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Abstract

This work investigates the theoretical performance of a novel compound waste heat-solar driven ejector-
solar assisted heat pump for simultaneous heating and cooling purposes. The system utilizes waste heat
from three different sources, PV/T (photovoltaic thermal) with flat plate collector, milk pasteurization
process, and condenser exchange heat. Real weather data is employed to determine the hourly performance
of the system in three European cities, Valencia (Spain), Berlin (Germany), and Stockholm (Sweden)
representing warm, middle and cold climates, respectively. Moreover, R450A and R513A alternative
refrigerants are compared to the greenhouse gas R134a. The results show that the proposed system improves
cooling COP by 7% using R450A in comparison with a conventional R134a vapor compression system.
Furthermore, the utilization of waste heat recovery enhances the system COP from 3.7 to 4 in the absence
of solar intensity. On the other hand, the results of the heating mode show that the system with PV/T and
using R450A has a COP increase over the adopted solar time, ranging from 2 to 5% in Valencia; 2 to 2.5%
in Berlin, and1 to 1.5% in Stockholm. However, R513A shows a COP reduction of about 5% in comparison
to R134a. Regarding the heating mode with waste heat utilization from milk pasteurization, the system
based on R450A results in the highest system COP, increasing COP up to 75% compared to the R134a
baseline scenario. Overall, the proposed R450A systems show the highest equivalent carbon dioxide
emission reduction and, therefore, it is recommended from an environmental point of view.

Keywords: waste heat recovery; PV/T; low global warming potential (GWP) refrigerants; solar ejector;
vapor compression.

Highlights

¢ A novel compound waste heat-solar driven ejector-solar assisted heat pump is proposed.

e Environmentally friendly refrigerants are studied as alternatives to R134a.

e The system utilizes heat from flat plate collector PV/T, milk pasteurization, and condenser.
e Waste heat recovery enhances the system COP in the absence of solar intensity.

e R450A improves system COP in most of scenarios.
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Nomenclature

A Area (m?)
C Refrigerant velocity (m.s™)
COP Coefficient of performance (-)
EC Energy consumption (kWh.year?)
h Specific enthalpy (kJ.kg™?)
I Solar intensity (W.m2)
LK Refrigerant system annual leakage rate (kg)
M Mach number (-)
NBP Normal boiling point (°C)
P Pressure (MPa)
RT Running time of the system (hour)
rpm Revolution per minute
T Temperature (°C)
\Y, Volume (mq)
m Refrigerant mass flow rate (kg.s™)
0 Heat transfer rate (kW)
4 Electrical consumption power (kW)
Greek symbols
a Life of the system (year)
B Carbon emission factor (CO2-eq.kWh'™)
€ Heat exchanger effectiveness (-)
p Refrigerant density (kg.m)
n Efficiency (-)
y Adiabatic index (-)
Subscripts
C Compressor
Cri Critical condition
D Diffuser
DS Displacement
e Evaporator
em Electrical mechanical
h Hot stream; heating mode
HX Heat exchanger
in Inlet
int Intermediate conditions
k Condenser
I Cold stream; cooling mode
m Mixing conditions
n Normal shock conditions
out Outlet
P Pump
P.i Pump inlet
pn Primary nozzle
P.o Pump outlet

r Ratio




sn Suction nozzle

t Total

v Volumetric

i After expansion condition
fg vaporization

Abbreviatures
COz-eq Equivalent carbon dioxide emissions
EES Engineering Equation Solver
GWP Global warming potential
HFC Hydrofluorocarbon

HP Heat pump
ODP Ozone depletion potential
PCM Phase change material

PVIT Photovoltaic thermal
RMSD Root-mean-square deviation
SAHP Solar assisted heat pump
SDEC Solar driven ejector compression system
TEWI Total Equivalent Warming Impact
BV Bypass valve
MECR Modified ejection-compression refrigeration cycle

1. Introduction

Population density increases and life evolution produces steadily increasing environmental pollution with
growing global energy demands. All of these factors require finding competitive and environmental-
friendly alternative energy sources. Energy efficiency enhancement is the most cost-effective and
competitive way to reduce CO,-eq emissions, improve energy security, and make energy more affordable
for consumers [1].

In March 2007, the European Council announced the initiative '20/20/20 targets', setting three ambitious
targets: 20% energy efficiency increase, 20% greenhouse gases emissions reduction, and 20% renewable
energy dependence increase [1]. On 15 October 2016, the meeting parties of the Montreal-Protocol agreed
to add HFCs to the list of controlled substances and approved a timeline for their gradual reduction by 80-
85% by late 2040 [2]. R134a is still one of the most used HFCs in refrigeration and air conditioning
applications, and because of its high global warming potential (GWP) value, it should be phased out.

Solar energy is clean, readily available, and renewable, and has received much attention in recent years due
to the growing global energy needs and concern for environmental degradation. The thermal heat collected
from solar energy usually has a moderate temperature, which cannot be used directly for heating.
Nevertheless, it can be used as a heat source for heat pumps, by coupling a flat plate collector or
Photovoltaic/Thermal (PV/T). This system, named solar assisted heat pump, absorbs less electric power in
comparison to conventional heat pumps. It can operate at higher evaporating temperatures than
conventional systems, which are based on fan-coil evaporators at temperatures 5-15 °C below ambient [3].

