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Abstract: Presently, hydrogen-fuel-cell medium-duty trucks utilize two or more modular proton
exchange membrane fuel-cell stacks due to package space and economic concerns. The fuel-cell
system of medium-duty trucks requires high power demand under a regular driving schedule. Since
the high power demands produces significant heat generation within a very small packaging space,
thermal management is crucial for maintaining the performance and long term durability of medium-
duty trucks. This study was designed to investigate the various cooling configurations of dual stacks
to understand the dual-stack response under thermal management conditions. A dynamic fuel-cell
system model is developed to investigate the layout effect of the cooling system under load follow-up.
Three different layouts of cooling system were investigated such as series cooling, parallel cooling,
and two independent cooling modules with minimum cooling components. The results show that
the series cooling system shows a minimum overshoot and undershoot by step change of the stack
due to a cooling capacity. The cooling parasitic energy consumption is also minimized with the series
cooling system

Keywords: PEMFC (proton exchange membrane fuel cell); dual stack; cooling-system layout;
medium-duty truck

1. Introduction

Due to the design specifications of the logistics industry, the heavy weight of trucks
requires higher power than regular passenger vehicles. It does not have to be swiftly moved.
Those industrial requirements prefer to adopt a diesel powertrain system. However, the
truck industry is required to employ alternative powertrain systems to cope with climate
change. Since vehicular CO, emissions are approximately one-third of global CO, emissions
and high-power sources exhaust more CO, into the air, the power source of trucks is
required to adopt an alternative powertrain with zero emission characteristics.

As an alternative power source, a hydrogen fuel cells have environmental advantages
such as non-toxic exhaust gas emission and CO;-free power generation. A proton exchange
membrane fuel cell is used for vehicles to secure high power and reliability under dynamic
load variation. Currently, the hydrogen-fuel-cell car is the focus in the passenger car market
as an alternative vehicle to accommodate climate change. Recently, climate change has
motivated the adoption of the proton exchange membrane fuel cell (PEMFC) for various
types of transportation [1].

As the fuel-cell system is applied to truck power generation systems, it has a com-
petitive cruise mileage compared to current vehicles and trucks with fuel-cell systems are
then zero-emissions vehicle without any CO, emission. A fast charging time and low noise
level are other advantages. Since the fuel-cell truck is driven by an electric motor, the
acceleration of the truck is fast enough.
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Currently, even though a high power density should be required for trucks, it is very
difficult to meet the power density with a fuel-cell system due to the small package space.
Fortunately, the modular structure of fuel-cell systems gives a little variation inside the
package space so that the space can be re-arranged for the power source. However, it is
still very difficult to achieve a reliable cooling capacity within the very tight space limit.
There are two constraints, namely the packaging space and the relatively minor ram air
effects. Since the vehicle’s speed is relatively slower than that of passenger vehicles, the
cooling system of a fuel-cell truck should equip a high-power cooling fan to achieve the
cooling capacity.

As reported in the research literature on fuel-cell passenger vehicles, the appropriate
thermal management of fuel-cell systems for fuel-cell vehicles determines the optimal
power as well as reasonable longevity. However, the lower operating temperature of the
fuel-cell stack requires a higher cooling capacity than a conventional vehicle. Furthermore,
the hydrogen-fuel-cell truck typically requires a medium to high power demand for most
driving modes. Since those operating loads generated heavier heat on most operating
ranges, the cooling system should be designed to cool down the hot fuel-cell system under
more challenging conditions.

A system model is a tool to understand the effect of various cooling layouts for a
fuel-cell system. Chavan et al. constructed a mathematical model of a fuel cell based
on MATLAB/SIMULINK® and conducted a study to analyze the performance accord-
ing to some input variables such as the hydrogen flow rate, hydrogen humidity, and
hydrogen partial pressure [2]. Omran et al. presented mathematical modeling of a pro-
ton exchange membrane fuel-cell (PEMFC) system integrated with a resistive load and
used MATLAB/Simulink® to calculate the fuel-cell current and voltage under various
steady-state conditions [3]. Various modeling approaches have reported on system mod-
eling [4-6] to investigate the performance variation and dominant factors. Belhaj et al.
investigated various models of polymer electrolyte membrane fuel cells, and more specif-
ically three models of nonlinear state space models, general dynamic models integrated
into MATLAB/Simulink®, and equivalent RC electrical circuits [7]. Yang et al. developed a
comprehensive PEMFC system model that includes stacks, membrane humidifiers, electro-
chemical hydrogen pumps, air compressors, and radiators to investigate the interactions
between the stacks and the associated auxiliary subsystems [8]. Other researchers have
also conducted various studies on modeling of fuel cells [9,10]. These studies explain very
well the basic modeling of fuel cells and the characteristics of fuel cells under various loads.
Even though various investigations have been conducted in the literature, the transient
response of a fuel-cell stack to cooling-system dynamics is rarely reported.

