
Energy Conversion and Management 276 (2023) 116503

Available online 5 December 2022
0196-8904/Crown Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Investigation of the integrated fuel cell, battery, and heat pump 
energy systems 

Nan Zhang , Yiji Lu *,1, Sambhaji Kadam , Zhibin Yu 1 

James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK   

A R T I C L E  I N F O   

Keywords: 
Integrated FCBEV 
Heat pump 
Fuel cell 
Advanced thermal management 
Battery 

A B S T R A C T   

The integration of an advanced fuel cell battery electric vehicle was proposed to extend the driving range, in-
crease the overall energy efficiency, and produce an additional cabin space heating service for on-board vehicle 
application in winter. The adopted heat pump absorbs heat from the fuel cell and battery during charging and 
discharging scenarios at the heat pump’s cold end and transfers it to the cabin supply air for cabin heating. A 
numerical model for the proposed system was developed and validated by published experimental results. A 
comprehensive evaluation of the influence of fuel cell output current, battery discharging rate, ambient air 
temperature, evaporator coolant inlet temperature and refrigerant subcooling degree on the Coefficient of Per-
formance (COP), outlet air temperature, and Equivalent Effective Battery Capacity (EEBC) were conducted. In 
addition, in this study, a detailed comparison of proposed system to previously published existing systems was 
carried out in terms of COP, heating capacity, EEBC, and operating price in order to examine the advantages of 
the proposed system. Results showed that the proposed system was not sensitive to ambient air temperature, but 
evaporator coolant inlet temperature had the greatest impact on COP, compared to other defined independent 
variables. A maximum COP of 6.07 could be observed when the evaporator coolant inlet temperature was 32 ◦C. 
Although increasing fuel cell output current and battery discharging rate could increase heating capacity, it 
would decrease outlet air temperature as well. The price of a single charging cycle for running for a 4-hour period 
was estimated. Compared to conventional Electric Vehicle Air Source Heat Pump (EVASHP) system and Positive 
Temperature Coefficient (PTC) heaters, the proposed system has the lowest cost which was £10.40per charging 
cycle while the others are £13.8 and £19.2 respectively when providing the same EEBC and heating capacity. 
Additionally, the payback period was 10,500 charging cycles. Overall, this study provides a potential solution for 
efficient cabin heating of electric vehicles in extremely cold weather with twice the EEBC of the existing EVASHP 
system and with 2.8 times of a PTC system both at − 20 ◦C and the operating price is also 1/3 lower than the 
existing EVASHP. Meanwhile, the COP of the proposed system is 2.3 times that of the existing systems. It can 
sufficiently increase the driving range of electrical vehicles in winter and eliminate driving range anxiety.   

1. Introduction 

Conventional internal combustion engine vehicles (ICEVs) signifi-
cantly changed the way people live and the quality of life. However, the 
pollution and CO2 emissions caused by vehicles cannot be ignored [1]. 
Current research efforts are directed toward phasing out the vehicles 
that are fuelled by fossil fuels and developing zero-emission vehicles 
instead [2]. Therefore, zero-emission vehicles such as battery electric 
vehicles (BEVs) and fuel cell electric vehicles (FCEVs), are attracting 
increasing attention worldwide. However, the heating demand for BEVs 

in the cold season, particularly in polar and sub-polar regions, faces a 
huge challenge due to the lack of waste heat compared to ICEVs. Zhang 
et al. [3] concluded that the heating load varies between 3.3 kW and 6.8 
kW at − 20 ◦C in terms of vehicle speed (see Table 1). 

Although the positive temperature coefficient (PTC) heater is the 
initial solution that can provide enough heat for cabin comfort [4], the 
reduction in driving range (around 50% [5]), caused during heating, 
results in a mileage concern for the driver [6]. The mobile air source 
heat pump (ASHP) which is widely used in residential space heating is 
seen as a good alternative to the PTC heater. It provides heat for space 
heating by extracting heat energy from the source with a lower 
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temperature [7]. However, due to the limited space in the vehicle and 
the COP of the essential heat pump, an ASHP system struggled to provide 
sufficient heat energy and the COP was marginally less than or greater 
than 2 in cold climates [8,9]. In order to improve the performance of the 
heat pump used in EVs, different approaches have been investigated and 
reported by scholars. For example, introducing vapour injection (VI) 

technologies to the system or investigating alternative working re-
frigerants. Qin et al. [10] designed an R134a vapour injection heat pump 
system for EVs with single and triple portholes on a scroll compressor. 
The proposed system can offer a heating capacity of 3.6 kW but with a 
low COP of 1.7, at the ambient temperature of − 20 ◦C. Nevertheless, 
when the ambient temperature increased to 0 ◦C, the COP increased to 2 

Nomenclature 

Symbols 
A area [cm2] for fuel cell [m2] for heat exchanger 
Ac circulation area [m2] 
BC battery capacity [kWh] 
Bo boiling number 
CO2 oxygen concentration at the catalyst interface 
CO convective number 
Cv EEV flow coefficient 
Dh hydraulic diameter [m] 
E entropy [J/kgK] 
F Faraday’s constant 96,485 [coulombs/mol] 
Fr Froude number 
g gravitational acceleration 9.8 [m/s2] 
G mass flux [kg/m2s] 
Ga Galileo number 
h heat transfer coefficient 
H enthalpy [J/kg] 
i current density [A/cm2] 
ifg enthalpy of vaporization [J/kg] 
I current[A] 
Ja Jakob number 
k conductivity 
l thickness [cm] 
ṁ Mass flow rate [kg/s] 
M molecular weight [kg/mol] 
Nu Nusselt number 
P partial pressure [atm] 
Pr Prandtl number 
Q heat [W] 
q′′ Heat flux [W/m2] 
R universal gas constant 8.31447 [kPa‧m3/(kmol‧K)] 
Re Reynolds number 
Rions ionic resistance 
Relectrons electronic resistivity 
Rm membrane specific resistivity 
T temperature [K] 
V voltage [V] 
W energy consumption 
X vapor quality 
Xtt turbulent-turbulent Lockhart Martinelli parameter 

Greek symbol 
γ wetting level of membrane 
ρ density [kg/m3] 
μ dynamic viscosity [Pa‧s] 
η0 overall surface efficiency 
ηisen isentropic effectiveness 
φ void fraction 
γ compressing ratio 

Subscripts 
act activation loss 
annular annular flow 
amb ambient 

bat battery 
c cold 
cell single fuel cell 
ch battery charging 
cl coolant 
comp compressor 
con concentration loss 
cond condenser 
dis compressor discharging 
dch battery discharging 
eva coolant 
ele electrons 
f fin area 
forced forced flow 
FC fuel cell 
h hot 
hp heat pump 
H2 Hydrogen 
H2O Water 
irr irreversible 
IHX internal heat exchanger 
l liquid 
lo liquid only 
m mean 
nernst nernst open circuit 
ohm ohmic losses 
O2 oxygen 
OC open circuit 
OHX external heat exchanger 
ref refrigerant 
rev reversible 
sub subcooling 
suc compressor suction 
tot total 
v vapor 
wall wall of heat exchanger 
wavy wavy flow 