Up to date, a few studies assessed the improvement of the heat pump system efficiency and by using flat
plate collectors as a heat source for direct expansion heat pumps. Moreno-Rodriguez et al. [4] developed



and validated a theoretical model that showed that the highest coefficient of performance (COP) results in
warmer climates. Liu et al. [5] compared this system with a 160 kW gas-boiler for space heating at cold
climatic conditions. The solar-assisted system satisfied the heating demand with a 55% energy-saving.
Paradeshi et al. [6], using R22 and a glazed type flat-plate solar collector, concluded that the increase of
solar intensity, ambient air temperature, and collector area has a notable influence on system COP.

Then, some authors have carried out simulations to evaluate the performance of direct expansion solar
assisted heat pumps. Deng and Yu [7] simulated combined solar/air dual-source direct-expansion solar-
assisted heat pumps for domestic water heating applications with a flat-plate solar collector as the
evaporator. At low solar radiation (100 W.m), the modified system has a 14.1% higher average COP than
that of the conventional system with a 19.8% decrease in heating time. Kong et al. [8] used R410A to
simulate this system and obtained that the augmentation of both solar intensity and ambient temperature
has a positive influence on system COP and condenser heating capacity.

Besides, other studies investigated the performance of indirect expansion solar-assisted heat pump systems
with performance enhancement technics or alternative refrigerants. Cai et al. [9] considered systems
composed by two solar flat-plate collectors with an aperture area of 3.2 m2. The simulation could predict
the system performance with RMSDs (root-mean-square deviation) less than 5%. Youssef et al. [10]
observed that the use of a PCM (phase change material) heat exchanger has a significant influence on
system stability and performance. The average COP increasing on sunny and cloudy days were 6.1% and
14.0%, respectively. Lee et al. [11] experimentally proved that a system using R1233zd(E) has a higher
COP than that of R134a, but with lower heating capacity.

A few studies proved that the solar energy surplus collected by a PV/T panel and used as a heat source for
the heat pump evaporator could enhance the system performance. Dott et al. [12] evaluated combinations
of the solar absorber and PV/T with a heat pump for space heating and obtained that all situations enhance
the seasonal performance factor. Wang et al. [13] analyzed a PV/T solar assisted heat pump(PV/T-SAHP)
for cooling and heating applications. The PV/T-SAHP system presented higher exergy performance and
obtained that exergy consumption per investment unit can be decreased by installing solar cells of higher
heating capacity. Tsai [14] developed a PV/T solar-assisted R134a heat pump with a rated power of 1 kW
that proved that the solar electricity could provide the required heat pump compressor power. Del Amo et
al. [15] investigated the effect of a R134a heat pump coupled to a PV/T panels and storage tanks. This
combination improved by 12.5% of the electric generated per year, with a 56% improvement in the system
COP.

In the same way, the performance of combined PV/T heat pump systems can be improved by using multiple
heat sources. Wang et al. [16] studied the performance of a PV/T air dual-heat-source composite heat pump
with R22 as a refrigerant. The study concluded that this system provides higher performance. Qu et al. [17]
evaluated a solar PV/T integrated dual-source heat pump-water heating system using R134a as a refrigerant.
The results show that the hot water temperature modification has the worst effect on the system COP,
whereas the variation of the evaporator water inlet temperature has a positive effect. Kim et al. [18]
predicted the performance of a heat pump with several heat sources (air, ground and solar) for multiple
purposes: heating, cooling and domestic hot water. The simulation shows that the consumption power with
solar source was reduced between 13 and 19%, and between 1 and 3%, in comparison to those results
obtained with air and ground source heat pump, respectively.



The performance of PV/T solar assisted heat pumps can be enhanced with environmentally friendly
refrigerants. Bai et al. [19] presented a combined hybrid PV/T solar-assisted R410A heat pump that showed
a 67% energy saving compared to a conventional heating system. lzquierdo [20] studied an experimental
study for PV/T solar assisted R410A heat pumps that can reduce the COz-eq emissions when used instead
of gas-oil and natural gas boilers. Yao et al.[21] simulated a direct expansion solar assisted heat pump with
PV/T modules as evaporator coupled to a build-in PCM storage tank. The increase of solar radiation,
ambient temperature, and PV/T collector area have an enhanced effect on heating COP, which can be 70%
higher than that of a conventional air conditioning system.

Other studies used a modified design of a PV/T collector to enhance the thermal performance of the
combined heat pump system. Zhang et al. [22] considered a solar photovoltaic/heat-pipe heat pump system
for space heating or hot water generation based on R134a that improved COP. Lerch et al. [23] compared
arrangements of solar energy and heat pumps. The parallel arrangement has a significant increase in system
performance, reducing the total electricity consumption by 30% compared to a conventional system. Zhou
et al. [24] investigated the performance of a solar-driven direct-expansion R410A heat pump at the real-
time operational condition. The PV/T surface temperature is less affected by the ambient temperature,
whereas it was mainly affected by solar radiation. Zhou et al. [25] integrated a roll-bond-PV/T as an
evaporator. The thermal performance was affected by both weather conditions and by the heat pump
condensation temperature.

The combination of heat pumps with multiple heat sources showed benefits on the system performance.
Liu et al. [26] experimentally assessed a solar-assisted R22 heat pump using air and hot water as heat
sources, with the increase of outdoor air and the solar water temperature has a positive influence on both
heating capacity and COP. Zheng et al. [27] proved that solar assistance in ground source heat pumps
coupled with an air source significantly reduces energy consumption. Qiu et al. [28] performed a thermal
performance assessment for three combinations of solar assistance and heat pump for drying applications.
Solar-assisted heat pump drying system has a 40.5% consumption power saving. Zhou et al. [29]
experimentally investigated the performance of a hybrid space heating system, operated by a solar-heat
pump operates with R22 or gas. The option based on solar energy obtained the highest COP.

