
electricity generation have much different patterns. The useful solar heat gains are high in
the winter months because of the existence of heating loads. Solar heat gains are not useful
in summer because of the lack of heating needs. For example, in Baltimore, the useful solar

heat gains have a peak value of ~160 MJ/m? in February, while they have a value of ~13
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MJ/m? in August. Relative to the useful solar heat gains, solar electricity generation is
almost flat across different months. In Baltimore, the monthly area-specific electricity
generation lies in the range from 504 MJ/m? (14 KWh/m?) in December to 777 MJ/m? (21.6
kWh/m?) in March.

The thermal utilization ratio significantly changes across the year for both locations. In
Baltimore, the thermal utilization ratio ranges from ~0.02 in summer months to 0.47 in
December, with an annual average value of 0.19. In Las Vegas, the thermal utilization
ratio ranges from ~0.02 in summer months to 0.20 in January, with an annual average value
of 0.06.

The solar electrical utilization ratio changes slightly from ~0.12 in summer to ~0.16 in
winter for both locations. The solar electrical utilization ratio can be considered equivalent
to the average electrical efficiency of PVT collectors. Because the electrical efficiency
decreases with the operating cell temperature, the solar electrical utilization ratio takes
lower values in summer.

The energy utilization ratio is the sum of thermal and electrical utilization ratios. Therefore,
it has higher values in winter than in summer. The energy utilization ratio ranges from 0.15
to 0.62 with an annual average of 0.28 in Baltimore, while it ranges from 0.15 to 0.35 with

a yearly average of 0.20 in Las Vegas.
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Figure 5-8: Solar yields and utilization ratios of the multifunctional SAHP system in Baltimore
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5.3.2 Solar fractions

According to SHC Task 60 (Zenhdusern 2020), for systems with PVT collectors, the solar
fraction can be defined from the thermal and electrical perspectives as the solar thermal fraction
and solar electrical fraction. The solar thermal fraction indicates the fraction of energy input into
the system for heating provided directly by the collectors. For the system presented in Section 3.1,

the solar thermal fraction can be defined as:

J (QPVT,SH + QPVT,DHW)dt

(Eup,su + Eneater,su + Encaterponw + Qpvr,paw + Qpyr,su) dt

fsoth = I (5-4)

where, Qpyr sy IS the direct solar energy for space heating, Qpyr pyw is the direct solar
energy for DHW, E}p gy is the heat pump electricity consumption for space heating, Epeqter sy 1S
the electricity consumption by the instantaneous water heater for space heating, Eyeqter paw 1S the
electricity consumption by the auxiliary heater in the DHW tank.

For the solar thermal fraction, the following needs to be noted: 1) it considers heating only
(space and DHW) while space cooling is excluded; 2) it counts direct solar heating only while the
solar energy input to the thermal storage and the primary source of the heat pump is not counted.

The solar electrical fraction can be defined differently depending on whether the household
electricity (e.g., lighting, plug loads, and appliances) is considered. If the household electricity is
not considered, the solar electrical fraction is defined as:

fsys — fEf’qlET dt 5.5
sol,el fEsys dt ( - )

where, EZ% is the AC electricity generation (J) from PVT collectors, Eys is the electricity

consumed by the system (J). Both items are evaluated per time step.
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In contrast, if the household electricity is included, the solar electrical fraction is defined

as:

site — f PVT
sotel = f (Esys+EHE) dt

(5-6)

where, Ey is the household electricity consumption (e.g., lighting and appliance).

Figure 5-10 shows the monthly and annual values of solar thermal fraction for Baltimore
and Las Vegas. Because the mode using PVT collectors directly for space heating is not activated
(see Section 5.2.1), the solar thermal fraction is just the result of using PVT collectors for DHW
production (Mode 14). The solar thermal fraction ranges from 0% (January) to 72% (July) in
Baltimore and from 2% (January) to 91% (September) in Las Vegas. As expected, the summer
months have a significantly high solar thermal fraction. The annual solar thermal fraction is 9% in

Baltimore and 34% in Las Vegas.
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Figure 5-10: Solar thermal fraction
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The system and site solar electrical fractions are presented in Figure 5-11 for Baltimore
and Figure 5-12 for Las Vegas. Takeaways from these figures are as follows:

e The monthly system solar electrical fraction varies significantly across the year. It changes
from 36% (January) to 435% (May) with an annual average of 118% in Baltimore, while
it changes from 97% (July) to 746% (November) with a yearly average of 228% in Las
Vegas. The monthly variation comes from two sources: 1) the solar electricity generation
varies with months, and 2) the electricity consumption of the system also varies with
months, with the latter one playing the prominent role. The pattern of monthly solar
electrical fraction reflects the load changes. In Baltimore (cold climate), the load for space
conditioning increases from the shoulder season, the cooling season, and then the heating
season. Therefore, the solar electrical fraction generally increases from the heating season,
the cooling season, and then the shoulder season. A similar explanation can be made for
Las Vegas.

e After accounting for the non-HVAC electricity consumption of the building, the site solar
electrical fraction takes much smaller values than the system solar electrical fraction. The
site solar electrical fraction changes from 25% (January) to 83% (May) with an annual
average of 53% in Baltimore, while it changes from 54% (July) to 115% (November) with

a yearly average of 83% in Las Vegas.
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5.3.3 Self-consumption

The solar electrical fraction metric does not distinguish between the portion of generated
solar electricity consumed onsite and the portion exported to the grid. Therefore, self-consumption
is defined as the ratio of solar electricity consumed onsite to the total solar electricity production.
Similar to solar electrical fraction, self-consumption is defined over system and site boundaries

depending on the inclusion of household electricity usage.

sys __ fElgqlET,sys dt
f:s‘ol,el - fE}él(/:T dt (5'7)

AC AC
site _ J (EPVT,sys + EPVT,HE)dt
sol,el fEf)‘l‘(/:T dt

(5-8)

In Equations (5-7) and (5-8), Efyr,sys and Efjr y denote the solar electricity (J) used by
the SAHP system and other household usages, respectively.

Figure 5-13 and Figure 5-14 show the system and site self-consumption of onsite solar
electricity generation in Baltimore and Las Vegas, respectively. These figures indicate the
following:

e The system self-consumption of onsite solar electricity generation changes from 12%
(October) to 51% (December) with an annual average of 27% in Baltimore, while it
changes from 7% (March) to 46% (July) with a yearly average of 19% in Las Vegas.

e After including the non-HVAC electricity consumption of the building, the site self-
consumption takes higher values than the system self-consumption. The site self-
consumption changes from 32% (October) to 66% (December) with an annual average of
45% in Baltimore, while it changes from 24% (March) to 56% (July) with a yearly average

of 35% in Las Vegas.
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5.3.4 Area-specific cooling power of PVT collectors

Considering that the solar thermal fraction addresses heating only, a similar metric can be
defined for space cooling to measure the fraction of energy input into the system that is provided
by PVT cooling directly. However, it is observed that direct space cooling using PVT collectors
does not occur at all (Figure 5-4 and Figure 5-5). The collectors are used to charge the tank for
cooling (Mode 11) and used as the source of the heat pump for cooling (Mode 9). The value will
be 0 if a metric similar to the solar thermal fraction for heating is defined for cooling. Therefore,
to evaluate the potential of PVT collectors for cooling, the metric called area-specific cooling
power of PVT collectors (ASCpy ) is defined as:

QPVT,C

ASCpyr = (5-9)

Apyr
where, Qpyr ¢ is the cooling energy (J, due to radiative and convective phenomena) of PVT
collectors per time step and Apy is the total area of PVT collectors.

Based on Equation (5-9), the area-specific cooling power of PVT collectors is calculated
at times that collector is used for cooling and then averaged for the summer months because PVT
cooling (Mode 11) is used in summer only. Figure 5-15 shows the results. This figure indicates the
following:

e Las Vegas has a higher average area-specific cooling power than Baltimore in all summer
months. The major reason is that Las Vegas has a lower sky temperature in the summer
months than Baltimore because of the arid and desert-like climate (Figure 3-3). The low
sky temperature is beneficial for radiative cooling. Additionally, because of the high
cooling load in Las Vegas, the thermal storage is used frequently as the source of the heat

pump for space cooling. Therefore, the thermal storage tank temperature and the collector
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temperature are higher in Las Vegas. As a result, the temperature differences between the
PVT collector and its surroundings and sky are also increased, which causes increased
cooling power.

e The area-specific cooling power of PVT collectors (kJ/h/m?) ranges from 515 kJ/h/m?
(October) to 835 kJ/n/m? (August) in Baltimore with an annual average of 730 ki/h/m?,
while it ranges from 595 kJ/h/m? (October) to 1110 kJ/h/m? (July) with a yearly average of

970 kJ/h/m? in Las Vegas.
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Figure 5-15: Monthly and annual average of the area-specific cooling power of PVT collectors

5.3.5 Fractional energy savings relative to the reference system
Percentage energy savings are used to compare the multifunctional SAHP system and the
reference conventional split air-source heat pump system. Percentage savings can be computed

with respect to the energy for space conditioning (both heating and cooling), the energy for DHW
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production, and the total energy for both space conditioning and DHW production, as shown in

Equations (5-10) to (5-12). Note that electricity is the only type of energy used in both the reference

and the SAHP systems.
E —E
SavePerSHC — Ref,SHC SAHP,SHC «100% (5_10)
ERef,SHC
E —E
SavePerDHW — Ref,DHW SAHP,DHW * 100% (5_11)
ERef,DHW
E —E,
SavePertoml _ Ref,total SAHP,total «100% (5_12)

ERef total

where, SavePer stands for percentage savings, E stands for electrical energy
consumption, the subscripts SHC, DHW , total respectively refer to the energy for space heating
and cooling, the energy for DHW production, and the total energy is the combination of the above
two end uses, the subscripts Ref and SAHP refer to the reference system and the multifunctional
SAHP system, respectively.

The SAHP system and the reference system have different energy consumption in space
heating, space cooling, and DHW, but the systems do not affect lighting, appliances, and plug
loads. Therefore, the factional energy savings are presented in this section with a focus on DHW
and space heating and cooling, as shown in Figure 5-16 and Figure 5-17. When calculating the
fractional energy savings, the DHW energy refers to the energy used by the auxiliary DHW electric
heaters; the space heating and cooling energy refers to the energy used by the liquid-to-liquid heat
pump, circulation pumps, and the backup electric water heater in the SAHP system and by the air-
source heat pump, the supply fan, and the backup electric heater in the reference system; the total
refers to the sum of energy used for DHW and space heating and cooling. Figure 5-16 and Figure

5-17 indicate the following:
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The SAHP system has significant energy savings on DHW, more than 80% for nearly all
months in both locations, than the reference system. The major reason lies in the use of the
desuperheater for DHW heating. In the SAHP system, the desuperheater is available for
use as long as the heat pump operates. Therefore, longer heat pump running hours (in both
winter and summer) means more desuperheater energy. Certainly, the use of the
desuperheater reduces the energy provided by the heat pump for space heating in the winter
months. In addition to the desuperheater, a secondary reason leading to significant DHW
energy savings comes from the SAHP system operational Mode 14, which enables the
direct use of solar collectors for DHW in the summer months.