Acronyms 
AC alternating current 
ASHP air source heat pump 
BEV battery electric vehicle 
COP coefficient of performance 
DC direct current 
EEBC equivalent effective battery capacity 
EEV electronic expansion valve 
EV electric vehicle 
EVASHP electric vehicle air source heat pump 
FCBEV fuel cell battery electric vehicle 
LMTD logarithmic mean temperature difference 
NEDC new European driving cycle 
PEMFC proton-exchange membrane fuel cell 
PTC positive temperature coefficient 
SOC state of charge 
VI vapour injection  
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with the same heating capacity and the maximum heating capacity of 
approximately 4 kW was achieved. Similarly, results from other research 
on the VI R134a heat pump systems also showed a heating capacity 
between 2.5 kW and 3.5 kW and a COP range from 1.5 to 2.5 from below 
− 20 ◦C to − 10 ◦C [11–15]. Therefore, the improvement effect of VI 
systems is limited, although it can improve the heating capacity to a 
certain extent, the COP cannot be improved significantly. Meanwhile, 
some scholars discussed the application of CO2 heat pumps for EVs. 
Wang et al. [16] investigated a CO2 heat pump with a series gas cooler 
for EVs in order to utilise the heat of mid-temperature refrigerant. At-20 
◦C, the novel CO2 heat pump system provided at most 6.8 kW heat and 
the COP was 2.2 with a 10Mpa discharging pressure. Compared to the 
traditional CO2 system, the suggested system improved the COP and 
heating capacity by 35% and 33.7% respectively. Dong et al. [17] pro-
vided an experimental study on CO2 EVs’ heat pumps, and concluded 
that the proposed system could supply up to 7.5 kW heat with a COP of 
2.16 and a compressor speed of 7500RPM at a temperature of − 20 ◦C. 
However, different from the R134a heat pump system, the COP of the 
CO2 system decreased with the increase of the ambient temperature 
[16,17]. Therefore, considering the heat pump in EVs as an isolated 
component makes it difficult to improve heating capacity and COP 
simultaneously. 

An electric vehicle is a combination of several subsystems such as a 
heat pump, battery pack, and motor. Hence, effective integration of such 
subsystems to recover heat and use it for cabin heating has the potential 
to increase the performance of a heating system of EV and eventually 
increase its driving range. However, most of the system-level thermal 
management systems were from cabin and battery cooling perspectives 
[18–20], and only a limited number of studies considered utilising the 
waste heat for heating. Tian et al. [21] assessed a heat pump integrated 
thermal management system that can collect the waste heat generated 
by the battery, motor and controller. They assumed that those compo-
nents could provide 2 kW waste heat at − 5 ◦C to 5 ◦C and with COP 
ranging between 2.05 and 4.71. Jeff et al. [22] carried out an analysis of 
the whole EV thermal system including motor, transmission, thermal 
battery, cabin exhaust, and battery waste heat and created 32 operating 
modes. The outcomes indicated that dynamically selecting operating 
modes could lead to an average energy saving of 14.8%. However, it 
should be noted that, in the Warmup cycle, none of the combinations 
met the requirement when the ambient temperature was at − 20 ◦C. In 
the case of the New European Driving Cycle (NEDC) test cycle, those 
combinations were useless once the temperature was below 0 ◦C. Ding et 
al. [23] developed a distributed multiple-heat source for a large electric 
vehicle. It used the waste heat from the battery and motor directly to 
heat the front and back of the vehicle. An air-source heat pump was 
introduced for the middle section of the vehicle. The results showed the 
proposed design could save 60% of energy when running for 2hours at 
–22 ◦C atmospheric temperature. As well as pure EVs, the fuel cell 
electric vehicle is also a solution for the zero-emission vehicle. Although 
electric vehicles integrating with fuel cells only accounted for less than 
1% of 2018′s vehicle market, it is expected to play a critical role in the 
future of zero-emission vehicles [24]. The fuel cell is a component that 
can generate heat and electricity at the same time. However, most of the 
research about fuel cells were from the fuel cell cooling aspect [25] and 
less attention has been paid to recovering and using waste heat from fuel 
cell along with the battery for cabin heating. Lee et al. [26] experi-
mentally investigated a coolant-source heat pump for fuel cell EVs by 

using a triple fluid exchanger and waste heat from the fuel cell and 
electric device. They suggested that using a coolant-source heat pump 
can improve the driving range by up to 10.8% compared to using a PTC 
heater. 

The literature indicates that thermal management of an EV based on 
an isolated heat pump system has been widely investigated only as an 
isolated heat pump system. However, the results illustrate that it is 
difficult to improve the heating capacity and COP simultaneously when 
considering the heat pump as an isolated component. Whilst there has 
been limited studies conducted into the heating solution from a sys-
tematic perspective, it has been shown that compensation from battery 
waste heat was still not sufficient for extreme cold weather although it 
could improve the COP in a mild-cold environment. 

Therefore, in extremely cold weather, the driving range of an electric 
vehicle is still significantly reduced due to the need for heating, since a 
large proportion of the electricity generated by the battery is consumed 
for the heating effect. Another issue is that most research to date has 
ignored the frost phenomenon on the outdoor heat exchanger (OHX) 
that occurs after prolonged operation of the heat pump, which can cause 
fluctuations in cabin temperature during defrosting. Furthermore, 
although fuel cells can provide certain waste heat, less attention has 
been paid to utilising them for cabin heating. Therefore, it is necessary to 
further investigate how to provide sufficient heat and more importantly, 
to provide a relatively high COP for EVs’ cabin heating at the same time 
under extremely cold conditions. Additionally, it is crucial to identify a 
way to avoid the OHX frosting. Meanwhile, management of the waste 
heat from the fuel cell to reduce the driving range deduction while 
heating the cabin also needs further investigation. 

In this context, in order to provide sufficient and stable heat to the 
cabin with high COP, this study proposes a heating system integrating a 
heat pump and battery. Based on the existing heat pump system, a small 
fuel cell stack is introduced as a backup to the system for effective 
thermal management of an EV cabin and thus increase the driving range. 
In this system, the waste heat generated by the fuel cell stack and the 
battery pack are considered the source of heat for cabin heating by using 
a coolant heat pump. A numerical model is developed in MATLAB, 
which comprised three interconnected sections namely, the heat pump, 
fuel cell cooling subsystem and refrigerant-based battery thermal man-
agement system. The heat transfer coefficient of plate heat exchangers 
and fin and tube heat exchangers for R134a, battery and fuel cell heat 
generation model and compressor in the subsystems are investigated 
and validated. End of the study, the performance of the proposed system 
is evaluated in detail in terms of the COP, the outlet air temperature, and 
the heating capacity. A comparison analysis is introduced by comparing 
the proposed system to a conventional system in order to examine the 
advantages of the proposed system. The investigation into the proposed 
integrated system will help tackle the heating problems of current BEVs 
and extend the driving range in extremely cold weather. This research 
will be useful for expanding the operating conditions of EVs and pro-
moting the development of EVs to create the net-zero world. This work 
integrates a heat pump, battery, and fuel cell together to utilise their 
waste heat which may not only be applied to a zero-emission vehicle but 
can also be of interest for domestic heat and electricity cogeneration. 

