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Abstract: A tri-generation system combining cooling, heating, and power generation can contribute
to increased system efficiency and thereby reduce greenhouse gas emissions. This study proposed
a novel concept using 100-kW polymer electrolyte membrane fuel cells (PEMFCs) as the basis for
a tri-generation system with an integrated heat pump and adsorption chiller for greenhouse use.
Three configurations of heat pump loop were designed to recover the waste heat from PEMFCs and
used either for direct heating or cooling power generation in adsorption cooling. Analyses were
carried out in terms of primary energy rate (PER) and exergy efficiencies. Of those investigated,
the layout with a heat pump and internal heat exchanger demonstrated the best performance, with
PERs of the cooling and heating modes at 0.94 and 0.78, respectively. Additionally, the exergy
analysis revealed that the exergies are mostly destroyed at the expansion valve and evaporator due
to differences in pressure and temperature. These differences are minimized when the system layout
contains a cascade heat pump loop or an internal heat exchanger, thus resolving the problem of
exergy destruction. As a result, the total exergy destruction in the system was decreased from 61.11%
to 49.18% and 46.60%, respectively. Furthermore, the proposed configurations showed 36.1% and
31.4% lower values in terms of energy consumption compared with relevant works in the heating
mode and cooling mode, respectively.

Keywords: tri-generation; polymer electrolyte membrane fuel cell; PEMFCs; exergy; greenhouse

1. Introduction

In recent years, climate change has been become increasingly severe due to increasing
greenhouse gas emissions. Under this pressure, along with the need to find new, cleaner,
and more sustainable energy sources, the efficiency of energy systems must be improved
by recovering waste heat, such as through fuel-cell-based tri-generation plants.

In fuel-cell-based tri-generation plants, the waste heat from a fuel cell is used to supply
heat and run the heat-driven refrigeration cycle to produce cooling power. There are many
studies [1–7] of tri-generation systems focusing on fuel cells with high-quality waste heat
sources, such as phosphoric acid fuel cells, molten carbonate fuel cells, and solid-oxide
fuel cells, whereas their coupling with low-temperature fuel cells is relatively untapped [8].
Additionally, according to [9], more than 80% of the total estimated waste heat in the United
States is in the 77–300 ◦F (25–149 ◦C) temperature range. Though low-temperature waste
heat is low quality, it is present in sufficiently large magnitudes that its work potential
exceeds that of higher-temperature sources [9].

Baniasadi et al. investigated 10 kW polymer electrolyte membrane fuel cells (PEMFCs)
based on exegetic and exergoeconomic evaluations [10]. It was concluded that besides
operating pressure and temperature, fuel cell voltage can significantly affect the exergy
cost of the system. In addition, with an increase in the heat source temperature, the exergy

Energies 2022, 15, 7958. https://doi.org/10.3390/en15217958 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15217958
https://doi.org/10.3390/en15217958
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5057-4131
https://doi.org/10.3390/en15217958
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15217958?type=check_update&version=3


Energies 2022, 15, 7958 2 of 16

cost of chilled water decreases and the coefficient of performance (COP) of the absorption
chiller increases by more than 30%.

Chen et al. also studied a 5 kW PEMFCs-based residential tri-generation system with
absorption chiller [11]. The maximum efficiencies of the system were 70.1% in summer,
and 82% in winter.

In tri-generation systems or multi-generation systems, heat pumps were also used to
upgrade heat quality by increasing their temperature before instant use or storage. Khan et al.
developed a novel solar-assisted multi-generation system using high-temperature phase-
change material [12]. The heat pump was used to absorb heat from exhaust gas, then reject
desired heat to maintain the suitable temperature for the required heated area.

Bellos et al. used a multi-layer heat pump to pump heat captured from ambient air
to several desired temperatures and store them for further uses [13]. Electricity supplied
for the heat pump was volatile electricity from renewable energy sources. The stored heat
could be reconverted to electricity by using the Rankine cycle or direct uses such as space
heating and hot-water production. In addition, the system also produced cold storage at
0 ◦C for cooling.