Energy, exergy and financial evaluation for solar-assisted heat pump system with different arrangements
can provide complete information for the development of these systems. Bellos et al. [30] concluded that
for an electricity cost ranged from 0.2 to 0.23 €/kWh, 20 m? PV panels coupled with an air source heat
pump was the most attractive financial solution. Fu et al. [31] found that solar-assisted heat pump mode
have the highest system exergetic performance, whereas the system operating has more energy savings, not
suitable for the case of weak solar radiation. In twenty different European cities, Bellos et al. [32] proved
that a solar-assisted heat pump system has the highest COP with 35% electricity savings than conventional
heat pump systems. Xu et al. [33] obtained that for R152a modified and conventional ejection-compression
refrigeration cycles, the generating temperature increasing has a positive influence on COP. Also, the
modified system can save more energy and has higher exergy performance than the conventional one.

Other simulation studies present the combination of the ejector-compression heat pump with solar energy
as a generator heat source for individual cooling or heating purpose. Dang [34] considered a combined
solar-driven R1234ze(E)-ejector R410A-vapor compression cycle, using a vacuum tube-type solar collector
as a heat source for the ejector system. The solar heat input increase has a positive effect on the COP, and



the system provides energy savings of 50% in heating mode, and 20% in the cooling mode. Chenet al. [35]
simulated the performance of a flat plate direct expansion solar ejector-compression heat pump for water
heating applications. They observed that both solar intensity and collector area increasing has an enhanced
effect on COP and heating capacity. Wang et al. [36] evaluated the performance of a solar-driven ejector-
vapor compression hybrid refrigeration system with a solar collector as a generator, and R1233zd(E),
R1336mzz(Z) and R245fa as the working fluids. The R1233zd(E) systems presented the highest heating
COP, followed by that of R245fa. Xu et al.[37,38] concluded that an ejection-compression R600a
refrigeration cycle with a flat plate collector as a heat source improves the system COP by 24% compared
to a conventional vapor compression cycle.

Waste heat is unutilized heat energy presents in many forms that dissipated into the environment associated
with many industrial processes, e.g. combustion, drying, heating, or cooling. The grand temperature of
waste heat varies with industrial processes ranged from low grade as 30°C to high grade more than 1000°C.
Accordingly, waste heat classified as low, medium and high-grade heat. The utilization of waste heat
represents a significant source of energy savings for industries. The low-grade waste heat utilized in
producing heating and cooling present system performance enhancement by operating at high evaporating
temperature. With increase the concerns to waste heat utilization. The overall system efficiency should be
improved by reducing the emission of greenhouse gases. In the vision of waste heat utilization, should not
be underestimated the sector of food and drinks processing. Owing to the most considerable portion of the
total industrial waste of 25% [39].

The dairy sector covers activities related to the treatment of milk for dietary use and milk-derived products
and by-products. In most countries, the dairy sector is the most important sector within the food industry.
Pasteurization is the primary process in the dairy sector. Through a thermal process, bacterial growth is
controlled, and the shelf life of milk and milk by-products prolonged. In dairy processing, there is a potential
heat disposition (waste heat) not currently used. For instance, the raw milk should be heated in the
pasteurization process to 75°C and then cooled to 30-35°C for preparing it to other steps of the product
(separation, curd, etc.) [40]. Many studies deal with energy consumption of dairy processing for different
countries, without any attention is paid to developments of using waste heat. Based on the literature review,
all systems were working only with solar energy, with extensive use of the greenhouse gas R134a.

Cooling and heating consumptions can be satisfied by the same industrial plant or even exchanged with
cooling and district heating networks. These are topics currently studied in many works because it is
supposed that fifth-generation cities and industries will consider this technical solution [41]. In this context,
the 2050 technology roadmap, of the International Energy Agency [42], recommended designing systems
with the ability to produce heating; cooling and domestic hot water simultaneously. These systems can
provide electric energy saving compared to simple reversible heat pumps that provide heating and cooling
separately (mono-function). The enhanced energy efficiency and higher energy savings are experimentally
proved by the works of Byren et al. [43], using prototype-heat pumps operating with R407C and R290, and
Dasi et al. [44], with a transcritical CO; ejector in a dairy industry.

In this work, we propose, simulate, and analyze a novel compound waste heat-solar driven ejector-
compression heat pump for cooling and heating purposes. In cooling mode, the heat pump is powered by
solar heat-driven and includes an ejector. However, for heating mode, the solar-assisted heat pump includes
a flash intercooler and waste heat utilization. Environmentally friendly refrigerants R450A and R513A are



considered and compared to R134a in both space heating and cooling applications. Moreover, the influence
of solar radiation is considered, including three different European cities as a reference, Valencia (Spain),
Berlin (Germany), and Stockholm (Sweden). Moreover, in both scenarios, the system utilizes waste heat
from three different sources: condenser waste heat recovery for systems with moderate consumption power
at zero solar intensity (overcast day conditions), PV/T waste heat with flat plate collector, and finally, milk
pasteurization waste heat. The model includes using real weather data to determine the hourly performance
of the system in three adopted cities in different seasons (summer and winter). The models are developed
in Engineering Equation Solver (EES) software. This work evaluates numerous system configurations to
provide a system able to operate by moderate consumption power with enhanced COP at overcast day
conditions. Then, it assesses future-proof alternative commercial refrigerants and gives a clear hourly
energetic assessment under real climate conditions in different seasons of representative European cities.
Finally, carbon footprint emissions savings are evaluated for the different combinations of systems,
refrigerants, and locations.