The fractional energy savings on space heating and cooling fluctuate over the year. In
Baltimore, the SAHP system has positive energy savings up to 39% in all months except
for January, in which the SAHP system turns out to consume 3% more energy. In Las
Vegas, the SAHP system has positive energy savings (up to 74%) on space heating and
cooling throughout the year. It looks that Baltimore has higher fractional energy savings in
summer than in winter, while Las Vegas has the reverse trend. Several factors could affect
the fractional energy savings on space heating and cooling. First, when the heat pump runs,
the source temperatures and the corresponding efficiency may be different between the
reference system (ambient air being the source) and the SAHP system (either thermal
storage or PVT collectors being the source). Second, the reference air-source heat pump
and the liquid-source heat pump of the SAHP system have different low-temperature limits
(i.e., -6°C for the air-source and -3°C for the liquid-source), below which the backup

electrical heaters must be used. Figure 5-4 has shown that Baltimore has the highest run
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time of Mode 13 (backup heater) in January, which explains the negative energy saving in
this month.

e The fractional savings on the total energy use for DHW and space heating and cooling are
positive for all months. The savings range from 26% (January) to 74% (May) in Baltimore

and from 44% (July) to 80% (October) in Las Vegas.
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Figure 5-16: Monthly fractional energy saving of the proposed system compared to the reference system
for Baltimore
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Figure 5-17: Monthly fractional energy saving of the proposed system compared to the reference system
for Las Vegas

The annual energy use intensities of the reference system and the SAHP system are
compared in Figure 5-18, where the numbers above the bars indicate the percentage of savings for
each energy end use (i.e., DHW, space heating and cooling, and the total of the above two items).
This figure shows that overall the SAHP system saves 48% energy in Baltimore and 61% energy

in Las Vegas.
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Figure 5-18: Annual energy consumption comparison between the proposed and reference systems and
fractional energy saving of the proposed system compared to the reference system.

5.3.6 Seasonal performance factors

According to IEA SHC Task 60 (Zenhdusern 2020) and Task 44 (Hadorn 2015), Seasonal
Performance Factor (SPF) is defined as the ratio between the amount of useful heat and/or cold
(with positive sign) generation to the electricity consumption over a specified period of time. SPF
can be defined over different system boundaries, but it is used for the whole SAHP system in this
work. The amount of useful heat and cold energy generation are determined at the interfaces
between the SAHP system and the distribution system to end uses. If energy losses of the heat
distribution system are not considered, which is the case in this work, the amount of useful heat
and cold energy is the energy delivered to the space for space conditioning and DHW end users.
The electricity consumption comes from all components of the whole system, such as the heat

pump, the auxiliary heater, and the pumps. In equation (5-13), SPF is expressed as
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J(Qsy + Qsc + Qpuw)dt

SPF =
J Esysdt

(5-13)

where, Qgsy, Qgc, and Qpyy represents the rate of energy delivered by the system for space
heating, space cooling, and DHW, respectively, E, is the rate of electricity consumption of the
system.

Figure 5-19 and Figure 5-20 compare the SPFs between the reference system and the SAHP
system, respectively, for the two locations. Both monthly and annual overall values are presented
in the figures. Essentially, the SPF can be understood as the system COP for DHW and space
heating and cooling. Therefore, the system with a higher SPF is more energy efficient. Major
observations from Figure 5-19 and Figure 5-20 include the following:

e The SAHP system has higher SPFs than the reference system throughout the year for both
locations.

e In Baltimore, the monthly SPF ranges from 1.87 (January) to 3.97 (June) for the SAHP
system, while it is from 1.13 (January) to 1.87 (July) for the reference system. The annual

SPF is 2.69 and 1.59, respectively, for the above two systems.

e In Las Vegas, the monthly SPF ranges from 3.24 (November) to 4.82 (October) for the

SAHP system, while it is from 1.27 (April) to 2.13 (July) for the reference system. The

annual SPF is 3.70 and 1.90, respectively, for the above two systems.
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Figure 5-20: SPF comparison between the proposed and reference systems in Las Vegas
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5.4 Sensitivity analysis

For the SAHP system studied in this work, the PVT collector area and the thermal storage
tank volume are two important design parameters that could affect the energy performance
significantly. The results presented earlier in this chapter are based on the collector area of 30 m?
and the storage tank volume of 2 m®. The collector area is thus defined according to the typical
favorable roof area for PVT collector installation, and the tank volume is thus defined mostly from
engineering judgment by considering the tank footprint and cost. Therefore, it is worthwhile to
perform a sensitivity analysis on collector area and storage tank volume. In addition, the impact of
nighttime radiative cooling and using the heat pump to charge the storage tank is investigated

because of their uniqueness in the SAHP system.

5.4.1 Sensitivity analysis of collector area and storage tank volume

In this sensitivity analysis, the PVT collector area is perturbed from 10 m? to 50 m? with
an interval of 10 m?, and the storage tank volume is perturbed from 0.5 m® to 3.5 m® with an
interval of 0.5 m3. All combinations of the collector area and tank volume are simulated to explore
their impact on SPF.

Figure 5-21 and Figure 5-22 are the results, respectively, for Baltimore and Las Vegas. The
SPF increases with the collector area and the storage tank volume, which is expected. The SPF
tends to saturate at a smaller PVT area as the storage tank volume decreases. For example, in
Baltimore, the SPF improves slightly for the case of tank volume of 0.5 m? as the collector area
increases from 30 m? to 50 m? while the SPF still shows a rapid increase for the case of tank

volume of 3.5 m3. Similarly, the SPF tends to saturate at a smaller tank volume as the collector
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area decreases. The above observations essentially imply the importance of matching collector

area and storage tank volume: a big collector area needs a large tank volume and vice versa.

35
3.0
225
7 s}
2.0 //4‘
1.5
0 10 20 30 40 50 60
PVT Area (m?)
——V0.5 V1.0 V15 V20 —e-V25 —-V3i0 —e-V35

Figure 5-21: Sensitivity analysis on PVT area and storage tank volume for Baltimore
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Figure 5-22: Sensitivity analysis on PVT area and storage tank volume for Las Vegas
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5.4.2 Impact of nighttime radiative cooling

Recall that the system has a mode that uses PVT collectors to cool the storage at night
(Mode 11). Actually, the cooling energy may come from both radiative cooling and the convective
heat loss to the ambient (when the liquid temperature is higher than the ambient air temperature),
but it is difficult to separate them out in the simulation. Additionally, radiative cooling also
contributes to Mode 9 that uses PVT collectors as the source of the heat pump for cooling.

Investigating the impact of nighttime radiative cooling is simplified by excluding Mode 11
from the system operation and examining the resulted change in energy consumption. Figure 5-23
shows the results for the summer months because Mode 11 is used in summer only. Not using
Mode 11 causes 11%-21% more energy consumption in Baltimore and 4%-31% more energy in

Las Vegas.
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Figure 5-23: Impact of Mode 11 on the system energy consumption
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5.4.3 Impact of thermal storage charging with the heat pump

The intent of using the heat pump to charge the thermal storage for heating (Mode 6) is to
increase the storage temperature by using the collectors as the source. Increasing the storage
temperature improves the capacity and efficiency when the heat pump runs for space heating.
Certainly, having Mode 6 increases the heat pump running time. Recall that Mode 6 is used in the
coldest months (January, February, November, and December) in Baltimore. The impact of Mode
6 is investigated by deactivating that mode in those four months and comparing the system energy
consumption with that prior to the change. Figure 5-24 shows the results, which indicate that
deactivating Mode 6 causes an 8%-34% increase in system energy consumption.

The following scenarios are also investigated: 1) using Mode 6 in March, April, and
October in Baltimore; 2) using Mode 6 in December and January in Las Vegas; and 3) using the
heat pump to charge the thermal storage for cooling in summer (Mode 12) in both locations. It is

found that all the above scenarios consume more energy than the original one.
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Figure 5-24: Impact of Mode 6 on the system energy consumption
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5.5 Simplified control strategy

The multifunctional SAHP system presented in Section 3.1 consists of 14 operational
modes. However, the runtime analysis (Figure 5-4 and Figure 5-5) reveals that several operational
modes are rarely used. Therefore, the original system design and controls can be simplified by
removing the unimportant operational modes. This section discusses simplification and its impact
on system performance in the two considered locations: Baltimore and Las Vegas.

When analyzing the run time of different operational modes (Figure 5-4 and Figure 5-5)
and investigating the impact of using the heat pump to charge the storage tank (Section 5.4.3), it
has been found the following:

e The modes of using the PVT collectors directly for space heating (Mode 1) and space
cooling (Mode 7) are never used for both locations. Therefore, Mode 1 and Mode 7 can be
eliminated from the sequence of controls.

e The modes of using the storage tank directly for space heating (Mode 2) and cooling (Mode
8) are rarely used. Therefore, these two modes can be eliminated from the sequence of
controls as well.

e Using the heat pump to charge the thermal storage tank for cooling (Mode 12) does not
improve the system performance in both locations. Therefore, Mode 12 can be removed
from the sequence of controls.

e The significance of Mode 6, which uses the heat pump to charge the thermal storage tank
for heating) varies with the two locations. Mode 6 contributes to the system performance

in Baltimore but not in Las Vegas (see Figure 5-24).
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Consequently, after removing Modes 1, 2, 7, 8 & 12 in both locations, and additionally,
Mode 6 in Las Vegas, the sequence of system controls is simplified to what Figure 5-25 shows.

The system piping can be simplified accordingly, as shown in Figure 5-26 and Figure 5-27.

System operating variables and control parameters

deadband cooling
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cooling

season

¥
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[ Mode5 | [ Mode6 | | 1dle | [Modedd | [ 1dle | | Mode 11 | [ 1dle

heatin coolin
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Figure 5-25: Flowchart diagram of the simplified control strategy for the proposed system.
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Figure 5-26: Schematic diagram of the SAHP system with simplified controls in Baltimore
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Figure 5-27: Schematic diagram of the SAHP system with simplified controls in Las Vegas
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Based on the simplified system and controls, the simulation is run for both locations. The
annual SPF of the simplified system is 2.58 and 3.63, respectively, in Baltimore and Las Vegas,
which is less than 4% different from the original system (Table 5-2).

Table 5-2: Annual SPF of the system before and after the simplification

Controls Annual SPF

Baltimore Las Vegas
Original controls 2.69 3.70
Simplified controls 2.58 3.63

107



CHAPTER 6: INVESTIGATION OF SYSTEM PERFORMANCE IMPROVEMENT

STRATEGIES

Three strategies that could potentially improve the performance of the SAHP system are
explored in this chapter. These strategies include 1) replacing the water tank with an outdoor
swimming pool for thermal storage, 2) replacing the water tank with a tank having phase change
materials for latent thermal storage, and 3) replacing the liquid-to-liquid heat pump with a dual-
source heat pump. The first two strategies intend to increase the thermal storage capacity, while
the third strategy intends to use the favorable source for heat pump operation. For each of the three
investigated strategies, the new components are described, and the system performance from

TRNSYS simulation is discussed using SPF as the main criterion.

6.1 Strategy 1: Using an outdoor swimming pool for thermal storage

A 2 m? tank filled with propylene glycol is used in the system presented in Chapter 3. The
tank size is subject to space limitation, especially in residential buildings. In addition, the storage
tank is not a small investment. Considering that some single-family houses have in-ground private
swimming pools, it is worthwhile exploring the use of the pool for thermal storage. The pool can
be covered in winter to store heat while keep open in summer to utilize water evaporation,
convection, and radiation to the sky for cooling water storage. Figure 6-1 shows the schematic
diagram of the system having a swimming pool. Only the schematic for space conditioning is
shown because the schematic for DHW production is the same as the original system using a

thermal storage tank.
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Figure 6-1: Schematic diagram of the SAHP system with a swimming pool

6.1.1 Swimming pool modeling

TRNSYS Type 344b is used to model the outdoor swimming pool. The model assumes
that the pool water is ideally mixed, and the pool has one inlet and one outlet for water circulation.
The pool can be fully covered, fully uncovered, and partially covered. As shown in Figure 6-2, the
heat transfer items used to establish the heat balance for the control volume of pool water include
heat loss due to water evaporation (Q,.,qp), heat loss to the surrounding due to convection (Qcony),
heat loss through the pool cover via conduction (Q.,,4), Solar absorption (Q,,;), long-wave
thermal radiation to the sky (Q,44), heat exchange due to water circulation (Q,,.), and heat change
due to the fresh makeup water supply (Qf). Heat loss to the ground is not considered because of
the challenge of modeling accuracy and the minor impact of heat transfer between the pool and

the ground.
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Figure 6-2: Energy balance of the swimming pool water