2. System description 

The schematic diagram of thermal management for proposed 
FCBEVs is shown in Fig. 1. Unlike existing systems that employ an air 
source heat pump to extract heat from the low-temperature ambient air 
with a PTC heater as a backup to cover the extreme cold weather, the 
proposed system in this study introduces a coolant source heat pump and 
a fuel cell system to replace the PTC heater in order to utilise waste heat 
and provide high-efficiency heat and electricity cogeneration for the 
vehicle. In the proposed system, waste heat from the fuel cell stack and 
the battery pack was utilised as a supplement for space heating. The 
green line, in Fig. 1, represents the R134a refrigerant flow cycle. After 

Table 1 
Value of empirical parametric coefficient of activation losses [28].  

Parameter Value Unit 

α1 − 0.944 V 
α2 3.54 X 10-3 V/K 
α3 80 X 10-5 V/K 
α4 − 1.96 X 10-4 V/K  
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the expansion valve, the refrigerant first passes by the battery pack. The 
battery thermal management system is designed as a refrigerant-based 
cooling system. The refrigerant flows through the battery pack to 
absorb the waste heat generated during the battery charging and dis-
charging process. The refrigerant then enters a counter-flow plate-type 
evaporator where heat is absorbed from the coolant (red line) coming 
from the fuel cell stack and converted into complete vapour. The coolant 
comes out of the plate heat exchanger and then goes back to the fuel cell 
stack to cool down the fuel cell continuously. The function of the 
accumulator is to separate gas and liquid refrigerant to make sure only 
vapour-phase refrigerant can access the compressor. After the process-
ing of the compressor, pressure, and temperature both increases. The 
high-pressure and high-temperature refrigerant runs into the fin-tube 
type crossflow internal condenser. In the condenser, the refrigerant 
undergoes a heat transfer procedure with the feeding air which will be 
supplied to the cabin to achieve thermal comfort. The refrigerant from 
the internal condenser flows past the expansion valve and the cycle 
continues. The cabin supply air sourced from the environment first flows 
across the external fin and tube-type heat exchanger for pre-heating by 
recovering heat from the hot water produced during the fuel cell reac-
tion represented by the blue line. Operating parameters should be 
adjusted, such as lowering the fuel cell current output to avoid the 
freezing point of the water inside the external heat exchanger due to the 
heat transfer with the cold ambient air. Subsequently, the pre-processed 
cabin supply air passes over the internal heat exchanger before entering 
the cabin. 

The air intake for the fuel cell comes from the ambient environment 

and is compressed to high pressure and high temperature by an air 
compressor (not shown in the diagram) before flowing into the fuel cell 
stack. H2 for the fuel cell comes from the onboard hydrogen vessel. 

The electricity flow operating in the proposed FCBEV with a heat 
pump is shown in Fig. 2. A fuel cell stack of required capacity is installed 
in the areas where pure BEV battery packs have been installed, which 
generates current during the proton exchange procedure between H2 
and air cross proton-exchange membranes. The fuel cell output current 
is passed through a DC/DC converter to amplify its voltage to the battery 
pack level. The Li-ion battery pack still works as the main engine that 
supplies power to the motor, compressor and other electrical compo-
nents that are not included in Fig. 2 such as pumps and fans through a 
DC/AC inverter. However, unlike the common BEVs, the battery pack 
can be simultaneously recharged on-board by the current generated by 
the fuel cell in the proposed FCBEV. 

3. Model development 

3.1. PEM fuel cell heat generation model 

The heat generated by the fuel cell is a by-product produced while it 
is generating power, hence the heat generation model of a Proton- 
exchange membrane fuel cell (PEMFC) can be introduced by using 
electro-chemical and thermodynamic theories. The amount of heat 
generated from a single fuel cell is defined by current and voltage as Eq. 
(1): 

Fig. 1. Schematic diagram of the heat pump assisted thermal management system for fuel cell backup battery-powered electric vehicles.  

Fig. 2. Schematic diagram of fuel cell backup battery-powered electric vehicles.  
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QFC = (Vnernst − Vcell) × IFC (1)  

where Vnernst is the Nernst open-circuit voltage, Vcell is the voltage of the 
single-cell and IFC is the current generated by the single fuel cell. The 
equation of Nernst open circuit voltage is expressed as Eq. (2), where PH2 

is hydrogen partial pressure, PO2 is oxygen partial pressure and TFC is the 
temperature of the fuel cell[27]. 

Vnernst= 1.228 − [0.85×10− 3 × (TFC − 298.15) − 4.3086 × 10− 5 × TFC

× ln
(
PH2 × PO2

0.5) (2) 

The voltage of a single fuel cell Vcell can be presented as shown by Eq. 
(3). 

Vcell = Vnernst +Vact +Vohm +Vcon (3)  

where Vact , Vohm and Vcon are activation losses, ohmic losses and con-
centration, respectively. The term Vact is presented as a function of ox-
ygen concentration at the catalyst interface CO2 , IFC and TFC as given by 
Eq. (4), Mann et al. [28]. 

Vact = α1 + α2 × TFC + α3 × TFC × ln(CO2 )+α4 × TFC × ln(IFC) (4) 

The value of CO2 can be obtained from an expression of Henry’s law 
[29]. 

The Vohm is defined as shown by Eq. (5). 

Vohm = − I × (Rions +Rele) (5) 

where Rele is the electronic resistivity which can be ignored [30] 
while Rions as the ionic resistance is a function of membrane specific 
resistivity Rm, membrane thickness lFC and membrane surface area AFC, 
as given by Eq. (6) [31]. 

Rions =
Rm × lFC

AFC
(6) 

In which: 

Rm =
181.6 × [1 + 0.03 ×

(
IFC
AFC

)
+ 0.062 × (TFC

303)
2
×
(

IFC
AFC

)2.5

[γ − 0.634 − 3 ×
(

IFC
AFC

)]
× e

[4.18×

(
TFC − 303

TFC

)] (7) 

The value of γ is determined by the wetting level of the membrane, 
and is 0, 14, and 23 for dry, saturated and oversaturated membranes 
[31]. 

The final term on the right-hand side of Eq. (3) Vcon is calculated as 
given by Eq. (8) [32]. 

Vcon =
3 × R×TFC

4 × F
× ln(1 −

iFC

iFC max
) (8)  

where R is the universal gas constant and F is Faraday’s constant, iFC is 
the current density of the fuel cell and iFC max is the maximum current 
density which is assumed to be equal to 2.2 A/cm2 [33]. 

iFC =
IFC

AFC
(9) 

The consumption of hydrogen and water generation during fuel cell 
stack reaction are given in Eq. (10) and Eq. (11) [34]. 