Pourrahmani et al. studied thermal management and optimal design using artificial
neural networks, and also conducted studies on the effects of porous media in gas-flow
channels in relation to the thermal management of PEMFCs [11,12]. Hu et al. established
and enhanced the temperature-control model of the PEMFC cooling system through a
series of experiments at different power levels for different temperatures, and developed
optimal predictive control in the driving cycle [13]. Xing et al. proposed a new hybrid-
vehicle model, including simulation of the driver behavior, vehicle dynamics, vehicle
control, energy control, PEMFC stack, cooling system, battery, DC/DC converter, and
motor. It also provided a theoretical basis for the thermal management of PEMFC stacks
through stack-model-verification experiments [14]. Xing et al. developed a cooling-system
simulation model for a vehicle PEMFC stack (30 kW) to evaluate system thermal analysis
and management. They conducted a theoretical study to calculate the heat-dissipation
requirements of vehicles for the design of the cooling system [15].

Even though various studies have been conducted on vehicular cooling systems of
a modular fuel-cell stack, cooling-system studies of fuel-cell trucks are rarely reported.
Furthermore, the layouts of fuel-cell systems for hydrogen-fuel-cell trucks have yet to be
reported. In this study, the cooling-system layouts of the hydrogen truck are investigated to
understand the proper layout to satisfy the cooling capacity with minimum parasitic loss. A
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dynamic dual-stack model with a cooling system is developed under MATLAB/Simulink®
environment (R2022) to understand the effect of the cooling-system layout for dual-stack
thermal management. Furthermore, three different layouts of the cooling system are
studied: the series cooling circuit, the parallel cooling circuit, and the individual cooling
circuit of each stack. The analysis is conducted using control target-comparison criteria,
ITAE (integral of time-weighted absolute error). The consumption of parasitic power is
also compared for each layout.

2. Modeling of the Fuel-Cell System

Different from the conventional truck, the power-generation system of a fuel-cell
medium-duty truck is composed of two fuel-cell stacks with a battery [16]. Currently, the
matured technology of the fuel-cell power-generation system can be found in passenger
vehicles; a single stack of the dual-stack system is from the fuel-cell stack of a passenger
vehicle. However, since the operating load and driving modes of a truck are very different
than a passenger vehicle, the thermal management of the dual-stack system needed to be
re-designed. The reference schematic of the dual-stack system is shown in Figure 1.

Low-Temperature Coolant
Anode gas Cathode gas :igh- Flr ture Coolant
supply supply xygen Flow

Hydrogen Flow

Ram Air [25°C]
Pl [
FIE T T T

Stack module 1 .Mixer 3-way

Valve
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- Controller R A
3-way
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M ixer1
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Figure 1. Schematic diagram of a fuel-cell system with an auxiliary component.

Since the performance and durability of the fuel-cell stack are very sensitive to the
operating temperature, each of the dual-stack temperatures needs to be controlled indi-
vidually. The fuel-cell schematic shows the basic components of the dual-stack system,
which has components for the air-supply system, hydrogen-supply system, and cooling
system. In this study, the cooling-system configuration is mainly simulated to investigate
the performance dependency via the operating strategy of the cooling system.