The main contributions of the present work are as follows

e Proposal of a novel compound waste heat-solar driven ejector-compression heat pump for cooling
and heating purposes with using low global warming alternative refrigerants to R134a.

e Waste heat utilization from three different sources PV/T flat plate, condenser waste heat and milk
pasteurization process.

e Evaluation the possibility of system operation in three different weather conditions cities, with
different seasons.

o Energy performance and carbon footprint comparison realized between the three proposed
scenarios with a traditional heat pump.

2. System description
2.1 Configurations

The system consists of a waste heat-solar driven ejector-solar assisted heat pump for simultaneous heating
and cooling purposes. It has been developed to operate in two scenarios, either cooling or heating modes,
with the utilization of waste heat for system performance enhancement. Both modes include a compressor,
condenser, pump, waste heat exchangers, expansion valve, flash tank, and evaporator as main components.

In cooling mode (Fig.1.a), the system also includes an ejector, an ejector pump, generator, and waste heat
recovery heat exchangers. The system uses waste heat from the PV/T panel as a heat source for the generator
and maximizes the PV/T power by decreasing the operating temperature. The waste heat exchanger uses
the condenser waste heat to enhance the system performance and provides the ability to operate the system
with enhanced COP at zero solar intensity (overcast day conditions). Both heat exchangers are actuated
separately according to the lift temperature. At lift temperatures above 40°C or solar intensity below 100
W.m, the second heat exchanger actuates whereas the first heat exchanger is isolated via actuating the
bypass valve (BV1). Furthermore, the remaining condenser waste heat is transferred by waste heat recovery
heat exchanger with brine water as transfer media to used for milk pasteurization process.



In heating mode (Fig.1.b and c), the system uses a heat exchanger between the flash tank and the condenser
outlet to increase the degree of subcooling, which leads to an increase of the cooling capacity with back
pressure valve for reducing the flash tank gas pressure to compressor suction pressure.

In the scenario of PV/T waste heat (Fig.1.b), the system absorbs heat from PV/T and flat plate collector as
system evaporator which leads to increase the performance of PV/T by reducing the operating temperature
and enhance the system performance by operating with high evaporator temperature.

In Fig.1.c scenario, the system recovers waste heat rejected from milk pasteurization process, in order to
upgrade this heat to useful temperature levels, which will have enough quality to enhance the heating system
performance by operating with high evaporator temperature. A waste heat recovery heat exchanger is
allocated between the product cooler of dairy plant and the system evaporator, acting as a heat source for
the current system evaporator, using water brine as heat transfer media. The absorbed heat is developed
with the compressor to a suitable temperature level, that is used for heating purposes. Moreover, this system
can use PV/T as an auxiliary evaporator in case of factory shutdown or periods with lower production.
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Fig.1. Schematic and P-h diagram for the proposed novel solar-driven ejector-compression system
for a) cooling, b) heating mode with PV/T waste heat and c¢) heating mode with milk waste heat

2.2. Working fluids

HFCs are the most used fluids for replacing ozone-depleting refrigerants. Among them, R134a is used in a
wide range of refrigeration and air conditioning applications, such as mobile air conditioners, domestic
refrigeration, heat pumps, water chillers, etc. The utilization of R134a has increased significantly over the
last ten years. However, according to Kigali Amendment to the Montreal Protocol, the production of R134a
should be pended in 2050. In the current study, two environmentally friendly refrigerants, R513A and
R450A are considered. Both present approximately a third of global warming potential value than R134a
and has shown promising results in other applications [45]. As a drop-in replacement to R134a, both R50A
and R513A show a comparable exergetic-energetic performance [46]. Moreover, both resulted in energy-
savings with higher refrigeration capacity without the need for redesigning the system [47]. But if the
system is adapted for R513A, the system performance could reach much higher performance than R134a
[48].

Table 1 shows the main properties of the selected refrigerants and compares it to R134a. It can be seen as
the proposed refrigerants has similar properties to R134a, and therefore, they can be considered as
alternatives. However, the minor differences observed will produce a variation in the system operating
parameters and energy efficiency. A complete assessment is required to evaluate, which is the most
convenient alternative for the proposed system.

Table 1. Main properties of selected refrigerants [49,50].

RE I EES Molecular weight Terit Perit P Vapor® Pliquid = GWPyo  Safety class
(g.mol™) (°C) (MPa) kg.m?3 kg.m?3 ° ASHRAE
R134a 102.0 101.1 4.05 14.44 1295 198.6 -26.0 0 1430 Al
R450A 109.0 104.4 3.82 13.22 1259 185.6 -23.1 0 605 Al
R513A 108.4 96.5 3.77 17.36 1224 175.8 -29.2 0 631 Al

2 At a temperature of 0 °C



2.3. Weather data

Household heating and cooling demand the most significant ratio of household energy consumption. In
Sweden, household heating represents 35% of total electricity consumption. In Germany, building heating
accounted for 41% of gas consumption. In Spanish, households heating represents 47% of total electricity
consumption [51]. Given the seasonal mismatch of the European continent and to predict the current system
operational feasibility over the European continent, three cities in different locations are investigated. These
are Stockholm (Sweden) is selected for representing cold climate European regions, Berlin (Germany) for
moderate, and Valencia (Spain) for warm locations (Table 2).