ṁH2 =
IFC × MH2 × NFC

2 × F
(10)  

ṁH2O = ṁH2 ×
MH2O

MH2

(11)  

where MH2 and MH2O are the molecular weight of H2 and H2O. Air and H2 
utilization in this model are assumed to be 100%. 

The operational and geometrical details of the fuel cell are provided 
in Table 2. The model of the fuel cell heat generation is verified with the 
experimental results of Liso et al. [33] and exhibits a deviation of 5%, as 

shown in Fig. 3. 

3.2. Battery thermal model 

The heat generation of a battery cell can be divided into two parts, 
which are irreversible heat Qirr and reversible heat Qrev [35]: 

Qbattery = I2
ch/dch × Rch/dch
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

irr

− I ch
dch

× Tbat ×
dEOCbat

dTbat⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
rev

(12)  

where Rch/dch is the internal thermal resistance of a single battery while 

charging or discharging. dEOCbat
dTbat

, is called the entropy coefficient. The 
experimental data of both of these two parameters under different State 
of Charge (SOC), temperature, and the specifications for battery are 
obtained from ref. [36]. The battery pack was designed based on the 
Tesla Model S released in 2013 with a 60-kWh pack. The details are 
presented in Table 2 [37]. 

The thermal model of the battery is validated by examining the heat 
generation while discharging and the internal resistance is calculated 
while charging and is compared with Liu et al. [36], as shown in Fig. 4(a) 
and (b) respectively. The predicted heat generation deviates by ±10% 

Table 2 
Parameters for fuel cell model and battery [37].  

Specification Value Unit 

Fuel cell 
Fuel cell Operating temperature TFC 65 ◦C 
Inlet O2 pressure PO2 2.5 atm 
Inlet H2 pressure PH2 2.4 atm 
Current output IFC 190–230 A 
Number of cells NFC 40 / 
Area of cell AFC 285.8 cm2 

Thickness of cell lFC 5.1X10-3 cm  

Battery 
Battery capacity 8 Ah 
Battery voltage 4.2 V 
Number of batteries 1764 / 
Number of batteries in series for one module 6 / 
Number of batteries in parallel for one module 21 / 
Number of modules 14 / 
SOC 0.5 / 
Battery operating temperature 30 ◦C 
Voltage of battery pack 352 V 
Battery pack capacity 60 kWh  

0 50 100 150 200 250 300
0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
 Predicted voltage
 Data from Liso et al. [33] 

Vo
lta

ge
 (V

)

Current (A)

Fig. 3. Validation of fuel cell heat generation model.  
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compared to Liu et al. [36] and predicted internal resistance is well 
within the error band of ±5%. 

3.3. Heat transfer model of heat exchanger 

The evaporator adopts a counter-flow plate heat exchanger. The 
refrigerant flows from one side while the coolant flows from the other 
side. Whereas, the internal air-cooled fin and tube type of heat 
exchanger is considered as a condenser and the external ones for waste 
heat recovering from H2O is seen as the evaporator. The geometrical 
information of the three heat exchangers considered in the proposed 
FCBEV is presented in Table 3. 

The same amount of heat absorbed or released by the primary 
refrigerant in the heat exchangers is exchanged with the secondary fluid, 
as the heat loss between the heat exchanger and the atmosphere is 
negligible. Hence, the heat balance across heat exchangers is expressed 
as shown in Eq. (13) to (15). 

Qeva/cond/OHX = ṁcl/air/H2O × Cpcl/air/H2O × ΔTcl/air/H2O (13)  

Qref = ṁref × (1 − Xinlet) × ifg (14)  

Qeva/cond/OHX = Ueva/cond/OHX × Aeva/cond/OHX × LMTDeva/cond/OHX (15)  

where the logarithmic mean temperature difference (LMTD) is described 
as: 

LMTD =
ΔT1 − ΔT2

ln(ΔT1/ΔT2)
(16)  

with 

ΔT1 = Th,inlet − ΔTc,outlet (16a)  

ΔT2 = Th,outlet − ΔTc,inlet (16b) 

It should be noted that for cross-flow a correction factor should be 
imposed to Eq. (16) and the value of the correction factor can be ob-
tained from ref. [38]. 

The overall heat transfer coefficient for a plate heat exchanger, i.e. 
evaporator, can be calculated as below: 

1
Ueva

=
1
hcl

+
1

hevaref

+
δwall

λwall
(17)  

where δwall and λwall are thickness and thermal conductivity of the plate, 
respectively. The two-phase heat transfer coefficient correlation for the 
refrigerant side is expressed as [39]: 

heva ref = 1.055 ×
[
1.056 × Co− 0.4 + 1.02 × Bo0.9]× Xm × hlo (18)  

where Co is the convective number and Bo is the boiling number, 
defined as. 

Co = (
ρv

ρl
)

0.5
× ((1 − Xm)/Xm)

0.8 (19)  

Bo =
q’’

wall

Gref eva × ifg
(20)  

in which ρv and ρl are the density of vapour and liquid refrigerant, Xm is 
the mean vapour quality in the evaporator. q’’

wall is the heat flux through 
the wall, Gref eva is the mass flux of refrigerant in a plate-type evaporator 
while ifg is the enthalpy of vaporization. 

Single-phase heat transfer coefficient correlation hlo was modified by 
[39] based on [40]: 

hlo = 0.2875 × Re0.78 × Pr1/3 ×
kl

Dh
(21)  

where Dh is hydraulic diameter, kl is the conductivity of liquid refrig-
erant, Re is the Reynolds number and Pr is the Prandtl number. 

For the coolant side, the single-phase heat transfer coefficient was 
conducted as [40]: 

hcl = 0.2121 × Re0.78
cl × Pr1/3 × (

μm

μwall
)

0.14
×

(
kcl

Dh eva

)

(22)  

in which μm and μwall are calculated based on the average bulk fluid and 
wall temperature in the evaporator. For fin and tube heat exchanger i.e. 
condenser, the overall heat transfer coefficient is shown as: 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

7

8  Joule heat [36]
 Predicted Joule heat
 Total heat [36]
 Predicted total heat

B
at

te
ry

 2
C

 d
is

ch
ar

gi
ng

 h
ea

t g
en

er
at

io
n 

(W
)

SOC
（a)

4 6 8 10
2

4

6

8

10
 Predicted resistance at 25oC
 Predicted resistance at 5oC
 error +5%
 error -5%

Pr
ed

ic
te

d 
ba

tte
ry

 c
ha

rg
in

g 
in

te
rn

al
 re

si
st

an
ce

 (m
Ω
)

Experimental battery charging internal resistance (mΩ) [36]
(b)  

Fig. 4. Validation results of the battery thermal model under discharging (a) and charging (b) scenarios.  