At every time step of the system simulation, the heat balance of the pool water leads to the

following equation:
Qsor + Qwe + Qrw — Qevap — Qconv — Qcona — @raa =0 (6-1)
Of the items in Equation (6-1), the heat loss rate due to water evaporation (Qeyqp, W) is
calculated as:
Qevap = Ap * (1 = feover) * (42.39 + 56.52 V) * (Psar,1, — @ * Psar,1,) (6-2)
where, A, is the pool area (M?), f-over IS the fraction of pool coverage, V is the wind speed
near the pool surface (m/s), ¢ is the ambient air relative humidity, Psar .1, and Py, 1, refer to the
saturated vapor pressure (Pa) at the pool temperature (T,,, °C) and the ambient air temperature (T,
°C), respectively.
The convective heat 10SS (Q.ony » W) to the surrounding is calculated as:
Qconv = Ap * (1 = feover) * (3.1 + 4.1+ V) (T, = Tg) (6-3)

The conductive heat 10ss (Q.onq, W) from the pool water to the pool cover is calculated as:
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kcover (

Qcona = Ap * feover * *(Tp — Teover) (6-4)

dCO‘UET

where, k.overs Aeovers aNd Teoper indicate the thermal conductivity (W/m-°C), thickness
(m), and temperature (°C) of the pool cover.
The long-wave thermal radiation to the sky (Q,.qq , W) is calculated as:
Qraa = Ap * (1 — fogper) * €y * 0 % [(T, + 273.15)" — (Tyyy + 273.15)] (6-5)
where, T, is the effective sky temperature (°C) and €,, is the emissivity of water (=0.9).
The calculation of Ty, has been discussed in Section 4.1.
The solar radiation is calculated as:
Qsor = Ap * (1 = feover) * @y ¥ G (6-6)
where, G is the global horizontal solar radiation (W/m?) and a,, is the solar absorptivity of
water (=0.9).
The heat exchange rates due to water circulation (Q,,., W) and fresh water makeup (Qf ,
W) are calculated as:
Que = Myye * Cp * (Tye — Tp) (6-7)
Qrw = Mgy, * Cp x (T, — Ty) (6-8)
where, C, is the specific heat of the water in J/kg-°C, m,,. and mg,. are the mass flow rates
(kg/s) of water circulating through the pool and fresh water makeup, T,,. and T, are the inlet

temperature (°C) of circulating water and fresh water supply.
To calculate the pool cover temperature used in Equation (6-4), a heat balance equation

needs to be established for the cover in a similar manner as that for the pool water. Certainly, some
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heat transfer items, such as heat losses due to water evaporation and heat exchange due to water
circulation, do not apply.

The in-ground pool used in the simulation model has a typical medium size of 4.6m X 9.1m
(15 ft X 30 ft). Based on an average depth of 1.7m (5.5 ft), the pool volume is 70 m3. The pool is
fully covered from October 1% to April 30" in Baltimore and from November 1% to March 31 in
Las Vegas, whereas the pool is fully open for the rest of the year. Based on a commercial product
(ThermGard), the pool cover has a composite, laminated material with the following properties:
thickness (8 mm), thermal conductivity (0.036 W/m-K), emissivity (0.6), and solar absorptivity

(0.6).

6.1.2 System simulation and results for Strategy 1

The system simulation model is set up by replacing the thermal storage tank in Figure 4-3
with the outdoor swimming pool as described in the previous section. Because the pool has water
and Type 344b does not support the use of an immersed heat exchanger, an external heat exchanger
is used to isolate the water loop for the pool and the rest of the system (Figure 6-3). The rest of
TRNSYS model is identical to Figure 4-3 and is not shown in Figure 6-3 for clarity. To
approximate the real system design and operation (Figure 6-3), a pump with zero-energy
consumption is used in the loop between the heat exchanger and the pool. In addition, the minimum

allowable fluid temperature (i.e., Ts,,) of the thermal storage is increased from -3°C for the tank

to 3°C for the pool.
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Figure 6-3: The modified section of the TRNSYS model for the pool case

The simulation was run for a whole year. The SAHP system equipped with the swimming
pool for thermal storage has an annual SPF of 2.71in Baltimore and 4.18 in Las Vegas, which has
a minor increase from 2.69 and 3.70 for the system using a 2 m3-tank for thermal storage in the
two respective locations.

After examining the system running time in different modes, it is found that Mode 6 (PVT-
HP-TSG for heating) has a much longer running time in Baltimore and Mode 5 (PVT-TSG for
heating) has a much longer running time in Las Vegas relative to the tank-based system, which is
expected because of the massive thermal storage of the pool. However, overuse of Modes 5 and 6
may cause unfavorable system performance because 1) the increased pump energy of running
Mode 5 might not be compensated with the energy savings from the elevated pool water
temperature; 1) the heat pump energy used to charge the pool in Mode 6 might not be compensated
with the energy savings from the elevated pool water temperature, and This triggers the need to
investigate potential control improvement related to Modes 5 and 6.

Recall that Modes 5 and 6 have been used so far as the following:
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e Mode 6 is used only in Baltimore for four months, from November to February. If the
conditions for running Mode 6 are met, it can be activated until the storage temperature
reaches a predefined limit of 45°C.

e Mode 5 is used in both Baltimore and Las Vegas. This mode can be activated as long as its

running conditions are met. No storage temperature limit is applied when running Mode 5.

Accordingly, the investigation on control improvement is made by performing sensitivity
analysis on two aspects: 1) In Baltimore, the storage temperature limit is varied from 0°C to 45°C
with a step of 5°C when the system runs in Mode 6; 2) In Las Vegas, the storage temperature limit
is applied, and it is varied from 5°C to 20°C with a step of 5°C when the system runs in Mode 5.
Note that running Mode 5 is normally favorable in cold climates, and therefore, the investigation
of Mode 5 running is made for Las Vegas only. Figure 6-4 and Figure 6-5 show the results of
sensitivity analysis.

In Baltimore, as Figure 6-4 shows, the SPF initially increases from 2.34 to 2.73 as the pool
temperature limit is increased from 0°C to 20°C in Mode 6. Then, the SPF decreases from 2.73 to
2.71 when the pool temperature limit is increased from 20°C to 25°C, beyond which the SPF no
longer changes. The above trend of SPF can be explained. With the increase of the pool
temperature limit, the pool water can reach a gradually higher temperature at the beginning, which
leads to 1) reduced backup electric heater usage because of the higher heat pump heating capacity,
2) improved efficiency when the heat pump is used for space heating, and 3) increased heat pump
running time. The first two effects play a dominating role at the beginning and thus increase the
SPF. However, when the pool temperature limit is increased from 20°C to 25°C, the benefits from

the reduced usage of auxiliary electric heater and improved heat pump efficiency are exceeded by
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the increased electricity consumption caused by the increase of heat pump runtime. Therefore, the
SPF decreases. The SPF remains unchanged after the pool temperature limit is increased above
25°C because the pool temperature never reaches above 25°C. Since the case of pool temperature
limit at 0°C is equivalent to the case of not using Mode 6, the sensitivity analysis also demonstrates
the value of Mode 6 even if the pool is used as the thermal storage.

In Las Vegas, as Figure 6-5 shows, the SPF slightly increases from 4.32 to 4.33 as the pool
temperature limit is increased from 5°C to 10°C in Mode 6 and then decreases from 4.33 to 4.23
when the pool temperature limit is further increased from 10°C to 20°C. Because the mode of
running auxiliary electric heater is rarely used for space heating, the change of pool temperature
(limit) affects the interaction between the circulation pump energy in Mode 5 and the heat pump
energy when the heat pump is used for space heating. With a mild climate in Las Vegas, a higher
pool temperature limit implies that Mode 5 is heavily used, leading to higher pump energy
consumption. However, the increased pump energy consumption in Mode 5 may not be
compensated with the reduction of heat pump energy use. Figure 6-5 clearly demonstrates the
importance of setting an appropriate pool temperature limit in Mode 5 because the case of not

having a limit has the lowest SPF in all investigated cases.
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Figure 6-4: The change of annual SPF with the pool temperature limit applied to Mode 6 in Baltimore
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Figure 6-5: The change of annual SPF with the pool temperature limit applied to Mode 5 in Las Vegas

In summary, replacing the 2 m® water tank with an outdoor swimming pool for thermal

storage improves the system performance. The improvement is more significant in hot climates
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than in cold climates. The pool temperature limit settings for Mode 5 in hot climates and Mode 6
in cold climates have a big impact on the system performance. With appropriate settings, the
system with a typical in-ground pool has an annual SPF of 2.73 in Baltimore and 4.33 in Las

Vegas, 1% and 17% higher than the original system design with a water tank.

6.2 Strategy 2: Using a tank with integrated phase-change-material (PCM) modules for thermal
storage

The previous section has shown that the performance of solar-assisted heat pump systems,
evaluated by the SPF, can be improved by replacing the 2 m? tank with an outdoor swimming pool
for thermal storage. Because many single-family houses do not have swimming pools, it is
worthwhile exploring other approaches to increase the thermal storage capacity. In this section,
the use of a tank with integrated PCM modules and its impact on the system performance is studied.
PCMs are used to take advantage of the latent heat of the phase change between their solid and
liquid states for thermal energy storage. The phase change process can store or release a large
amount of thermal energy in the latent form with small temperature changes. High thermal
conductivity, high heat of fusion, high density, and high specific heat are the desired thermal-
physical properties of PCMs. Adding PCM to the thermal storage tank does not change the system
configuration. Therefore, the original system diagram (Figure 3-1) is still valid for the SAHP

system using a tank with integrated PCM modules for thermal storage.

6.2.1 PCM storage tank modeling
TRNSYS Type 840 is used to model a tank with integrated PCM modules, which can have

the shape of cylinder and sphere. Type 840 also supports the modeling of a tank filled with PCM
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slurries. Based on the technical manual of Type 840, it can model a tank with one built-in auxiliary
heater and up to five pairs of ports. Each pair of ports can be either direct inlet and outlet fluid
connections to the tank or the inlet and outlet of an immersed heat exchanger. Similar to the model
for a conventional water tank (Type 158) as described in Section 4.3, the PCM storage tank is
modeled with a number of nodes, which represents the same number of evenly divided horizontal
layers. Each node’s energy balance is established by considering the following mechanisms: heat
flow through fluid movement due to inlet and outlet flow streams, the heat exchange between the
tank fluid and the fluid in the immersed heat exchanger, the heat input from the internal auxiliary
heater, thermal conduction between the neighboring nodes, heat loss to the ambient through the
tank surfaces, and the heat exchange with the PCM modules. Type 840 also divides the integrated
PCM module into a user-defined number of radial nodes. The energy balance for each radial node
includes the heat transfer between the storage fluid and PCM modules (for the outmost node only),
the heat conduction between neighboring PCM nodes, and the latent energy from the phase change
process. The convective heat transfer in the liquid phase of the PCM is not considered in the model.

Type 840 uses the enthalpy approach to account for the change of thermal properties during
the phase change process. The enthalpy approach assumes that enthalpy is a continuous and
invertible function of temperature. Therefore, the thermal-physical properties of the PCM,
including enthalpy, density, thermal conductivity, and, viscosity are provided as a function of
temperature through a text file. This text file can include a maximum of 100 different temperatures
and the corresponding thermal-physical properties. The text file is then read by Type 840 during
simulation to derive the required properties.

In this work, the PCM storage tank has two pairs of ports for direct fluid inlets and outlets:

one pair of ports is configured to have its inlet at the tank’s top and the outlet at the bottom, whereas
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the other pair of ports have the opposite configuration. The PCM storage tank does not have
immersed heat exchangers and auxiliary heaters. The PCM modules are solid cylinders with a
diameter of 150 mm. The PCM cylinder modules are filled with Sodium Acetate Trihydrate (SA)
made by SGL Carbon. The selected PCM has a latent heat of 180 kJ/kg. Because SA has low
thermal conductivity, Graphite is mixed with SA to increase the thermal conductivity of the PCM
module. Table 6-1 summarizes the major parameters of the PCM storage tank. Except for the
parameters related to the PCM, all tank parameters are the same as the thermal storage tank

discussed in Chapter 4.