Kim et al. studied a hybrid solar geothermal heat pump poly-generation system using
a water-to-water heat pump [14]. The design was demonstrated in Cheongju, Korea. The
heating load was 13.8 kW at an ambient temperature of −10.3 ◦C whereas the cooling load
was 10.6 kW at an ambient temperature of 32.3 ◦C. Its performance was compared with a
software-simulated design result.

As can be seen, the PEMFCs-based tri-generation system has been studied in the
literature; however, low-temperature PEMFCs have not received much attention compared
with high-temperature fuel cells in tri-generation systems because of low-temperature
waste heat, whereas a heat pump was used widely in tri-generation or multi-generation
systems to upgrade heat quality for either direct heating or other purposes.

As a novelty, this study proposes the combination of PEMFCs and a heat pump in a
tri-generation system in which PEMFCs produce electricity, and the heat pump absorbs
waste heat from the PEMFCs in order to increase its temperature for hot-water storage.
This hot water can be for direct use or for cooling power production using an adsorption
chiller. The tri-generation system is designed for a 4800 m2 greenhouse where electricity is
required for lighting; heating is for winter and cooling is for summer.

2. System Description and Parameters Used for Simulation
2.1. System Description

The main components of the proposed tri-generation system are PEMFCs, a heat
pump loop, an adsorption chiller, and an electric heat pump (EHP), described in Figure 1.
Natural gas is reformed in a steam reformer to obtain pure hydrogen for the PEMFCs stack.
In typical PEMFCs-based tri-generation systems [8,15], the temperature of the output water
is in the range of 50–60 ◦C, which is suitable only for direct residential use but considered
relatively low for use in heat-driven adsorption chillers, where the temperature is normally
60–95 ◦C. Consequently, in this study, the heat pump loop is used to utilize the waste heat of
55 ◦C cooling water exhausted from PEMFCs whereas the EHP is employed to produce the
remaining amount of required heat and cooling power for the greenhouse. Cooling water
is heated to the rated inlet temperature of 70 ◦C of a commercial adsorption chiller [16].
An electric heater can be used to elevate the temperature, but converting electricity to
low-temperature heat is not generally given consideration due to its inefficiency. This study
proposes the use of three heat pump loops in the design to bridge the temperature gap
between the PEMFCs and the adsorption chiller, as shown in Figure 1. Based on energy
and exergy analyses [17], the performances of the candidate layouts are evaluated for
comparison and selection. Inclusion of a heat pump in the system is suggested because it
can bring heat from a low-temperature source into a higher-temperature space [18], with
the direction being opposite to that of natural heat transfer. Moreover, a heat pump can
deliver an amount of heat equivalent to 3–5 times the consumed power.
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Figure 1. The layout of the proposed tri-generation system.

As discussed, a heat pump is more efficient than a heater; however, the performance
of a heat pump is predominantly dependent on the refrigerant and operating pressure.
As the adsorption chiller requires an input temperature of 70 ◦C, the refrigerant must
operate at temperatures higher than 70 ◦C, with subsequent condensation at 70 ◦C at an
appropriate pressure. Of the common refrigerants, R134a, R22, and R152a are the three
most suitable candidates. According to Bellos et al., R152a is the cheapest refrigerant; its
thermodynamic characteristics are also superior to those of R134a [19]. For instance, the
energy efficiency of a refrigeration system is 20% higher if it uses R152a instead of R134a.
Furthermore, for condensation at 70 ◦C, R152a requires the lowest compressed pressure, as
shown in Table 1. Essentially, R152a also has the lowest environmental impact of the three
refrigerants. Following consideration of all the aforementioned factors, R152a was selected
as the refrigerant for the heat pump layouts in this study.

Table 1. Refrigerant characteristics.

Refrigerant Candidates R134a R22 R152a

Comp. Outlet Pressure (bar) 41 30 20
Ozone Depletion Potential (ODP) 0 0.05 0
Global Warming Potential (GWP) 1300 1700 120

2.2. System Scale, Assumptions, and Specifications

In the present study, a 100 kW PEMFCs-based tri-generation system was used to
supply electricity, heat, and cooling power for a greenhouse, described in Figure 1. The
maximum heat load of the greenhouse is calculated using Equation (1).

