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Abstract

The use of heat pumps may contribute to a substantial reduction in greenhouse gas emissions
which is in accordance with climate commitments. A direct expansion photovoltaic thermal solar
assisted heat pump (DXPVT-SAHP) is capable to generate both electrical and thermal energy
and this work explores the lack of studies of DX-PVT-SAHP using refrigerants with low Global
Warming Potential (GWP). The main objective of this work is to evaluate the performance of
low GWP refrigerants from an energy, economic, and environmental (3E) perspective when used
in a DX-PVT-SAHP. To achieve this objective, a mathematical model was developed to simulate
the heat pump operation under different operating conditions. A bench test was constructed
to validate the proposed model. The numeric model that employs a moving boundary model
for the heat exchangers and a semiempirical model for the compressor was used to compare
the refrigerants coefficient of performance (COP) and power output of R134a, R1234yf, R290,
R600a, R513A, R454C and R455A. Additionally, the seasonal performance factor (SPF) and
total equivalent warming impact (TEWI) were calculated considering the hourly mean solar
irradiation, ambient temperature, dew point temperature and wind speed from 07:00 a.m. to 6:00
p.m. in 2024 for Belo Horizonte-MG, Florian6polis-SC and Sao Luis-MA. R1234yf presented
the best results of COP among the compared low GWP pure refrigerants, increasing the COP
value from 2.21 at 50 W/m? to 4.06 at 1,000 ¥W/m?, additionally the best TEWI value was
presented by R1234yf due to its low GWP value combined with the best SPF among the low
GWP fluids. The payback for R1234yf was 2.8 years. The highest solar fraction (SF) was 1.0
in September in Sdo Luis-MA with the DX-PVT-SAHP operating with R1234yf and the worst
SF of 0.59 occurred with R454C in the city of Florian6polis in June. The results confirm that
the refrigerant achieving the highest COP, combined with the highest solar irradiation, yielded
the greatest SF. Conversely, the fluid with the lowest COP under the lowest solar irradiation

conditions resulted in the smallest SF.

Keywords: heat pump; photovoltaic thermal evaporator; low GWP refrigerants; TEWL.



Resumo

O uso de bombas de calor pode contribuir para uma reducao substancial nas emissdes de gases
de efeito estufa. Uma bomba de calor de expansdo direta utilizando um evaporador fotovoltaico-
térmico assistida por energia solar (DX-PVT-SAHP) é capaz de gerar simultaneamente energia
elétrica e térmica. Este trabalho explora a lacuna de estudos sobre as DX-PVT-SAHP utilizando
refrigerantes com baixo potencial de aquecimento global (GWP). O principal objetivo deste
estudo € avaliar o desempenho de refrigerantes de baixo GWP sob as perspectivas energética,
econdmica e ambiental (3E) quando aplicados em uma DX-PVT-SAHP. Para atingir esse objetivo,
desenvolveu-se um modelo matemético para simular a opera¢do da bomba de calor em diferentes
condic¢des de funcionamento. Um protétipo foi construido para validar o modelo proposto. O
modelo numérico, que emprega um modelo de fronteira mével para os trocadores de calor e
um modelo semiempirico para o compressor, foi utilizado para comparar o COP e a poténcia
gerada com R134a, R1234yf, R290, R600a, R513A, R454C e R455A. Além disso, o SPF e o
TEWI foram calculados considerando a média hordria da irradiacdo solar, temperatura ambiente,
temperatura do ponto de orvalho e velocidade do vento das 7h00 as 18h00 no ano de 2024 para
Belo Horizonte-MG, Florian6polis-SC e Sao Luis-MA. O R1234yf apresentou os melhores
resultados de COP entre os refrigerantes puros de baixo GWP, elevando o valor do COP de 2,21 a
50 W/ m? para 4,06 a 1.000 W/ m?. Adicionalmente, o melhor valor de TEWI também foi obtido
com o R1234yf, devido ao seu baixo GWP aliado ao melhor SPF entre os fluidos de baixo GWP.
O tempo de retorno (payback) para o R1234yf foi de 2,8 anos. O maior SF foi de 1,0 em setembro
na cidade de Sdo Luis-MA, com o DX-PVT-SAHP operando com R1234yf, enquanto o pior
SF de 0,59 ocorreu com o R454C em Florian6polis no més de junho. Os resultados confirmam
que o refrigerante que alcancou o maior COP, associado a maior radiacdo solar, apresentou o
maior SF. Por outro lado, o fluido com o menor COP sob as menores condi¢des de radiag@o solar

resultou no menor SF.

Palavras-chave: bomba de calor; evaporador fotovoltaico-térmico; refrigerante de baixo GWP;

TEWL
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1 INTRODUCTION

According to EPE (2023) the electricity generation in the Brazilian public service and
self-producers power plants reached 677.1 TWh in 2022, an amount 3% higher than the result for
2021. Additionally the electricity generation from nonrenewable sources accounted for 12.3%
of the national total, compared with 22.6% in 2021 which indicates the trend towards energy
production with fewer pollutant emissions and less harmful effects on the environment. Brazil has
an electric matrix of predominantly renewable origin, with emphasis on the hydroelectric source
that accounts for 69.1% of the total electricity supply as stated by EPE (2023). Furthermore the
solar energy supply is in fifth position of the energy sources production corresponding to 4.4%
of the total electricity supply as shown in Fig. 1.

= Hidraulica / Hydro

2,1%
0,9%
1,2%

1,8% = Edlica / Wind

= Solar / Solar

= Bagaco de cana / Sugarcane bagasse

= Lixivia ou Licor negro / Black Liquor

= Qutras Renovaveis / Other Renewables’
= Importacdo liquida / Net imports

= Gas Natural / Natural gas

= Carv3o Vapor / Steam Coal

= Oleo Diesel / Diesel Oil

= Nuclear / Nuclear

= Qutras Ndo Renovaveis/ Other Non
renewables?

Figure 1 — Total Electricity Supply by Source in Brazil.
Source: EPE (2023)

In the report of EPE (2020) it was stated that in Brazil, the latest available data shows
that approximately 50% of electrical energy consumption in houses occurs in thermal systems:
close to 35% 1is used in the production of cold and approximately 15% is used to produce
heat in electric showers. Clearly, the significance of energy consumption within the building
sector cannot be overstated. Embracing alternative and renewable energy sources in building

infrastructure is imperative for reaching sustainability goals.
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According to UNEP (2017) the original aims of the Montreal Protocol to protect the ozone
layer were fulfilled and a new agreement to phase-down the production and consumption of
hydrofluorocarbons (HFCs) called the Kigali Amendment was established. Moreover, During the
21%¢ United Nations Climate Change Conference (COP21) under the UNFCCC (United Nations
Framework Convention on Climate Change), the Paris Agreement was put forth, outlining obli-
gations to mitigate emissions of greenhouse gases. Subsequently, the Brazilian Congress ratified
this agreement in September 2016 establishing official targets. Brazil aims to cut greenhouse gas

emissions by 37% by 2025 and by 43% by 2030 compared to 2005 (Agreement (2015)).

The DX-PVT-SAHP represents a promising solution for reducing both energy consump-
tion and greenhouse gas emissions. However, a major drawback of the currently used equipment
is the use of refrigerants which contribute significantly to global warming. The scientific literature
contains only a limited number of studies addressing heat pumps operating with low-GWP re-
frigerants. Furthermore, PVT-SAHPs offer the advantage of decreased C'O, emissions compared

to conventional heat pumps according to Kamel and Fung (2014).

Heating in buildings is responsible for 4 gigatonnes of C'O, emissions annually which
corresponds to 10% of global emissions as informed in OECD/IEA (2022). Replacing fossil-
fuel-based boilers with heat pumps offers a substantial reduction in greenhouse gas emissions
which is in accordance with climate commitments. Furthermore the heat pump technology is
also economically advantageous, according to OECD/IEA (2022) household savings range from
USD 300 per year in the United States to USD 900 in Europe compared to traditional heating

technologies.

Carrying out a broad literature review demonstrates that the refrigerant most used in
heat pumps is R134a that has a high Global Warming Potential (GWP) of 1430. However, there
are few studies comparing the performance of the HPs operating with ecological refrigerants
with low GWP as the researches conducted by Chaichana, Aye, and Charters (2003); Chata,
Chaturvedi, and Almogbel (2005); Ghoubali ef al. (2014); Makhnatch and Khodabandeh (2014);
Botticella and Viscito (2015); Duarte, Paulino, Pabon, et al. (2019); Bellos and Tzivanidis (2019);
Yildiz and Yildirim (2021); Kim et al. (2023); Yogaraja et al. (2024); Arnesson et al. (2025).

To address the operational aspects of the DX-PVT-SAHP, two main approaches can
be adopted. The first is the experimental strategy, which is generally considered costly due

to the high expenses associated with implementation, the demand for skilled labor, and the
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extended time required for conducting tests. The second approach is the development of a
mathematical model, which provides a more accessible means of obtaining results by employing
well-established correlations that have been experimentally validated and are widely reported in

the literature.

Knowledge gaps were identified throughout the development of this thesis regarding the
limited number of comparative studies involving low-GWP refrigerants operating in heat pump
systems. Furthermore, up to the date of publication of this work, only one study had examined
a low-GWP refrigerant operating in a DX-PVT-SAHP configuration. In addition, no studies
comparing R513A, R454C, and R455A with other refrigerants were found in the literature. The
present work aims to address these gaps, thereby contributing original insights to the field of

heat pumps operating with low-GWP working fluids.

1.1 General objective

The general objective of this work is to perform an energy, economic and environmental

analysis of a DX-PVT-SAHP operating with low-GWP refrigerants.

1.2 Specific objectives

The first specific objective of the present thesis is to build a prototype of an R134a DX-
PVT-SAHP at UFMG to obtain the experimental data required for validation. Then, elaborate a
mathematical model based on assumptions widely used in the literature and on correlations tested
for different refrigerants. Next, validate the model using the experimental data collected from the
R134a DX-PVT-SAHP prototype. Afterward, compare the Total Equivalent Warming Impact
(TEWI) and the COP of the DX-PVT-SAHP running with different refrigerants. Subsequently,
perform an economic analysis of the DX-PVT-SAHP operating with the refrigerant with the
lowest TEWI in order to calculate the payback and to compare it with the payback of an
electric heater assisted by a PV system. Finally, compare the monthly solar fraction (SF) of
the DX-PVT-SAHP in the selected cities of Belo Horizonte—-MG, Florian6polis—SC, and Sao
Luis—-MA.
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2 PVI-SAHP STATE OF THE ART

This chapter is organized into three sections. The first subsection presents the different
types of solar-assisted heat pumps. The second subsection describes the operating principles and
configurations of heat pumps coupled with PVT panels. Finally, the third subsection reviews

comparative studies involving low-GWP refrigerants operating in heat pump systems.

2.1 Solar Assisted Heat Pumps

Solar assisted heat pumps (SAHP) integrates solar energy with heat pumps that are
devices in which heat is taken from a heat source at one location and transferred to a heat sink at
another location. SAHPs main applications are water heating, space heating and cooling, drying
and desalination. According to Buker and Riffat (2016) SAHPs have enhanced performance of

the system as a whole compared to conventional air source heat pumps (ASHP).

SAHPs are classified into three different constructive configurations as stated by Fan
et al. (2021): (1) Parallel; (i1) Series direct expansion (DX-SAHP); (iii) Series indirect expansion
(IX-SAHP). In addition to these possible configurations there are also combined systems that
integrate constructive aspects of series and parallel configuration as well as the use of auxiliary
sources of renewable energy such as wind, geothermal, among others which are not the scope of

this thesis.

Parallel SAHP integrate a conventional ASHP with a solar collector to transfer heat
independently for the heat sink as shown in Fig. 2. Parallel configuration is composed of a
conventional solar heating system where the fluid passing through the solar collector transfers
heat to the heat sink as a priority. When solar energy is insufficient to heat the heat sink to the set

point temperature a heat pump is activated in parallel to supply the energy needed in the process.

Direct Expansion SAHP (DX-SAHP) that was first proposed by Sporn and Ambrose
(1955) 1s composed of a solar collector evaporator integrated with the heat pump and the
refrigerant expands directly without the need of a secondary fluid as represented in Fig. 3.
According to M. Mohanraj et al. (2018), in DX-SAHPs the incidence of problems related to

corrosion is lower and the disadvantage of secondary fluid freezing is eliminated when compared
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Figure 2 — Example of parallel SAHP.
Source: Fan et al. (2021)

to Indirect Expansion SAHP (IX-SAHP).
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Figure 3 — Example of DX-SAHP.
Source: Fan et al. (2021)

In IX-SAHP the thermal energy from the solar collector is transferred by a secondary
fluid (water, ethylene glycol, etc.) to vaporize the heat pump refrigerant through an intermediate

heat exchanger as illustrated in Fig. 4.