Table 6-1: PCM tank major parameters

Parameter PCM Storage tank
(Type 840)

Fluid in the tank Water

Tank volume (m?®) 2.0

Tank height (m) 1.8

Number of tank nodes 6

Heat loss rate (W/K) 9.0

Height fraction of inlet 1 1

Height fraction of outlet 1 0

Height fraction of inlet 2 0

Height fraction of outlet 2 1

PCM material SA + Graphite
PCM module shape Cylinder
PCM inner diameter (mm) 0.0

PCM outer diameter (mm) 150.0

PCM number of radial nodes 3

Thickness of PCM container (mm) 0.5

Therm. Cond. of PCM container (W/m-K) 177
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Table 6-1 cont: PCM tank major parameters

Parameter PCM Storage tank
(Type 840)

Cp of PCM container (J/kg-K) 875

Density of PCM container (kg/m?®) 2770

6.2.2 System simulation and results for Strategy 2

The system simulation model is set up by replacing the storage tank in Figure 4-3 with the
PCM tank as described in the previous section. It is found that TRNSYS Type 840 does not support
the use of glycol solution in the tank with integrated PCM modules. The fluid in the PCM tank can
be water only. Therefore, the tank fluid is changed from the propylene glycol solution to water.
Because of the change of tank fluid, the minimum allowable fluid temperature (i.e., T,) of the
thermal storage is increased from -3°C for the sensible storage stank to 3°C for the PCM tank. In
addition, as Figure 6-6 shows, the PCM tank is separated from the rest of the system through
external heat exchangers to avoid the mix of tank water and the glycol solution used in the heat

pump and collector loops. Other than the above changes, the system operation modes and controls

are the same as those described in Section 3.2 for the sensible storage tank.
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Figure 6-6: The modified section of the TRNSYS model for the PCM tank case

When modeling the system performance, there are two important considerations: the
melting temperature and the percentage of PCM in the tank. The melting temperature refers to the
temperature at which the PCM changes between its solid and liquid phases. The latent heat of the
PCM module is available only when the tank temperature reaches the PCM’s melting temperature.
Therefore, the melting temperature of the PCM module is critical to determine the thermal storage
capacity. Similarly, the percentage of tank volume occupied by PCM modules also determines the
thermal storage capacity. In this subsection, the impact of PCM melting temperature and volume
is investigated sequentially.

Most commercial PCMs are available in a range of melting temperatures. Therefore, it is
reasonable to explore PCM modules with similar thermal properties and differing melting
temperatures. While keeping the tank filled with 50% PCM modules, the melting temperature is
varied from 5°C to 30°C with a step of 5°C. For each melting temperature, the system is run in

Baltimore and Las Vegas, and the SPF is used to compare the system performance. Figure 6-7 and

121



Figure 6-8 show the SPF, including both monthly and annual values, corresponding to different

melting temperatures in the two locations. These two figures indicate the following:

During the heating season (November-April in Baltimore and December-February in Las
Vegas), PCM modules with a lower melting temperature (in the range between 5°C and
15°C) tend to have a higher SPF. A low melting temperature implies that 1) the tank may
be charged with PVT collectors longer; 2) the heat pump may run at high efficiency when
it is used to charge the tank; and 3) the heat pump may run at low efficiency when it uses
the tank as the source for space heating. Because the time in different operational modes
varies, the optimal melting temperature varies with different months in the heating season.
In the shoulder season (May & October in Baltimore and March & November for Las
Vegas), PCM modules with a moderate melting temperature between 10°C and 20°C tend
to have a high SPF.

In the cooling season (June-September in Baltimore and April-October in Las Vegas),
PCM modules with a higher melting temperature in the range between 20°C and 30°C tend
to have a higher SPF. A high melting temperature implies that 1) the tank may be charged
with PVT collectors longer for radiative cooling; and 2) the heat pump may run at low
efficiency when it uses the tank as the sink for space cooling. Because the time in different
operational modes varies, the optimal melting temperature varies with different months in
the cooling season as well. It needs to be noted that the phase change may never occur in
PCM modules with a very low melting temperature. Such a case can be observed in Figure
6-7 and Figure 6-8, which have almost the same SPF in July and August when the melting

temperature is lower than 20°C.
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e Both locations have the highest annual SPF when the PCM has a melting temperature of
10°C. The highest annual SPF is 2.52 in Baltimore, and it is 3.52 in Las VVegas. Both values

are lower than the ones corresponding to the original SAHP system.
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Figure 6-7: Comparison of the SPF for systems featured the use of PCM with different melting
temperatures in Baltimore while keeping the PCM module at 50% of the tank volume
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Figure 6-8: Comparison of the SPF for systems featured the use of PCM with different melting
temperatures in Las Vegas while keeping the PCM module at 50% of the tank volume

The above analysis has assumed that the PCM modules occupy 50% of the tank volume.

A natural extension is to investigate the impact of PCM volume on the system performance while

keeping the PCM’s melting temperature at 10°C. Figure 6-9 and Figure 6-10 show the system

performance, evaluated by SPF, for different percentages (i.e., 0%, 25%, 50%, and 75%) of the

tank storage volume filled with the PCM modules. The case of 0% represents that PCM modules
are not used in the tank. The following can be observed:

e Using more PCM modules leads to higher SPFs for the entire heating season in Baltimore

and for the coldest months (December and January) in Las Vegas. The reason is that in

these months, the PCM’s melting temperature (10°C) falls into the range of tank operating

temperatures.
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Using more PCM modules generally leads to lower SPFs for the cooling season (i.e., June
to September in Baltimore and April to October in Las Vegas). This can be explained from
the following aspects. First, in the cooling season, the tank operating temperature rarely
goes to 10°C or below. Therefore, the latent heat of PCMs does not contribute to the system
operation. Furthermore, the PCM has approximately 50% lower specific heat capacity than
water. Hence, using PCM modules in the tank actually decreases the thermal storage
capacity when only sensible heat is involved.

If evaluated for the whole year, in Baltimore, the annual SPF increases with the percentage
of tank volume used for the PCM modules. Relative to the case of not using PCM, the
annual SPF is increased by 1%, 5%, and 6%, respectively, for the case of using 25%, 50%,
and 75% of the tank volume for the PCM modules. In Las Vegas, the annual SPFs have

negligible differences for different cases.
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Figure 6-9: Comparison of the SPF for systems with different percentages of the tank volume used by the
PCM module having a melting temperature of 10°C (Baltimore)
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Figure 6-10: Comparison of the SPF for systems with different percentages of the tank volume used by
the PCM modules having a melting temperature of 10°C (Las Vegas)
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In summary, based on the proposed system design and controls, the simulation results show
that integrating PCM modules in the tank may not increase the annual SPF. The PCM’s melting
temperature and the tank operating temperature profiles play important roles in determining the
benefits of using PCMs. If the tank operating temperature profiles cross the melting temperature
frequently, using PCMs will contribute to the improvement of system performance; otherwise,
using PCMs will unlikely bring any benefits and even degrade the system performance if the PCM

has a lower specific heat than the tank liquid.

6.3 Strategy 3: Dual-source heat pump

The original system design uses a liquid-to-liquid heat pump. Glycol solution is used to
transfer energy between PVT collectors or the thermal storage tank and the heat pump. Because
the thermal storage tank is charged by PVT collectors (either directly or indirectly through the heat
pump), PVT collectors are regarded as the only source of the heat pump. However, based on the
analysis in Chapter 5, the original system may have the following two issues caused by the use of
a single source. First, in cold winter conditions, the tank temperature may fall below its low limit
for heat pump operation, which triggers the frequent use of auxiliary electric heating. Second,
sometimes when the tank is used as the source of the heat pump operation, the tank temperature is
not favorable at all in comparison with the air temperature. For example, in summer, if the tank
cannot be adequately cooled through nighttime radiative cooling, the tank may have a higher
temperature than the ambient air. In this situation, it would be more favorable to use ambient air
as the source of the heat pump operation. The above two problems can be addressed by adding

another source to the heat pump’s operation, leading to a dual-source heat pump system design.
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Both ground and air are candidates for the additional energy sources of the heat pump. Air
is selected in this work because of its considerably lower installation cost compared to geothermal
systems. Therefore, the dual-source SAHP system features the use of both ambient air and glycol
solution as the energy sources of the heat pump. These two sources are connected in parallel so

that each can be used independently, as shown in Figure 6-11.
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Figure 6-11: Schematic diagram of the PVT-dual-source HP system

6.3.1 Dual-source heat pump modeling

TRNSYS does not have a model dedicated for dual-source heat pumps. Therefore, a
workaround solution is to simulate two separate heat pumps: one air-source heat pump and one
solar-assisted liquid-source heat pump. These two heat pumps are connected in parallel and which
one operates depends on the controls to be discussed later. TRNSYS Type 927 is used to model
the liquid-source heat pump, with the same approach and parameters presented in Chapter 4.
TRNSYS Type 941 is used for modeling single-stage air-to-liquid heat pumps. The modeling
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approach is very similar to that for Type 927. The heat pump’s performance is based on two
external data files containing catalog data for normalized capacity and normalized power
consumption at different operating conditions (i.e., entering air temperature on the source side and
entering liquid temperature at the load side). One data file is for heating, and the other data file is
for cooling. In this work, the data files are developed based on Carrier’s reversible air-to-water
heat pump (Model 30AWHO012-3Ph). The normalized data files are attached in Appendix B. Table
6-2 lists the parameters of the air-to-liquid heat pump used in TRNSYS. Figure 6-12 shows the
modifications made to the TRNSY'S figure of the original multifunctional SAHP system (Figure
4-3). The red lines are the modifications related to DHW production using heat pump
desuperheater, and the black lines represent the modifications regarding space heating and cooling.

Table 6-2: Air-to-liquid heat pump parameters

Parameter Air-to-liquid HP
(Type 941)

Liquid in the load side propylene glycol

Liquid flowrate (GPM) 10

Air flowrate (CFM) 1660

Rated cooling capacity (kW) 10.2

Rated EER for cooling (Btu/h/W) 10.3

Rated heating capacity (kW) 12.0

Rated COP for heating (-) 4.3

Capacity of auxiliary heater (kW) 4

Compressor cutout temperature (°C) -20

Auxiliary heater lockout temperature (°C) -10
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Figure 6-12: The modified section of the TRNSYS model for the dual-source heat pump case

In Table 6-2, the rated conditions in cooling have the evaporator liquid entering/leaving
temperature at 12°C/7°C and the outside air temperature at 35°C. The rated conditions in heating
have the condenser liquid entering/leaving temperature at 30°C/35°C and the outside air
temperature at 7°C (Carrier n.d.). The air-to-water heat pump has a desuperheater that uses the
superheated gas leaving from the compressor for hot water generation. The desuperheater has the
same parameter settings as used for Type 927 (see Chapter 4).

A natural question of operating the dual-source SAHP system is which source is used at
what conditions. In this work, the ambient air temperature (T,;-), the PVT outlet temperature
(Teor,0ut), and the tank top temperature (Ttyq,0p) are compared to determine the more favorable
source of the heat pump. As a result, the following modes are added to the control sequence of the

system operation:
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e Mode 15: Air-source heat pump for space heating. In this mode, the outdoor fan circulates
air to the outdoor coil (i.e., evaporator) of the heat pump, while Pump P2 circulates the
glycol solution between the condenser and the plate heat exchanger on the demand side.

e Mode 16: Air-source heat pump for space cooling. In this mode, the outdoor fan circulates
air to the outdoor coil (i.e., condenser) of the heat pump, while Pump P2 circulates the

glycol solution between the evaporator and the plate heat exchanger on the demand side.

Mode 15 operates when the following conditions are all satisfied: 1) The space calls for
heating; 2) The ambient air temperature (T,;,) is higher than the liquid-source temperature (the
larger value of Ty 0ye and Texq,r0p) DY @ predefined offset value (T, rse¢) Or the liquid-source
temperature is lower than the low bound for operating the liquid-source heat pump; and 3) The
ambient air temperature is above the compressor cutout temperature. Because the air-to-water heat
pump has an integrated auxiliary heater that is activated when T, is lower than the auxiliary
heater lockout temperature, Mode 15 actually consists of two sub-modes: Mode 15-1 having the
auxiliary heater off and Mode 15-2 having the auxiliary heater on.