Table 2. Characteristics of selected locations [43].

Latitude Longitude Average normal solar irradiation Location
kWh.m2.year!
Valencia 39° 46’N 0.3763°W 1890 South
Berlin 52°52°N 13.40° E 979 Middle
Stockholm 59°20°N 18°E 1092 North

3. Methodology
3.1. System modelling

Fig.2 presents a schematic representation of the system strategy. EES (Engineering Equation Solver
software [49] is used to model the proposed system and introduce all the considered assumptions and inputs.
This software has built-in thermodynamic properties of different refrigerants and has flexibility for
modelling the system components. Moreover, the model also considers equations to evaluate the system
performance in different configurations, the influence of solar intensity, real climate data, and PV/T,
compressor speed, and ejector sub-models.



3.2 Boundary conditions and assumptions

For the three different considering scenarios, the condensing temperature is varied from 40 to 60 °C. In
contrast, to study the effect of ambient conditions on system performance, the ambient air temperatures and
hourly solar intensity of the investigated cities based on the real data of its locations[52] which will study
over the solar day time which considers as input parameters. For all the operating conditions, at heating
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Fig.2. Flow chart of system modelling a) heating mode b) cooling mode.

mode, the cooling media temperature difference across the evaporator is considered to be constant at 30 °C,
And the milk mass flow rate varied from 0.1 to 0.15 kg.s™.The refrigerant leaves the flash tank from the
upper side as saturated vapor and saturated liquid from the bottom. Besides, the temperature difference
between ambient air and cooling water is assumed to be 5K to reduce the heat losses from PV/T system to
ambient air[53][54], the pressure drop and heat transfer to the surrounding through the connection pipes
and across compressor are neglected. Table 3 contains the main assumptions and boundary conditions

Table 3. Assumptions and boundary conditions.

Parameters Assumed value
Condensing temperature 40 to 60 °C

ATcooling media 30°C




PVIT area 1.35*0.73*3 m?

Flat plate area 2.25*0.9*7 m?

rpm 1500-2900

Vbs 0.00011 m®

nn;nD; Nmx 0.8

Am/Apn 1.538 [38]

Nem 0.88

EHX 30%

LK 3% of refrigerant charge [55]

o 15 years

RT Valencia: 3244 hours cooling and 3110 hours heating; Berlin: 1728 hours cooling and 4339 hours
heating; and Stockholm 576 hours cooling and 5376 hours heating [52]

B Valencia:265.4 g CO2-eq.kWh!; Berlin:440.8 g COz-eq.kWh; Stockholm:13.3 g CO2-eq.kWh?
[56]

3.3. Equations

The compressor electric consumption can be evaluated by means of Eq. (1).
We = 11, he out = hein) (1)
The refrigerant mass flow rate delivered by the compressor is obtained by Eq. (2).
m = 1,pVpsrpm )

The volumetric compressor efficiency is calculated by using Eq. (3) this correlation has been proposed
from [57].

1y = 0.959 — 0.00642P. 3)

The heating capacity (condenser) is evaluated from Eq. (4) that considers the refrigerant specific enthalpy
difference across the condenser multiplied by the refrigerant mass flow rate.

Qi = 1 (hour — hicin) 4)
In the same way, the cooling capacity (evaporator) is obtained from Eq. (5).
Qe = m(he,in - he,out) (5)

Heat exchangers effectiveness can be obtained using Eqg. (6).

hin,h - hout,h (6)
Ex = 70— 3

hin,h - hin,l

The ejector operation is modelled following the work of one-dimensional analysis by Hung et al. [58]. For
sonic suction nozzle, the pressure can be calculated following Eq. (7).
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(M) (y+1): ]/+1 (7)
Psn 2

The temperature of the sonic suction nozzle can be evaluated by Eg. (8).

(L) 222 ®)

Tsn 2

The velocity of the primary nozzle stream can be obtained as indicated in Eq. (9).

CPH:\/Z Npn(Ap,o — i) ©)
The mixing section velocity can be obtained following Eq. (10).

(mpncpn + msncsn)nm = 7'hmxcmx (10)
At mixing suction and normal shock conditions, the Mach number can be evaluated by Eq. (11).

(11)

The pressure and temperature at normal shock conditions can be calculated as shown in Eqg. (12) to (14),
respectively.

P, 1+yM3
P, 1+yM2
T _ 2+ ()/ B 1)M12nx (13)
T 24 (y — 1)M?
Py _ [Un(l e 1]m (14)
P, 2 m
The ejector pump consumption power is obtained through Eq. (15).
W, = i, (hzwut — hp,in) (15)
The total system power is represented by Eq. (16).

The system coefficient of performance (COP) in cooling and heating modes results from Eq (17) and Eq.
(18), respectively.



cop, =2 (17)
t
cop, =2« (18)
We
Besides the possible energetic benefits, it is essential to determine the carbon emission of the system as
well. The Total Equivalent Warming Impact (TEWI) metric is used to determine the carbon footprint for
the proposed systems with each alternative refrigerant. The components of TEWI are 1) direct emissions
from accidental refrigerant leakages, and 2) indirect emissions from fossil fuel burning for generating the
electricity. As a result, TEWI is calculated through Eq.(19) [55].