2.1. Fuel-Cell Stack Model

In this study, the fuel-cell stack is a simple extension of the unit fuel cell so that the
computational load can be reduced. The species conservation of gases in the anode channel
and cathode channel determines the concentration of gases at the exit of both channels. The
gas flow in the cathode channel is composed of three elements. The gas-flow rates inside
the cathode are expressed as:

dmo, ca B . . 1
dat = MQ,,ca,in — MOy,ca,out — MOy, react (1)

dmN
2,00 -
at = MN,,ca,in — MNy,ca,out (2
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dm V,ca

i MY cqa,in — MV ,ca,out + MV ,cagen T MV memb — M caout 3)

The hydrogen from the supply tank is introduced into the anode channel. Even though
the hydrogen gas is introduced into the anode channel without any humidification, the
recirculation of the hydrogen gas makes humid hydrogen gas at the channel inlet. On the
other hand, the vapor transport from the cathode side also increases the water concentration
in the anode channel. Then, species conservation in the anode side can be expressed by:

de
b.an - . .
dt - mHz,ﬂn,in - mHz,an,out - mHZ,react (4)
di an . . . .
df, = My an,in — MV,an,out — "MV, memb — M,an,out ®)

The electrochemical reaction is calculated by the thermodynamic potential reduced by
actual irreversible potential losses. The thermodynamic potential of the electrochemical
reaction is calculated with the Nernst equation [17].

ENernst = 1.229 — (8.5 x 1072)(Tsex — 298.15) + 4.3085 x 107> X Tspgex % In(Ppy, + 0.5P0,) (6)

where Ts;, is the stack temperature, Pp, is the partial pressures of oxygen, and Py, is the
partial pressure of hydrogen.

The actual cell voltage is calculated by considering the potential losses by irreversibility,
which consist of the activation overpotential, concentration overpotential, and Ohmic
overpotential. Thus, the actual potential of a single fuel cell can be obtained with the
following equation:

Vel = ENernst — Vact = Vonm — Veone )

In addition, the activation loss, the Ohmic loss, and the concentration loss can be
obtained with the following equation:

Vier = Vo — Va(1 — e~ ) 8)
Rypmic = Emem )
ohmic = o
. i \©
Veone = 1<C2 - ) (10)
lmax

where V} is the voltage drop of the zero current density, ;e is the membrane thickness,
Omem is the membrane conductivity, and iy,4y is the current density that causes a sudden
voltage drop. The stack voltage is then obtained by the single-cell voltage multiplied by
the number of fuel cells.

Vstack = Vel X Neell (11)

The parameters of the fuel-cell stack are shown in Table 1. Since the electric conduc-
tivity of the electrolytic membrane reacts sensitively according to the water concentration
inside the membrane, it is important to properly manage the water concentration inside
the electrolytic membrane. Springer et al. reported the water content to explain the water
concentration of the electrolytic membrane [18]. The water content is defined as the water
concentration to fixed-charge concentration inside the membrane electrolyte. The water
contents are experimentally determined in terms of water activity [19].

0 < aw <1:Awen =0.0043 + 17.81ay, — 39.8542, + 36.0a3, (12)

1<y <3:Aqgen =14+ 14(a, —1) (13)
/\avg = (/\cu + Aan)/z (14)
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P w
n = (15)

Psat
where Py, is the actual water-vapor partial pressure of the system, Py is the saturated
water-vapor pressure of the system operating temperature, and Aqy, is the average water

content of the cathode and anode.

Table 1. Parameters of single fuel-cell stack.

Parameters Value Unit
Membrane thickness 0.0025 cm
Catalyst thickness 0.0042 cm
GDL thickness 0.02 cm
Bipolar plates thickness 0.3 cm
Active area 380 cm?

Number of cell 400 N/A
Stack temperature 343.15 K
Coolant temperature 333.15 K

The water concentration in the electrolytic membrane is determined by the balance
of two driving forces, namely, water back-diffusion and electro-osmotic drag. The water
back-diffusion occurs in the anode by an electro-chemical reaction that increases the water
concentration of the anode and is determined by the concentration difference between the
anode and cathode. The electro-osmotic force occurs due to the voltage difference between
the anode and the cathode during an electro-chemical reaction. The potential difference
migrates the cation of hydrogen with water molecules from the anode to the cathodes. The
water-diffusion coefficient of the electrolytic membrane was proposed as follows:

The water diffusivity (D,) is a function of the water content (1), and is calculated as
follows [20].

1 1

D) =10 %exp|2416( — — —————
=10 ex’j{ 6(303 273+ Trc

)] (2.563 — 0.33A + 0.0264A% — 0.000671A%) (16)

The water back-diffusion force is then calculated by

pdry D dA

Nuygiff = "Moo DMz (17)

It is assumed that the water molecular weight carried for the water content (A) is linear,
and the electro-osmotic drag coefficient is calculated by:

Marag = 0.1A + 0.6 (18)

The electro-osmotic drag is then calculated

Ndrag = ndrug'ZI' (19)

A
22

The balance of Equations (16) and (19) results in the water concentration in the elec-
trolytic membrane. The conductivity of the electrolytic membrane was calculated by
applying the water content to the experimental equation from the literature.

