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1. Introduction

The proton exchange membrane fuel cell (PEMFC)
uses an ion conduction polymer as electrolyte. Each
side of the electrolyte is bonded a catalyzed porous
electrode”. The PEMFC works at relatively low tem-
perature, typically 50 to 100°C, which allows a quick

Abstract >> In recent years, polymer electrolyte membrane fuel cell (PEMFC)
based cogeneration system has received more and more attention from energy
researchers because beside electricity, the system also meets the residential
thermal demand. However, the low-quality heat exited from PEMFC should be in-
creased temperature before direct use or storage. This study proposes a method
to utilize the heat exhausted from a 10 kW PEMFC by coupling a heat pump. Two
different configuration using heat pump and a reference layout with heater are
analyzed in term of thermal and total efficiency. The system coefficient of per-
formance (COP) increases from 0.87 in layout with heaters to 1.26 and 1.29 in
configuration with heat pump and cascade heat pump, respectively. Lastly,
based on system performance result, another study in economics point of view
is proposed.
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start. Besides, PEMFC is one of the most developed
fuel cells for domestic cogeneration of heat and pow-
er (CHP) system because of its low temperature op-
eration and high reliability”. PEMFC based CHP
system not only provides a high efficiency electricity
conversion, but also manages waste energy propetly,

leading to a reduction in primary energy use.
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During 1960s, the first PEMFC was developed by
General Electric in the United States for use by Nasa
for their space vehicles”. After many ups and downs
over the next 20 years, recently, it has received a lot
of attention again. Along with the miracle develop-
ment of electric vehicles, PEMFC has been studied a
lot for use on cars”, buses4), and even boat’. In CHP
application, Tokyo Gas firstly introduced their devel-
opment to Japanese customers in 2005, then its sec-
ond generation was also successfully launched into
the market in 2009

Heat pump system, as shown in Fig. 1, is a system
used to bring heat from a low temperature source to
higher temperature space”, being the opposite with
the direction of natural heat transfer. To measure ef-
ficiency of a heat pump system, coefficient of per-
formance (COP), which is the ratio between desired
heat output and input work, is used. The heat pump
COP formula is described by Eq. 1.

Output heat _ ﬁ
= (M)

c

COPrp= Inputwork

While:
Qc: condenser heat transfer

W.: compressor work

In the typical PEMFC based cogeneration ssystem,
h/ .

Compressor

< &

Evaporator Condenser

>

Expansion valve

Fig. 1. Typical heat pump system
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temperature of output heat is around 50 to 60C,
which is suitable only for direct residential uses, but
relatively low for thermal storage. In fact, the de-
mands for electricity and heat are not the same time,
so a heat tank is essential part for a residential CHP
system. Normally, using a heat pump to increase hot
water temperature before being supplied to heat tank,
will save lot of electricity compare to the conven-
tional way which uses heater”. Because according
reference, water source heat pumps typically have
COPs of 3 to 5, means that 67 to 80% of electricity
amount used for heating up water will be saved”.
With all above reasons, this paper introduces a co-
generation system in which a heat pump will be used
to heat up low temperature water exited from 10 kW
PEMFC for thermal storage. Moreover, two layouts
of heat pump system will be proposed, then coupled

with PEMFC for performance analysis.

2. System description and proposed
layouts

2.1 Reference system and assumptions

In this study, the electricity demand is assumed as
5 kW while maximum residential thermal demand is
20 kW.

Fig. 2 describes reference cogeneration system us-
ing heater to heat up cooling water exited from
PEMFC before supplying to heat tank for thermal

storage.
Wey
g Quw
NCVy, PEMFC Cooling water
A ldse pe a5°c ¥
Air C 60°C Electrical 70°C Heat tank
heater

Cathode exhaust l

Fig. 2. PEMFC based cogeneration system (reference)
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PEMFC with efficiency of 50% uses hydrogen to
generate electricity while 45°C water will be pumped
into PEMFC as cooling water. Going through a 65C
PEMFC, cooling water is heated up to 60°C. Then,
a heater is employed to heat up cooling water once
again to 70C to match temperature requirement at
heat tank. Finally, hot water realizes heat for thermal
storage, becoming 45°C water, then being recircu-
lated as cooling water. However, the electricity pro-
duced is not enough to heat up cooling water to
match 20 kW thermal demand; consequently, a gas
heater with efficiency of 90% is employed to cover
remaining demand.

Other assumptions and specifications used for the
PEMFC based cogeneration system are given in
Table 1.