Table 3 
The specification of heat pump components.  

components Specification Value Unit 

Fuel cell evaporator type Plate heat exchanger / 
Number of plates 110 / 
Plate size 120 × 330 mm2 

Channel space 2.9 mm 
Internal condenser type Fin-Tube / 

inner diameter 7 mm 
Internal area 2.086 m2 

External area 8.344 m2 

Air preheat condenser type Fin-Tube / 
Inner diameter 8.2 mm 
Internal area 0.2865 m2 

External area 0.3725 m2 

Inverter Compressor type Scroll / 
Displacement 27 cc/rev 
Compressor speed 3000–5000 rpm  
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1
UcondAcond

=
1

η0 × hair cond × Ac
+Rwall +

1
η0 × href cond × Ah

(23)  

where Ac and Ah are the surface areas of the cold side and hot side 
respectively and η0 is the overall surface efficiency which equals to: 

η0 = 1 −
Af

Atot
×
(
1 − ηf

)
(24)  

in which Af and Atot stand for total fin area and total area respectively 
and ηf is the efficiency of a single fin which can be located in [38]. 

Two different heat transfer principles for the refrigerant side are 
calculated below [41]. For wavy flow: 

Nuwavy =
0.23 × Re0.12

v ref

1 + 1.11 × X0.58
tt

× [
Ga × Prl

Jal
]
0.25

+ cos− 1(2 × φ − 1)/π × Nuforced

(25)  

Nuforced = 0.0195 × Re0.8
l × Pr0.4

l ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1.376 + c1/Xc2
tt

√

(26) 

When 0 < Frl ≤ 0.7, Eq. (27a) and (27b) apply: 

c1 = 4.172+ 5.48 × Frl − 1.564 × Fr2
l (27a)  

c2 = 1.773 − 0.169 × Frl (27b) 

When Frl > 0.7 Eq. (28a), (28b) apply: 

c1 = 7.242 (28a)  

c2 = 1.655 (28b)  

while for annular flow: 

Nuannular = 0.023 × Re0.8
l × Pr0.4

l ×

[

1+
2.22
X0.89

tt

]

(29) 

In Eqs. (22) to (29), Xtt is the turbulent-turbulent Lockhart Martinelli 
parameter, Ga is the Galileo number, Frl is the Froude number, Jal is the 
liquid Jakob number, φ is the void fraction. Expressions of those pa-
rameters are shown below: 

Xtt = (
ρv

ρl
)

0.5
× (

μl

μv
)

0.1
× (

1 − Xm

Xm
)

0.9 (30)  

where μ is dynamic viscosity. 

Ga = g × ρl × (ρl − ρv) ×
D3

h

μ2
l

(31)  

Frl =
G2

ref cond

ρ2
l × g × Dh

(32)  

Jal = Cp ref l × (Tcond − Twall)/ifg (33)  

in which Cp ref l is the specific heat at constant pressure for liquid 
refrigerant, Tcond and Twall is the condensing temperature and wall 
temperature respectively. The void fraction was described as [42]: 

φ = [1 +
1 − Xm

Xm
×

(
ρv

ρl

)2
3

]
− 1 (34) 

Heat transfer coefficients on the refrigerant side of the condenser can 
be calculated from Nu: 

Nuwavy/annular =
hcond ref × Dh

kl ref
(35) 

For the air side, a simple heat transfer model was adopted as intro-
duced in ref [38]: 

hair cond = C × Rem
air × Pr1/3 (36)  

where the constants C and m are listed in Table 4. 
The verification of the evaporator and condenser are illustrated in 

Fig. 5. (a) and (b) according to the experimental outcomes achieved by 
ref. [40] and ref. [41], respectively. For both heat exchangers, all pre-
dicted values fall with an error band of ±10%. 

3.4. Compressor model and electronic expansion valve (EEV) 

The compressor with variable speed is adopted in the current anal-
ysis and the quadratic relation between pressure ratio γ and refrigerant 
mass flow rate is developed using data from ref. [43]. The correlation is 
shown in Eq. (37). The results were validated by ref. [44] as shown in 
Fig. 6. and the specification of the compressor is shown in Table 3. 

γ = − 1566 × ṁ2
ref + 218.83 × ṁref − 3.4801 (37) 

The mass flow rate through the EEV is calculated from ref. [21]. 

ṁEEV = CvAc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 × ΔPEEV × ρref in

√
(38)  

where Cv is the flow coefficient, Cv = 0.02005×
̅̅̅̅̅̅ρin

√
+ 0.634/ρout ; Ac is 

the circulation area. 

3.5. Simulation procedure 

Each model described above is coupled to form the proposed thermal 
management system based on the following assumption.  

(1) Coolant temperature at the outlet of the fuel cell stack was fixed i. 
e. 30 ◦C.  

(2) The pressure drop across heat exchangers and inside pipe and 
heat loss between the heat exchanger and surroundings are 
neglected.  

(3) Fuel cell stack’s heat loss was ignored, but the heat loss of the 
battery pack was calculated under a constant airspeed of 0.5 m/s, 
according to the investigated battery discharging rate.  

(4) The power consumption of the fan and pump were omitted and 
the inlet air flow rate would not be affected by the vehicle speed.  

(5) The difference between the minimum temperature of the coolant 
in the evaporator and R134a evaporating temperature is assumed 
as constant i.e. 2 ◦C. 

(6) The refrigerant at the evaporator outlet is assumed as the satu-
rated vapour and an accumulator was installed before the 
compressor to make sure only gas can enter the compressor. 

The thermal management simulation model of the proposed FCB-EV 
has been organised as presented in Fig. 7. The model is developed in 
MATLAB and the thermal properties are obtained by coupling REFPROP 
with MATLAB code. The simulation started from the PEMFC thermal 
management side in order to dissipate all the heat generated from 
PEMFC and to be utilised by the cabin heating system. The cooling ca-
pacity of the cold end of the heat pump will be adjusted based on the fuel 
cell power output and battery discharging C rate. So, with the increasing 
or decreasing waste heat generation, our system’s capacity will also be 
changed to make sure the thermal equilibrium of the fuel cell stack and 
battery pack to avoid overcooling or temperature increase in them. In-
dependent variables were selected based on actual application scenarios 

Table 4 
Constant of C and m in Eq. (36) for cross flow.  

Reair C m 

0.4–4  0.989  0.330 
4–40  0.911  0.385 
40–4000  0.683  0.466 
4000–40000  0.193  0.618 
40000–400000  0.027  0.805  
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(including ambient temperature, PEMFC current output, battery dis-
charging rate, subcooling degree, and coolant inlet temperature of the 
evaporator), and their operating range in the simulation are listed in 

Table 5. Other parameters, including coolant mass flow rate, refrigerant 
mass flow rate, evaporating and condensing temperature etc. were in-
termediate dependent variables after the size of the evaporator, 
condenser and compressor were set. Those intermediate dependent 
variables would change to independent variables and the value of those 
intermediate dependent variables would be finalized by 6 iterative loops 
nested within each other. Fuel cell cold startup scenarios are not 
considered in this research. But there are some potential solutions to 
tackle it. For example, the quick and safe cold startup for the fuel cell 
stack can be achieved at − 15 ◦C by electrochemical self-heated method 
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Fig. 5. Validation results of the heat exchanger heat transfer coefficient model.  
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Fig. 6. Validation results of the simplified compressor model [44].  