Mode 16 operates when the following conditions are all satisfied: 1) The space calls for
cooling; and 2) The ambient air temperature (T,;,) is lower than the liquid-source temperature (the
smaller value of T,y oye and Tyiq 0p) DY @ predefined offset value (T, fset)-

The temperature offset value (T, ¢ ¢se¢) plays an important role in determining whether the
ambient air or the glycol solution is the preferred source of the heat pump operation. An offset
value of zero implies selecting the source with the higher temperature for heating and the lower

temperature for cooling. However, the above simple setting may not necessarily result in better
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system performance because the liquid-to-liquid heat pump and the air-to-liquid heat pump have
different rated efficiency and may have different operational efficiency even at the same source
temperature conditions. Therefore, the temperature offset, which can take a non-zero value, is
considered in the study. The air source can be used for heating if the ambient air is higher than the
water-source temperature plus the offset value, and the air source can be used for cooling if the

ambient air is lower than the water-source temperature minus the offset value.

6.3.2 System simulation results for Strategy 3

The impact of the temperature offset on system performance is investigated by varying the
offset value from -3°C to 6°C. Figure 6-13 and Figure 6-14 show the change of annual SPF with
the temperature offset for Baltimore and Las VVegas, respectively.

Both figures show that the annual SPF has small changes (less than 1%) across the
considered temperature offset values. This indicates a “fuzzy” range instead of an exact point for
switching the dual-source heat pump operation between the air source and the (solar) liquid source.
Moreover, all investigated cases of the dual-source heat pump system have higher annual SPF than
the original liquid-source only SAHP system (SPF = 2.69 for Baltimore and SPF = 3.70 for Las

Vegas).
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Figure 6-13: The impact of temperature offset on annual SPF in Baltimore
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Figure 6-14: The impact of temperature offset on annual SPF in Las Vegas

To better understand the system operation using the dual-source heat pump, the time of the

system running in different modes is illustrated in Figure 6-15 and Figure 6-16 for the two
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locations. The two figures are based on the case of having 3°C for the temperature offset. Figure

6-15 shows that Mode 13 that uses an instantaneous water heater for space heating is no longer

needed in Baltimore. Thus, the instantaneous water heater can be removed from the dual-source

heat pump system.

Based on the numbers in Figure 6-15 and Figure 6-16, the time used in operational modes

for space heating and space cooling is summarized across the whole year while the two sources

are distinguished. Table 6-3 and Table 6-4 show the results, together with those from the original

SAHP discussed in Chapter 5. These two tables indicate the following:

In Baltimore, for the dual-source SAHP system, the (solar) liquid source (M2, M3, and
M4) is used in 73% of the system’s total operation time for space heating, and the air source
(M15-1 and M15-2) is used in the rest 27% operation time. In contrast, for the original
liquid-source only SAHP system, the (solar) liquid source is used in 74% of the system’s
total operation time for space heating, while M13 (instantaneous water heating) is used in
the remaining 26% operation time. The air-source heat pump actually replaces the
instantaneous water heater. Because the heat pump has a COP higher than 1, the dual-
source heat pump system has a higher SPF. The same observation can be made for Las
Vegas, but the role of the air-source heat pump is significantly reduced because of the mild
climate.

In Baltimore, the system’s total operation time for space cooling is almost evenly split
between the (solar) liquid source (M8, M9, and M10) and the air source (M16). In Las
Vegas, the liquid source and the air source are used respectively in 44% and 56% of the

system’s total operation time for cooling.
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Table 6-3: Comparison of the system running time in different modes and with different sources for space

heating
Operating Mode Annual mode time (hr)
Baltimore Las Vegas
Liquid-source | Dual-source Liquid-source | Dual-source
only SAHP SAHP system | only SAHP SAHP system
system system
Solar M2 (TSG-SH) 79 (10%) 79 (10%) 25 (11%) 25 (11%)
source
M3 (PVT-HP-SH) | 54 (7%) 45 (6%) 7 (3%) 5 (2%)
M4 (TSG-HP-SH) | 442 (57%) 436 (57%) 191 (84%) 190 (84%)
M13 (Backup SH) | 201 (26%) - 4 (2%) -
Air M15-1 (Air-HP-SH | - 166 (22%) - 7 (3%)
source w/0 aux)
M15-2 (Air-HP-SH | - 36 (5%) - -
w/ aux)

Table 6-4: Comparison of the system running time in different modes and with different sources for space

cooling
Operating Mode Annual mode time (hr)
Baltimore Las Vegas
Liquid-source | Dual-source Liquid-source | Dual-source
only SAHP SAHP system | only SAHP SAHP system
system system
Solar M8 (TSG-SC) 27 (8%) 31 (9%) 27 (3%) 27 (3%)
source
M9 (PVT-HP-SC) 66 (19%) 4 (1%) 309 (36%) 21 (3%)
M10 (TSG-HP-SC) | 257 (73%) 132 (40%) 529 (61%) 320 (39%)
Air M16 (Air-HP-SC) - 167 (50%) - 463 (56%)
source
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Figure 6-16: Las Vegas monthly mode time activation
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CHAPTER 7: SYSTEM ECONOMIC ANALYSIS

In this chapter, a high-level economic analysis is performed to compare the multifunctional
SAHP system and the reference conventional air-source heat pump system. For both systems, the
capital costs are estimated first. Then, the simple payback period of the additional investment of

the proposed SAHP system is calculated.

7.1 Capital cost estimation

As presented in Chapters 3 and 4, major components of the proposed SAHP system include
unglazed PVT collectors, an inverter, a liquid-to-liquid heat pump, a thermal storage tank for space
conditioning, a DHW tank, two instantaneous water heaters (one for space heating and one for
DHW), a plate heat exchanger, and four circulating pumps. Major components of the reference
conventional air-source heat pump system include a split air-source heat pump, an auxiliary
electric heater of the heat pump for space heating, and an electric water heater for DHW
production.

The prices of most components are obtained by researching the U.S. market. However, for
PVT collectors and the thermal storage tank, a reliable source of their prices in the U.S. market
could not be found. Therefore, Report Al of IEA SHC Task 60 (Ramschak 2020), which discusses
the installed PVT systems in European countries, has been used as the resource for estimating the
cost of PVT collectors and the thermal storage tank. Table 7-1 and Table 7-2 list the estimated
costs of the major components used in the two systems. Note that the two tables cover major pieces

of equipment only while pipes, ducts, valves, and other accessories are not included. In addition,
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all estimated costs are for equipment procurement but not including installation because of the lack

of resources.

Table 7-1: Estimated equipment costs of the proposed SAHP system

Equipment Model Price per unit | Number Total price
of units
Liquid-to- WaterFurnace Series 5 $6000 1 $6000
Liquid heat NSWO040G12RCSS0AA
pump (3.3 ton)
Circulation Taco 0013 Cast Iron $360 3 $1080
pump Circulator, 1/6 HP
0013-F3
Desuperheater | Taco 007 Cast Iron Circulator, | $100 1 $100
pump 1/25 HP
007-F5
PVT (30 m?) Consolar SOLINK (2 m?) $850 15 $12750
Inverter SMA Sunny Boy 5.0-US-41 $1475 1 $1475
Inverter
Auxiliary Rheem $560 1 $560
tankless water | RTEX-36
heater for
space heating
Heat exchanger | Bell & Gossett BPX Brazed $170 1 $170
Plate Heat Exchanger
BP400-10LP
Auxiliary Rheem $170 1 $170
tankless water | RTEX-04
heater for
DHW
DHW tank AO Smith 80 Gallon - 4,500 $1050 1 $1050
Watt ProMax Residential
Electric Direct Solar Booster
Water Heater
SUN-80
Thermal Average from IEA SHC Task | $4108 1 $4108
storage tank (2 | 60 ($2054 per m®)
m°)
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Table 7-2: Estimated equipment costs of reference conventional air-source heat pump system

Equipment Model Price per unit | Number Total price
of units

Air-source heat | Carrier Model 25HCE436 $3600 1 $3600
pump (3 ton)
DHW tank AO Smith 80 Gallon ProLine | $1675 1 $1675
with electric Electronic Thermostat High
heater Capacity Residential Electric

Water Heater

EGR-80
Electric air Fantech 8" Makeup Air Heater | $740 1 $740
heater (6 kw)

MUAHS/6

Based on the information in Table 7-1 and Table 7-2, the system cost is calculated to be
$27,463 for the proposed SAHP system (Cps ¢,:) and $6,015 for the reference system (Cgs to¢)- A
large portion of the cost difference attributes to the use of PVT collectors and the thermal storage

tank in the SAHP system.

7.2 Simple payback period
The simple payback period (SPB) refers to the number of years required to recover the
additional investment of the SAHP system with the operating cost savings. SPB is calculated using

Equations (7-1)-(7-4).

SPp = Cps,tot = Crs tot (7-1)
Jtot

Jtot = Cop,RS - Cop,PS (7-2)

Cop,rs = Ers X Py (7-3)

Cop,ps = (Eps — Epyr,e1) X Py (7-4)
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where, Cps ¢or aNd Crs ¢o¢ indicate the cost of the proposed SAHP system and the reference
system, respectively; C,, ps, and C,, rs are the operating energy costs of the SAHP system and the
reference system, and J;,; is the difference between them; Epg and Egs specify the annual
electricity consumption of the SAHP system and reference system; Epyr ; is the annual electricity
generation from the PVT collectors, and Pr,; denotes the electricity price.

In Equation (7-3) and Equation (7-4), the annual electricity consumption of the reference
system (Egg), the annual electricity consumption of the SAHP system (Eps), and the annual
electricity generation from the PVT collectors (Epyr ;) are all from the TRNSY'S simulations. The
results are reported in Table 7-3. In this table, the electricity consumption is for the whole building,
including the system, lighting, appliance, and plug loads.

Equation (7-3) calculates the operating energy cost of the reference system (C,, rs) by
multiplying the annual electricity consumption by the electricity price (Pr.;). Equation (7-4)
calculates the operating energy cost of the SAHP system (C,, ps) by multiplying the difference
between the annual electricity consumption and generation by the electricity price. The approach
is valid if extra onsite electricity generation is sold back to the grid at the retail rate (e.g., net
metering), which is currently available in many locations, including Baltimore and Las Vegas. The
electricity price is from the state average value from IEA (2019), which is 12.00 cents/kWh in

Baltimore and 13.12 cents/kWh in Las Vegas, respectively.
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Table 7-3: Annual electricity consumption and production of the single-family house simulated in this
work in Baltimore and Las Vegas

Location Electricity consumption/production (in 1000 kWh)
Reference system Proposed system Proposed system
electricity consumption | electricity consumption | electricity production
(Ers) (Eps) (Epve)

Baltimore 17.8 12.6 6.89

Las Vegas 16.9 10.9 9.31

Applicable solar tax credits and incentives can be taken into account when determining the

investment costs and calculating the simple payback period. For example, currently, there is a

federal solar investment tax credit (ITC) at 26% of the installed cost of solar systems (DOE, n.d.).

This tax credit is equivalent to the same amount of investment cost reduction. Therefore, the simple

payback period is calculated for two scenarios: one with the federal solar ITC and another without.