2.2 Photovoltaic-Thermal SAHPs

SAHPs integrated with photovoltaic-thermal collector (PVT-SAHP) are equipment that a
solar collector type evaporator is coupled to a photovoltaic module as represented in Fig. 5. This

arrangement enables the cogeneration of thermal and electrical energy in the collector evaporator.

Drop of electricity production efficiency by photovoltaic cells related to the increase in

its operating temperature can be minimized due to the decrease in the operation temperature
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Figure 4 — Example of IX-SAHP.

Source: Fan et al. (2021)
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Figure 5 — PVT collector schematic.

Source: Adapted from Guarracino et al. (2019)

caused by the absorption of heat in the evaporator of the PVI-SAHP and also benefits from
a higher evaporation temperature. Ji et al. (2009) developed a PVT-SAHP with 12% increase
in the efficiency of photovoltaic energy production compared to other systems operating sepa-
rately. Furthermore, PVT-SAHPs offer the advantage of decreased C'O, emissions compared to

conventional heat pumps as stated by Kamel and Fung (2014).

PVT was established to optimize the solar energy harvesting. The area utilized by PVT
is smaller than that used by traditional PV or thermal collectors separately installed. PVT
evaporators are manufactured according to the type of photovoltaic cells, thermal collector,
working fluid, glazing and thermal absorber. Herez et al. (2020) classified these equipments

according to Fig. 6.

PVT-SAHP systems do not yet have a standardized manufacturing approach. Depending
on the intended application, they may incorporate different types of components—for example,
collectors can be either glazed (gl.) or unglazed (ung.); electrical energy can be stored in batteries,

fed into the grid, or supplied directly to the system; compressors may operate at variable speed
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Figure 6 — PVT classification.
Source: Adapted from Herez et al. (2020)

(VS) or fixed speed (FS) and use either alternating current (AC) or direct current (DC); and the

system can be designed for space heating (SH) or domestic hot water (DHW).

A review in the latest researches concerning the operational and performance parameters

of DX-PVT-SAHP and IX-PVT-SAHP was summarized in Tab. 1 and Tab. 2. Analysis of the

researches yields the conclusion that most of the experimental and theoretical studies about PVT-

SAHP were performed with non-ecological refrigerants such as R134a and R22 corresponding
to 50% and 23% respectively of the studies presented in Tab. 1 and Tab. 2. The refrigerant R22
has very low ozone depletion potential (ODP), R134a has null ODP and both refrigerants still

have high global warming potential (GWP) according to Chaichana, Aye, and Charters (2003).



Table 1 — Studies on DX-PVT-SAHP

Authors Covgollectgr (m2) Electrical energy Spg(:lmprésj::en t Refrigerant Ccop Type of study Load Location ’Igfl)k Tenvlvlit?‘l" )
Pei et al. (2008) Gl./Ung. 5.49 Storage / System VS AC R-22 3.41-4.85 Exp. SH, DHW China - 15-55
Xu, Deng, et al. (2009) Gl. 2.25 Grid AN AC R-22 4.8 Theo. DHW China 150 25-50
Chow et al. (2010) Ung. 12 System / Grid FS - R-134a 4.97-6.89 Theo. DHW Hong Kong 2,500 16-29
Fang, Hu, and Liu (2010) Ung. 1.2 Storage / System - AC - 2.75-2.85 Exp. DHW China - 20-42
Hu, Wang, and Fang (2010) - 7.5-11.3 Storage / System - AC R-134a 6.0-7.9 Theo. SH, DHW China - -
Chen, Riffat, and Fu (2011) Gl. 0.42 Grid - AC R-134a 3.8-4.3 Exp. SH U.K. - 25-45
Zhao et al. (2011) Gl 10 Storage / System - AC R-134a - Theo. SH, DHW UK. - -
Xu, Zhang, and Deng (2011) Gl 3.17 Storage / System - DC R-134a 4.8 Exp. DHW China 80 30-70
Zhang, Guanb, and Guo (2012)  Ung. 61 Storage / Grid - - - 4.86 Theo. DHW China 8,000 5-55
Zhang, Zhao, et al. (2013) Gl 0.61 Storage / System / Grid - AC R-134a 8.7 Theo. / Exp. DHW China 100 -
Tsai (2015) Ung. 8.5 Grid VS AC R-134a - Theo. / Exp. DHW Taiwan 200 26-48
Mohanraj et al. (2016) Ung. 1.92 Storage FS - R-134a 2.8-4.1 Exp. SH India - -
Manzolini et al. (2016) Gl. 100 System VS AC R-134a 3.00-6.05 Exp. SH, DHW Italy 1,000 max. 35
Li and Sun (2018) Gl. 1.87 Storage FS - R-22 3.1 Theo. DHW China 150 10-50
Zhou et al. (2019) Gl. 1.2 Grid - AC R-22 6.16 Exp. DHW China 150 25-55
Yao, Chen, et al. (2020) Gl. 2 System / Grid - - R-134a 3.2-6.0 Theo. DHW China 200 -
James et al. (2021) Gl 5.39 System VS AC R-32 6.4 Exp. DHW India 150 30-63
Yao, Liu, et al. (2021) Gl. 1.14 System / Grid VS AC R-134a 4.37 Exp. DHW China - -
Sanz et al. (2022) Ung. 4.80 System / Grid VS DC R-134a 2.3-34 Exp. DHW Czech Rep. 300 max. 50
Zanetti et al. (2023) Ung. 1.64 Storage / System AN AC R-744 3.31-4.29 Theo. / Exp. DHW Italy 200 -
Liang et al. (2023) Gl 4.80 Grid - - R-22 4.32 Theo. / Exp. DHW China 150 5-58
Sharma et al. (2024) Gl 0.65 Grid - - R-134a 3.75 Theo. / Exp. DHW India 60 20-50
Petrucci et al. (2024) Gl 2.83 Storage / Grid FS AC - 25-175 Theo. DHW Brazil 300 25-65
Liu, Quan, et al. (2024) Gl - Grid FS AC - 4.28 -4.62 Theo. / Exp. DHW China 200 -
Hu, He, et al. (2024) - - Grid VS DC R410A 5.30 Theo. / Exp. DHW China 500 28.8 - 52.64
Anastas and Mwesigye (2025) - 5 - 3.83-4.08 Theo. DHW Canada 180 max. 50

Source: Adapted from Nogueira, Machad

0, et al. (2025)
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Table 2 — Studies on IX-PVT-SAHP

Authors COVS:llec;0:m2) Electrical energy SpeCe(()lmpr(ejslf::en t Refrigerant (6(0) Type of study Load Location Tgil)k Tel‘:l‘;itf: )

Wang et al. (2015) Gl 2.56 - - - R-22 3.07 Theo. / Exp. DHW China 64 15-50
Qu et al. (2016) Ung. 8.68 Grid - - R-134a 2-5 Exp. DHW China 500 30-50
Fine, Friedman, and Dworkin (2017) Gl. 8.4 System VS - R-134a - Theo. DHW Canada, USA - 24-65
Chen, Zhang, et al. (2017) Gl. 1.3 - FS AC R-134a 3.23 Theo. DHW China 200 25-55
Dannemand, Perers, and Furbo (2019)  Ung. 3.1 System VS AC R-407C 2.3-34 Exp. DHW Denmark 160 max. 50
Vallati et al. (2019) - 1.67 System / Grid - - - 4.82-4.95 Theo. SH, DHW  TItaly, Czech Rep. 4,000 7-25
Leonforte et al. (2020) GL 1.69 Grid VS - - - Exp. SH, DHW Italy 300 max. 40
Liu, Zhang, and Chen (2020) Gl. 0.73 Storage - - R-22 3.51 Exp. SH, DHW China 1,000 -
Rijvers, Rindt, and Keizer (2021) - 5-35 - - R-410A 3.0-3.9 Theo. SH, DHW Netherlands 175-250 10-60

Source: Adapted from Nogue

ira, Machado, et al. (2025)
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2.3 Comparative studies on refrigerants selection of heat
pumps

Wu, Hu, and Wang (2021) divided the refrigerants development into four different stages

with different development requirements, as presented in Fig. 7.

Safer Greener More efficient
First stage Second stage Third stage Fourth stage
Whatever worked Safety and durability = Ozone protection IM&M
warming
ethers, CO,, NH;, CFCs, HCFCs, HCs, HCFCs, HFOs, HCFOs
SO,, HCOOCH;, HFCs, NH;, NHj;, HFCs, HCs, NH;, H,O,
HCS, Hzo, CC14, H20, Hzo, COz, COQ, Air
CHCs, ...
1830 1930s 1990s 2010s

Figure 7 — Development of refrigerants.

Source: Wu, Hu, and Wang (2021)

At the beginning of HP technology development the refrigerant selection was based on
COP and in the hazardous rating. CFCs were broadly used due to their safety compared to
natural refrigerants according to Chaichana, Aye, and Charters (2003). The hazard classification

is defined according to the Standard 34 ASHRAE standards for refrigerants as shown in Fig. 8.

As a consequence of the Montreal protocol agreement in 1987 the phase out of the
high ODP refrigerants, such as the broadly used R12 and R22 was established and research on
new refrigerants like R134a for HP application started as reported by Chata, Chaturvedi, and
Almogbel (2005). In Tab. 3 is presented the ODP and GWP among other information from some

refrigerants operating in HPs.

According to Duarte, Paulino, Pabon, et al. (2019) the refrigerant selected for a HP must
present some characteristics such as (i) non-toxic and non-flammable; (ii) easy leak detection;
(iii) suitable thermodynamic properties; (iv) high chemical stability in the refrigeration system;
(v) miscible in the lubricating oil; (vi) compatibility with refrigeration system materials; (vii)

low cost; and (viii) low environmental impact.

In a comparative research conducted by Chaichana, Aye, and Charters (2003) based on

a commercially available R22 SAHP water heater, the refrigerants R22, R290, R600, R600a,
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Figure 8 — Refrigerants safety groups classification by ASHRAE.
Source: ASHRAE (2013)

R1270 and R717 were selected and compared according to the COP, ODP and GWP. The fluids
properties were estimated using REFPROP. It was concluded that R717 was the prime candidate
to substitute R22 and it was highlighted that the mass of R717 is only 20% of the R22 that helps

to minimize the global warming effects.

Chata, Chaturvedi, and Almogbel (2005) compared the COP of R12, R22, R134a, R404A,
R410A and R407C of a DX-SAHP. The fluids properties were obtained from REFPROP and a
program in C++ was written. The conclusion of the study was that R12 produced the highest
COP value followed by R22 and R134a, respectively. The system’s performance decreases by
approximately 2-4% within the collector temperature range of 0—20 °C when R12 is substituted

with R-134a.

A comparative research between R407C, R290 and R1234yf with a numerical model
method performed in EES and TRNSYS by Ghoubali et al. (2014) was developed for a simulta-

neous ASHP that operates in three modes: heating, cooling and simultaneous. An environmental
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Table 3 — Refrigerants properties operating in heat pumps

. Normal Boiling Critical Safety Refrigerating
Refrigerant  ODP GWP "p 0 00y Temp. (°C)  Group effect (kJ/m?)
R12 0.82 10900 -30 111.97 Al 2833
R22 0.04 1790 -41 96.145 Al 4529
R32 0 675 -51.7 78.1 A2L 7240
R134a 0 1300 -26 101.6 Al 2972
R404A 0 3700 -46.6 72.046 Al 4797
R407C 0 1700 -43.8 86.034 Al 4215
R410A 0 2100 -51.6 74.67 Al 6729
R454C 0 146 -45.6 85.7 A2L 4080
R455A 0 146 -52.0 85.6 A2L 4286
R1234yf 0 <44 -294 94.7 A2L 2840
R1270 0 20 -48 91.061 A3 4653
R152a 0 133 -24 113.26 A2 2757
R290 0 20 -42 96.74 A3 3867
R513A 0 573 -29.2 96.5 Al 3058
R600 0 20 0 151.98 A3 1143
R600a 0 20 -12 134.66 A3 1573
R717 0 <l -33 132.25 B2L 5003
R744 0 1 -78 30.98 Al 14909

Source: Adapted from ASHRAE (2013)

and performance analysis was done considering the TEWI and COP, respectively. The conclusion
was that R290 was the best option and had also the additional advantage of components suitable

and available on the market.