Table 1. Assumptions and specifications used for the PEMFC
based cogeneration system

2.2 Proposed layouts

As discussed in section I, heat pump provides a
more efficient heating up method than that of heater.
However, COPs of heat pump depend dominantly on
refrigerant and operating pressures.

Because the heat tank requires input temperature
of 70°C, the refrigerant is required to operate at tem-
perature higher than 70°C, then condenses at 70C at
appropriate pressure. Among common refrigerants,
R134a, R22, and R152a become three most promis-
ing candidates. Besides, according reference, R152a
has superior thermodynamic characteristics to R134a,
leading to 20% higher energy efficiency in the same
refrigeration systemg). Fig. 3 shows the p-h diagram
of R152a. In addition, to condense at 70C, R152a
required lowest compressed pressure as shown in
Table 2 where R152a has least environmental impact
among three refrigerants. By considering all men-
tioned factors, R152a is selected as refrigerant for

heat pump layouts in this study.

Item Unit Value
Maximum electricity demand kW 5
Maximum thermal demand kW 20
PEMFC capacity kW 10
PEMFC operating temperature [© 65
Fuel type - Hydrogen
Electrical efficiency C 50
Conversion rate - 1
Heat to cooling water % 35
Heat to cathode off-gas % 5
Heat to anode off-gas % 0
Heat loss % 10 Fig. 3. P-h diagram of R152a°
Voltage A% 1.2
Cooling water input temperature T 45 Table 2. Characteristic of refrigerants
Cooling water output temperature C 60 Refrigerant candidates Rl134a| R22 |RI52a
Heat tank water inlet temperature [© 70 Comp. Outlet pressure (bar) 41 30 20
Heat tank water outlet temperature C 45 Ozone depletion potential (ODP) 0 0.05 0
Water pump isentropic efficiency % 70 Global warming potential (GWP) | 1,300 | 1,700 | 120
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2.2.1 PEMFC coupled with heat pump cogenera—

tion system (proposal 1)

As shown in Fig. 4, the hot water exited from
PEMFC is supplied to evaporator where refrigerant
evaporates completely by receiving transferred heat.
Then, gaseous refrigerant is compressed and pressur-
ized to 20 bars, coming to condenser to heat up wa-
ter from 45 to 70°C for thermal storage at heat tank.
After releasing heat, gaseous refrigerant condenses,
then becomes liquid refrigerant after exiting condenser.
The liquid refrigerant then goes to the expansion
valve where it expands, losing pressure and heat. The
cold liquid refrigerant exiting from expansion valve

absorbs heat at sub-evaporator for partial evaporation

before coming to evaporator for complete vaporization.
The heat supplied to heat tank comprises absorbed
heat at sub-evaporator and evaporator beside work
done by compressor. Consequently, the rate between
useful thermal energy and compression work in-

creases significantly.

2.2.2 PEMFC coupled with cascade heat pump

cogeneration system (proposal 2)

As shown in Fig. 5, the second proposal is a cas-
cade heat pump in which the sub-evaporator in the
previous layout is repalced by a sub-heat pump loop
in order to minimize compression work, leading to a
higher total system efficiency. Condensing temper-

ature in the sub-heat pump loop is set at 45C.

We,
NCVy,, . V Hot water
PEMFC c“”":fnwater We, Compressor We2  pump Quw
ydrogen A 45°C pump 45°C ¥
Air c 60°C 70°c | Heat tank
l Condenser
Cathode exhaust Water
Qy Sub- evaporator N

Expansion valve

Fig. 4. PEMFC coupled with heat pump cogeneration system (proposal 1)

We
NCV, Cooling water Wp,; V Hot water
e PEMFC pump Compressor We, pump Qe
ydrogen A 45°C 45°C s
Air c 60°C ( <> C 70°C | Heat tank
l Evaporator Condenser

Cathode exhaust W,
Water

Cond

Expansion valve

(Sub-evaporator)

valve

Fig. 5. PEMFC coupled with cascade heat pump cogeneration system (proposal 2)
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2.3 System thermal efficiency and COP

To measure the efficiency of a cogeneration sys-
tem, the system thermal efficiency is defined and
used. It is the percent of the both electricity and use-
ful thermal energy to input energy which is described
by Eq. 2.