The results are shown in Table 7-4. This table shows the following:

e Without any credits and incentives, the SPB is 13.5 years in Baltimore and 11.6 years in

Las Vegas. The payback period of more than 10 years is a realistic problem for the market

acceptance of the proposed SAHP system.

e After considering the federal solar ITC, the SPB is reduced to 9.0 years and 7.7 years in

Baltimore and Las Vegas, respectively. If state- or utility-level incentives exist, the SPB

can be reduced further. This means that incentives and credits are important to motivate

the use of SAHP systems.
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Table 7-4: Simple payback periods of the solar-assisted multifunctional heat pump system against the
conventional air-source heat pump system

Location Simple payback period (years)

without federal ITC with federal ITC
Baltimore | 13.5 9.0
Las Vegas | 11.6 7.7
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CHAPTER 8: SUMMARY, CONTRIBUTIONS, AND FUTURE WORK

8.1 Summary

This research has proposed and evaluated a novel hybrid PVT-based multifunctional SAHP
system capable of space heating, space cooling, DHW, and onsite electricity generation. The main
components of the multifunctional system include unglazed PVT collectors, a liquid-to-liquid heat
pump, a thermal storage tank, a DHW tank, and two instantaneous electric water heaters (for space
heating and DHW production). The PVT collectors can be used directly or as the source of the
heat pump or used to charge the thermal storage tank and the DHW tank. The system has fourteen
operating modes. The sequence of operation is based on the space thermostat signals, the collector
temperature, the thermal storage tank water temperature, and the DHW tank temperature.
TRNSYS software is used to model the system and evaluate its performance with a number of
metrics such as seasonal performance factor, solar fraction, and self-consumption. To facilitate
performance evaluation, a 200 m? single-family house is modeled in two locations with different
climates: Baltimore, MD in a cold climate and Las Vegas, NV in a warm and dry climate. The
components are sized accordingly based on the load calculation and sensitivity analysis. The
performance of the multifunctional SAHP is compared with a reference system that has a split air-
source heat pump system for space heating and cooling and an electric water heater for DHW
production. Based on the TRNSYS simulations, efforts have been taken to improve the
multifunctional SAHP system by exploring the use of an outdoor swimming pool and PCMs for
thermal storage and replacing the liquid-source only heat pump with a dual-source heat pump.

Major research findings from this work are summarized below:
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Statistical analysis of the proposed system operational modes shows that Mode 4 (Tank-
HP for space heating) and Mode 10 (Tank-HP for space cooling) are the dominant space
heating and space cooling modes. Direct PVT-Tank heating and cooling modes (Mode 5
and Mode 11) are essential for the system’s operation in Baltimore and Las Vegas
locations. In addition, using the heat pump to charge the tank for heating (Mode 6) is shown
to be necessary to keep the thermal storage tank from running out of extractable thermal
energy and avoid the excessive use of a backup electric heater to provide space heating in
Baltimore. DHW production is achieved utilizing PVT collectors (Mode 14) and the HP
desuperheater. Mode 14 is predominantly used in summer, while the heat pump
desuperheater is the main DHW production source in winter.

The performance metric analysis presents that the annual solar energy utilization ratio is
27% and 20%, respectively, in Baltimore and Las Vegas. The case studies in Baltimore
and Las Vegas have solar thermal fractions of 9% and 34%, correspondingly. Annual
system solar electrical fractions are 118% for Baltimore and 228% for Las Vegas cases,
while 53% and 83% are reported for the annual site (system and building) solar electrical
fractions for these locations, correspondingly. Also, annual system and site self-
consumption are 27% and 45% in Baltimore and 19% and 35% in Las Vegas.

The proposed system is much more efficient than the reference system. The fractional
energy savings of the proposed system compared to the reference system are 84%, 11%,
and 48% for the DHW portion, space conditioning portion, and the total consumed energy
in Baltimore. The savings mentioned above are 88%, 28%, and 61% in Las Vegas.

By eliminating rarely used modes, the controls can be simplified to reduce the system

complexity while having little impact on the system performance. The annual SPFs of the
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system with the simplified controls are reduced by less than 4% relative to the original
system with a fourteen-mode control strategy.

Replacing the water tank with an outdoor swimming pool for thermal storage improves
system performance, especially in cooling-dominated locations. Using the swimming pool
in Las Vegas increases the annual SPF 17% higher than the original system design with a
water tank. However, increasing the capacity of the thermal storage tank by using a tank
having phase change materials may not increase the annual SPF.

Replacing the liquid-to-liquid heat pump (solar-source) with a dual-source heat pump
(solar-source & air-source) enhances system performance, particularly in heating-
dominated locations. An annual SPF increase of 17% relative to the original system design
that uses a single source liquid-to-liquid heat pump is observed in Baltimore.

The proposed system would have the best economic feasibility in hot and arid locations
with high electricity prices. The simple payback period of the proposed system is 13.5 years
without an incentive in Baltimore, while SPB is reduced to 9.0 years with the federal solar
tax credit incentive. Also, SPBs are 11.6 and 7.7 years without and with the federal

incentive in Las Vegas, respectively.

8.2 Contributions

The PVT-based SAHP system is distinctive from previous studies because of its

multifunctionalities, including onsite electricity generation, space heating, space cooling, and

DHW heating. The system has a number of unique features. First, the PVT collectors are a multi-

purpose component of the system. They generate electricity and collect the heat energy during the

daytime and can work as radiative cooling panels for space cooling. The use of PVT collectors
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together with the heat pump for space cooling has never been studied in literature to the best of
our knowledge. Second, the system has energy cascading features such as using the heat collected
from PVT collectors for space heating and DHW and using the desuperheater for DHW
production. Third, the mode of using the heat pump to actively charge the thermal storage tank
(Mode 6) is a unique feature. The value of this mode in cold climates has been verified with
simulations in this work.

This work has provided a comprehensive study of possible operational modes and the
sequence of their controls. Simulations are used to determine the time of system operation in
different modes. The results show that some modes (e.g., using PVT collectors or the thermal
storage tank directly for space heating and cooling) are rarely used and can thus be omitted in
future system design. The simplification of system design and operation has a minor impact on
system performance. This research investigates three performance improvement strategies that are
essentially three novel SAHP systems: using an outdoor swimming pool as the thermal storage,
using a PCM-integrated storage tank to enhance the heat capacity, and using a dual-source heat
pump to replace the liquid-source only heat pump. The performance of these novel multifunctional
SAHP systems has rarely been studied in the literature. Many findings from this work, such as the
impact of melting temperature and PCM volume percentage of the tank on energy performance,
the impact of different conditions for switching between the dual sources, are important to guide

future system improvement.

8.3 Future work
The work presented in this dissertation could be extended further in the future along with

the following directions:
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Building performance simulation is the approach used in this work to evaluate the
multifunctional SAHP system. Although TRNSYS is a reputable program and all
components have been validated to different extents by the model developers and users,
there is a need to verify the findings from the simulations with experimental studies and
field tests. In this regard, a hardware-in-the-loop experimental facility developed by van
Arnold (2020) has been built up at the EPIC building, UNC Charlotte. Once completed,
the facility can support all operational modes included in this work and thus can be used to
verify the simulation work.

The parameter settings used in the system controls are primarily based on engineering
judgment and literature. Optimization could be pursued to determine the optimal settings.
In particular, advanced control methods such as model predictive controls based on the
forecasted loads and weather conditions are worth considering to determine when to charge
and discharge the storage tank.

The work in this dissertation has a focus on the thermal energy generation and use. No
attention has been given to the balance of onsite electricity generation and consumption. In
the future, rather than relying on the power grid to balance the PV electricity generation
and the building electric load, thermal storage can be leveraged to provide flexibility of the
household net residual load and improve the self-sufficiency of PV power generation.
Electric load shifting and peak shaving can also be explored by leveraging the thermal
storage.

This work has considered two locations with different climates. It would be useful to
perform the energy and economic analysis in more locations with different climates and

utility rates.
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Radiant floor heating and cooling is an appropriate design in the context of SAHP systems
because of its use of low-temperature heating and high-temperature cooling. However,
unlike conventional air-based HVAC systems, radiant floor cooling does not have the
functionality of space dehumidification. Though the lack of space dehumidification is not
a problem for dry climates, specialized space dehumidification needs to be considered in

humid climates.
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Appendix A: Reviewed studies of SAHP systems

In Table A-1-Table A-3, WWHP and AWHP stand for liquid-to-liquid heat pump and air-

to-liquid heat pump, respectively. Also, integration between solar component and heat pump are

either series (S), parallel (P), or parallel/series (P/S).

Table A-1: Reviewed studies of SAHP systems for domestic hot water heating

Reference

Integration between
solar component
and heat pump

System configuration

Approach

Bai, et al.(2012) S PVT-WWHP Sim (TRNSYS)
Banister, Collins (2015) P/S STC-WWHP Exp & Sim
(TRNSYS)

Dannemand, Perers, & Furbo P/S PVT-WWHP Exp

(2019)

Eicher, et al. (2012) S STC-WWHP Exp & Sim

(TRNSYS)

Fine, Friedman, & Dworkin S PVT-WWHP Sim

(2017)

Kim, et al. (2018) S, P, PIS STC-WWHP & STC- | Exp & Sim
AWHP

Lv, Yan, & Yu (2015) S STC- Dual Sim
(A+W)WHP

Panaras, Mathioulakis, & P STC-AWHP Exp & Sim

Belessiotis (2013) (Matlab)

Qu, et al. (2016) S PVT-Dual Exp
(A+W)WHP

Sterling & Collins (2012) P/S STC-WWHP Sim (TRNSYS)

Wang, et al. (2015) S PVT-Dual Exp
(A+W)WHP

Youssef, Ge, & Tassou (2017) P/S STC-WWHP Exp
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Table A-2: Reviewed studies of SAHP systems for space heating

Reference Integration between | System configuration | Approach
solar component
and Heat Pump
Aydin, Utlu, & Kincay (2015) P/S STC-WWHP Exp & Sim
Bakirci, Kadir, & Yuksel (2011) | S STC-WWHP Exp
Bellos, et al. (2016) S PV-AAHP & STC- Sim (TRNSYS)
WAHP & PVT-
WAHP & STC+PV-
WAHP
Bellos, Evangelos, & Tzivandis | S STC-WAHP Sim (TRNSYS)
(2017)
Busato, Lazzarin, & Noro (2015) | P/S STC-WWHP Sim (TRNSYS)
Calgar, Ahmet, & Yamali (2012) | S STC-AAHP Exp & Sim
(Mathcad)
Cao, et al. (2016) S PVT-AWHP Sim (TRNSYYS)
Chargui, Ridha, & Awani (2017) | S STC-Dual (A+W)W Sim (TRNSYS)
HP
Del Amo, et al. (2020) S PVT-WWHP Sim (TRNSYYS)
Emmi, et al. (2015) S STC-WWHP Sim (TRNSYS)
Girard, et al. (2015) S STC-WWHP Sim (Microsoft
Excel)
Hailu, Dash, & Fung (2015) S PVT-AAHP Sim (TRNSYS)
Li, et al. (2015) P/S PVT-AWHP Exp & Sim
(TRNSYYS)
Li, et al. (2018) S STC-WWHP Exp & Sim
(TRNSYS)
Liang, et al. (2011) P STC-AWHP Exp & Sim
Liu, et al. (2016) S STC-Dual (A+W)W Exp
HP
Plytaria, et al. (2018) S STC-WWHP & Sim (TRNSYS)
STC+PV-WWHP &
PVT-WWHP
Plytaria, et al. (2019) S STC-WWHP & Sim (TRNSYS)
STC+PV-WWHP &
PVT-WWHP
Qu, et al. (2015) P/S STC-WWHP Exp
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Table A-2 cont: Reviewed studies of SAHP systems for space heating

Reference Integration between | System configuration | Approach
solar component
and Heat Pump
Shan, Yu, & Yang (2016) P STC-AWHP Exp
Simonetti, Molinaroli, & S PVT-Dual (A+W)W Exp & Sim
Manzolini (2019) HP (Matlab)
Tzivanidis, et al. (2016) S STC-WAHP Sim (TRNSYYS)
Vallati, et al. (2019) S PVT-WWHP Sim (Matlab)
Yang, Sun, & Chen (2015) P/S STC-WWHP Exp & Sim
(TRNSYS)
Zhao, et al. (2017) P STC- AWHP Exp
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Table A-3: Reviewed studies of SAHP systems for both DHW and space heating