In another research conducted by Makhnatch and Khodabandeh (2014) of a 30 kW ASHP
a Life Cycle Climate Performance (LCCP) analysis was carried out. The LCCP analysis take
into account the estimation of direct and indirect green house gas emissions of the system. In
that study the fluids with GWP values lower than 150 such as R152a, R1234yf, R290, R1270
were compared to the R410A. The authors concluded that the natural refrigerant R290 was the

best option because of its low lifetime emissions and satisfactory COP.

Botticella and Viscito (2015) developed a simulation model of an ASHP for space heating
using IMST-ART software to compare the COP of R1234yf and R290. The results showed a
better COP of R290 for both climate conditions tested. Additionally, the largest difference in
SPF (7.5%) occurs under the colder reference climate, where the test conditions specified by the
European Standard result in a higher pressure ratio and reduced performance of the R1234yf

heat pump.

Duarte, Paulino, Pabon, et al. (2019) conducted a refrigerant selection study of a DX-
SAHP according to the experimental setup presented in Fig. 9. The R134a DX-SAHP is composed
of a tank to store hot water with 200 L, a collector evaporator of 1.65 m? area, a hermetic

reciprocating compressor, a thermostatic expansion valve and two different condensers: an
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immersed condenser and a coaxial condenser. The experiments were made of 20 tests to heat 200
L of water from ambient temperature to approximately 45 °C' considering indoor and outdoor

environments.

----- Coaxial [--*

Condenser — Domestic
Hot Water Tank

Compressor Immersed

Condenser

Figure 9 — Experimental setup used in the model validation of DX-SAHP.
Source: Adapted from Duarte, Paulino, Pabon, et al. (2019)

The comparison was made between the R134a that is a broadly used refrigerant in DX-
SAHP. The R290 selection was made because of its high evaporating temperature and its use
by many manufacturers. In addition, R600a was selected due to its lower noise levels and good
compressor efficiency. The R744 choice was made because of the good match between the
water temperature profile in applications with conventional heaters. Lastly, R1234yf was chosen
based on its suitability to replace the R134a and to be considered an ecological alternative. The
DX-SAHP model was developed using a quasi-steady-state model in the EES with the purpose to
determinate the TEWI and the COP of the system. The model validation compared the measured
COP with the calculated COP and it was found a mean difference of 1.6% for both immersed
and coaxial condensers. The conclusion was that in general the lower the TEWI value, the higher
the COP value of a refrigerant. Another conclusion was that R290 has better COP than others
refrigerants for solar irradiation between 300 W/m? and 700 W/m? considering the coaxial
condenser and for solar irradiation between 50 W/m? and 700 W/m? for the immersed condenser,

R290 has also better COP as shown in Fig. 10.

Bellos and Tzivanidis (2019) developed a theoretical study of an IX-PVT-SAHP according
to Fig. 11. The IX-PVT-SAHP is composed of a tank to store hot water with 500 L and a PVT of
10 m? area. The IX-PVT-SAHP aim is to warm up air from 20 °C' to 30 °C' and the produced
electricity from the PV cells is delivered to the inverter. A part of this electricity is given to the

heat pump and the remaining part goes to the grid or to the building.
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Figure 10 — The variation of COP function of solar irradiation for coaxial (a) and immersed (b)
condenser.

Source: Adapted from Duarte, Paulino, Pabon, et al. (2019)
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Figure 11 — Theoretical setup of the IX-PVT-SAHP.
Source: Bellos and Tzivanidis (2019)

The developed model was examined under steady-state condition comparing seven refrig-
erants: R32, R1234yf, R245fa, R404A, R290, R152a and R600a. In the investigation different
mass flow rate and evaporator temperature were simulated in order to obtain an optimized value
of heating production (Qp.q:) and net electricity production (Pg,;4) using the EES. The result
was that for all the cases, the same optimum design conditions were found. The obtained mass

flow rate was 0.3222 kg/s and the evaporator temperature of 12.5 °C. According to Fig. 13 the
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optimum point is the one which has the lowest geometrical distance to the ideal one point. In that
study the best option was R32 followed by R1234yf. It can also be stated that R245fa leads to
the maximum electricity production and to the minimum heating production. Alternately, R404A

is the fluid with the maximum heating production and the minimum electricity production.
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Figure 12 — Comparison of the optimum design points for all the working fluids.

Source: Bellos and Tzivanidis (2019)

The last analysis was the system performance evaluation during the winter period from
November to April for the climate conditions of Athens (Greece). According to Fig. 13 (a) in
December occurs the minimum daily heating production of 16.55 kWh and also the minimum
daily electricity production of 2.28 kWh. On the other hand, in April occurs the maximum
daily heating production of 37.73 kWh and also the maximum daily electricity production of
3.88 kWh. According to Fig. 13 (b) in January the energy efficiency is maximized resulting
in 60.53% and in the same month the exergy efficiency is minimized resulting in 9.26%. The
authors concluded that the energy and exergy efficiencies have reverse variations among the
examined months. This behavior occurs due to the variation of the ambient temperature. Higher
ambient temperature levels lead to lower electricity production and lower exergy efficiency.

Higher ambient temperature is also related to higher heating production and higher energy

efficiency.

Yildiz and Yildirim (2021) developed a comparative theoretical and experimental study

in a R134a ASHP shown in Fig. 14 to compare the performances of R134a, R1234yf and R513A.
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Figure 13 — Daily performance for all the months (a) heating and electricity production (b) mean
energy and exergy efficiency.

Source: Adapted from Bellos and Tzivanidis (2019)

In their study they compared the selected refrigerants based on the energetic parameter COP and
environmental parameter LCCP. The tests were performed under constant condenser temperature

of 35 °C' and three different evaporator temperatures of —10 °C’, =5 °C'and 0 °C.
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Figure 14 — Schematic view (a) and heat pump test system (b).

Source: Yildiz and Yildirim (2021)

Although the authors concluded that in theoretical analysis, R134a always has a higher
COP value than R513A and R1234yf according to Fig. 15 (a), in the experimental results it
was stated that when the evaporator temperature is —10 °C and —5 °C', R513A has higher COP
than R134a despite high compressor energy consumption. Furthermore in the LCCP analysis
R134a presented the worst environmental results according to Fig. 15 (b.). Considering the
environmental aspects the authors found that direct emission values of refrigerants are negligible
compared to total emission values, the majority of indirect emission values of refrigerants are
due to energy consumption and increasing the energy efficiency of the heat pump system is
necessary to decrease the emission value. In addition, using renewable energy for electricity

generation will reduce the emission value.
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Figure 15 — COP (a) and LCCP (b) results.
Source: Adapted from Yildiz and Yildirim (2021)

A recent research about IX-PVT-SAHP applying the energy, economic, and environmental
(3E) analysis was performed by Kim et al. (2023) to replace the refrigerant R134a. The authors
developed an IX-PVT-SAHP that produces DHW and SH to residential buildings. The produced
electricity by the PVT of 10 m? area is self-consumed by the building or it can be stored in an
energy storage system and when the system is fully charged, electricity is sent to the grid. The
produced heat by the HP is stored in a DHW tank and the heat produced by the PVT is stored in
a solar heat storage tank that assists the HP to operate continuously at night. The schematic of

the system is presented in Fig. 16.
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Figure 16 — Schematic of an IX-PVT-SAHP.
Source: Kim et al. (2023)

The candidates to substitute the refrigerant R134a were the R1234yf, R1234z¢(E), and
R152a based on their GWP lower than 150. The experiments were performed in temperatures

of heat source from 0 °C' to 30 °C' and temperatures of heat sink from 35 °C' to 50 °C'. The
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optimization of the system was made by a multi-objective decision-making method to determine
the optimal alternative among the low-GWP refrigerants to replace R134a. This method aimed
to minimize the levelized cost of energy (LCOE) and the specific life cycle climate performance
(SLCCP) performance that are economic performance and environmental performance indexes
respectively. A COP and heating capacity comparison measured at optimal refrigerant charge
amounts was made between R1234yf, R1234ze (E), and R152a in relation to R134a. As shown in
Fig. 17 (a), all low-GWP refrigerants exhibited a degraded heating capacity compared to R134a.
Additionally, R152a showed a moderate degradation in heating capacity, ranging from 4.8% to
8.4%. Moreover, R152a enhanced the COP by up to 10.3% compared to R134a as shown in Fig.
17 (b).
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Figure 17 — Variations in the (a) heating capacity and (b) COP of the heat pump using low-GWP
refrigerants to replace R134a according to the heat source and load temperature.

Source: Kim et al. (2023)

The authors also investigated the LCOE comparing R1234yf, R1234ze (E), and R152a
in relation to R134a it was concluded that the most economical refrigerant was R152a, which
showed a 50% reduction in the LCOE compared to R134a as shown in Fig. 18 (a). They stated
that this reduction was due to the lower electricity purchase cost and higher sale cost of R152a.
Additionally, compared to R134a all refrigerants exhibited a reduction in SLCCP according to
Fig. 18 (b). R152a presented the best result with a LCCP reduction of 20.8% compared to R134a.

Kim et al. (2023) concluded that R152a was the most suitable refrigerant to replace

R134a owing to its superior economic and environmental performance. Accordingly, in Fig. 19
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Figure 18 — LCOE reduction of (a) IX-PVT-SAHP compared to R134a and (b) SLCCP reduction
of IX-PVT-SAHP compared to R134a.

Source: Adapted from Kim et al. (2023)

R152a showed the shortest distance from the ideal point, that corresponds to minimum SLCCP

and LCOE values. Moreover, when R1234yf and R1234ze(E) are used as alternatives to R134a

in IX-PVT-SAHP, C'O, emissions can be reduced, but costs will increase.
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Figure 19 — Determination of alternative refrigerants through the LINMAP method.
Source: Kim et al. (2023)

Another contemporary research developed by Yogaraja et al. (2024) investigated the

feasibility to substitute R134a for R290/R600a zeotropic mixture in a DX-PVT-SAHP employing
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an Artificial Neural Network (ANN) model that was validated with the experimental setup

installed in Coimbatore in India as shown in Fig. 20.
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(a) Schematic layout of experimental setup (b) Photograph of experimental setup

Figure 20 — Details of experimental setup.

Source: Adapted from Yogaraja et al. (2024)

The experimental setup is composed of a sealed reciprocating compressor (Emerson
Copeland; Model: KCE444HAG) and of two photovoltaic panels with total area of 1.3 m? and
rated power of 250 W each. Moreover, the quantity of refrigerant was determined based on the
maximum COP observed under radiation values above 800 1W/m? that resulted in 750 +10 g for
R134a and 380 £10 g for the R290/R600a zeotropic mixture. The authors found that the COP of
R290/600a is 3.5-7.9 % higher than R134a and the R290/R600a mixture has 4.2-5.7 % higher
condenser heating capacity than R134a owing to its higher latent heat according to Fig. 21, that

illustrates the experimental results.
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Figure 21 — COP and Heating capacity of the PVT-DX-SAHP.
Source: Adapted from Yogaraja et al. (2024)

Additionally compressor power consumption of R290/600a is 1.1-2.5 % lower than
R134a, owing to its improved physical properties and it is noticed that the electrical power output
of the DX-PVT-SAHP using R290/R600a mixture was greater than R134a, owing to better panel

cooling of the mixture as represented in Fig. 22.
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Figure 22 — Compressor power consumption and photovoltaic electrical power output of the
PVT-DX-SAHP.

Source: Adapted from Yogaraja et al. (2024)

The results in comparative studies about refrigerants selection of heat pumps are summa-
rized on Tab. 4. In the analysis of the previous mentioned table it is evident that the researches are
concentrated on refrigerants comparison of low GWP and to the best of the authors knowledge,
studies on refrigerants comparison of fluids R454C and R455A are focused on replacement
of R404A and R22 in refrigeration systems according to the studies of Mostafa, Hassanain,
and Elgendy (2021), Braga et al. (2025), Mota-Babiloni, Giménez-Prades, et al. (2022), Llopis
et al. (2019), while research applied to DX-PVT-SAHP have not been described in the existing

literature yet.