11
0 = (0.005139 04 — 0.00326)-exp (1268(303 = TPC)> (20)

The transient response of the stack temperature is modeled with a lumped capacitance
model. The energy balance of the fuel-cell stack considers the heat generation of the
electrochemical reaction, the heat rejection by the coolant, the heat transfer to the ambient,
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and the heat transfer to the gases. The stack temperature is then determined by the balance
of those driving forces:

dTrc _ Qrc — ans — Qcoot — Qamb

dt Cp,rc mpc-Veool FC @
Qrc = Vrc Jrc-Arc (l{/IFC - 1) (22)

FC
Qgas = m-Cp(Tour — Tiy) (23)
Qcoot = Mool Mehannel” Cpeoot (Tout — Tin) (24)
Qumb = hamp Arc(Trc — Tamp) (25)

In addition, the generated heat is released to the coolant, the reactant gases, and the
vapor through each unit cell, and the outlet temperature of the fluid is obtained by:

heoo1 Acool

Teoot,out = Trc + (TRV - TFC)exP - (26)
M0l Cp,cool
hoasA

Tgus,out = TFC + (Tgus - TPC)EXP (_M) (27)
MoqsCp,gas

where hggs and h,; are the heat-transfer coefficients of the gas and coolant, and the heat-

transfer coefficient (h) is a function of the Nusselt number and the hydraulic diameter. The

hydraulic diameter was calculated for the channel of the fuel cell, and the channel was

designed in the form of a parallel serpentine channel by imitating the fin shape. This can
be calculated as follows: Nk

u .

h= D, (28)

D _ 4'Hch'wch

h,channel 2Hch ¥ Wch

Figure 2 shows the validation of the model with an experiment. The PEMFC stack
model is validated with an experiment that is operated at 343.15 K and 3 atm conditions.
The validation shows that the errors in the polarization curves from the experiment are
within 3%.

(29)

Model
11 —8—Experiment

Voltage (V)

0.0 0.2 0.4 0.6 0.8 10 1.2 14 L6

Current density (A/cmz)

Figure 2. Polarization curve for dynamic proton exchange membrane fuel-cell model validation.
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2.2. Cooling-System Model

As fuel-cell trucks operate on the road, the fuel cell produces heat and electric work.
The stack model includes the dynamic variation of the stack temperature in terms of the
electrochemical reaction and the coolant flow. In addition, the physical characteristics of
the coolant applied in this study are shown in Table 2.

Table 2. Physical properties related to the coolant.

Parameters Value Unit
Coolant temperature 333.15 K
Density 983.3 kg/m3
Specific heat 4185 J/kg-K
Thermal conductivity 0.654 W/m-K

The electrochemical heat of the fuel cell is regulated by the cooling system. As the
electric water pump is run, the coolant delivers thermal energy of the fuel cell to the
radiator. At the radiator, the thermal energy of the fuel-cell stack is then rejected to the
ambient environment. This systematic absorption and rejection of electrochemical heat
results in stable temperature regulation of the fuel-cell stack. To achieve proper thermal
management of the fuel-cell stack, some basic components are required and they show a
dynamic response during the operation. In this study, the dynamic of the cooling system is
considered in the reservoir, the pump actuator, and the fan actuator. On the other hand,
heat rejection through the radiator is an important parameter of thermal management
design. In this study, a comprehensive radiator model is developed to investigate the
thermal management strategy of fuel cells. The radiator model consists of a tube, louver
fins, a core, and other components (Table 3).

Table 3. Specifications of the radiator components.