Reference Integration between | System configuration | Approach
solar component
and Heat Pump
Asaee, Ugursal, & Beausoleil- P/S STC-WWHP Sim (ESP-r)
Morrison (2017)
Bertram, Parisch, & Tepe (2012) | P/S STC-WWHP Sim (TRNSYS)
Bertram, Glembin, & S PVT-WWHP Exp & Sim
Rockendorf (2012) (TRNSYS)
Bertram (2013) P/S STC-WWHP Sim (TRNSYYS)
Carbonell, Haller, & Frank P STC-AWHP & STC- | Sim (Polysun &
(2013) WWHP TRNSYS)
Carbonell, et al. (2013) P/S STC-AWHP Sim (Polysun &
& STC-WWHP TRNSYS)
Carbonell, et al. (2015) P/S STC-WWHP Exp
Carbonell, et al. (2016) P/S STC-WWHP Exp & Sim
(TRNSYS)
Carbonell, et al. (2016) P/S STC-WWHP Exp & Sim
Chen, Dai, & Wang (2016) P STC-AWHP Exp & Sim
(TRNSYS)
Chow, et al. (2012) P/S STC-WAHP Sim (TRNSYYS)
Deng, Dai, & Wang (2013) P STC-AWHP Sim (TRNSYYS)
Dott, Genkinger, & Afjei (2012) | P STC-AWHP, Sim (Polysun)
STC+PV-AWHP, PV-
AWHP, STC-WWHP,
PVT-WWHP
Eicher, et al. (2013) S&P STC-WWHP Sim (TRNSYS)
Emmi, Zarrella, & De Carli S&P PVT-WWH & PVT- Sim (TRNSYS)
(2017) Dual (A&W)WHP
Fraga, et al. (2017) P/S STC-WWHP Exp & Sim
(TRNSYS)
Haller, et al. (2013) P STC-AWHP Sim (TRNSYS)
Haller & Frank (2011) P/S STC-Dual Sim (TRNSYS)
(A&W)WHP
Jonas, et al. (2017) P STC-AWHP & STC- | Sim (TRNSYS)
WWHP
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Table A-3 cont: Reviewed studies of SAHP systems for both DHW and space heating

Reference

Integration between
solar component
and Heat Pump

System configuration

Approach

Jonas, Frey, & Theis (2017) P STC-AWHP & STC- | Sim (TRNSYS)
WWHP
Jonas & Frey (2018) PS&P &S STC-AWHP & STC- | Sim (TRNSYYS)
WWHP
Lerch, Heinz, & Heimrath P/S STC-Dual Sim (TRNSYS)
(2013) (A&W)WHP
Lerch, Heinz, & Heimrath P/IS&P STC-Dual Sim (TRNSYS)
(2015) (A&W)WHP & STC-
AWHP
Li, Sun, & Zhang (2014) S STC-WWHP+AWHP | Sim (TRNSYS)
Mojic, et al. (2013) P/IS&P STC-AWHP & STC- | Sim (TRNSYS)
WWHP
Ochs, Dermentzis, & Feist P PV+STC-AWHP Sim (Matlab)
(2013) PV+STC-WWHP
Poppi, et al (2016) P STC-AWHP Sim (TRNSYS)
Poppi, et al. (2016) P STC-AWHP & STC- | Sim (TRNSYS)
WWHP
Rad, Fung, & Leong (2013) S STC-WWHP Exp & Sim
(TRNSYS)
Razavi, Ahmadi, & Zahedi P/S STC-WWHP Sim (TRNSYS)
(2018)
Sakellariou, et al. (2019) S PVT-WWHP Sim (TRNSYS)
Simonetti, et al. (2020) P/IS&P PV-AWHP Sim (TRNSYS)
PVT-WWHP
PVT-Dual
(A&W)WHP
Sommerfeldt & Madani (2019) S PVT-WWHP Sim (TRNSYS)
Tamasaukas, et al. (2012) P/S STC-WWHP Exp & Sim
(TRNSYS +
GenOpt)
Vega & Cuevas (2018) P STC-AWHP Sim (TRNSYS)
Winteler, et al. (2013) S STC-WWHP Sim (Matlab)
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Appendix B: Normalized data files of heat pumps