Qmax = AgU(Tin − Tout)(1 − fr) (1)

where Qmax is the maximum heat load (kW), Ag is the greenhouse surface area (m2), U is
the heating load factor of glass greenhouses (kW/(m2 ◦C)), Tin is the indoor temperature
(◦C), Tout is the outdoor temperature (◦C), and fr is the thermal energy saving rate due to
thermal insulation coating.

The efficiency of the PEMFCs stack was assumed to be 50%, a commonly used value.
The PEMFCs mentioned in this study are a complete PEMFCs module including a fuel cell
stack, reformer, burner, and filter. It is fueled by natural gas and the calculated efficiency
is 37.1%. An adsorption chiller is used to supply cooling power for the greenhouse by
utilizing waste heat of cooling water exhausted from the PEMFCs. The rated power output
of the adsorption chiller is 72 kW, and the design COP is 0.5 [15]. The remaining required
cooling power and heat are supplied by a commercial electric heat pump (EHP) [20]. Other
assumptions and specifications used for the system simulation are listed in Table 2.
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Table 2. Assumptions and specifications for system simulation.

Component Specification Unit Value

Tri-generation system Lighting and control load kW 10

PEMFCs module

Capacity kW 25
Operating temperature ◦C 65
Fuel type - NG
Stack electrical efficiency % 50
Stack conversion rate - 1
Heat to cooling water % 35
Heat to cathode off-gas % 5
Heat to anode off-gas % 10
Heat loss % 20
Voltage V 1.2
Cooling water input temperature ◦C 45
Cooling water output temperature ◦C 55
Water pump isentropic efficiency % 70

Adsorption chiller

Coefficient of performance (COP) - 0.5
Rated output power kW 72
Rated water inlet temperature ◦C 70
Rated water outlet temperature ◦C 65

Greenhouse

Surface area m2 4800
Heating load factor of glass
greenhouse kW/(m2 ◦C) 0.00616

Winter indoor temperature ◦C 15
Winter outdoor temperature ◦C −15
Summer indoor temperature ◦C 25

2.3. Proposed Layouts and Description

The first proposed layout with a simple heat pump (case A) is described in Figure 2.
The 55 ◦C cooling water, stream 7, exiting from the PEMFCs, transfers heat to the refrigerant
in the main evaporator, EV1, and is cooled to 45 ◦C before returning to the fuel cell. The
gaseous refrigerant, stream 16, is pressurized to 20 bar and circulated through the system
by compressor C1. The highly pressurized refrigerant, stream 17, is cooled down by
65 ◦C water, stream 14, in condenser CD1. The condensed refrigerant, stream 18, then
passes through the expansion valve, V1, where it loses pressure and partially vaporizes.
The low-pressure (3.7 bar) refrigerant stream enters the sub-evaporator, EV2, and main
evaporator, EV1, to gain heat from water, stream 7, and then completely vaporizes before
arriving at the compressor for a new loop. In the condenser, the 65 ◦C water receives heat
from the refrigerant, is heated to 70 ◦C, stream 15, and is then ready to enter adsorption
chiller to generate cooling power, QC2. In addition, 25 ◦C water, stream 9, releases heat to
the refrigerant in EV2, is cooled to 15 ◦C, and provides additional cooling power, QC3, to
the system.