Parameters Value Unit
Core width 0.72 m
Core height 0.6215 m
Core depth 0.0544 m
Tube depth 0.0136 m
Tube height 0.0015 m
Tube thickness 0.00024 m
Fin pitch 0.00111 m
Fin thickness 0.00006 m
Fin depth 0.0136 m
Fin length 0.0055 m
Louver length 0.005 m
Louver pitch 0.0009 m
Louver height 0.000315 m

Louver angle 25 deg

The heat rejection of the radiator can be expressed as follows [21]:

u—( Loy A )1 (31)
hcool kt WohairAair

where U is the overall heat, A; is total heat-transfer area, h.,.j, 1, are the heat-transfer
coefficients for the coolant and ambient air, respectively, and 7, is the fin’s overall surface
efficiency, defined as [21]:

Af
77021—70(1—7”) (32)
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tanhmL 3
S L, G
f
huirp
m="2 f (35)
kacr,f

where A, is the total surface area of the air side, and 5 f is the fin efficiency.

The heat-transfer coefficient on the air side inside the radiator is calculated by the
geometric shape of the louver fin. The Colburn factor (j) is an empirical correlation with the
louver fin. Therefore, the basic form of the Colburn factor can be expressed as follows [22]:

0.27 0.14 —0.29 —0.23 0.68 —0.28 —0.05
jo = Re049( & 5 Ll Ta Ly Ty o
air -\ 90 L, L, L, L, L, L,

(36)
Thus, the heat-transfer coefficient on the air side is calculated as follows:
jeOuair VairCpai
hm.r _ C ﬂl;:)rﬂzl;’a p air (37)

In addition, heat exchange on the coolant side occurs when the coolant flows into the
tube of the radiator. The heat-transfer coefficient of the coolant in the tube is a function of
the hydraulic diameter and the Nusselt number, and is given as follows:

(f/8)(Recpo; — 1000) Pr 0.5 < Pr < 2000
Nuicoor = 05 3x10% <R 5 x 100 (38)
1+ 12.7(f/8) (Pr2/3 — 1) X < Regger < I3 X
£ = (0.790InRe — 1.64) 2 (3 % 103 < Re,yy < 5 ¥ 106) (39)
Re ;= pcoochooth (40)
cool —
"

where the Reynolds number is calculated with respect to the flow rate of the coolant, and
the coolant flow rate is M.y0; = Pcool Veooi Ac- The hydraulic diameter assumes that the tube
is rectangular and is expressed as follows:

Z'Htube'Dtube

Dy 001 = (41)
oo Htube + Dtube
Thus, the heat-transfer coefficient on the coolant side is calculated as follows:
hcool _ NLIchoolkcool (42)
h,cool

Even though each component in the cooling system has a short response time, the
response of whole cooling system takes more time. This is because the total amount of
coolant in the fuel-cell system results in a sluggish response under thermal-load change. In
this study, a water reservoir is modeled to describe the sluggish response of the cooling
system. The total mass of the coolant is 30 kg for a single stack. The lumped capacitance
model of the reservoir is:

dTry mccp.c
= [iv— 1 43
dt mc,RVCp,RV( " Rv) @)

The thermal mass of the coolant (71.c.c) shows expediency of the cooling mass but
also describes the difficulty of sensitive control of the system temperature by the coolant.
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The three-way valve is a device to splits the coolant into a bypass and a flow for the
radiator. Different from the thermostat of a conventional engine, the three-way valve of the
cooling system is used to control the stack temperature precisely. Since the three-way valve
operates swiftly, the actuator of the three-way valve is modeled as a PI controller. The split
temperature after the three-way valve is then determined using the energy conservation
law. If it is assumed that the specific heat (cy) is constant in the three-way valve, then the
mixed temperature after the three-way valve (T,;,) is shown as follows [23].

Tix = Tbypuss<1 - 9) +0- de,out (44)

The target temperatures of the fuel-cell stack and coolant-inlet temperature were set to
343.15 K and 333.15 K, respectively. The retarded response of the water pump is explained
by motor inertia and pump inertia. For simplification, the motor and pump inertia are
tuned to explain the response of the water pump. While a cooling pump with a three-way
valve delivers a hot coolant to the radiator, the cooling fan is used to reject the heat by
the radiator.

Figure 3 shows the performance curves of the cooling fan and the water pump. The
performance curve of the cooling-fan model was applied to the experimental data provided
in the experiment [24]. In addition, the performance curve of the water pump model
was obtained through the same procedure and applied based on the data applied to Yu
et al. [25]. Each performance curve was then used to determine the flow rate of air and
coolant through the pressure difference with motor RPM. The water-pump motor is an
actuator that regulates the water-flow rate by detecting the coolant-inlet temperature. The
cooling-fan motor also detects the stack temperature and regulates cooling air-flow rate.