TEWI = (GWP - LK - a) + (EC - B - RT) (19)

In the case of PV/T and flat plate as heat sources of the heat pump, models mentioned in Duffie et al. [59],
Zhang et al. [60], Al-Sayyab et al. [61] and Guoying et al. [53] are used to evaluate the system performance
under different solar intensity and ambient temperatures.

4. Results and discussion
4.1. Cooling mode
4.1.1. Effect of solar intensity

Fig.3.a) shows the variation of consumption power over the day in the scenario of the cooling mode. As the
sun rises, the consumption power gradually decreases with solar time increasing. It reaches the lowest value
for the maximum solar intensity. After this moment, the consumption power increases gradually with solar
time increasing, reaching its maximum at sunset.
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Fig.3. Effect of solar time on a) consumption power and b) COP.

The SDEC (solar driven ejector compression) system uses waste heat from PV/T as a heat source for the
generator. As a result of increasing solar intensity, the generator heat source is augmented too (Fig.4.a).
This effect reduces the required pump discharge pressure (Fig.4.b), so as the pump electric consumption
and system power. The system located in Valencia has the lowest consumption power because it has a
higher solar intensity than Stockholm and Berlin. Fig. 4.a helps in understanding that the R450A system
has the lowest consumption power compared to other investigated refrigerants. This is because it presents
a low refrigerant mass flow rate, which lowers power consumption.
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Fig. 4. Effect of different solar time on a) Heat generated (bars) left axis and solar intensity (curves)
right axis, and b) Pump discharge pressure and solar intensity.

The evolution of COP is contrary to the evolution of consumption power (Fig 3.b), so it increases gradually
with solar time. It reaches the maximum value, for instance, in Valencia at 1 P.M. Moreover, the cooling
capacity of the current system is not affected by solar intensity variation, operating at a constant compressor
pressure ratio. Hence, the pump consumption power decreases with solar intensity and explains why in
Valencia, the highest system COP is obtained. For any tested conditions, the system operated with R134a
has the highest system COP, followed by R450A and R513A. R134a has the moderate cooling capacity and
consumption power. At zero solar intensity, the current system provides a performance increase from 3.7
to 4, by using condenser waste heat recovery.

4.1.2. Effect of condensing temperature

The total power consumption at different condensing temperatures is presented in Fig.5.a). For all
investigated locations, the tested refrigerants have similar behavior. As the condensing temperature
increases, the consumption power also augments owing to the increase in pressure ratio and the required
pump discharge pressure. In this case, Valencia shows the lowest power consumption overall investigated
cities, influenced by the highest solar intensity. For all locations, R513A has the lowest total power
consumption, followed by R134a.
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Fig.5. Effect of condensing temperature on a) consumption power, b) pump power, ¢) cooling capacity,
and d) refrigerant mass flow rate.

Regarding the cooling capacity, the condensing temperature slightly decreases it, due to the reduction in
the latent heat of vaporization (Fig.5.c). The system using R513A has the highest cooling capacity, followed
by R134a and R450A, respectively. The influence of the refrigerant mass flow rate is also presented in
Fig.5.d).

As a result of condensing temperature increase, the system COP notably decreases (Fig.6) due to the
increase in power consumption, and the decrease in cooling capacity. The system in Valencia has the highest
COP due to the lowest operating power requirements. The system with R513A has the highest COP, with
an 11% COP enhancement compared to R134a.
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Fig.6. COP variation at different condensing temperatures.
4.2. Heating mode with PV/T waste heat
4.2.1 Effect of solar intensity

Fig.7 presents the variation of cooling capacity with solar time in January. The cooling capacity is
proportional to the solar intensity, and therefore, after the sunrise, this parameter increases until reaching a
maximum value around midday. The refrigerant R513A shows a slightly higher cooling capacity than
R134a due to the highest refrigerant mass flow rate. However, R450A cooling capacity reduction is more



notable in Fig.7. for the same reason. The system located in Valencia city has the highest cooling capacity,
owing to the highest solar intensity over the day.
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Moreover, at extreme solar intensity values (overcast day condition) liquid refrigerant droplets could access
to the compressor suction (in traditional thermostatic expansion valve (TEV), the turndown ratio is about
70% of maximum capacity)[62]. To prevent this situation, which can damage the compressor, relatively
high-pressure ratios must be avoided, a variable speed compressor is used.

Fig.8.a) presents the power consumption along the day and shows that it increases with solar time (as the
solar intensity increase) until forming a plateau at noon period. For the afternoon period, the compressor
power exhibits a contrary behavior with solar time increasing. This evolution can be explained by attending
to the fact that more solar energy (heat) is absorbed. Then, the evaporating temperature and pressure are
increased, as observed in Fig.8.b). The condenser pressure also varies, and the compressor pressure ratio
decreases, as shown in Fig.8.c).

The compressor speed needs to be augmented with the increase in solar intensity to prevent the refrigerant
starving (low refrigerant mass flow rate leads to a high degree of superheating). On the other hand, to
prevent evaporator overfeeding by refrigerant at low solar intensity, the contrary is occurring during the
afternoon.
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Fig.8. Assessment of solar time variation effect on a) compressor consumption power, b) evaporator
temperature, ) pressure ratio, and d) refrigerant mass flow rate.

The system in Valencia consumes more power than those systems located in the other selected cities, owing
to the highest availability of solar intensity. The system using R513A requires more power than that of
R134a despite presenting a lower pressure ratio, owing to a higher mass flow rate delivered (Fig.8.d). The
contrary happens to the system using R450A.