Table 4 — Comparative studies on refrigerants selection of HPs

Authors Type Compared refrigerants Selection criteria  Selected refrigerant
Chaichana (2003) SAHP R22, R290, R600, R600a, R1270, R717 COP, ODP, GWP R717
Chata (2005) DX-SAHP R134a, R404A, R410A, R407C cop R134a
Ghoubali (2014) ASHP R407C, R290, R1234yft COP, TEWI R290
Makhnatch (2014) ASHP R152a, R1234yf, R290, R1270, R410A LCCP R290
Botticella (2015) ASHP R290, R1234yf Ccop R290
Duarte (2019) DX-SAHP R134a, R290, R600a, R744, R1234yf COP, TEWI R290
Bellos (2019) IX-PVT-SAHP  R404A, R32, R1234yf, R290, R600a, R245fa, Qheats Pgrid R32, R1234yf

R152a
Yildiz (2021) ASHP R134a, R1234yf, R513A COP, LCCP R513A
Kim (2023) IX-PVT-SAHP  R134a, R1234yf, R1234z¢(E), R152a 3E R152a
Yogaraja (2024) DX-PVT-SAHP  R134a, R290/R600a cop R290/R600a
Arnesson (2025) IX-PVT-SAHP  R32, R290, R410A COP,LCOE R32

Source: Adapted from Nogueira, Maia, et al. (2025)
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3 METHODOLOGY

This chapter is organized into six parts. First, the selection criteria for the low-GWP
refrigerants included in the comparison are presented. Next, the prototype and the experimental
tests conducted on the DX-PVT-SAHP are described. Subsequently, the input data used in the
mathematical model are detailed. Following this, the development of the mathematical model is
explained. In the fifth subsection, the uncertainty analysis and the statistical methods employed

are outlined. Finally, the sixth subsection presents the numerical procedure adopted in the study.

3.1 Selected refrigerants

The low GWP refrigerants selected for the comparative study were chosen based on two
criteria: The first criteria is the choice of refrigerants of GWP < 750 due to the EU Regulation
No 517/2014 that prohibits single split air-conditioning systems containing less than 3 kg
of fluorinated greenhouse gases, that contain, or whose functioning relies upon, fluorinated
greenhouse gases with GWP > 750 from 1 January 2025. The second criteria is the choice of

refrigerants that work with commercially available compressors.

Taking into account the above criteria the refrigerants R290, R600a, R1234yf, R454C,
R455A and R513A were selected to be compared with R134a. Although there are other refriger-
ants with GWP lower than 750 listed in Tab. 3, the reason for choosing the selected refrigerants

will be discussed next.

R290 was selected because of the good results of environmental and energetic performance
in the comparative studies presented by Ghoubali et al. (2014), Duarte, Paulino, Pabon, et al.
(2019), Makhnatch and Khodabandeh (2014), Botticella and Viscito (2015). Although R290 is
a flammable refrigerant, the PVT-DX-SAHP of this work is a small equipment and it will be

installed in an open ventilated location.

The choice of R600a refrigerant was based on its compact circuit, fitting well within
the dimensions of household refrigerators as stated in Protocol and Layer (2022). Additionally,
R600a boasts reduced noise levels, a crucial factor for domestic appliances, while its compressor

demonstrates satisfactory efficiency according to Palm (2008).
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R1234yf was selected due to the the good results presented in the comparative study
of an IX-PVT-SAHP performed by Bellos and Tzivanidis (2019). Furthermore, R1234yf has
been implemented as a direct substitute for R134a across various systems as stated by Lee
and Jung (2012) and Belman-Flores ef al. (2017). While both refrigerants exhibit comparable
COP values, R134a’s COP marginally outperforms that of R1234yf. Despite concerns regarding
the classification of R1234yf as a polyfluoroalkyl substance, it was included in the analysis.
This choice was made even in light of reports that some states are already considering enacting

restrictions on its use.

R454C is a low-GWP blend composed of 21.5% R32 and 78.5% R1234yf. Although any
comparative study for R454C operating in solar assisted heat pumps was found, the selection of
R454C was done due to the good thermodynamic performance presented in the investigation
study conducted by Orug¢ and Devecioglu (2021) to substitute R404A in refrigeration systems

operating at condensing temperature from 30 °C' to 50 °C'.

The selection of R455A that is a low-GWP blend composed of 75.5% of R1234yf,
21.5% of R32, and 3% of C'O, was made based on the investigation done by Mota-Babiloni,
Haro-Ortuno, et al. (2018) that corroborates the feasibility of R455A to replace R404A in a
refrigeration system operating at condensing temperature from 32 °C' to 47 °C'. Furthermore to
the best of the authors knowledge, studies on R455A operating in heat pumps have not been

described in the existing literature.

R513A is a low-GWP blend composed of 56% of R1234yf and 44% of R134a. The
selection of R513A was done due to the satisfactory results of COP and LCCP compared to
R134a found by Yildiz and Yildirim (2021) in an ASHP in which tests were performed under

constant condenser temperature of 35 °C' and three different evaporator temperatures of —10 °C,

—5°Cand 0°C.

Although R32 was one of the selected fluids in the comparative studies conducted by
Bellos and Tzivanidis (2019) and Arnesson et al. (2025), it was not found a commercially
available compressor for the heating capacity evaluated in the present work. For that reason it

was not part of the selected fluids.
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3.2 System design and experiment

The experimental setup of the DX-PVT-SAHP for hot water applications was built at
UFMG in Belo Horizonte, MG, Brazil, coordinates 19°54’46” S and 43°56'27” W shown in Fig.

23. The rear section of the PVT panel, which consists of the solar collector, is shown in Fig. 24.

Weather station

e A

Figure 23 — Photo of the experimental device

The DX-PVT-SAHP operates with R134a and comprises an hermetic reciprocating
variable speed compressor, manufactured by Embraco model VEGT8HB, a counterflow coaxial
helical coil composed of an outer polymer tube and inner stainless steel tube where the water flows
in annular region, and R134a flows in the inner tube, a solar evaporator formed by a flat aluminum
plate welded to a serpentine copper tube, which is positioned on the rear side of the polycrystalline

photovoltaic panel manufactured by Kript model KRPF-320W5B and mechanically pressed
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Figure 24 — Photo of the solar collector

into contact using crossbars to ensure effective coupling and a thermal expansion valve. The
compressor operates at a fixed speed and the heating capacity varies according to environmental
conditions. The condensed liquid refrigerant enters the expansion valve, and then it is directed to
the PVT evaporator. Within the PVT evaporator, it is vaporized by the thermal energy absorbed
from solar irradiation and surrounding ambient air. Additionally, electrical energy is produced
by the PV cells through the photovoltaic effect, the direct current is converted into alternative
current by a micro-inverter manufactured by Growatt model NEO 2000M-X to the grid. The
evaporated fluid is then raised to the condenser pressure by the compressor, achieving the required
temperatures. The resultant high pressure superheated refrigerant flows to the coaxial coil heat
exchanger (condenser), where it undergoes condensation and transfer energy to heat water. The

schematic configuration and the sensors position are illustrated in Fig. 25.

The temperature measurements were indicated by seven T-type thermocouples: four
refrigerant temperature measurements at the compressor inlet (77), compressor outlet (75),
expansion valve inlet (75), and expansion valve outlet (7). Two water temperature measurements
were recorded at the heat exchanger inlet (75) and heat exchanger outlet (7). One temperature
measurement was evaluated at the surface of the photovoltaic panel (7%). Additionally, two

pressure transducers measure the low pressure at the compressor inlet (LP) and high pressure at
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Figure 25 — Scheme of DX-PVT-SAHP

the compressor outlet (HP). Ambient conditions of temperature, dew point, atmospheric pressure,
and wind speed were measured by the weather station, the solar irradiation was measured by the
solarimeter, the electrical energy consumed by the compressor was measured by a wattmeter
manufactured by Novus model DigiRail VA and the energy produced by the photovoltaic panel
is measured by the micro-inverter. The measuring range of instruments and their uncertainty are

shown in Tab. 5.

Table 5 — Instruments range of measurements and accuracy

Instruments Range Uncertainty
Thermocouple (T-type) [°C'] -270t0 400  £0.44°C
Gauge pressure transducer [bar] 0to 100 +0.25 bar
Weather station Temperature [°C] -40 to 65 +1°C
Weather station Pressure [hPa] 300to 1100  £+3 hPa
Weather station Wind [m/s] 0to 44 +1m/s
Scale [kg] 0to 13 +1g
Chronometer [s] - +1s
Pyranometer [W/m?] - +5%
Wattmeter [W] - +0.5%

The methodology for carrying out the experimental tests followed the steps below: the
first step consisted of positioning the DX-PVT-SAHP in the uncovered outdoor area of the
GREA laboratory. After placing the equipment in the sunny location, all the air inside the
DX-PVT-SAHP piping was removed with the aid of a vacuum pump for fifteen minutes, in
order to prevent air from contaminating the refrigerant and impairing the operational efficiency

of the DX-PVT-SAHP. Next, using a scale to accurately measure the refrigerant mass, R134a
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from the cylinder was used to fill the DX-PVT-SAHP piping. The following step consisted of
pumping water to the DX-PVT-SAHP condenser through a variable-speed brushless DC pump
model QR30E, DC 12V, 4.8 W, controlled by a frequency inverter that adjusted the frequency
and voltage supplied to the pump’s electric motor, thereby controlling its rotational speed and,
consequently, the mass flow rate and pressure of the pumped water. The water tank that was not
shown, had three openings located at different height levels. The tank was supplied with city
water through the lower opening, and water was pumped to the condenser through the middle
opening. The upper opening served to drain water and keep the tank level constant, since the
mass flow rate of city water was higher than the mass flow of water delivered by the pump to
the DX-PVT-SAHP. Finally, the compressor was switched on initiating the operation of the
DX-PVT-SAHP that occurred from 8:00 a.m. to 12:00 p.m. Once the outlet water temperature
reached steady temperature, the water mass flow rate was adjusted to a new setpoint using the
frequency inverter. Throughout the process, data were continuously acquired to identify and
analyze the system steady-state operating points. The steady-state condition was achieved when
the water outlet temperature reached a constant value and the other measured heat pump variables

presented negligible variation as shown in Fig. 26.
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Figure 26 — Gauge pressures, temperatures and compressor power during the start-up (left plot)
and after reached steady-state condition (right plot).

3.3 Input values of DX-PVT-SAHP simulation

In order to simulate the performance results the values of the input variables shown in
Tab. 6 were adopted. A superheating temperature of 15 °C' was adopted to ensure convergence

of the computational model when using the refrigerant R600a. Additionally a frequency of 50
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Hz was adopted for the compressors because this is the value used in the manufacturers tests

reported in the equipment catalog.

Table 6 — Input values of DX-PVT-SAHP simulation

Parameter Value  Unit Parameter Value  Unit
Collector emissivity 0.95 Coil diameter 0.25 m

Collector absorptivity 0.95 Evap. tube length 1728 m

Collector transmittance 1 Cond. tube length 7.5 m

Contact resistance 0.02 Collector area 1.552 m?

System years lifetime 15 DX-PVT-SAHP cost 1372 USD
Temp. coefficient of PV 0.0039 °C~! Compressor speed 50 Hz
Reference efficiency of PV 17.14 % Electric heater cost  21.59 USD
Electric heater efficiency 97 % PV + inverter cost 64521 USD
Annual leakage rate 3 % Electricity tariff 0.21 USD/EWh
Annual inflation rate 10 % Emission factor 54.5 gCOy /KW R
Collector thickness | mm  Ambient temp. 25.0 °C

D;, evaporator tube 4.77 mm  Water inlet temp. 25.0 °C

D,, evaporator tube 6.35 mm  Water outlet temp. 50.0 °C
Thickness of evap. tube 0.79 mm  Superheating 15.0 °C

D;;, condenser tube 8.32 mm  Wind speed 0.3 m/s

D;,, condenser tube 9.52 mm  Atm. pressure 934 kPa

D,;, condenser tube 16 mm  Solar irraditaion 500 W/m?

3.4 Mathematical modelling

The initial step in preparing the DX-PVT-SAHP model is to identify the input and output

variables. The list of input and output variables are shown in Fig. 27.

Water inlet temperature——= —\Water inlet flow rate
Water outlet temperature——= —Power comsumption
Environmental conditions——| PVT-DX-SAHP [——PV Electrical output

Geometry— MODEL —— Refrigerant mass flow rate
Refrigerant charge——= — Refrigerant temperatures
Superheat——= — Refrigerant pressures
— System performances
—=Subcooling

Figure 27 — Input and output variables of PVT-DX-SAHP model

The environmental conditions are the ambient temperature, the dew point temperature,
the wind speed, the solar irradiation, the sky temperature, the atmospheric pressure and the
gravitational acceleration. Additionally, the geometry parameters are the collector area, PV area,

capillary coil diameter, inner diameter of evaporator tube, thickness of evaporator tube, inner
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diameter of inner condenser tube, outer diameter of inner condenser tube, inner diameter of outer
condenser tube, length between components, evaporator tube length, condenser length, collector

length, collector width.