Fig 7. Flow chart of proposed system simulation.  

Table 5 
Operating conditions in the simulation.  

Parameter Value Unit 

Ambient temperature (Tamb) − 25 to 5 ◦C 
Coolant inlet temperature at the entrance of evaporator 

(Tcl_eva_inlet) 
27 to 33 ◦C 

Fuel cell current output (IFC) 190 to 230 A 
Battery discharging rate (Cdch) 0.19 to 

0.26 
C 

Subcooling degree (Tsub) 0 to 4 ◦C 
Refrigerant R134a / 
Coolant Egl-5050 /  
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[45] or using a heat pump and PTC heater [46] powered by battery as 
supplements when facing more severe conditions. 

The proposed model was assumed to be converged when energy 
balances across heat exchangers as represented by Eq. (13) to (15) were 
achieved. 

3.6. Performance indicators 

COP is a critical performance for heat pump-based heating systems, 
as it will be affected by any of the parameters inside the system. The COP 
of a heat pump system is calculated as Eq. (39). 

COP =
Qheat

Wtot
(39)  

in which Qheat is the effective heat that can be input to the target area 
which equals to Qcond while Wtot is the total power consumption that 
equals the compressor power consumption Wcomp in this case. The 
expression of Wcomp is shown as below: 

Wcomp =
(Hdis − Hsuc)

ηisen
(40)  

where Hdis and Hsuc are the enthalpy of R134a at suction and discharging 
point respectively, ηisen is the isentropic effectiveness of the compressor 
which is assumed to be 0.67 [43]. 

Equivalent effective battery capacity (EEBC) is a newly defined 
performance index which is used to evaluate how much equivalent 
battery capacity can be used for driving usage in one charging cycle. The 
expression of EEBC is shown in Eq. (41). 

EEBC = BC − Whp +FCch (41)  

where BC, Whp and FCch are the initial battery pack capacity, power 
consumption of the heat pump system, and supplemental battery ca-
pacity by fuel cell charging respectively. 

4. Results and discussion 

This section presents the influence of several operating variables 
such as ambient temperature, PEMFC current output, battery discharg-
ing rate, subcooling degree and coolant inlet temperature of evaporator 
and working fluid on the performance of the proposed FCBEV. The input 
ranges of the variables are presented in Table 5. 

4.1. Effect of fuel cell output current 

Fuel cell output current is a crucial parameter that decides the on-
board battery charging speed. Fig. 8(a) illustrates the impacts of the fuel 
cell current output on outlet air temperature and COP. It shows that the 
cabin air inlet temperature inversely correlated with changes in fuel cell 
output current while the COP increased with the increase of fuel cell 
output current. The reason for this change can be explained in detail 
using Fig. 8(b) and (c). When the fuel cell current output increased, the 
waste heat from the fuel cell stack increased and vice versa as shown in 
Fig. 8(b). According to assumption (5), LMTD was a single-valued 
function of evaporator coolant outlet temperature according to Eq. 
(16) to (16b). The higher the LMTD the lower the evaporator coolant 
outlet temperature would be. In order to dissipate all the heat generated 
inside the fuel cell stack and keep its temperature stable, the evaporator 
coolant outlet temperature decreased relatively to match the increasing 
fuel cell current output based on Eq. (15). However, because of the 
difference in growth rate between ΔTcl in Eq. (13) and LMTDeva in Eq. 
(15), the coolant mass flow rate descended to compensate it in order to 
achieve energy conservation as shown in Fig. 8(c). Although the evap-
orating temperature decreased in terms of the evaporator coolant outlet 
temperature, Fig. 8(c) demonstrates the refrigerant mass flow rate 

changed significantly from 0.048 kg/s to 0.039 kg/s for the given range 
of fuel cell output current. However, it was not sufficient for the 
increased cooling load of the FC stack. As a result, the vapour quality 
before the evaporator decreased by over 50% to increase the latent heat 
that was needed during evaporation as shown in Fig. 8(b). The average 
vapour quality in the evaporator dominates over the refrigerant flow 
rate during the evaporating procedure, resulting in a reduction in 
vapour quality [40]. Since more heat would be released through the 
internal condenser, increasing the air mass flow rate was the only way to 
raise the condenser’s overall heat transfer coefficient when the inlet air 
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temperature could not be significantly changed. Hence, the air tem-
perature decreased for the sake of increasing the air mass flow rate. 
Furthermore, with the decrease in the mass flow rate of refrigerant, the 
compressing ratio should decrease correspondingly and cause an in-
crease in COP. Meanwhile, it should be noted that when the fuel cell 
output current exceeded a specific value, 217 A in Fig. 8(a), the outlet air 
temperature would be lower than the coolant temperature out of the fuel 
cell stack. This means if the fuel cell output current exceeded a specific 
point, the outlet air temperature of the proposed system may not provide 
a higher outlet air temperature than using coolant heating the cabin 
directly. Therefore, fuel cell current has an important impact on heating 
capacity, outlet air temperature, and COP. In order to provide not only 
enough heating capacity but also to supply air at a high temperature, the 
fuel cell current output must be well controlled when other parameters 
stay constant. 

4.2. The impact of battery discharging rate and subcooling degree 

Fig. 9 presents the impact of battery discharging rate on outlet air 
temperature, outlet vapour quality and COP while other independent 
parameters were kept constant. As shown in Fig. 9(a), the vapour quality 
for the battery and evaporator both decreased with the increase in 
battery discharging rate because of the rise of the battery’s cooling de-
mand. Notably, the vapour quality difference between battery inlet and 
evaporator inlet increased. The main reason for this was the proportion 
of heat generated by the battery increased. With the increasing waste 

heat from the battery, more liquid refrigerant should transfer into 
vapour status. Similar to the fuel cell current output, battery discharging 
C rate also had a negative impact on outlet air temperature due to the 
increased air flow rate. Fig. 9(b) illustrates an opposite relationship 
between heating capacity and battery discharging C rate compared to 
heating capacity and fuel cell current output. With the battery dis-
charging rate varying from 0.195 to 0.26, the system’s heating capacity 
slightly decreased from 6.37 kW to 6.14 kW. One of the main reasons is a 
reduction in work undertaken by the compressor. Although the system 
can absorb more waste heat from the battery pack, the decreasing 
refrigerant mass flow rate due to the descending inlet vapour quality led 
to a lower compression work and the decrease is greater than the in-
crease in waste from the battery pack. In contrast, as shown in Fig. 9(b), 
the COP increased with the increase of the battery discharging rate. The 
large increase in COP was mainly caused by the limitation of the sub-
cooling degree. From Fig. 10, it can be seen that when there was no 
limitation of the subcooling degree, the cycle could run as shown in the 
yellow. With a small decrease in the subcooling degree, the system 
achieved the target with little change. However, when the subcooling 
degree was set as unchangeable at 0 ◦C, both the compressing ratio and 
evaporating temperature declined and led to a significant increase in 
COP. Hence, when the vehicle is accelerating, it would be better to in-
crease the fuel cell output within the allowable operating range in order 
to compensate for the negative impact on heating capacity caused by the 
increasing battery discharging rate. 