Fig.9.a) illustrates the variation of heating capacity over the day. While the system located in Valencia has
the highest heat delivered by the condenser, that located in Stockholm presents the lowest. Also, in this
case, the heating capacity is directly proportional to solar intensity. The system with R513A results in the
highest heating capacity in comparison with the other investigated refrigerants, owing to the highest
refrigerant mass flow rate.

Fig.9.b) evidences that all refrigerants have similar behavior regarding system COP, which is directly
proportional to solar intensity. The system located in Valencia has the highest COP in comparison to the
rest of the cities, being 31% and 22% higher than Stockholm and Berlin, respectively (when the system
operates with R134a). On the other hand, the alternative refrigerant R450A shows COP enhancement in all
tested locations, despite it has the lowest heating capacity. However, the lowest power consumption
provides an enhancement effect on system COP.
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Fig. 9. Effect of different solar time on a) heating capacity and b) system COP.



At constant condensing temperature, Fig. 10 gathers the influence on the system COP of several parameters,
such as the pressure ratio, solar irradiation, and ambient air temperature. The results consider R450A as a
reference, but it can be extrapolated to other refrigerants. Both solar intensity and ambient air temperature
increasing have a reduction effect on compressor pressure ratio, meanwhile that have enhanced influences
on system COP; this influence is notable for Valencia due to the highest solar intensity and ambient air
temperature.
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Fig 10. Effect of pressure ratio, solar irradiation, and ambient air temperature on system COP in a)

Valencia, b) Stockholm, and c) Berlin.
4.2.2 Effect of condensing temperature
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By setting solar intensity constant at midday, the variation of condensing temperature from 40 to 60 °C has
a slight influence on cooling capacity (Fig.11.a) by the decrease in the degree of subcooling. The higher
mass flow rate (Fig.11.b) for R513A justifies the highest delivered cooling capacity when considering this
alternative fluid.
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Fig.11. Effect of condensing temperature on a) cooling capacity, b) refrigerant mass flow rate, c)
heating capacity, and d) evaporating temperature.

Similarly, the heating capacity increases slightly at a constant solar intensity and condensing temperature
increasing (Fig.11.c). Meanwhile, this leads to a decrease in condenser degree of subcooling and an increase
in the evaporation temperature (Fig.11.d), which has a positive effect on the refrigerant mass flow rate. The
system with R513A has the highest heating capacity in comparison with other adopted refrigerants owing
to the highest mass flow rate.

As illustrated in Fig.12.a), the power consumption for all investigated refrigerants is directly proportional
to the condenser temperature, in compression, the system with R450A has the lowest power consumption
from other refrigerants, due to moderate mass flow rate (Fig.11.b) and the lowest pressure ratio (Fig.12.b).
While the system with R513A has the highest power consumption, owing to the moderate pressure ratio
and the highest mass flow rate, again, the system located in the city of high solar intensity (Valencia) has
the highest consumption power, due to the highest compressor speed requirement.
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Fig.12. Effect of condensing temperature on a) consumption power, b) refrigerant mass flow rate, c)
pressure ratio and d) COP.

On the other hand, the condensing temperature increase has the worst influence on system COP that evident
in Fig.12.c); also the system with refrigerant R450A has the highest system COP, while the refrigerant



R513A has the lowest in comparison with other refrigerants in spite of has the highest heating capacity, due
to the highest power consumption which has an adverse effect on system COP.

Finally, Fig.13 specifies the COP improvement (or decrease) of alternative refrigerants compared to R134a.
The environmentally friendly R450A shows a COP improvement over the adopted solar time of the three
selected locations. It ranged from 2 to 5% in Valencia (with the more evident influence of solar intensity),
1to 1.5% in Stockholm, and 2 to 2.5% in Berlin. Moreover, the use of R513A decreases COP in the range
of 5%.
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Fig.13. Alternative refrigerants system COP improvement at a) Valencia, b) Berlin, and c) Stockholm.

4.3. Heating mode with milk pasteurization waste heat

The last scenario considered in this paper is the heating mode using waste heat from milk production with
associated PV/T. In this case, one interaction is studied, the variation of milk mass flow rate.

Fig.14.a) presents the power consumption variation of the current system. This parameter is directly
proportional to the milk mass flow rate, and therefore, if milk mass flow rate grows, also consumption
power does. On the other hand, the increase of milk mass flow rate also causes a reduction in the pressure
ratio (Fig.14.b). At the same time, the required refrigerant mass flow also increases, but this parameter has
a significant influence on compressor power consumption. In this case, the system with R513A has the
highest power consumption, followed by R134a and R450A, respectively. Also, the system located in
Valencia has the highest power consumption in comparison with other tested cities, owing to the highest
solar intensity.
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Fig.14. Effect of milk mass flow rate on a) compressor power consumption and b) pressure ratio.

At constant solar intensity, Fig.15 clarifies the influence of milk mass flow rate and pressure ratio on
different refrigerants, considering the case of Valencia as the reference. The milk mass flow rate increasing
has a decreasing effect on the compressor pressure ratio of all adopted refrigerants. R450A show the lowest
pressure ratio in comparison with other refrigerants (Fig.15.b). The heating capacity increases with the milk
mass flow rate increasing because of pressure ratio decreasing and refrigerant mass flow rate increases both
have a positive effect on the heating capacity, as depicted by Fig.15. The system with R513A has the highest
heating capacity in comparison with other adopted refrigerants (owing to the lowest latent heat of
vaporization which increases the degree of superheat), followed by R134a and R450A, respectively.
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Fig.15. Effect of milk mass flow rate and pressure ratio on refrigerant mass flow rate and heating capacity
in Valencia for a) R1344a, b) R450A, and c) R513A.

b)

From Fig.16.a, it is evident that all adopted refrigerants have similar behavior, which is directly proportional
to the milk mass flow rate. The milk mass flow rate augmentation has a notable influence on system COP.
It is observed that for all tested refrigerants, the system located in Valencia has the highest system COP.
Meanwhile, the system with R450A shows system COP enhancement in all tested locations from the
reference case, owing to the lowest consumption power.