Table 3. Performance results of 3 layouts

QH I~V+ E;L
NCV,y + Qut Wey

thermal ef ficiency =

)
where:
Quw : total heat transferred to heat tank
E, : remaining amount of electricity after being
consumed by devices in the system

NCVy, : net calorific value of hydrogen input

Item Sub item Unit Reference Proposal 1 Proposal 2
) Flow rate kg/h 0.6
Hydrogen input
NCVH2 kW 20
Air input flow rate Flow rate kg/h 85.7
PEMFC cooling water Flow rate kg/h 401.9
Hot water to heat tank Flow rate kg/h 401.9 723 723
Flow rate kg/h - 270 306
Compressor inlet temperature (¢ - 38.0 52.1
) Compressor inlet pressure bar - 43 8.9
Main loop heat pump S
Compressor outlet temperature C - 115.7 95.6
Compressor outlet pressure bar - 20.0 20.0
Condensation temperature (¢ - 70.0 70.0
Flow rate keg/h - - 144
Compressor inlet temperature (¢ - - 20.8
Compressor inlet pressure bar - - 44
Sub loop heat pump .
Compressor outlet temperature C - - 66.1
Compressor outlet pressure bar - - 11.0
Condensation temperature (¢ - - 45.0
Heat of ambient water Qw kW 0 8.8 9.0
Work done by gas heater Wan kW 9.2 0 0
Net electricity Ex kW 5.3 5 5.8
Thermal energy of hot water Quw kW 20 20.3 20.1
Quw
Hi P COP, = —~—— - 4. 4.
eat pump CO p E Wt E W, 07 80
System thermal efficienc T 0.87 0.88 0.89
Y y NCVy, + Qut Wy : : :
QH w + E;I
System COP 7NCVH7 W, 0.87 1.26 1.29
Qu+ Qu+E,
_ System COP 2T 0.87 1.70 1.74
(cooling water is a by-product) NCVy + Wy
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Qw : heat of water transferred at sub-evaporator

Wan : work done by gas heater

However, normally for system including a heat
pump loop the heat input is not considered because
it comes from ambient air or ambient water. Only
the pumping or blowing work are taken into account.
In scope of this paper, system COP is introduced and
defined as percent of the both electricity and useful
thermal energy to input fuel energy, described by Eq. 3.

_ Qut E, 3)
NCVy + Wey

cor
Besides, COP of heat pump itself is calculated to

compare performance of heat pumps loop, described
by Eq. 4.

QH w
WA W

COP,p= “)

where:
>Wc : total work done by compressors

>Wp : total work done by pumps

3. Results and discussion

Table 3 shows the performance results of the ref-
erence and two proposal layouts. All of layout match
demands of 5 kW for electricity and 20 kW for ther-
mal energy. There is not much difference in thermal
efficiency among all cases. In detail, the proposal
with cascade heat pump has highest thermal effi-
ciency of 0.89 while the reference layout gets lowest
number, 0.87. However, in fact, the system COP are
more meaning full in this comparison because the
heat from ambient water can be neglected. In this

point of view, both proposals with heat pump loop

Vol. 32, No. 5, October 2021

shows superior system COPs to that of layout with
heaters. From 0.87 at reference, the system COP
sharply increases to 1.26 and 1.29 at proposal one
and proposal two, respectively. Thank to heat pump
loop, a significant amount of heat from ambient wa-
ter can be absorbed to be refrigerant thermal heat,
then, released to hot water with a negligible pumping
work.

In both two proposed layouts, an amount of 20C
water is generated as by-product from ambient water
(257C). In the case this water is utilized, the cogener-
ation system can become tri-generation system while
the system COPs are even improved to 1.70 and 1.74
for proposal one and proposal two, respectively.
Thank to heat pump configurations which both have
COP greater than four, a significant amount of heat
from ambient water can be absorbed to be refrigerant
thermal heat, then, released to hot water with a negli-
gible pumping work.

Between two proposed layouts, the system with
cascaded heat pump always show better result but
not much superior while it is more complicated than
the system with normal heat pump. A further eco-
nomic analysis should be carried out to have a more

comprehensive comparison between two proposals.

4. Conclusions

This study has proposed and analyzed two cogen-
eration systems of PEMFC coupled with heat pump
loop in a comparison with a reference layout using
PEMFC and heaters.

The first conclusion is that the heat pump layouts
improve system COP noticeably, from 0.87 to 1.26
and 1.29. Especially, the system with cascade heat
pump show the best performance at all comparisons.

Secondly, if cooling water can be considered as a

by-product, the system COPs of two proposals are
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even significant improved to 1.70 and 1.74, respectively.
In that case, tri-generation systems should be in-
troduced and deeply developed.

Finally, a further economic analysis should be car-
ried out to have a more comprehensive comparison

between two proposals and reference configuration.
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