In order to reduce the compression work of the heat pump loop, the second proposed
layout (case B), with a cascade layout, is introduced in Figure 3. The sub-evaporator in the
first proposal is replaced by a cascade heat pump loop. The low and high pressure values
in the cascade heat pump loop are 3.7 and 11 bar, respectively; the low pressure in the main
loop is increased to 9 bar, with the compression ratio reduced from 5.4 in case A to 2.2 in
case B. Consequently, there is a decrease in compression work.
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Figure 4 shows the final proposed layout (case C), which aims to increase the overall
system efficiency by recuperating heat from a high-temperature stream. Though heat
is transferred to water in CD1, the temperature of stream 19 is still relatively high com-
pared with those of other streams in the system. Therefore, it is split into two streams.
The main stream, stream 20, enters the expansion valve V1, decreases in pressure and
temperature, and then increases in temperature by gaining heat from the sub-stream,
stream 24. The remaining stream passes through expansion valve V2, absorbs heat at EV2,
vaporizes, becomes compressed, and then mixes with stream 18 before entering the main
compressor, C1.
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3. Methodology
3.1. Energy Analysis

The conventional method for the energetic evaluation of a heating or cooling system is
based on the coefficient of performance (COP). However, this method is not suitable in the
case of a tri-generation system, where electricity is one of the outputs. Instead, the primary
energy rate (PER) is widely used as the decisive value for energetic analysis [21–25]. The
PER is defined as the ratio of primary energy demand to energy outputs, including heating,
cooling, and electricity. Consequently, the system with the lowest PER is the best system
with regard to energy consumption [25]. In this study, PER was calculated according to
Equation (2).

PER = LVHNG/(EL&C + QH + QC) (2)

where PER is the primary energy rate, LHVNG is the low-heat value of natural gas input to
the system, EL&C is the electricity for lighting and control, QH is the total heating power
output, and QC is the total cooling power output.

3.2. Exergy Analysis

Exergy is defined as the maximum theoretical useful work that can be obtained as
the systems interact while proceeding to equilibrium in which heat transfer only occurs
with the environment [20]. The total exergy (E) can be divided into four components of
physical exergy (EPH), chemical exergy (ECH), potential exergy (EPT), and kinetic exergy
(EKN). In the scope of this study, only the exergy in the heat pump cycle was calculated for
comparison among proposals. Consequently, the chemical exergy can be neglected because
there is no chemical reaction in the heat pump loops. In addition, the potential and kinetic
exergies can also be ignored [20] because the systems are at rest and located at low altitudes.
Consequently, only physical exergy is quantified and evaluated.

In the exergy analysis, the exergy of product (EP) and the exergy of fuel (EF) are
defined for each component. The exergy destruction (ED) is then calculated according to
the exergy balance, as shown in Equation (3). At the system level, the exergy loss (EL)
should be considered in the exergy balance, as described by Equation (4).

ED,k = EF,k − EP,k (3)
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ED,tot = EF,tot − EP,tot − EL,tot (4)

The exegetic efficiency is defined as the ratio of the exergy of product to the exergy of
fuel, as defined by Equations (5) and (6).

1. Component level:

εk = EP,k/EF,k = 1 − (ED,k/EF,k) (5)

2. System level:

εtot = EP,tot/EF,tot = (EF,tot − (ED,tot + EL,tot))/EF,tot (6)

The exergy destruction ratio shows the distribution of exergy destruction over each
component within the system, which is calculated using Equation (7). For the throttle
valves, only exergy destruction is considered. In this study, 0 ◦C and 1 atm were selected as
reference states for exergy calculation.

yk = ED,k/EF,tot (7)

In the systems in which several configurations are proposed for selection, in addition
to energy efficiency, exergy efficiency is another valuable indicator to justify the perfor-
mance of the system. Javadi et al. used exergy analysis combined with energy, economic,
and environmental analyses to compare three configurations of a combined-cycle power
plant integrated with a solar power tower system [26]. Hasani et al. used exergy destruc-
tion rate, net present value, and exergy flow diagrams to evaluate configurations of a
geothermal-based proton exchange membrane electrolyzer integrated with the organic
Rankine cycle [27].