Fig. 11 describes the influence of the condenser subcooling degree 
when other independent variables are kept constant. It can be seen in 
Fig. 11(a), the outlet air temperature increased with an increase in the 
subcooling degree, but the trend of COP was the opposite. When the 
subcooling degree increased from 0 K to 4 K the condensing temperature 
increased by 10.3% correspondingly in order to increase the vapour 
quality after the adiabatic process of the throttle valve. For the sake of 
satisfying the cooling demand of the fuel cell and battery pack, the 
refrigerant mass flow rate increased as well due to the increase in vapour 
quality. Because of the constant current output from the fuel and 
ambient temperature, the inlet air temperature of the condenser did not 
change to some certain value, which meant the last term LMTDcond in 
Eq. (14) on the right-hand side increased as the condensing temperature 
was the only variable in this equation. In addition, because of the rising 
refrigerant mass flow rate, the heat transfer coefficient on the refrigerant 
side also increased. Reducing the air mass flow rate was the only way to 
control the Ucond in Eq. (14) to maintain the condenser’s conservation of 
energy. Furthermore, the total amount of heat transferred through the 
condenser increased as a result of the introduced subcooling. Hence, the 
air temperature was raised as the degree of subcooling increased ac-
cording to Eq. (13). However, although a certain degree of subcooling 
could slightly increase the heat release, the power consumption of the 
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compressor due to the increase of refrigerant mass flow rate was much 
higher than that part of heat. The increase in compressing power 
dominated the change in COP and caused a 43% decrease in COP. The 
application of subcooling could be decided depending on the operating 
scenario. For example, if the passenger gets into the vehicle, body 
heating, such as hands and feet is more likely to have priority. In this 
case, adjusting the subcooling degree can help passengers feel 
comfortable quickly. Moreover, Fig. 11(b) displays the operating range 
when varying the subcooling degree. When the subcooling degree varied 
from 0 to 2, the operating range raised from 190A to 220A to 200A- 
237A. This is because when the fuel cell current output increases, the 
evaporation temperature of the proposed system decreases to achieve a 
larger temperature difference inside the evaporator, but a certain degree 
of subcooling can reduce the refrigerant temperature at the condenser 
outlet to reduce an evaporation decrease in temperature. It can be 
concluded that the higher the fuel cell and battery pack cooling de-
mands, the higher the subcooling degree needed. Additionally, a higher 
subcooling degree can also offer increased flexibility to the system. 

4.3. Effect of ambient temperature and coolant inlet temperature 

Ambient air temperature used to be a very crucial parameter for 
BEV’s air-source heat pumps. Qin et al. [47] experimentally investigated 
the performance of an air source R134a heat pump for EV at − 20 ◦C. As 
shown in Fig. 12, the heating capacity and the COP of Qin’s vapour 

injection heat pump system varied by 31% and 52% respectively with 
respect to the change in ambient temperature. However, the proposed 
heat pump system in this study showed a stable advantage compared to 
the traditional air source heat pump in BEV discussed in ref [47]. When 
the ambient temperature decreased, the heating capacity did not change 
significantly because the heat source in our study was the waste heat 
generated from the fuel cell stack and battery pack which was not sen-
sitive to the ambient temperature. Meanwhile, based on the assumption 
(3), that the fuel cell heat dissipated to the external environment was not 
considered, only the battery pack’s heat loss was calculated. Further-
more, although the COP of the proposed system decreased with the drop 
in ambient temperature, the variation was only between 4.48 and 4.31 
when the ambient air temperature changed from 5 ◦C to − 25 ◦C. The 
reason for the slight difference in COP was that the lower ambient 
temperature led to a higher LMTDcond. So according to Eq. (13) and Eq. 
(15), the airflow rate increased, and, correspondingly, the refrigerant 
mass flow rate reduced a little. Hence, the compressor power con-
sumption also decreased. Due to the unchanged heating capacity and 
increased air mass flow rate, when the ambient temperature varied in 
the range of 5 ◦C and − 25 ◦C, the outlet air temperature decreased, as 
illustrated in the diagram in the bottom-right corner of Fig. 12. Fig. 12 
also shows the comparison with the performance of other EV heat pump 
systems. Wang et al. [16] and Dong et al. [17] both studied the perfor-
mance of the CO2 EV heat pump system. Although Wang’s system could 
provide a higher heating capacity than the proposed system in this 
article, it had the lowest COP among the four highlighted systems in 
Fig. 12. Additionally, even though the proposed system using R134a as a 
working refrigerant, it provided both higher COP and heating capacity 
than Dong’s CO2 heat pump system under the same ambient 
temperature. 

Fig. 13 shows the variation of outlet air temperature and system COP 
in terms of condenser coolant inlet temperature. The results show that 
the COP increased with the increase of evaporator coolant inlet tem-
perature while the outlet air temperature experienced the opposite 
trend. The reason could be attributed to the necessity of reducing 
refrigerant mass flow rate. In order to keep the heat balance between the 
coolant side and refrigerant side of plate heat exchanger, the model first 
adjusted the mass flow rate of the coolant as the evaporator coolant inlet 
temperature increased. The reduction of coolant mass flow rate needed 
an increase of ΔTcl in Eq. (13) as a compensation. Therefore, the coolant 
outlet temperature further decreased to guarantee it could abstract all 
the waste heat from the fuel cell stack. Based on the temperature dif-
ference assumption between the coolant outlet temperature and evap-
orating temperature, the evaporating temperature declined as well. 
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Refrigerant mass flow rate, as a key parameter, directly affected the heat 
exchanger heat transfer coefficient on the refrigerant side. It was also 
reduced to ensure the conversation of energy. As a result, the COP is 
augmented due to the reduction of compressor power consumption 
under the same heat capacity. Lower refrigerant mass flow rate led to a 
lower compressing ratio and discharging temperature which also 
reduced the temperature difference between the condenser and the 
external environment. Therefore, the air mass flow rate increased and 
caused a decrease in outlet air temperature. Overall, the evaporator 
coolant inlet temperature should be carefully controlled because it has a 
significant influence on COP and outlet air temperature. 