On the other hand, in comparison to a conventional heat pump system, the system in the current scenario
with using low global warming potential refrigerants have enhanced system COP (Fig.16.b). System COP



increase ranges from 40% to 75% in the case of R450A, whereas it varies from 33% to 65% for the other
alternative, R513A.
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Fig.16. Effect of milk mass flow rate variation on a) system COP, and b) COP enhancement.
4.4. Environmental comparison with conventional heat pump

As it has been proved in previous sections, the proposed system shows a system COP enhancement in all
representative locations. Moreover, the utilization of environmentally friendly alternatives decreases direct
COz-eq emission due to lower GWP values in comparison with HFCs. Therefore, the combination of both
factors can result in significant carbon footprint reductions, and TEWI metric has highlighted as an accurate
metric for comparing different scenarios [63]. For this simulation, a match in cooling or heating capacity
with the reference has been assumed. Then, other assumptions are mentioned in table 3.

Fig.17.a) shows the TEWI reduction of the proposed system in cooling mode and an R134a conventional
air conditioning (AC) unit taken as a reference for the summer season. The proposed system shows a
diminution of CO»-eq emissions with environmentally friendly refrigerants; being the system with R450A
the one with the lowest emissions. Meanwhile, for all selected refrigerants, the proposed system in
Stockholm shows the highest TEWI reduction than other representative cities, owing to the lowest
consumption power, besides of the short period required for system operations, in comparison with other
locations.

Fig.17.b) and Fig.17.c) illustrate TEWI reduction for heating mode with PV/T waste heat and milk
pasteurization waste heat, respectively, taking an R134a conventional heat pump as a reference. For both
scenarios, the proposed system with R450A obtained the highest TEWI reduction again, due to the
combination of a low GWP value and the lowest consumption power (highest COP). The carbon emission
reduction is higher in the case of milk pasteurization waste heat, considering the heat capacity match. Then,
the highest evaporating load leads to an increase in the evaporating temperature (and pressure). This causes
decreases the required compressor work with a positive influence on condensing heat capacity. Apart from
that, the conventional heat pump based on fan coil evaporator operates between 5 and 15 °C below ambient
air, explaining why Berlin has the highest TEWI reduction in case of milk pasteurization.
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5. Conclusions

In this work, we provide a novel system arrangement for cooling and heating purpose with waste heat
utilization by two scenarios from PV/T panels associated with using a waste heat recovery by a heat
exchanger, with enhancing the system performance and with increasing the ability of operates the system
with moderate consumption power at zero solar intensity (overcast day conditions). Another scenario of
heating mode is by using waste heat from milk production of the dairy processing plant with associated
PVIT.

For the cooling mode, the application of heat exchanger waste heat recovery enhances the system COP
from 3.7 to 4 at overcast day conditions and evening conditions. At noon conditions and using R134a, the
system that operates at the city of high solar intensity (Valencia) has increased COP by 41 to 43% in
comparison with Berlin and Stockholm, respectively. Then, this novel system arrangement using R450A
improves COP by 7% in comparison with conventional heat pump systems operates with R134a but
required more heat to enhance its performance in comparison to other refrigerants.

For heating mode, in the scenario of PV/T and flat plate, the system with R450A shows a COP improvement
over the adopted solar time of three different locations ranged from 2 to 5% in Valencia; 1 to 1.5% in
Stockholm and 2 to 2.5% in Berlin. Also, R513A shows a COP reduction in the range of 5% in comparison
to R134a. On the other hand, the solar intensity has a positive influence on cooling capacity, and R513A
shows the highest heating capacity, followed by R134a and R450A, respectively.

In a scenario of waste heat from milk production, the increase of the value of milk mass flow rate has
enhanced influence on system COP. In comparison to a conventional heat pump with R134a, the system
using R450A presents the highest system COP, with COP increasing by 75% at a milk mass flow rate of
0.15 kg.s™.

All evaluated systems show a marked reduction in carbon dioxide emissions. The most significant
environmental benefits are obtained when using R450A for heating mode with milk pasteurization waste
heat, in which the system decreases by 61.5% the CO-eq emissions in Valencia, 66.5% in Berlin and 64%
in Stockholm when compared with an R134a conventional heat pump.

This work has shown an example of a combination of different technologies to obtain a highly energy-
efficient system. Firstly, PV/T panels can be installed in a wide range of applications, as one of the most
widespread and scalable renewable energy sources. Secondly, we selected a flat plate collector and a dairy
processing plant as successful cases in which this complex configuration could be considered. However,
any other industry with comparable thermal requirements could be adapted to the proposed system



configuration and observe energy benefits, being able to apply most of the conclusions drawn by this paper.
Moreover, there are several ways to extend conclusions reached by this paper, such as an exergoeconomic
analysis for a better understanding of the benefits of the proposed system, optimizing the system
components to minimize the exergy destruction, or extending the analysis to more refrigerants with global
warming potential below 150.
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