4. Results and Discussion
4.1. Energy Analysis Results

The simulation results are summarized in Table 3. In all three cases, the fuel cells were
fed with the same natural gas rate in order to generate 100 kW of electricity; 10 kW was for
lighting and control, and 90 kW was for the heat pump loop and EHP. As the rated output
power of the adsorption chiller is 72 kW, the power supplied to the heat pump loop was
controlled to produce 144 kW of heat. The results show that the power for the heat pump
loop was the highest in case A, 39.7 kW, and dramatically decreased to 28.8 and 27.2 kW
in cases B and C, respectively. This can be explained by our integrating a cascade loop in
case B and an internal heat exchanger in case C. Further explanation can be derived based
on the exergy analysis result. The electricity saved in heat pump loops are spent for EHP,
leading to more heat and cooling power being produced in cases B and C than in case A.
As a result, the PERCooling decreases from 1.12 in case A to 0.96 in case B and to 0.94 in case
C, demonstrating the best performance in case C. The same trend can be seen in terms of
heating generation, where PERHeating in case C is 0.78, as opposed to 0.79 in case B and 0.82
in case A.

In addition, the total heating output of case A achieved only 98% of the target power
(312 kW), and those of cases B and C both generated output heat higher than the required
amount. The values of all streams are listed in Tables A1–A3 in Appendix A.

Primary energy rates of PEMFCs-based tri-generation systems are compared in Ta-
ble 4. It is shown that the primary energy rates of the proposed systems are significantly
lower than those in the studied works. It means that to produce the same amount of the
desired energy, the tri-generation systems in this study require less input energy than
those in the literature. For instance, in heating mode, the system in case C requires 36.1%
less energy than the system developed by Chen et al. [11]. While in cooling mode, the
energy saving ratio is 31.4% with the assumption that all the systems are at the same
scale. This can be explained by the fact that the proposed systems use a heat pump to
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produce high-temperature heat from waste heat. The COP of this single process is 3.63–5.29,
calculated from Table 3. In contrast, the other studies in the comparison did not use a
heat pump to increase the temperature of the cooling water before storage or use for the
adsorption chiller.

Table 3. Energy performance results of the proposed systems.

Unit Case A Case B Case C

Natural gas input rate kg/h 19.377 19.377 19.377

PEMFCs output power kW 100.0 100.0 100.0
Power for lighting and control kW 10.0 10.0 10.0

Power for heat pump system kW 39.7 28.8 27.2
Power for EHP kW 50.3 61.2 62.8

Total cooling power output (QC) kW 241.3 279.6 284.9
Cooling power by EHP (QC1) kW 132.4 161.1 165.2

Cooling power by adsorption chiller (QC2) kW 72.0 72.0 72.0
Cooling power by cooling water (QC3) kW 36.9 46.5 47.7

Total heating power output (QH) kW 305.2 340.3 345.1
Heating power by EHP (QH1) kW 161.2 196.3 201.1

Heat power by heat pump loop (QH2) kW 144.0 144.0 144.0

PERCooling - 1.12 0.96 0.94
PERHeating - 0.82 0.79 0.78

Table 4. Comparison of primary energy rate of tri-generation systems.

Case Study Primary Energy Rate Remark

Baniasadi et al. [10] 1.25–1.35 Overall COP 0.74–0.80
Chen et al. [11] 1.22–1.43 Overall COP 0.70–0.82

This study 0.78–0.94 Results of case C

4.2. Exergy Analysis Results

As all three proposed layouts differ only in terms of the heat pump loop design, exergy
analysis was only carried out for heat pump loops for their comparison. In addition, exergy
destruction was quantified and located for performance improvement. In this study, the
exergy of fuel for the total heat pump loop is defined as the sum of exergy input for all
pumps and compressors in the loop. In other words, the exergy of fuel is equal to the
amount of electricity provided to the heat pump loop. The total destroyed exergy is the
sum of the exergy destruction for each component.