The PVT-DX-SAHP model is formulated based on several assumptions that ensure
mathematical tractability and consistency with established modeling practices. First, the heat
pump system is considered to operate under quasi—steady-state conditions, allowing transient
effects to be neglected. In addition, the kinetic and potential energy variations of the refrigerant
are assumed to be negligible, thereby simplifying the energy balance. Pressure drops within
the heat exchangers and in the connecting tubes are also disregarded, which enables the use
of uniform pressure conditions along each component. Moreover, the refrigerant superheat is
taken to be constant throughout the operation, and water is treated as an incompressible fluid.
Finally, the vapor quality is assumed to vary linearly along the condenser and evaporator lengths,

providing a simplified yet representative description of the phase-change process.

The indicator of energetic performances are the coefficient of performance (COP), sea-
sonal performance factor (SPF) and solar fraction (SF) calculated according to Eq. 1, 2 and 3,

respectively as predicted by Rees (2016):

COP — 1. (T_> W
Wcmp
. Q
SPF = B 2)
SF =1 ! (3)
o SPF

where the subscripts w, o, 7, cmp refers to water, outlet, inlet and compressor, respectively.
Additionally, i is the mass flow rate and W is the power, (Q is the annual energy heating
demand, E.;. is the total Energy Demand. The selection of refrigerants was primarily guided
by three key environmental metrics: GWP, TEWI, and LCCP. LCCP is a comprehensive metric
used to assess the impact of a refrigerant on a system total lifetime emissions. However, in
practice, LCCP is more complex than TEWI, and the additional emissions it accounts for have a

minimal impact in the final result Khliyeva et al. (2023),Andrade, Zapata-Mina, and Restrepo
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(2024). GWP is a valuable metric for comparing different refrigerants, but it can sometimes
overstate the environmental benefits of low-GWP refrigerants, as it does not consider many
other influencing factors according to Makhnatch and Khodabandeh (2014). An environmental
performance assessment based solely on GWP is insufficient to provide a comprehensive and
reliable evaluation. For this reason, the present study adopted the TEWI metric. This parameter
considers the global warming impact from both direct and indirect emissions and is composed of
two factors: the direct effect of refrigerant emissions over the equipment lifetime and the indirect
impact of C'O, emissions resulting from fossil fuel consumption for energy generation during

operation, it is calculated as:

Q- ®-N

TEWI=GWP-X-N + SPE

4)
where ) is the annual refrigerant leakage rate , IV is the system lifetime, both parameters values
adopted according to the authors Makhnatch and Khodabandeh (2014), Rees (2016), Duarte
(2018) and @ is the emission factor to the electricity consumed, according to MCTI: Ministry
of Science and Innovation (2024). The economic performance can be assessed by comparing the
payback period (V) of the DX-PVT-SAHP with that of an electrical heater according to Rabelo
et al. (2019):

I
R ”
_ (e @
S_X(neze SPF) (6)

where [ is the difference of initial investment between DX-PVT-SAHP and an electrical heater, ¢
is the annual inflation rate, S the annual savings, Y is the electricity tariff and 7, is the efficiency

of the electrical heater.

3.4.1 Photovoltaic-thermal collector model

The PVT collector model was developed to predict both the heat gained by the refrigerant

and the electrical power output, and its formulation relies on several simplifying assumptions.
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Specifically, the thermal resistance of the evaporator tube wall due to conduction is taken as
zero, heat transfer at the evaporator edges is considered negligible, and the thermal resistance
associated with the bond between the tube and fin is also assumed to be zero. Additionally, the
vapor quality is assumed to vary linearly along the flow direction in the boiling region, and the
electrical energy generated by the photovoltaic panel is assumed to be entirely supplied to the

grid. The schematic of the PVT collector is represented in Fig. 28.

n
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Figure 28 — PVT evaporator.
Source: Chow et al. (2010)

The useful thermal energy of the PVT evaporator used in this study (().) can be evaluated

according to Xu, Deng, et al. (2009):

Qe = Qs - (Qcon + Qrad) - pv (7)
Qs =1aGA, (8)
Qcon = ha (Tp - Ta) Ap (9)

Qra,d = hrad (Tp - Ta) Ap (10)



3.4. MATHEMATICAL MODELLING 57

W = Tpup G Apy (11)

Npv = Thro [1-p5 (Tp — 25)] (12)

where QS is the solar irradiation collected by absorber, Qcon and de are the heat losses induced
by the convective and radiation heat transfer between the surface of PVT evaporator and ambient
air, va the electrical power output per unit time from PV cells, T« is the effective absorptivity-
transmittance product, G is the solar irradiation, A, is the plate area, T}, is the plate surface
temperature, 75, is the ambient temperature, 7, is the photovoltaic efficiency of solar cells, 7,
is the photovoltaic efficiency reference value at the standard condition, S is the temperature
coefficient, h, is the convective heat loss coefficient calculated according to Kuang, Sumathy,
and Wang (2003), A4 is the radiant heat coefficient calculated according to Kong, Zhang, et al.
(2011):

hg = 2.8 + 3.00,4 (13)
Rrad = GUTj (14)

where v,,4 1s the wind speed, € is the average emittance, o is the Stefan—Boltzmann constant. The

thermal energy absorbed by the refrigerant is calculated as the enthalpy variation:

Qe = 1, (i) — ia) (15)

where 1, is the refrigerant mass flow rate, ¢ is the refrigerant specific entalphy, and the sub-
scripts from 1 to 4 are related to the points shown in Fig 25. The heat gained by refrigerant in
evaporator (Qe) is the same as the heat harvested in the PVT according to Xu, Deng, et al. (2009).
Furhtermore the refrigerant flows through the copper tube that was divided into two regions to
apply the balance of energy: flow boiling region (bo) and superheated flow vapor region (sup).

The balance of energy of the refrigerant in each region are expressed as:

Qvo = 11y (i — i4) (16)
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qup = mr (Zl - Zv) (17)

the evaporator has a fixed total length (L.) and the length of regions bo and sup are expressed as

Ly = 2L, (18)

Qe

Loy = &2, (19)

e

the average refrigerant temperature (7,) and the photovoltaic panel temperature (7,,,) are ex-

pressed as:

(T4 + T,) /2] Lvo + (T + T1) /2] Loup

T, = 20
I (20)
T =Q Ly o +T (21)
e BrAz kcoAi ‘
Ai = WDe,iLe (22)
- L hsup L
hr _ hbo bo + sup~sup (23)

Lsup

where the subscript co refers to copper tube, A; is the internal surface heat transfer area of
refrigerant, h, is the convection heat transfer coefficient of refrigerant, hy, is the boiling heat
transfer coefficient of refrigerant calculated according to Sun and Mishima (2009) and h,,, is
the vapor heat transfer coefficient of refrigerant calculated using Dittus and Boelter equation

according to Rohsenow, Hartnett, Cho, ef al. (1998):

B 6R6l1.05BOO.54 ﬁ
We?'lgl (pl/pv)0.142 Dh

(24)

bo

k
hsup = 0.023 Re"® Pr—L (25)
Dy,
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D,
Re, = P2 (26)
H
/!
Bo= " 27)
A: hfg
m'r QDZ
W@l = % (28)
Lo
pr=HC (29)
k
Qe
v _ Qe 30
q A, (30)

where the subscripts [ refers to liquid, v vapor, h hydraulic, fg latent, 7 internal, p constant
pressure, Re is the Reynolds number, Bo is the Boiling number, £ is the thermal conductivity,
We is the Weber number, p is the density, D is the diameter, Pr is the Prandtl number, n is a
constant of 0.4 for heating of the fluid and 0.3 for cooling of the fluid, x is the dynamic viscosity,

q" is the heat flux at the wall, ¢’ is the surface tension and c is the specific heat.

3.4.2 Compressor model

In a refrigeration machine or heat pump, the suction and discharge pressures can be
determined by the secondary fluid in the hot and cold sources, respectively. The compressor
impact on these variables is indirect. As Paula et al. (2021) pointed out, there are several
techniques to model a compressor, some of which are relative complex as stated by Yang,
Bradshaw, and Groll (2013), Duarte, Pabon, et al. (2019) and Fonseca er al. (2022). Hermetic
compressor manufacturers typically do not give the necessary specifications, geometric details, or
enough data for more complex models. Additionally, the compressor model used in a refrigeration
system is typically simplified according to Kong, Li, et al. (2017), Reis et al. (2024) and A.
Santos et al. (2024).

The compressor model is formulated as a gray-box representation and is developed under
several simplifying assumptions. Specifically, refrigerant leakage is considered negligible, the
compression process is assumed to be adiabatic and isentropic, and the compressor operates at a

constant rotational speed.
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The volumetric efficiency 7,,; and the overall efficiency 7, are expressed as Maia, Koury,

and Machado (2013):

mcmp = plwvcmpnvol (31)

Wiy = D (22 0) (32)
770’1}

where 17, 1s the mass flow rate of compressor, Wcmp is the compressor electric power p; is the
suction density, w is the rotational speed, V., is the compressor displacement volume. The mass
flow rate and the compressor electric power are function of the mean evaporating temperature
(1%) and mean condensing temperature (7;.) provided by manufacturer in the performance map.
In order to calculate 7, and 7, for the T. and T, values provided by manufacturer, the Eq. 31
and Eq. 32 were employed. Furthermore, to predict an equation of 7,, and 7,, as a function
of any T, and T',, Eq. 33), proposed by ISO 9309 and described by Rasmussen and Jakobsen
(2000) were employed.

n = BuT. + BgT.+ BcT.T, + BpT- + BT (33)

A multiple linear regression using the least square method was used to calculate the
coefficients B4 to By to predict the function of the calculated values of n,,; and 7,, based on

the catalog values according to Chapra (2018).

3.4.3 Condenser model

According to Duarte, Paulino, Tavares, Cancado, ef al. (2023) there are many studies
that employed distributed heat exchangers models as presented by Laughman et al. (2015),
Paulino et al. (2019) and Humia et al. (2025), these models require much computational effort
if compared with the lumped models. Additionally, some studies demonstrate that the lumped
model can be used to quickly assess system performance according to Li, Chu, et al. (2017),
Paula et al. (2020) and Martins ef al. (2024) but has limited results. The alternative is the moving
boundaries technique as adopted by Esbri et al. (2015), Resende et al. (2025) and Braga et al.

(2025) that was used in the present work.
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The condenser is a coaxial type and it was divided into three regions to apply the equations
of energy balance: desuperheating region (d), condensation flow region (cd) , and liquid flow

region (/). The balance of energy of the refrigerant in each region is expressed as

Qa = 101y (ig — i) (34)
Qeq = 1, (iy — 1y) (35)
Q1 = 1, (i — i) (36)

The heat transfer rate in the condenser was calculated separately in the regions using the
effectiveness-NTU method. The effectiveness (¢) of a concentric heat exchanger was calculated
according to Eq. 42, except for pure substance refrigerants in the condensation region that was
calculated according to Eq. 43, the Number of Transfer Units (NTU) and the product between
the overall heat transfer coefficient (/) and the heat transfer surface area (A) were evaluated

according to Incropera and DeWitt (2008):

eq = Qq/Crmin (Ty — Ty) (37)
eet = Qca/Crmin (T. — T) (38)
&1 = Q1) Crin (T, — T5) (39)
Ty = Ts + Q1/ (11, Cl) (40)
Ty = Ts + Qea/ (11,Clu) (41)

1 —exp

_nrv (1 - G

( Cmax)

N7 (1= G} | G
Cmaw Cmax

e=exp(—NTU) (43)

(42)
1 —exp
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UA=C,,,,NTU (44)

where C*mm and C’max are equal to C‘,, or C’w, whichever is smaller and bigger, respectively.
Additionally, the refrigerant and water heat capacities rate were expressed as CT = 1, C, and

Cw = m,,C,. The length of each region was calculated as

l (Dzz)
n
1 D; 1
L=UA|-= = = 45

hr']rDii + 2k + hwﬂ-Dio ( )

where the subscript w refers to water, D;; is the inner diameter of inner tube, D,, is the outer
diameter of inner tube. The h,. is the heat transfer coefficient of refrigerant in the desuperheating
and liquid flow regions calculated according to Eq. 25 as proposed by Rohsenow, Hartnett, Cho,
et al. (1998). The work of Shah (2022), which contrasted correlations with experimental results
of pure refrigerants and mixtures, was taken into consideration when selecting a correlation for
condensation. Additionally, the correlation of Shah (1979) produced acceptable results under the

flow conditions encountered in the simulations of the equipment:

0.76(1 . x)o.04
(P./P,,)038

R =hy |(1—2)°% + 3.8 (46)

where h; is the liquid-only heat transfer coefficient, calculated according to Eq. 25, x is the
vapor quality, P, is the condensing pressure, and P, is the critical pressure. The heat transfer

coefficient of water (h,,) in annular region is calculated according to Dravid et al. (1971):

K
Dy,

De:Re\/DD—’{l (48)

where De is the Dean number, D, is the coil curvature diameter.

hw = (0.76 4 0.65 Dey;”) Pry'™ (47)
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3.4.4 Expansion device model

The expansion device required for a PVT-DX-SAHP is the electronic valve or a thermo-
static valve, due to the large variations in solar irradiation. The expansion valve is used to control

the superheat at evaporator outlet and it is modeled as an isenthalpic device.