Pressure difference (Pa)

250

Fan speed
——500rpm
— —1,000rpm

* + 1,500rpm
— - =2,000rpm
—--+-2,500rpm
--=--3,000rpm
~~~~~~~~ 3,500rpm

4000

6000 8000

Air flow rate (Ipm)

(a)

10000 12000

Pressure difference (kPa)

Pump speed
——1,500rpm
— —2,000rpm

« + 2,500rpm
— - =3,000rpm
—---3500rpm
=+==4,000rpm

200 300 400 500 600 700 800

Coolant flow rate (Ipm)

(b)

Figure 3. Determination of flow rate with the performance curve: (a) the fan performance curve,

(b) the water pump performance curve.

APfpy = A1Q% 4+ A2Q NN a (D Z[Pa] (45)
fan =41 2=\ 2100 3\ 2100
N \? )

APy = 99.74(3500> — 0.0002983-Q?[kPa] (46)

Therefore, the flow chart of the fuel-cell system and the cooling system used in this
study is shown in Figure 4. First, inside the fuel-cell system subjected to an input load, the
stack temperature and the reservoir temperature can be obtained through heat generation
of the stack by electrochemical reaction and the circulation of coolant. The temperature
data are then transferred to the water pump, the cooling fan, and the three-way valve.
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These cooling-system actuators are controlled to track the target temperature, and this cycle
is repeated.

Input current

|

Fuel cell
system
Sensor
Stack temperature Reservoir temperature
(K] [K]

[ ! | }

Water pump 3-way valve Cooling fan 3-way valve
Stack target Temperature =343.15K Reservoir target Temperature =333.15K
Pump rpm 1t | Fan rpm t |

Valve open ratio (0~100%) Valve open ratio (0~100%)

Figure 4. The flow chart of the fuel-cell system and the cooling system.

2.3. Layouts of the Cooling System

Since the coolant delivers the heat of the electrochemical reaction to the radiator and
the radiator fan rejects the heat of electrochemical reaction to the atmosphere, the two-fuel-
cell stack generates various combinations of heat delivery and heat rejection. One typical
configuration is an individual cooling system for each stack, which can easily control
the stack temperature. This layout requires more space to be installed. A series cooling
system or a parallel cooling system are also candidate cooling-system layouts. For the three
cooling-system layouts selected in this study, we compared the cooling performance, which
varies depending on the system configuration and control target. The layouts of the cooling
system are shown in Figure 5.

Coolant Coolant
Reservoir Reservoir

Stack module 1 | Stack module 2

T

Pump
Radiator and Fan
(a)

Coolant
—E—M—
Stack module 1
Coolant
s Reservoir

Stack module 2

Lo

(b)

Pump

Figure 5. Cont.
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Radiator and Fan 1

Coolant
Reservoir

Radiator and Fan 2

]

Coelant
Reservoir

Stack module 2

b

Pump

()

Figure 5. Cooling-system arrangements: (a) series arrangement system, (b) parallel arrangement
system, (c) individual cooling system.

When the series cooling system is applied, all of the coolant passes through the first
stack, and then the coolant moves to the second stack. Since this connection can lower the
stack temperature from the target value, a three-way valve has to be installed in front of
first stack so that the some amount of coolant is split to the second stack without passing
through the first stack. This role is important for the series cooling layout to maintain both
stacks’ temperatures at the target value. The series cooling layout is shown in Figure 5a. On
the other hand, when parallel cooling is applied for dual-stack systems, it is also necessary
to place a three-way valve in front of the two stacks. The duty of the three-way valve is a
little different, such that an exact amount of two-coolant flow should be split in the valve.
Accordingly, the two stack temperatures are passively controlled by another three-way
valve, cooling fan, and pump, which is shown in Figure 5b. The last layout of Figure 5c is
the individual cooling system, in which two cooling systems are independent of each other.

3. Results and Discussion
3.1. Profile of Input Load and Temperature Response

The exothermal reaction of the proton exchange membrane fuel cell depends on
the power demand. For safety criteria, the cooling capacity should satisfy the amount
of heat generation for the rapid heat-up, and a step change is a good way to examine
the performance of a cooling system. When the load demand is minimized, the stack
temperature should be at equilibrium with the cooling capacity. In this study, the cooling-
system performance is investigated with three different layouts under load variation. The
load variation is shown in Figure 6, which shows the step-up and step-down of the electric
load for 50% and 100%. Since the minimum operation of the components must be ensured,
the minimum load is set to 10%. The step change of the electric load severely affects the
stack temperature at the moment due to the sluggish response of the stack. The rapid rise