The exergy flow diagram within the case A system is shown in Figure 5. At the
PEMFCs, 279 kW of exergy is supplied from natural gas for generating 100 kW electricity,
and 154.9 kW exergy is destroyed or lost. The cooling water receives 34.3 kW of exergy and
brings it to the main evaporator, EV1, where exergy is transferred to the heat pump loop.
However, at EV1, more than 80% of the exergy is destroyed because of the large difference
in temperature: 55 ◦C for the water stream on the hot side and 9.4 ◦C for the refrigerant
stream on the cold side. As a result, the exergy of the refrigerant flow through EV1 increases
by only 2.1 kW. The exergy flow of 23.1 kW takes place in C1, where 39.5 kW of electricity
is supplied to the system through compression work. The hot compressed refrigerant flows
to condenser CD1, where its exergy is transferred to 65 ◦C water from P2. As a result, the
refrigerant is condensed while the water experiences an increase in temperature to 70 ◦C
and then enters the adsorption chiller. The exergy flow again decreases in expansion valve
V1. As the flow pressure drops from 20 to 3.7 bar, 6.9 kW of exergy is destroyed. The
exergy flow is increased by 1.1 kW at EV2 before arriving at EV1 with the completion of a
single cycle.
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Figure 7 shows the exergy flow diagram of case C. Compared with case B, 1.2 kW 
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Figure 6 presents the exergy flow diagram for the case B system. The hot water that
flows from the adsorption chiller absorbs the same amount of exergy as that in case A,
increasing from 192.6 to 221 kW. However, thanks to the cascade heat pump loop, the
compression ratio of C1 decreases, leading to a reduction in the amount of electricity
consumption: 19.2 kW for C1 and 9.2 kW for C2. The power consumption of other
compressors and pumps is negligible. Due to the cascade heat pump loop, the difference
in pressure at V1 is also reduced, decreasing the amount of destroyed exergy. In addition,
a decrease in the destruction exergy ratio in EV1 allows the refrigerant flow to gain more
heat through EV1—8.8 kW in case B as opposed to only 2.1 kW in case A.
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Figure 7 shows the exergy flow diagram of case C. Compared with case B, 1.2 kW less
electricity is required for C2; the same amounts are supplied for C1 and P2. As a result, the
case C system has higher exergy efficiency than the case B system.
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The total exergy destruction ratios of the three proposed systems are described in
Figure 8. The exergy destruction in case A accounts for 61.44% of the fuel exergy, and the
proportion of destruction in cases B and C is only 49.18% and 46.60%, respectively. The
results clearly reflect the effects of improvements made in cases B and C.
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Figure 9 summarizes the exergy destruction ratio, yk, which is the ratio of the amount
of destroyed exergy in each component to the total fuel exergy. Overall, the exergy destruc-
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tion in the pumps can be neglected. In case A, most the exergy destruction occurs in EV1,
accounting for 22.01% of total fuel exergy due to a large difference in temperature between
the hot and cold sides. In case B, the low-temperature refrigerant stream gains much heat
from the cascade loop and increases in temperature before entering EV1. Consequently, the
exergy destruction ratio here was significantly reduced to 7.16%. Similarly, thanks to an in-
ternal heat exchanger in case C, the low-temperature refrigerant stream can recuperate heat
from the 70 ◦C refrigerant flow. As a result, the exergy destruction ratio in EV1 accounts for
only 7.47% of the total fuel exergy. The second remarkable portion of exergy destruction
occurs at the expansion valves. In case A, 17.34% of the exergy of fuel is destroyed at V1
because the pressure drops from 20 to 3.7 bar. In case B, due to the appearance of a cascade
loop, the low side of V1 is set to 9 bar, and at V2 in the cascade loop, the pressure drops
from 11 to 3.7 bar. The decrease in pressure ratio at the expansion valves reduces exergy
destruction. Subsequently, both valves are responsible for 10.37% of the fuel exergy being
destroyed, which is 7% less than that in case A. In case C, two-thirds of the refrigerant
drops in pressure from 20 to 9 bar in V1, and the remaining one-third drops to 3.7 bars in
V2 in order to mitigate exergy destruction through pressure loss. Consequently, only 8.99%
of the fuel exergy is destroyed through expansion valves in case C, the lowest value of the
three cases.
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The detailed exergy calculation results for all cases are listed in Appendix A
Tables A4–A6.