3.4.5 Refrigerant charge

The charge of refrigerant (m,.) is calculated according to Eq. 49 for single phase flow and
the correlation for void fraction (o) of Zivi (1964) in Eq. 50 is employed to calculate the charge

of refrigerant for two-phase flow according to Eq. 51.

m, = p_r d (49)

o = _ (50)

m, = / [ py + (1 =) p]dV (51)

The numerical integration method chosen to solve Eq. 51 was the 1/3 Simpson’s rule

according to Chapra (2018).

3.5 Uncertainty and statistical analysis

Since various measuring instruments were used in the study, it is essential to verify the
accuracy of the collected data. In the present work the EES software was employed to calculate
the overall uncertainty according to Taylor, Kuyatt, et al. (1994). If y is expressed as a function
of n independent variables, y = f (1, x2, 3, ..., T,), where the relative uncertainties of these
variables are 0z, 0o, dx3, . .., 0x,, the overall uncertainty can be determined using the error

propagation equation, given by Eq. 52.

B Py 2 oy 2 dy 2
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The accuracy of the correlation data with the mathematical model can be evaluated
according to the Mean Absolute Deviation (M AD) and Mean Deviation (M D) calculated
according to:

j=1

1 _
MAD = =y |Hored — Tlezp (53)
n n Neap
1= (n "
MD = — M) (54)
3 (e

n

where 7) is the efficiency, n is the number of data points, the subscripts pred and exp are the

predicted and experimental results, respectively.

3.6 Numerical procedure

In order to solve the set of equations previously presented, the platform chosen was
the Python programming language. The Python library CoolProp (Bell et al. (2014)) was used
to connect to REFPROP 10, according to Lemmon et al. (2018) to compute thermodynamics
properties. The first step consists of entering the input data. Next, initial values are assigned
for the subcooling temperature, followed by the assignment of values for the condensation
temperature. The enthalpy at the condenser outlet is then calculated. Subsequently, values for the
evaporation pressure are assigned, after which the enthalpy at the compressor inlet and outlet is
computed. The refrigerant mass flow rate is then determined, followed by the calculation of the
heat absorbed by the refrigerant. Next, the heat absorbed in the solar collector is evaluated, and
the evaporator error is computed. The subsequent stage involves calculating the heat absorbed
by the water, followed by determining the condenser length and evaluating the condenser error.
The next step is the estimation of the refrigerant charge, after which the error associated with
the subcooling temperature is computed. The final step consists of generating the results. The
evaporator error (e.) was evaluated by comparing the heat transfer heat of Eq. 15 and 7. The
condenser error (e.) was evaluated by comparing the condenser length calculated using Eq. 45
with the real condenser length (L.). The subcooling error (eg,;) was evaluated by comparing the
real and calculated refrigerant mass. The algorithm of the numerical model is represented in Fig.

33.
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Additionally, for the environmental parameters two strategies were adopted. Similar to
some studies of Hawlader, Chou, and Ullah (2001), Deng and Yu (2016) and Kong, Li, et al.
(2017), the first simulation considered fixed values of solar irradiation, ambient temperature,
atmospheric pressure, and wind speed. In addition, a case study was also carried out considering
the average environmental conditions of three specific cities in a similar way to that performed
by some authors as Lazzarin (2012), Chaturvedi, Gagrani, and Abdel-Salam (2014) and Duarte,
Paulino, Tavares, Maia, et al. (2021). To carry out a case study, analysis of the hourly mean
solar irradiation, ambient temperature, dew point temperature and wind speed from 07:00 a.m.
to 6:00 p.m. for the cities Belo Horizonte-MG (BH), Florian6polis-SC (FL) and Sao Luis-MA
(SL) in Brazil at the meteorological station code Pampulha-A521, Florian6polis-A806 and Sao
Luis-A203, respectively, were obtained using the weather data in the months of the year 2024 of
the meteorological institute of Brazil INMET (2024). Fig. 29 and Fig. 30 demonstrate the typical
solar irradiation and ambient temperature during January to represent the summer conditions in
the selected cities, while Fig. 31 and Fig. 32 demonstrate the typical solar irradiation and ambient
temperature during July to represent the winter conditions in the selected cities. The prices were
derived from the July 2025 market for the Brazilian city of Belo Horizonte. The mean inflation
rate of electricity in Brazil was obtained from J. O. Santos et al. (2018). Throughout the day, the

price of electricity was considered to be constant and the tax is included in the price value.

In the present chapter, the methodology adopted for performing the calculations used to
develop the mathematical model was presented and the convergence of the results obtained will

be examined in the following chapter.
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4 EXPERIMENTAL VALIDATION

This chapter is divided into two parts. In the first subsection, the validation data for the
compressors are presented, along with the convergence between the results obtained from the
mathematical model and the values provided by the manufacturers. In the second subsection,
a comparison is presented between the model predictions and the experimental data obtained

during the operation of the DX-PVT-SAHP.

4.1 Compressor model validation

The commercial compressors selected to perform the refrigerant selection were fixed
speed compressors of refrigeration capacity from 8141 to 1160 . The experimental setup is
comprised of a variable-speed compressor (Embraco VEGT8HB). Since its efficiency under the
tested conditions is higher than that of the fixed-speed models used in the simulations, it was only
applied for DX-PVT-SAHP model validation. For comparison purposes, it was replaced with a
fixed-speed compressor (Embraco FFUI00HAK) to ensure a fair evaluation between the selected
compressors. Two R1234yf compressors were evaluated according to their refrigeration capacity
since there were no commercial available options that matched exactly the refrigeration capacity
for the simulated conditions. The refrigeration capacity (Q,) of the selected COMpressors were
determined according to test standard of ASHRAE: T, of 7.2 °C, T,. of 54.5 °C, Return Gas (77)
of 35 °C, Subcooling of 8.1 °C' and T, of 35 °C'. A multiple linear regression using the least
square method was used to calculate the coefficients B4 to By to predict the function of the
calculated values of 7,,; and 7,, based on the catalog values according to Chapra (2018). The

obtained coefficients for Eq. 33 are listed in Tab. 7.

The experimental results and calculated results obtained for the compressor volumetric
efficiency and overall efficiency showed good agreement according to Fig. 34 and Fig. 35. The
accuracy of the results of volumetric efficiency and overall efficiency are shown in Tab. 8. N
is the number of data points and the R? is the coefficient of correlation which the best value is
100%. The efficiency model result can vary significantly if it is compared to the experimental

measured data from manufacturer.
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Table 7 — Compressors coefficients B4 to Bg

Refrig. / Model A Qref Eq. BA BB BC BD BE
[em?] (W]

R134a / Embraco 7.95 861  mye -0.00497 0.03850 0.00016 -0.00020 -0.00044
VEGTS8HB(VS) Now  -0.00452  0.02502 0.00007  0.00013  0.00026
R134a / Embraco 795 865  mye -0.00213 0.03030 0.00009 -0.00011 -0.00033
FFU100HAK (#'9) Noy -0.00706 0.01517 0.00012 -0.00004 -0.00013
R1234yf /Embraco 7.15 815  n, 0.00241  0.02846 0.00005 -0.00006 -0.00029
FGSS8OLAS™) Noy  0.00196  0.01632 -0.00002 -0.00005 -0.00014
R1234yf /Embraco 10.85 1160 1,, -0.00225 0.03197 0.00010 -0.00011 -0.00036
FMFT411L® Nov  -0.00255 0.01927 0.00001  -0.00007 -0.00021
R290 / Tecumseh 8.02 1055 mye 0.00393  0.03387 -0.00002 -0.00005 -0.00038
AE4440U-FZ1A New  -0.00137 0.02121 0.00002  -0.00006 -0.00021
R600a / Embraco 1428 814  mnye 0.00344  0.03390 0.00003 -0.00005 -0.00040
NEK6170Y New  -0.00278 0.01452 0.00005 -0.00006 -0.00012
R513A /Tecumseh 1033 1113 17,y 0.00367  0.02838 -0.00004 -0.00002 -0.00025
AE4440Y-FZ1A New  -0.00443 0.01390 0.00002 -0.00010 -0.00010
R454C/Tecumseh 6.69 853 1, 0.00346 0.04107 -0.00001 -0.00002 -0.00054
AE4440P-FZ1A Now  -0.00373 0.01937 0.00007 -0.00006 -0.00023
R455A /Tecumseh  6.69 929  n,,4 0.00307 0.04311 -0.00001 0.00001 -0.00057
AE4440P-FZ1A New  -0.00110 0.02499 0.00002 -0.00001 -0.00030

(VS) Compressor of variable speed used in the experimental setup

(FS) Compressor of fixed speed selected to the model comparison between refrigerants
(1) Compressor selected in the model comparison between refrigerants

(2) Compressor for comparison performance purpose of R1234yf

Table 8 — Metrics on the adjustment of compressor efficiencies curves

Mol Nov
Refrigerant N R?[%] MD[%] MAD [%] R?[%] MD [%] MAD [%]
R134aV%) 20 99.92 -0.06 2.48 99.94 -0.05 2.23
R134a") 13 100.00 0.0003 0.07 99.99 0.01 0.92
R1234yf) 12 99.97 -0.03 1.66 99.98 -0.02 1.37
R1234yf® 6 9994  -0.06 2.35 99.95 -0.06 2.10
R290 25 9996  -0.03 1.89 99.98  -0.02 1.15
R600a 12 99.93 -0.06 2.47 99.97  -0.06 1.71
R513A 35 99.81 -0.08 3.92 99.97  -0.06 1.41
R454C 25 99.89  -0.05 3.12 9998  -0.03 1.42
R455A 26 99.89  -0.05 3.11 99.95 -0.04 1.96

The correlation developed through linear regression to determine volumetric efficiency
and overall efficiency as a function of evaporation and condensation temperatures obtained
satisfactory results. The only refrigerant that presented values outside the +5% error range in
the volumetric efficiency values was R513A, in 8 points out of 35 (22.86%) with a maximum
deviation of 8.67%. The worst results regarding volumetric efficiency of MD and MAD were

-0.08% and 3.92%, respectively, obtained by RS13A. The best MD result of 0.0003% and MAD
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Figure 34 — Compressor volumetric efficiencies
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Figure 35 — Compressor overall efficiencies

result of 0.07% were both obtained by R134a(?). Regarding overall efficiency, the worst MD
result of -0.06% was obtained by R513A and R600a and the worst MAD result of 2.23% was
obtained by R134a("). The best MD result of 0.01% and MAD result of 0.92% were both obtained

by R134a(?.
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4.2 DX-PVT-SAHP model validation

In order to evaluate the accuracy of the results calculated in the model with the results
obtained in the experimental device, seven different tests in steady state condition were performed
in June 16", 2025 at UFMG located in Belo Horizonte, MG, Brazil, coordinates 19°54’46"”S
and 43°56'27” W. The tests were performed with mass of 375¢ of R134a and superheating of
5°C'. The experimental results are shown in the Tab. 9 and Tab. 10. The COP mean uncertainty
value was +0.10 and the maximum value was +0.15 that corresponds to 3.4% of the measured
result. The mass flow rate of water mean uncertainty value was £0.13¢/s and the maximum
value was +0.21¢/s that corresponds to 1.67% of the measured result. The pressure-enthalpy
diagram for experimental results ID 1 and ID 5 are presented in Fig. 36. Between Test 1 and Test
5, two significant changes were observed: the solar irradiation increased, while the outlet water
temperature decreased. The increase in solar irradiation led to a higher evaporation pressure,
whereas the reduction in outlet water temperature resulted in a lower condensation temperature
of the heat pump. This behavior is evident in Fig. 36, as Test 5 shows a closer approach between

the evaporation and condensation temperatures compared to Test 1.