4.4. Equivalent effective battery capacity and payback duration 

Due to the limited space in the vehicle, a fuel cell backup system 
would sacrifice some space that was previously used for the battery 
pack. After the battery pack was scaled down, the capacity of the battery 
pack also declined correspondingly. The equivalent battery capacity in 
the proposed system could be divided into three parts, the fuel cell 
supplement element, the heat pump consumption part and the initial 
electricity storage capacity of the remaining battery pack. The remain-
ing portion of the initial battery capacity, after being consumed by the 
heating system and the replenishment from the fuel cell stack was 
defined as the EEBC in Eq. (41) which can be used for driving. The 
variations of those three energy elements over operating hours were 
displayed in Fig. 14. With the operating time increased, the heat pump 
power consumption and fuel cell power supplement were continuously 
increasing. Meanwhile, the initial part of the battery capacity was 
decreasing but the EEBC was increasing. Fig. 15. shows the EEBC that 
could be used for driving with respect to the heat pump system running 
hours. The electric vehicle air source heat pump (EVASHP) was selected 
from Ref. [16], which proved that the pump can provide around 6 kW 
heat. The working condition in Fig. 15 was at − 20 ◦C ambient temper-
ature, and the heating demand was 5.986 kW. In comparison, the pro-
posed system has a COP of 6, while the COP of EVASHP, as described in 
previous work is only 1.8. [16]. The efficiency of the PTC heater was 
assumed as 0.9 and the battery initial SOC was assumed as 0.8 to avoid 
overcharging. It can be concluded that the longer the operating hours 
the higher the benefit achievable by the proposed FCBEV heat pump- 
assisted thermal management system. When the operating period was 
less than 2 h, the suggested system in this research could only provide 
the lowest EEBC compared to the EVASHP system and PTC system, as 
the charging current from the fuel cell stack could not supply equivalent 
power as sacrificed battery capacity. Hence the electricity that could be 
used for driving is 17.9% lower than the EVASHP system and 11.4% 

lower than the PTC system. However, the proposed system in this study 
displayed significant advantages when the operating period was greater 
than 2hours. For example, when the operating period was 5hours, the 
available power for driving is increased by 90% compared to EVASHP 
and 300% compared to the PTC system. It should be mentioned that the 
EVASHP selected for comparison did not consider the frosting and 
defrosting phenomenon on its OHX which normally dramatically affects 
the EVASHP’s COP. In contrast, the proposed fuel cell backup heat pump 
assisted BEV thermal management system recovered the heat from the 
fuel cell coolant and battery pack and did not suffer from such impact. 
Therefore, the proposed system has a crucial advantage compared to the 
current existing EVASHP system, but crucial attention should be paid to 
the amount of H2 charging within one charging cycle. It is necessary to 
store on-board H2 that can supply power to the battery pack for at least 
2hours. However, this does not simply mean that more on-board 
hydrogen storage results in better performance, because issues such as 
hydrogen storage space and cost also should be considered. 

Assuming the setting heat pump assisted FCBEV system runs for 4 h 
with a 51.3kWh equivalent battery capacity within one charging time as 
the target case. The price of H2, 5 kW fuel cell stack and electricity price 
are concluded in Table 6. The price of the 5 kW fuel cell stack also in-
cludes the cost of sales. Fig. 16 represents an economic analysis of each 
system with the same battery capacity available for driving. For the 
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proposed system in this study, the cost under the selected case is £10.40 
for a single charging cycle while EVASHP system [16] and PTC system is 
respectively £13.80 and £19.20 which means that the suggested system 
could save around 16.4% and 39.5% within one charging cycle. More-
over, the payback duration was calculated based on the 5 kW fuel cell 
stack. The result in Fig. 16. shows it will take 10,500 charging times to 
earn back the initial cost of the fuel cell stack. However, the cost of the 
fuel cell stack and price of hydrogen fuel will be further improved with 
increasing production requirements and infrastructure development 
and, consequently, the pay pack duration will reduce sharply in the 
future. 

5. Conclusions 

A fuel cell backup and heat pump assisted FCBEVs thermal man-
agement system was proposed to improve the performance of BEVs 
under extreme cold weather from both efficiency and economic per-
spectives. Numerical models for fuel cell, heat exchangers and 
compressor were developed and validated by using published experi-
mental data. The impacts of different vital operating conditions and the 
degree of improvement in EEBC were concluded and discussed. Based on 
the simulation results, the following conclusions were drawn.  

• The COP increased with the increase of fuel cell stack output current. 
Contrarily, the outlet air temperature would reduce as the need for 
increasing the air mass flow rate occurred. When FC current output is 
greater than 217A, the outlet air temperature started lower than the 
FC coolant outlet temperature.  

• The battery discharging rate had a similar impact on COP compared 
to fuel cell current output. However, the inlet vapour quality dif-
ference between the FC and battery would be narrowed with a 
decrease in battery discharging rate.  

• The COP showed a decreasing trend while introducing a larger 
subcooling degree. But the operating range and outlet temperature 
increased correspondingly. Hence, when the size of components is 
fixed, regulating the subcooling degree is a useful way to fulfil 
different ranges or higher air temperature requirements.  

• Different from ASHP, the air temperature has no significant effect on 
the proposed system. When the ambient temperature varied from 5 
◦C to − 25 ◦C, the COP only decreased by 3.7%  

• Evaporator coolant inlet temperature had the greatest influence on 
the COP among the defined independent variables. When the evap-
orator coolant inlet temperature increased 5 ◦C from 30 ◦C to 35 ◦C, 
the COP could increase by 87%.  

• The COP of the proposed system is 2.3 times that of a EVASHP system 
at − 20 ◦C. Heating capacity fluctuated by only 0.3%, while the 
mentioned counterpart fluctuated by 14.8% when the air tempera-
ture dropped from 0 ◦C to − 20 ◦C.  

• When the operating period was greater than 2 h, the increasing rate 
of effective battery capacity compared to the traditional heat pump 
thermal management system in BEV increased dramatically, even 
meeting 79.04% when the operating period was 4 h.  

• The proposed system had the lowest cost for each H2 and battery 
charging time. The payback duration was 10,500 charging cycles. 

6. Outlook and future perspectives 

The study demonstrated that the proposed fuel cell battery electric 
vehicle energy system integrating with a heat pump technology thermal 
management system could always provide a higher COP than a con-
ventional R134a EVs’ air source heat pump and even higher than a CO2 
air source heat pump. Subcooling degrees could extend the operating 
range to a certain extent. Hence, optimizing the subcooling degree may 
be a beneficial control strategy to cover a widen operating range without 
changing the components. The plate heat exchanger used in this work 
may have some impacts on the variation rate of the coolant and refrig-
erant mass flow rate and the evaporating temperature. Further research 
could focus on the effect of the plate gap on the system performance by 
influencing the temperature difference between coolant temperature 
and evaporating temperature. Moreover, the air mass flow rate in this 
work could not be adjusted manually as it is a dependent variable in the 
proposed system. Consequently, further study could also modify the 
current system to improve the system’s practicality. Finally, the work 
was a stable simulation which did not consider the impact of the SOC 
and temperature of the battery pack and fuel cell stack. Further work 
could analyse the system from a dynamic perspective and link it to the 
practical driving cycle. Meanwhile, the fuel cell stack current output and 
battery discharging rate was considered independently in this present 
work. However, due to the limit of capacity, these components should 
change correspondingly in dynamic simulation. 
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Table 6 
Components cost for the proposed system.  

Components Prices 

H2[48]  3.26 (£/kg) 
Electricity [49]  0.19 (£/kg) 
5 kW fuel cell stack(10000 units/year)[50] Manufacturing 21068.94 (£) 

CHP hardware 
BOP hardware 
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Fig. 16. Economic analysis for each system and payback cycle for the proposed 
system under 4 h of operating period. 
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