5. Conclusions

In this study, three different layouts of a heat pump loop integrated into a tri-generation
system for a greenhouse were proposed, evaluated, and compared: the first layout uses
a simple heat pump loop (case A), the second layout includes a cascade heat pump loop
(case B), and the third layout has an internal heat exchanger (case C). System simulation
was performed using appropriate assumptions and parameter settings. To facilitate un-
derstanding, the quantification and allocation of thermodynamic inefficiency and exergy
destruction were determined using an exergy-based analysis method.

The main results can be summarized as follows:

1. The proposed systems show the superiority of energy efficiency over those in other
relevant works because of the use of a heat pump to utilize the waste heat from
PEMFCs. In detail, it can reduce energy consumption by 36.1% and 31.4% in heating
and cooling modes, respectively, compared with relevant studies.
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2. All proposed systems essentially matched the demands for power and heat of the
4800 m2 greenhouse except the heating mode in case A, using a simple heat pump. In
this case, the generated heat was approximately 98% of the required heat.

3. Case C, with an internal heat exchanger, has the best performance with a PERs of 0.94
and 0.79 in cooling and heating modes, respectively. However, there is little difference
in energy performance between cases B and C. Economic and environmental analyses
should be conducted in ongoing studies for more comprehensive comparison of
configurations.

4. The exergy-based analysis clearly showed that exergy is mostly destroyed at evapora-
tors and expansion valves. In cases B and C, the difference in pressure at the expansion
valve is reduced by the cascade loop and the internal heat exchanger, respectively. In
addition, a higher pressure in the evaporator allows for a warmer refrigerant stream,
leading to a lower difference in temperature between the cold refrigerant and hot
water streams. Decreases in both the pressure difference at the expansion valves and
the temperature difference in the evaporator significantly reduced exergy destruction
in the systems of cases B and C compared with that of case A.
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Appendix A

Table A1. Stream data of case A.

Stream P T M Q

bar ◦C kg/s kW
01 1.00 25.00 0.01 0.29
02 1.00 25.00 0.26 6.50
03 0.97 82.05 0.32 28.23
04 1.00 45.00 1.68 315.77
05 1.05 55.00 1.68 385.78
06 1.00 55.00 1.68 385.77
07 1.10 55.00 1.68 385.80
08 1.07 45.00 1.68 315.77
09 1.00 25.00 0.88 92.34
10 1.05 25.00 0.88 92.34
11 1.00 15.00 0.88 55.51
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Table A1. Cont.

Stream P T M Q

12 1.00 65.00 6.88 1872.33
13 1.00 65.00 6.88 1872.33
14 1.15 65.00 6.88 1872.48
15 1.10 70.00 6.88 2016.50
16 3.60 13.73 0.56 290.40
17 20.00 99.78 0.56 329.40
18 20.00 70.00 0.56 185.38
19 20.00 70.00 0.56 185.38
20 3.70 9.78 0.56 185.38
21 3.65 9.37 0.56 220.37
30 100.00
31 50.33
32 49.67
33 39.67
34 10.00

Table A2. Stream data of case B.

Stream P T M Q

bar ◦C kg/s kW
01 1.00 25.00 0.01 0.29
02 1.00 25.00 0.26 6.50
03 0.97 82.05 0.32 28.23
04 1.00 45.00 1.68 315.77
05 1.05 55.00 1.68 385.78
06 1.00 55.00 1.68 385.77
07 1.08 55.00 1.68 385.79
08 1.05 45.00 1.68 315.77
09 1.00 25.00 1.11 116.26
10 1.03 25.00 1.11 116.27
11 1.00 15.00 1.11 69.89
12 1.00 65.00 6.90 1876.42
13 1.00 65.00 6.90 1876.42
14 1.05 65.00 6.90 1876.47
15 1.00 70.00 6.90 2020.76
16 8.90 45.48 0.60 323.65
17 20.00 89.26 0.60 342.91
18 19.97 70.00 0.60 198.62
19 19.97 70.00 0.60 198.62
20 9.00 39.62 0.60 198.62
21 8.95 39.41 0.60 253.63
22 3.65 17.22 0.19 100.29
23 11.00 70.55 0.19 108.92
24 11.00 45.00 0.19 53.92
25 11.00 45.00 0.19 53.92
26 3.70 9.78 0.19 53.92
30 100.00
31 61.23
32 38.77
33 28.77
34 10.00
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Table A3. Stream data of case C.