Table 9 — Temperatures measured

D 1 T, 13 T, Tz T Ty T, Ty
5 I O I I & I & I

1 187 589 255 93 219 487 181 202 13.0
2 153 609 268 112 227 502 247 21.7 12.0
3 149 589 261 101 229 448 273 227 11.8
4 234 635 257 140 229 41.6 294 239 126
5 242 594 263 144 234 404 30.1 231 109
6 220 59.1 264 139 232 440 302 237 114
7 21.0 615 273 154 227 46.6 349 253 10.8
Table 10 — Other experimental parameters
ID G Vwd Patm Pe Pc mw va ‘/z'm} Wcmp cor

(W/m?] _[m/s] [hPa] [bar] [bar] [g/s] [W] [Vl [W]

4528 07 934 29 130 625 1473 2231 2175 324
5940 03 934 31 139 684 168.0 223.5 2341 3.38
641.9 03 934 30 120 904 1848 2220 2163 3.85
6714 0.0 934 35 106 11.6 1958 2224 2192 4.16
6486 03 934 36 103 128 1968 2197 2147 4.27
7137 03 933 35 114 104 1729 2197 221.6  4.09
771.9 0.0 933 36 124 904 1854 2231 2353 3.86

o) WU, RN SN US T N R

Figures 37, 38 and 39 showed the comparison between experimental and theoretical

results with 69% of data inside of £10% range and 97% of data inside of +=15% range. The
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Figure 36 — Pressure-enthalpy diagram for experimental results ID 1 and ID 5.

statistical parameters of mean deviation (MD), mean absolute deviation (MAD), maximum
deviation (Max.) for the DX-PVT-SAHP model validation showed a good agreement according
to Tab. 11. The values presented in the Tab. 11 are compatible with values typically found in the
literature: Sharma et al. (2024) presented a validation of a model of PVT system considering
two experimental tests and five different variables with a maximum error in the range of £10%;
Liang et al. (2023) validated their model of PVT-SAHP with maximum difference of 14.93%
and 20.15% for COP and photovoltaic power, respectively. In the heat pump model validation
some authors as Abbasi, Li, and Mwesigye (2024), Zanetti et al. (2023) and Li, Li, and Zhang
(2015) presented an average difference between experimental and theoretical COP of 4.2%, 5.0%
and 5.5%. Additionally, data points corresponding to the DX-PVT-SAHP tests (represented by
squares in Fig. 39) were complemented with points validated for a DX-SAHP operating with a
solar collector without a photovoltaic panel (represented by circles in Fig. 39) with experimental
data published by Duarte (2018). The operational difference between the two systems is that the
DX-PVT-SAHP employs a PVT-type evaporator, whereas the DX-SAHP uses a solar-collector-
type evaporator. These additional points were obtained using the mathematical model developed
in this thesis, with the following modifications: the photovoltaic panel efficiency and the contact

resistance were set to zero in the DX-SAHP.

The procedure presented in this chapter demonstrated the accuracy and flexibility of
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the proposed mathematical model in simulating the operation of the heat pump with different

constructive configurations. In the next chapter, the numerical model will be applied considering

a range of environmental conditions and operating scenarios.
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Figure 37 — Water mass flow rate (1,,) and pressure (F,) at condenser obtained in the model and
experimentally for the same environmental conditions.

Table 11 — Statistical parameters on the modelling validation

MD

Condensing pressure [%] 3.4

Power generation [%]
Compressor power [%]
COP [%]

Water mass flow rate [%]
All data [%]

-3.4
11.8
-0.6
11.8
4.6

MAD Max.
3.7 7.6
9.0 14.4
11.8 15
34 6.6
11.8 18.2
8.0 18.2
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Figure 38 — Power consumed by the compressor (Wcmp) and power produced by photovoltaic

cells (va) obtained in the model and

experimentally for the same environmental

conditions.
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Figure 39 — Coefficient of performance (COP) obtained in the model and experimentally for the

same environmental conditions.
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5 RESULTS

This chapter presents the main results obtained from the numerical model. First, the
optimized refrigerant charge for the DX-PVT-SAHP operating with seven different refrigerants
is discussed. Subsequently, the coefficient of performance (COP) as a function of ambient
temperature is analyzed. Following this, the variation of COP, the power output of the PV cells,
and the compressor’s electrical consumption as a function of solar irradiance are examined.
Next, the operational performance of the DX-PVT-SAHP using R134a during January 2024
is presented. In addition, the annual SPF and TEWI values calculated for the city of Belo
Horizonte—-MG are reported. The section also includes the payback analysis of the DX-PVT-
SAHP operating with R1234yf in Belo Horizonte—MG. Finally, the variation of the monthly solar
fraction (SF) in the selected cities is compared, and the importance of the compressor selection

criteria for systems operating with different refrigerants is highlighted.

5.1 Optimized refrigerant charge

The refrigerant charge of the system can be optimized due to the behavior described as
follows. The degree of subcooling is governed by the refrigerant charge, with higher charge
leading to greater subcooling. Increasing the subcooling enhances the enthalpy variation in
the condenser without affecting that of the compressor, thereby improving the COP. However,
excessive subcooling may lower the refrigerant outlet temperature below that of the water at the
condenser outlet, requiring a higher condensation temperature and consequently reducing the

COP as represented in Fig. 40.

The first step to obtain the energetic performance results for each refrigerant was to
determine the amount of mass that resulted in the best COP considering three solar irradiation
values: 500 W/m?2, 700 W/m?, 900 W /m? and the conditions presented in Tab. 6, as shown in
Fig. 41 for R134a. The optimized refrigerant mass quantity does not vary with changes in solar
irradiation conditions. Furthermore, the optimized refrigerant charge considering the COP is

illustrated in Tab. 12.
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Figure 40 — Mass optimization for maximum COP in pressure x enthalpy diagram
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Figure 41 — COP in function of mass of R134a for three different solar irradiation

Table 12 — Optimized refrigerant mass considering COP

R134a | R1234yf | R290 | R600a | R513A | R454C | R455A
260g | 250g | 105g| 125g | 280g | 210g | 200 ¢
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5.2 DX-PVT-SAHP simulation

The energy analysis was based on the COP as a function of ambient temperature with
values between 15 °C' and 35 °C', COP, compressor electric consumption and power output of
PV cells as a function of solar irradiation with values between 501V/m? to 1,000 W/m? for
the environment conditions fixed and listed in Tab. 6 showed in Fig. 42, Fig. 43, Fig. 44, Fig.
45, Fig. 46 and Fig. 47. The system COP increased under the influence of increasing ambient
temperature, which is consistent with the conclusions reported in the study of Duarte, Paulino,
Pabon, et al. (2019). An increase in the evaporation temperature enhances the heat-transfer rate
in the condenser, thereby raising the COP of the system. Among all the refrigerants evaluated,
R1234yf delivered the best overall performance. For pure refrigerants, R1234yf showed the
highest performance while R600a performed the worst, according to Fig. 42. For refrigerant
blends, R455A achieved the best result whereas R454C exhibited the poorest performance,
according to Fig. 43. The system COP, compressor electric consumption and power output of PV
cells were increased under the influence of increasing solar irradiation. Further, according to Fig.
44, R1234yf presented the best results of COP among the compared low GWP pure refrigerants,
increasing the COP value from 2.21 at 50 W/m? to 4.06 at 1000 W /m?, this finding of COP
superiority over other fluids was also reported by Kim et al. (2023). It was observed a very similar
performance of R1234yf with R290 under low solar irradiation from 501 /m? to 2000 /m?.
Considering the refrigerant blends in Fig. 45, R455A presented the best COP results for all
solar irradiation ranges, presenting a result 21.39% higher than R454C for a solar irradiation
of 500 W/m?. R513A and R454C presented similar performance for high solar irradiation of
1,000 W/ m?, while for low and medium solar irradiation values, R513A presented a better result

compared to R454C.

Additionally, in Fig. 46, R134a presented the highest compressor electric consumption
from solar irradiation higher than 200 1¥/m? followed by R290, R600a and R1234yf. R1234yf
presented the lowest compressor electric consumption among the compared low GWP pure
refrigerants of 215 W at 50 W/m? to 283 W at 1000 TW/m?. Regarding the refrigerant mixtures
in Fig. 47, R455A presented the lowest results in compressor electrical energy consumption for all
solar irradiation ranges, presenting a value 16.02% lower than the result obtained for R513A for
a solar irradiation of 500 W/m?. R513A and R454C presented similar performance for low solar

irradiation of up to 400 W/m?, while for higher values, R513A presented a higher compressor
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electrical energy consumption compared to R454C. In both Fig. 46 and Fig. 47 as solar irradiation
increases the power consumption of compressor also increases and the PVT surface temperature
rises resulting in the refrigerant entering the compressor to evaporate at a higher pressure and
temperature with higher specific volume of the suction vapor, this effect makes the compressor
handle more volume flow for the same refrigerant mass flow increasing the power consumption
to achieve the condensing pressure. Additionally, the power output of PV cells is similar for
all the refrigerants and is proportional to solar irradiation as stated in the research of Yogaraja
et al. (2024). This behavior can be explained because as solar irradiation increases, the number
of photons absorbed by the PV cells increases, leading to a higher generation of electricity.
The results showed that R1234yf has the best energetic performance ammong the compared

refrigerants in agreement with the results reported by Bellos and Tzivanidis (2019).

3.25

71 S R134a |
................................... - --R1234yf
--- R290
—— R600a
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Ambient temperature [°C']

Figure 42 — COP in function of ambient temperature of pure refrigerants

The calculation of SPF was performed assuming that the heat pump operated to heat 200 L
of water from the ambient temperature to 50°C' every day of the year for Belo Horizonte, Brazil.
After the heating period, the equipment would shut down, and the photovoltaic panel would
continue to produce electricity. The SPF was calculated as the ratio of the annual accumulated
thermal energy for heating the water to the electricity consumed by the compressor, minus the

energy produced by the PV panel as represented in Fig. 48 for the month of January 2024.
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Figure 43 — COP in function of ambient temperature of refrigerant blends
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Figure 44 — COP in function of solar irradiation of pure refrigerants

The SPEF, direct emissions and indirect emissions in TEWI calculation are shown in Tab.
13, Fig. 49 and Fig. 50. Direct emissions are calculated by the first term on the right side of the
Eq. 4 and indirect emissions are calculated by the second term on the right side of the Eq. 4. The

refrigerants with the lowest direct emissions used in TEWI calculation are the R290 and R600a
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Figure 45 — COP in function of solar irradiation of refrigerant blends
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Figure 46 — Power output of PV cells (marks) and compressor electric consumption (lines) in
function of solar irradiation of pure refrigerants

due to their low GWP value and low charge of refrigerant. The worst value of direct emissions
due to its elevated GWP was presented by the R134a that was 1179 greater than the value of
R290 and R600a. Furthermore R1234yf presented the best result of indirect emissions in TEWI
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Figure 47 — Power output of PV cells (marks) and compressor electric consumption (lines) in
function of solar irradiation of refrigerant blends

calculation due to its superior SPF results followed by R290. R513A and R454C presented the
worst results of indirect emissions due to their values of SPF lower than all other compared
refrigerants. The direct emissions for R134a corresponds to 36.1% and the indirect emissions
corresponds to 63.9% of the total TEWI. The direct emissions for R1234yf, R290 and R600a
corresponds to less than 1% of the total TEWI value due to their low GWP value. The best
TEWI value calculated by the sum of direct emissions and indirect emissions was presented by
R1234yf due to its low GWP value combined with the best SPF among all refrigerants which is
in a good agreement with the performance presented in Fig. 44. Additionally, R1234yf presented
a49.59% lower TEWI than R513A that presented the worst value of TEWI. A comparative study
of refrigerants carried out by Kim et al. (2023) concluded that R134a presented a TEWI value
30% higher than that of R1234yf, in addition, another study conducted by Duarte, Paulino, Pabon,
et al. (2019) found similar TEWI values for the fluids R290 and R600a, which is in agreement
with the results presented in this article. Furhtermore, the comparative study of TEWI values
considered the case in which one to four photovoltaic panels were used in conjunction with an
electric heater to provide the heating demand as stated in Tab. 13. Even four PV panels operating
under the same environmental conditions achieved worst SPF and TEWI results compared to

all refrigerants operating in the DX-PVT-SAHP. The DX-PVT-SAHP operating with R1234yf
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Figure 48 — DX-PVT-SAHP operating performance in January 2024 for R134a

combined with photovoltaic generation of electricity for the grid would avoid 1.6 tons of C'O,

emissions compared to an electric heater over a 15-year period. Furthermore, the electrical heater

operating with 1 PV would avoid 314 kg of C'O, emissions compared to an electric heater

without a PV over a 15-year period.