Table B-1: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
O O
15.55 -1.11 0.5 0.5 0.65 0.63
15.55 10 0.5 0.5 0.86 0.64
15.55 21.11 0.5 0.5 1.07 0.66
15.55 32.22 0.5 0.5 1.28 0.68
26.66 -1.11 0.5 0.5 0.63 0.83
26.66 10 0.5 0.5 0.82 0.84
26.66 21.11 0.5 0.5 1.02 0.86
26.66 32.22 0.5 0.5 1.24 0.87
37.77 -1.11 0.5 0.5 0.61 1.02
37.77 10 0.5 0.5 0.79 1.05
37.77 21.11 0.5 0.5 0.97 1.07
37.77 32.22 0.5 0.5 0.97 1.07
48.88 -1.11 0.5 0.5 0.59 1.22
48.88 10 0.5 0.5 0.76 1.25
48.88 21.11 0.5 0.5 0.92 1.27
48.88 32.22 0.5 0.5 0.92 1.27
15.55 -1.11 0.5 0.75 0.67 0.63
15.55 10 0.5 0.75 0.90 0.64
15.55 21.11 0.5 0.75 1.12 0.64
15.55 32.22 0.5 0.75 1.33 0.69
26.66 -1.11 0.5 0.75 0.65 0.83
26.66 10 0.5 0.75 0.86 0.84
26.66 21.11 0.5 0.75 1.07 0.85
26.66 32.22 0.5 0.75 1.29 0.88
37.77 -1.11 0.5 0.75 0.62 1.03
37.77 10 0.5 0.75 0.82 1.05
37.77 21.11 0.5 0.75 1.01 1.06
37.77 32.22 0.5 0.75 1.25 1.08
48.88 -1.11 0.5 0.75 0.59 1.23
48.88 10 0.5 0.75 0.78 1.25
48.88 21.11 0.5 0.75 0.96 1.27
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Table B-1 cont: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
O O
48.88 32.22 0.5 0.75 0.96 1.27
15.55 -1.11 0.5 1 0.70 0.63
15.55 10 0.5 1 0.94 0.63
15.55 21.11 0.5 1 1.17 0.63
15.55 32.22 0.5 1 1.37 0.69
26.66 -1.11 0.5 1 0.67 0.83
26.66 10 0.5 1 0.89 0.84
26.66 21.11 0.5 1 1.11 0.84
26.66 32.22 0.5 1 1.34 0.89
37.77 -1.11 0.5 1 0.64 1.04
37.77 10 0.5 1 0.84 1.05
37.77 21.11 0.5 1 1.05 1.06
37.77 32.22 0.5 1 1.31 1.08
48.88 -1.11 0.5 1 0.60 1.24
48.88 10 0.5 1 0.80 1.26
48.88 21.11 0.5 1 0.99 1.27
48.88 32.22 0.5 1 0.99 1.27
15.55 -1.11 0.75 0.5 0.64 0.61
15.55 10 0.75 0.5 0.85 0.62
15.55 21.11 0.75 0.5 1.06 0.63
15.55 32.22 0.75 0.5 1.23 0.64
26.66 -1.11 0.75 0.5 0.63 0.81
26.66 10 0.75 0.5 0.82 0.82
26.66 21.11 0.75 0.5 1.01 0.83
26.66 32.22 0.75 0.5 1.18 0.83
37.77 -1.11 0.75 0.5 0.61 1.00
37.77 10 0.75 0.5 0.79 1.01
37.77 21.11 0.75 0.5 0.97 1.03
37.77 32.22 0.75 0.5 0.97 1.03
48.88 -1.11 0.75 0.5 0.59 1.20
48.88 10 0.75 0.5 0.76 1.21
48.88 21.11 0.75 0.5 0.92 1.23
48.88 32.22 0.75 0.5 0.92 1.23
15.55 -1.11 0.75 0.75 0.67 0.61
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Table B-1 cont: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(9 W9
15.55 10 0.75 0.75 0.89 0.62
15.55 21.11 0.75 0.75 1.11 0.62
15.55 32.22 0.75 0.75 1.26 0.65
26.66 -1.11 0.75 0.75 0.65 0.81
26.66 10 0.75 0.75 0.85 0.81
26.66 21.11 0.75 0.75 1.06 0.82
26.66 32.22 0.75 0.75 1.22 0.84
37.77 -1.11 0.75 0.75 0.62 1.00
37.77 10 0.75 0.75 0.82 1.01
37.77 21.11 0.75 0.75 1.01 1.02
37.77 32.22 0.75 0.75 1.17 1.03
48.88 -1.11 0.75 0.75 0.60 1.20
48.88 10 0.75 0.75 0.78 1.21
48.88 21.11 0.75 0.75 0.96 1.22
48.88 32.22 0.75 0.75 0.96 1.22
15.55 -1.11 0.75 1 0.70 0.61
15.55 10 0.75 1 0.93 0.61
15.55 21.11 0.75 1 1.16 0.62
15.55 32.22 0.75 1 1.29 0.65
26.66 -1.11 0.75 1 0.67 0.81
26.66 10 0.75 1 0.89 0.81
26.66 21.11 0.75 1 1.10 0.82
26.66 32.22 0.75 1 1.25 0.84
37.77 -1.11 0.75 1 0.64 1.01
37.77 10 0.75 1 0.84 1.01
37.77 21.11 0.75 1 1.05 1.02
37.77 32.22 0.75 1 1.21 1.03
48.88 -1.11 0.75 1 0.61 1.21
48.88 10 0.75 1 0.80 1.22
48.88 21.11 0.75 1 0.99 1.22
48.88 32.22 0.75 1 0.99 1.22
15.55 -1.11 1 0.5 0.64 0.59
15.55 10 1 0.5 0.85 0.59
15.55 21.11 1 0.5 1.05 0.59
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Table B-1 cont: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(9 O
15.55 32.22 1 0.5 1.18 0.60
26.66 -1.11 1 0.5 0.62 0.79
26.66 10 1 0.5 0.82 0.79
26.66 21.11 1 0.5 1.01 0.79
26.66 32.22 1 0.5 1.13 0.79
37.77 -1.11 1 0.5 0.61 0.98
37.77 10 1 0.5 0.78 0.98
37.77 21.11 1 0.5 0.96 0.98
37.77 32.22 1 0.5 0.96 0.98
48.88 -1.11 1 0.5 0.59 1.17
48.88 10 1 0.5 0.76 1.18
48.88 21.11 1 0.5 0.92 1.18
48.88 32.22 1 0.5 0.92 1.18
15.55 -1.11 1 0.75 0.67 0.59
15.55 10 1 0.75 0.88 0.59
15.55 21.11 1 0.75 1.10 0.60
15.55 32.22 1 0.75 1.19 0.60
26.66 -1.11 1 0.75 0.65 0.78
26.66 10 1 0.75 0.85 0.79
26.66 21.11 1 0.75 1.05 0.79
26.66 32.22 1 0.75 1.14 0.80
37.77 -1.11 1 0.75 0.63 0.98
37.77 10 1 0.75 0.81 0.98
37.77 21.11 1 0.75 1.00 0.98
37.77 32.22 1 0.75 1.09 0.98
48.88 -1.11 1 0.75 0.60 1.17
48.88 10 1 0.75 0.78 1.18
48.88 21.11 1 0.75 0.96 1.18
48.88 32.22 1 0.75 0.96 1.18
15.55 -1.11 1 1 0.70 0.59
15.55 10 1 1 0.92 0.59
15.55 21.11 1 1 1.14 0.60
15.55 32.22 1 1 1.20 0.60
26.66 -1.11 1 1 0.67 0.78
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Table B-1 cont: Normalized heating data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(°O) O
26.66 10 1 1 0.88 0.79
26.66 21.11 1 1 1.09 0.79
26.66 32.22 1 1 1.16 0.80
37.77 -1.11 1 1 0.65 0.98
37.77 10 1 1 0.84 0.98
37.77 21.11 1 1 1.04 0.98
37.77 32.22 1 1 1.11 0.98
48.88 -1.11 1 1 0.62 1.17
48.88 10 1 1 0.81 1.18
48.88 21.11 1 1 1.00 1.18
48.88 32.22 1 1 1.00 1.18
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Table B-2: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
Y (Y)
10 -1.11 0.5 0.5 1.08 0.60
10 10 0.5 0.5 0.99 0.76
10 21.11 0.5 0.5 0.91 0.92
10 32.22 0.5 0.5 0.81 1.18
10 43.33 0.5 0.5 0.71 1.44
21.11 -1.11 0.5 0.5 1.04 0.55
21.11 10 0.5 0.5 1.12 0.75
21.11 21.11 0.5 0.5 1.20 0.95
21.11 32.22 0.5 0.5 1.09 1.21
21.11 43.33 0.5 0.5 0.99 1.47
32.22 -1.11 0.5 0.5 1.01 0.51
32.22 10 0.5 0.5 1.25 0.74
32.22 21.11 0.5 0.5 1.48 0.97
32.22 32.22 0.5 0.5 1.38 1.23
32.22 43.33 0.5 0.5 0.99 1.47
43.33 -1.11 0.5 0.5 0.97 0.46
43.33 10 0.5 0.5 1.38 0.73
43.33 21.11 0.5 0.5 1.48 0.97
43.33 32.22 0.5 0.5 1.38 1.23
43.33 43.33 0.5 0.5 0.99 1.47
10 -1.11 0.5 0.75 1.05 0.57
10 10 0.5 0.75 0.98 0.73
10 21.11 0.5 0.75 0.92 0.89
10 32.22 0.5 0.75 0.81 1.14
10 43.33 0.5 0.75 0.71 1.40
21.11 -1.11 0.5 0.75 1.01 0.53
21.11 10 0.5 0.75 1.09 0.71
21.11 21.11 0.5 0.75 1.17 0.90
21.11 32.22 0.5 0.75 1.08 1.16
21.11 43.33 0.5 0.75 1.00 1.42
32.22 -1.11 0.5 0.75 0.97 0.49
32.22 10 0.5 0.75 1.20 0.70
32.22 21.11 0.5 0.75 1.43 0.91
32.22 32.22 0.5 0.75 1.35 1.17
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Table B-2 cont: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(0 0
32.22 43.33 0.5 0.75 1.00 1.42
43.33 -1.11 0.5 0.75 0.92 0.45
43.33 10 0.5 0.75 1.31 0.69
43.33 21.11 0.5 0.75 1.43 0.91
43.33 32.22 0.5 0.75 1.35 1.17
43.33 43.33 0.5 0.75 1.00 1.42
10 -1.11 0.5 1 1.02 0.54
10 10 0.5 1 0.97 0.70
10 21.11 0.5 1 0.92 0.85
10 32.22 0.5 1 0.82 1.10
10 43.33 0.5 1 0.72 1.36
21.11 -1.11 0.5 1 0.97 0.51
21.11 10 0.5 1 1.06 0.68
21.11 21.11 0.5 1 1.15 0.85
21.11 32.22 0.5 1 1.08 111
21.11 43.33 0.5 1 1.01 1.36
32.22 -1.11 0.5 1 0.92 0.47
32.22 10 0.5 1 1.15 0.66
32.22 21.11 0.5 1 1.38 0.85
32.22 32.22 0.5 1 1.33 111
32.22 43.33 0.5 1 1.01 1.36
43.33 -1.11 0.5 1 0.87 0.44
43.33 10 0.5 1 1.24 0.65
43.33 21.11 0.5 1 1.60 0.86
43.33 32.22 0.5 1 1.33 111
43.33 43.33 0.5 1 1.01 1.36
10 -1.11 0.75 0.5 1.11 0.60
10 10 0.75 0.5 1.04 0.76
10 21.11 0.75 0.5 0.97 0.92
10 32.22 0.75 0.5 0.86 1.18
10 43.33 0.75 0.5 0.75 1.45
21.11 -1.11 0.75 0.5 1.06 0.54
21.11 10 0.75 0.5 1.16 0.74
21.11 21.11 0.75 0.5 1.25 0.95
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Table B-2 cont: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(0 (C)
21.11 32.22 0.75 0.5 1.14 121
21.11 43.33 0.75 0.5 1.04 1.48
32.22 -1.11 0.75 0.5 1.01 0.48
32.22 10 0.75 0.5 1.27 0.73
32.22 21.11 0.75 0.5 1.53 0.98
32.22 32.22 0.75 0.5 1.43 1.24
32.22 43.33 0.75 0.5 1.04 1.48
43.33 -1.11 0.75 0.5 0.96 0.42
43.33 21.11 0.75 0.5 1.53 0.98
43.33 32.22 0.75 0.5 1.43 1.24
43.33 43.33 0.75 0.5 1.04 1.48
10 -1.11 0.75 0.75 1.08 0.57
10 10 0.75 0.75 1.03 0.73
10 21.11 0.75 0.75 0.98 0.88
10 32.22 0.75 0.75 0.87 1.14
10 43.33 0.75 0.75 0.75 1.40
21.11 -1.11 0.75 0.75 1.02 0.52
21.11 10 0.75 0.75 1.12 0.71
21.11 21.11 0.75 0.75 1.23 0.90
21.11 32.22 0.75 0.75 1.14 1.16
21.11 43.33 0.75 0.75 1.05 1.42
32.22 -1.11 0.75 0.75 0.97 0.47
32.22 10 0.75 0.75 1.22 0.69
32.22 21.11 0.75 0.75 1.47 0.92
32.22 32.22 0.75 0.75 1.41 1.17
32.22 43.33 0.75 0.75 1.05 1.42
43.33 -1.11 0.75 0.75 0.92 0.42
43.33 10 0.75 0.75 1.31 0.67
43.33 21.11 0.75 0.75 1.47 0.92
43.33 32.22 0.75 0.75 1.41 1.17
43.33 43.33 0.75 0.75 1.05 1.42
10 -1.11 0.75 1 1.04 0.55
10 10 0.75 1 1.01 0.70
10 21.11 0.75 1 0.99 0.84
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Table B-2 cont: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
Y (C)
10 32.22 0.75 1 0.87 1.10
10 43.33 0.75 1 0.76 1.36
21.11 -1.11 0.75 1 0.98 0.51
21.11 10 0.75 1 1.09 0.68
21.11 21.11 0.75 1 1.20 0.85
21.11 32.22 0.75 1 1.13 1.10
21.11 43.33 0.75 1 1.06 1.36
32.22 -1.11 0.75 1 0.93 0.46
32.22 10 0.75 1 1.17 0.66
32.22 21.11 0.75 1 1.41 0.85
32.22 32.22 0.75 1 1.38 111
32.22 43.33 0.75 1 1.06 1.36
43.33 -1.11 0.75 1 0.87 0.42
43.33 10 0.75 1 1.25 0.64
43.33 21.11 0.75 1 1.62 0.86
43.33 32.22 0.75 1 1.38 111
43.33 43.33 0.75 1 1.06 1.36
10 -1.11 1 0.5 1.14 0.60
10 10 1 0.5 1.09 0.76
10 21.11 1 0.5 1.04 0.92
10 32.22 1 0.5 0.91 1.18
10 43.33 1 0.5 0.79 1.45
21.11 -1.11 1 0.5 1.08 0.53
21.11 10 1 0.5 1.19 0.74
21.11 21.11 1 0.5 1.31 0.95
21.11 32.22 1 0.5 1.20 1.21
21.11 43.33 1 0.5 1.09 1.48
32.22 -1.11 1 0.5 1.01 0.46
32.22 10 1 0.5 1.29 0.72
32.22 21.11 1 0.5 1.58 0.98
32.22 32.22 1 0.5 1.48 1.24
32.22 43.33 1 0.5 1.09 1.48
43.33 -1.11 1 0.5 0.94 0.39
43.33 10 1 0.5 1.40 0.70
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Table B-2 cont: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
0 (0
43.33 21.11 1 0.5 1.58 0.98
43.33 32.22 1 0.5 1.48 1.24
43.33 43.33 1 0.5 1.09 1.48
10 -1.11 1 0.75 1.10 0.57
10 10 1 0.75 1.07 0.73
10 21.11 1 0.75 1.05 0.88
10 32.22 1 0.75 0.92 1.14
10 43.33 1 0.75 0.79 1.40
21.11 -1.11 1 0.75 1.03 0.51
21.11 10 1 0.75 1.16 0.70
21.11 21.11 1 0.75 1.28 0.90
21.11 32.22 1 0.75 1.19 1.16
21.11 43.33 1 0.75 1.10 1.42
32.22 -1.11 1 0.75 0.97 0.45
32.22 10 1 0.75 1.24 0.69
32.22 21.11 1 0.75 1.51 0.92
32.22 32.22 1 0.75 1.46 1.17
32.22 43.33 1 0.75 1.10 1.42
43.33 -1.11 1 0.75 0.91 0.40
43.33 10 1 0.75 1.32 0.66
43.33 21.11 1 0.75 1.51 0.92
43.33 32.22 1 0.75 1.46 1.17
43.33 43.33 1 0.75 1.10 1.42
10 -1.11 1 1 1.06 0.55
10 10 1 1 1.06 0.70
10 21.11 1 1 1.05 0.84
10 32.22 1 1 0.93 1.10
10 43.33 1 1 0.80 1.35
21.11 -1.11 1 1 0.99 0.50
21.11 10 1 1 1.12 0.67
21.11 21.11 1 1 1.25 0.85
21.11 32.22 1 1 1.18 1.10
21.11 43.33 1 1 1.11 1.35
32.22 -1.11 1 1 0.93 0.45
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Table B-2 cont: Normalized cooling data file of the WaterFurnace (model NSW040) liquid-to-liquid heat

pump
Entering Entering Normalized | Normalized | Normalized | Normalized
Load Source Load Flow | Source Capacity Power
Temperature | Temperature | Rate Flow Rate
(O )
32.22 10 1 1 1.19 0.65
32.22 21.11 1 1 1.44 0.85
32.22 32.22 1 1 1.43 1.10
32.22 43.33 1 1 1.11 1.35
43.33 -1.11 1 1 0.87 0.40
43.33 10 1 1 1.25 0.63
43.33 21.11 1 1 1.63 0.86
43.33 32.22 1 1 1.43 1.10
43.33 43.33 1 1 1.11 1.35
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Table B-3: Normalized heating data file of the Carrier (Model 30AWHO012-3Ph) air-to-water heat pump

Entering Water Entering Air Normalized | Normalized
Temperature (°C) Temperature (°C) | Capacity Power
30 -20 0.33 0.74
30 -15 0.56 0.95
30 -7 0.59 0.96
30 -3 0.64 0.98
30 0 0.65 0.99
30 2 0.71 0.97
30 7 1.00 1.00
30 10 1.07 0.98
30 20 1.35 0.96
40 -20 0.25 0.62
40 -15 0.53 1.25
40 -7 0.49 0.93
40 -3 0.52 0.93
40 0 0.56 0.96
40 2 0.63 1.00
40 7 0.93 1.20
40 10 1.00 1.26
40 20 1.28 1.42
50 -20 0.25 0.62
50 -15 0.24 0.60
50 -7 0.48 1.12
50 -3 0.53 1.14
50 0 0.53 1.09
50 2 0.62 1.18
50 7 0.92 1.41
50 10 0.99 1.41
50 20 1.24 1.50
55 -20 0.25 0.62
55 -15 0.24 0.60
55 -7 0.45 1.24
55 -3 0.49 1.36
55 0 0.50 1.34
55 2 0.59 1.24
55 7 0.89 1.42
55 10 0.97 1.48
55 20 1.18 151
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Table B-4: Normalized cooling data file of the Carrier (Model 30AWHO012-3Ph) air-to-water heat pump

Entering Water Entering Air Normalized | Normalized
Temperature (°C) | Temperature (°C) Capacity Power
10 5 1.35 0.68
10 15 1.11 0.64
10 25 1.02 0.82
10 35 0.94 1.01
10 45 0.87 1.10
12 5 1.26 0.47
12 15 1.19 0.63
12 25 1.09 0.81
12 35 1.00 1.00
12 45 0.91 1.07
15 5 111 0.30
15 15 1.30 0.61
15 25 1.20 0.80
15 35 1.09 0.99
15 45 0.98 1.04
20 5 0.67 0.12
20 15 1.48 0.58
20 25 1.38 0.78
20 35 1.24 0.97
20 45 1.09 0.99
23 5 0.73 0.11
23 15 1.59 0.57
23 25 1.49 0.77
23 35 1.32 0.96
23 45 1.16 0.97
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