Stream P T M Q

bar ◦C kg/s kW
01 1.00 25.00 0.01 0.29
02 1.00 25.00 0.26 6.50
03 0.97 82.05 0.32 28.23
04 1.00 45.00 1.68 315.77
05 1.05 55.00 1.68 385.78
06 1.00 55.00 1.68 385.77
07 1.10 55.00 1.68 385.80
08 1.07 45.00 1.68 315.77
09 1.00 25.00 1.14 119.62
10 1.03 25.00 1.14 119.62
11 1.00 15.00 1.14 71.91
12 1.00 65.00 6.88 1872.33
13 1.00 65.00 6.88 1872.33
14 1.15 65.00 6.88 1872.48
15 1.10 70.00 6.88 2016.55
16 8.90 39.20 0.40 212.17
17 8.90 47.88 0.59 320.16
18 20.00 91.55 0.59 339.38
19 20.00 70.00 0.59 195.31
20 20.00 70.00 0.40 132.42
21 20.00 70.00 0.40 132.42
22 9.00 39.62 0.40 132.42
23 8.95 39.41 0.40 142.15
24 20.00 70.00 0.19 62.90
25 19.97 44.53 0.19 53.17
26 3.70 9.78 0.19 53.17
27 3.65 24.73 0.19 100.88
28 8.90 67.39 0.19 107.99
30 100.00
31 62.78
32 37.22
33 27.22
34 10.00

Table A4. Exergy calculation results of case A.

EP,k EP,k ED,k εk yk
kW kW kW % %

Pump 1 0.03 0.02 0.01 70.99 0.02
Pump 2 0.16 0.11 0.05 71.49 0.11
Pump 3 0.01 0.00 0.00 72.37 0.00

Compressor
1 39.48 34.68 4.80 87.85 12.09

Evaporator 1 10.83 2.10 8.73 19.41 22.01
Evaporator 2 2.51 1.07 1.45 42.47 3.65
Condenser 1 30.97 28.51 2.47 92.04 6.22
Expansion

valve 1 - 6.88 - 17.34

Total system 39.67 - 24.37 - 61.44
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Table A5. Exergy calculation results of case B.

EP,k EP,k ED,k εk yk
kW kW kW % %

Pump 1 0.02 0.01 0.01 70.99 0.02
Pump 2 0.05 0.04 0.02 71.69 0.05
Pump 3 0.00 0.00 0.00 72.23 0.00

Compressor
1 19.49 17.07 2.42 87.59 8.41

Compressor
2 9.19 7.6 1.60 82.59 5.56

Evaporator 1 10.83 8.78 2.06 81.00 7.16
Evaporator 2 3.16 1.54 1.62 48.76 5.63
Condenser 1 30.61 28.56 2.05 93.29 7.14
Condenser 2 8.30 6.91 1.39 83.27 4.83
Expansion

valve 1 - - 2.15 - 7.46

Expansion
valve 2 - - 0.84 - 2.91

Total system 28.77 - 14.15 - 49.18

Table A6. Exergy calculation results of case C.

EP,k EP,k ED,k εk yk
kW kW kW % %

Pump 1 0.03 0.02 0.01 70.99 0.03
Pump 2 0.16 0.11 0.04 71.69 0.16
Pump 3 0.00 0.00 0.00 72.23 0.00

Compressor
1 19.46 17.06 2.40 87.66 8.68

Compressor
2 8.02 6.6 1.40 82.49 5.08

Evaporator 1 10.83 8.77 2.07 80.91 7.47
Evaporator 2 3.23 1.35 1.87 41.88 6.77
Condenser 1 30.65 28.52 2.13 93.06 7.69
Internal HEX 1.69 1.21 0.48 71.65 1.73

Expansion
valve 1 - - 1.43 - 5.18

Expansion
valve 2 - - 1.05 - 3.81

Total system 27.67 - 12.89 - 46.60
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