Table 13 — Annual SPF and TEWI for a 15-year period in Belo Horizonte

Direct Indirect
Ref. or SPF emission emission TEWI
System (kg COy) (kg COs) (kg COy)
R134a 586 167.31 295.73 463.04
R1234yf 9.39 0.45 184.51 184.96
R290 7.45 0.14 232.63 232.77
R600a 7.05 0.14 245.70 245.84
R513A 5.07 71.82 341.56 413.38
R454C 4.57 13.99 379.43 393.42
R455A 6.93 13.05 250.24 263.29
1PV 1.18 0.00 1472.98 1472.98
2PV 1.50 0.00 1159.12 1159.12
3PV 2.05 0.00 845.26 845.26
4PV 3.26 0.00 531.41 531.41
Electric heater 0.97 0.00 1786.83 1786.83

The payback analysis presented in Fig. 51 was performed by comparing the DX-PVT-

SAHP operating with the low-GWP refrigerant R1234yf, which presented the highest SPF
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Figure 49 — Annual SPF of DX-PVT-SAHP and PV operating in Belo Horizonte-MG
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Figure 50 — TEWI of DX-PVT-SAHP and PV operating in Belo Horizonte-MG

and lowest TEWI, with an electric water heater supported only by the photovoltaic panel. The

results indicated that the payback period of the investment, when considering the energy savings
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achieved by the DX-PVT-SAHP system, was 2.8 years. In contrast, when considering the
installation of a photovoltaic panel for electricity generation combined with the use of an electric
heater, the payback period extended to 5.4 years, demonstrating that considering the energy
savings of DX-PVT-SAHP using R1234yf has a payback time approximately twice as fast as
the electric water heater supported by the photovoltaic panel. Additionally, for the case that
two, three and four PV were used with the electric heater the calculated payback were 4.0, 3.5
and 3.3 years, respectively. The result of the payback for the electric water heater is in a good
agreement with Fukurozaki, Zilles, and Sauer (2013) that developed a research of payback time
estimated in 2.47 — 3.13 years for a 1.2 kW p PV system for Belo Horizonte. The component
with the lowest allowable operating pressure in the heat pump is the 3/8” diameter copper tube,
which has a maximum working pressure of 8.3 MPa. The refrigerants considered in this study
have the following critical pressures (in MPa): R134a = 4.0593; R1234yf = 3.3822; R290 =
4.2512; R600a = 3.629; R513A = 3.6478; R454C = 4.3188; R455A = 4.6538. Since all the fluids
operate under subcritical cycles, none of them reach pressures that would necessitate the use of
specialized piping for the heat pump. Therefore, the selection of a standard commercial copper

tube is sufficient to accommodate all the refrigerants analyzed.
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Figure 51 — Payback of DX-PVT-SAHP and PV operating in Belo Horizonte-MG
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The monthly SF of DX-PVT-SAHP operation for the cities of Belo Horizonte-MG (BH),
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Florian6polis-SC (FL) and Sao Luis (MA) were compared. For all the refrigerants the best SF
occurred in September for the cities of Belo Horizonte-MG and Sao Luis and in February for
Florian6polis. Fig. 52 showed that R1234yf presented better SF over R134a for all months of
the year in all the compared cities. Additionally in relation to the greatest SF difference, in Belo
Horizonte in December, R1234yf presented 8.14% higher SF than R134a, in Florian6polis in
August, R1234yf presented 15.45% higher SF than R134a and in Sdo Luis in June, R1234yf
presented 8.22% higher SF than R134a. Fig. 53 showed that R290 presented better SF over
R134a for all months of the year in all the compared cities. Additionally in relation to the greatest
SF difference, in Belo Horizonte in June, R290 presented 5.32% higher SF than R134a, in
Floriandpolis in August, R290 presented 8.86% higher SF than R134a and in S@o Luis in June,
R290 presented 5.93% higher SF than R134a. Fig. 54 showed that R600a presented better SF
over R134a for all months of the year in all the compared cities. Additionally in relation to the
greatest SF difference, in Belo Horizonte in May, R600a presented 4.31% higher SF than R134a,
in Floriandpolis in August, R600a presented 12.41% higher SF than R134a and in Sdo Luis in
January, R600a presented 4.03% higher SF than R134a. Fig. 55 showed that R134a presented
better SF over R513A for all months of the year in all the compared cities. Additionally in
relation to the greatest SF difference, in Belo Horizonte in September, R134a presented 3.64%
higher SF than R513A, in Floriandpolis in July, R134a presented 12.37% higher SF than R513A
and in Sdo Lufs in August, R134a presented 2.96% higher SF than R513A. Fig. 56 showed that
R134a presented better SF over R454C for all months of the year in all the compared cities.
Additionally in relation to the greatest SF difference, in Belo Horizonte in December, R134a
presented 7.14% higher SF than R454C, in Floriandpolis in July, R134a presented 13.18% higher
SF than R454C and in Sao Luis in February, R134a presented 6.88% higher SF than R454C.
Fig. 57 showed that R455A presented better SF over R134a for all months of the year in all the
compared cities. Additionally in relation to the greatest SF difference, in Belo Horizonte in June,
R455A presented 3.77% higher SF than R134a, in Floriandpolis in September, R455A presented
4.83% higher SF than R134a and in Sao Luis in January, R455A presented 4.60% higher SF than
R134a. The highest SF observed among the evaluated cities and refrigerants was 1.0, recorded in
September in Sao Luis with the DX-PVT-SAHP operating with R1234yf. This indicated that,
during that month, the electrical and thermal energy produced by the DX-PVT-SAHP fully met
the water heating demand without requiring any additional energy from the grid. Moreover,

the worst SF of 0.59 occurred with the DX-PVT-SAHP operating with R454C in the city of
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Floriandpolis, in June, a result 41% lower than the best SE. The results confirm that the fluid
achieving the highest COP, combined with the highest solar irradiation, yielded the greatest SF.
Conversely, the fluid with the lowest COP under the lowest solar irradiation conditions resulted

in the smallest SF.

1
0.9 |- i
/\
0.8 i
£
wn
0.7 i
0.6 i
—a— BH-R134a —=— BH-R1234yf —— FL-R134a
—m— FL-R1234yf SL-R134a SL-R1234yf
O 5 | I I | | | | | | I | |
’ g O 5 = o> g = &80 o4 B o> 9
S o & &4 =z =5 2 5 o KR o o
- L < s 27 2 wn Oz A

Figure 52 — Variation of monthly SF of the DX-PVT-SAHP operating with R134a and R1234yf
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Figure 53 — Variation of monthly SF of the DX-PVT-SAHP operating with R134a and R290
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Figure 55 — Variation of monthly SF of the DX-PVT-SAHP operating with R134a and R513A

5.2.1 Influence of compressor selection in COP

This section evaluates the impact of compressor selection on the COP, recognizing that
commercial compressors cannot always be chosen to exactly match the desired cooling capacity

at specific operating conditions. As shown in Fig. 58, the variable-speed (R134a("%)) and fixed-
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Figure 56 — Variation of monthly SF of the DX-PVT-SAHP operating with R134a and R454C
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Figure 57 — Variation of monthly SF of the DX-PVT-SAHP operating with R134a and R455A

speed (R134a(7%)) compressors, although similar in cooling capacity and displacement volume,
display different energy efficiencies. Under the defined operating conditions, the variable-speed
compressor achieves significantly better performance compared to the fixed-speed unit. Fur-

thermore, for the R1234yf compressors, efficiency differences are also evident, as selecting
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between two available models yields distinct COP values under identical operating conditions.
As shown in Fig. 58, the compressor with lower displacement volume and cooling capacity
(R1234yf()) achieves superior performance compared to the compressor with higher displace-
ment volume and cooling capacity (R1234yf(?)). It can be concluded that compressor selection
plays a decisive role in determining the efficiency of the DX-PVT-SAHP system. For instance,
adopting the compressor with the highest cooling capacity for R1234yf may alter the ranking of

the best-performing refrigerant, leading to R290 being identified as the optimal choice.

In this chapter, a series of results addressing energetic, economic, and environmental
aspects were obtained using the developed mathematical model. In the next chapter, the main

conclusions of the study will be presented.

4.5

—e—R134a(VS) —=— R134a(F"%)
—e— R1234yf(1) —a— R1234yf(?)

! '550 200 400 600 800 1,000

Solar Irradiation [W/m?]

Figure 58 — COP in function of compressor selection
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6 CONCLUSION

In the present thesis a numeric model of a DX-PVT-SAHP was presented and validated
experimentally. The condenser and the PVT evaporator were modeled based in a moving
boundary model and the compressor was modeled using a gray box model. The validation was
developed based on seven steady state operational conditions. The COP mean uncertainty value
was +0.10 and the maximum value was £0.15 that corresponds to 3.4% of the measured result.
The thesis presented the results of a research conducted under various operating circumstances
of solar irradiation, ambient temperature and mass flow rate. The comparison of low GWP

refrigerants under energetic, environmental and economical performance was demonstrated.

The optimized refrigerant charges for R134a, R1234yf, R290, R600a, R513A, R454C,
and R455A were 260 g, 250 g, 105 g, 125 g, 280 g, 210 g, and 200 g, respectively. These values
indicate the specific amount of refrigerant required to achieve the best system performance for

each fluid.

Furthermore, R1234yf exhibited the highest COP among all evaluated refrigerants, with
its COP increasing from 2.21 at 50 W/m? to 4.06 at 1000 W/m2. This demonstrates that its

performance benefits become more pronounced under higher solar irradiance.

In addition, the lowest TEWI value was obtained with R1234yf, owing to its low GWP
combined with the highest SPF among the compared refrigerants. By contrast, RS13A and
R454C showed the highest indirect emissions because their SPF values were lower than those of

all other refrigerants analyzed.

It is also noteworthy that, even when four PV panels operated under identical environ-
mental conditions, their SPF and TEWI results were inferior to those of all refrigerants used in
the DX-PVT-SAHP system. This comparison reinforces the advantages of the integrated system

over standalone PV-based water heating.

Moreover, the results showed that the investment payback period, when considering the
energy savings provided by the DX-PVT-SAHP system, was 2.8 years. In comparison, installing
a photovoltaic panel for electricity generation combined with an electric heater resulted in a

payback period of 5.4 years. Consequently, the DX-PVT-SAHP using R1234yf offers a payback
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time nearly twice as fast as that of an electric water heater supported by a photovoltaic panel.

With respect to the solar fraction, the highest value (SF = 1.0) occurred in September in
Sdo Luis—MA when operating the DX-PVT-SAHP with R1234yf. Conversely, the lowest SF
(0.59) was observed in Floriandpolis in June when R454C was used, highlighting the combined

influence of refrigerant selection and local climatic conditions.

Overall, the findings confirm that the refrigerant providing the highest COP under condi-
tions of high solar irradiance yielded the greatest SF. Conversely, the refrigerant with the lowest
COP combined with the lowest solar irradiance resulted in the smallest SF, emphasizing the

strong dependence of system performance on both thermal and environmental factors.

Finally, the electrical power generation was similar for all refrigerants and increased
proportionally with solar irradiance, indicating that the choice of refrigerant has minimal impact

on the photovoltaic efficiency of the system.

As the installation size increases, the viability of the DX-PVT-SAHP is enhanced. There-
fore, the results of the present thesis indicate the feasibility of extending the analysis to applica-

tions that require larger volumes of water, such as hotels and swimming pools.

The present thesis represents the first study on a DX-PVT-SAHP system conducted at
UFMG. The constructed prototype demonstrated satisfactory operating conditions and was able
to deliver results that were validated by the numeric model, providing a basis for future research
and publications. Furthermore, several opportunities for continued research arise from potential
modifications to the system, such as replacing the thermostatic expansion valve with an electronic
expansion valve; comparing the electrical output of the PV panel when operating as part of the
PVT evaporator to that of an isolated PV panel; and investigating a control device capable of
adjusting the water pump mass flow rate in response to variations in solar irradiance in order to

maintain a constant outlet temperature, among other possibilities.
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