of the load results in a high peak temperature of the stack, while a rapid drop of the load
results in a low peak temperature.

80

70

60

50 -

Input load (%)

30

20

0 1 1 1 1
0 50 100 150 200 250

Time (sec)

Figure 6. Profile of the current density of the simulation.
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Stack temperature (K)

348

346
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The stack temperature is controlled by the cooling pump and radiator fan. The series
and parallel arrangements utilize a single pump, radiator, and fan and the individual
cooling arrangement has a pump, radiator and fan for each individual stack. For the three
different arrangements experiencing changes in the fuel-cell stack temperature and cooling
temperature, Figure 7 shows the temperature response under load follow-up conditions.
As mentioned before, the individual cooling system is a reference cooling arrangement for
cooling performance. The other cooling arrangements should be compared with each other.
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Figure 7. Temperature of the stack and the coolant inlet according to arrangements (a) stack tempera-
ture, (b) coolant-inlet temperature.

Figure 7a shows the overshoot and undershoot of the fuel-cell stack temperature in
three different configurations of the cooling system. A heavy load changes the results
in the peak overshoot and deep undershoot. The temperature response of the first and
second fuel-cell stacks have almost the same trajectory in parallel cooling and individual
cooling, but individual cooling lowers the undershoot and overshoot for the same control
algorithm. This is because the responses of the cooling components are faster for the
individual cooling system. Even though the parallel cooling system is able to supply the
same amount of coolant to each stack, a single cooling pump and radiator makes the
response slow. Accordingly, parallel cooling has a more severe overshoot and undershoot.
On the other hand, series cooling reduces the overshoot and undershoot of the first stack
dramatically. It also shows that series cooling reduces the peak temperatures of the second
stack. The total coolant flow to the second stack in the series connection is larger than the
parallel and the individual cooling. This trend also changes the coolant temperature in three
different configurations. Figure 7b shows the coolant-inlet temperature of the dual stack
in three different cooling configurations. The coolant-inlet temperature is obtained right
before the split of the coolant to the dual stack. Since the peak temperature of the coolant
depends on the coolant flow rate, the peak temperature of each cooling system shows
different trends. The individual cooling system shows the lowest peak temperature due to
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the ease of the coolant flow control. On the other hand, the parallel cooling system shows
the highest peak temperature, which requires more coolant flow to each stack. The coolant
temperature of the individual cooling system settles down swiftly because the inertia of the
cooling pump is smaller than the parallel and series cooling system. Additionally, since the
series and parallel cooling systems have the same-capacity coolant pump, the settled-down
curve of the coolant-inlet temperature is in good agreement.

The cooling-pump controller observes the stack temperature, which is determined by
the heat balance between the electrochemical reaction and the heat rejection. Since the load
increase is a signal to increase the amount of heat generation, the cooling pump supplies
more coolant to the fuel-cell stack. The patterns of coolant flow are shown in Figure 8.
As mentioned, the coolant flow rate matches the profile of the electric load but a sluggish
response is also observed due to inertia of the cooling pump.

Coolant flow rate (kg/s)

[ ——Series cooling system
i LI Parallel cooling system
3.5 H. . . .Individual cooling system

4.0

| —— Series cooling system

= = Parallel cooling system
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Coolant flow rate (kg/s)
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(9

Figure 8. Coolant flow rate supplied to the stack for three arrangements: (a) Coolant flow rate
discharged from the pump, (b) Coolant flow rate supplied to stack module 1, (c¢) Coolant flow rate
supplied to stack module 2.

Since the series cooling system is able to flow more coolant to the second stack, the
total coolant flow rate from the pump is lower than the individual cooling system or the
parallel cooling system. Figure 8a shows the coolant flow rate discharged from the pump
and the total coolant flow rate to the dual stack. Figure 8b,c give the coolant flow rate
supplied to stack module 1 and 2, respectively. As expected, the coolant flow rate to the first
stacks of the three different cooling configurations has the same value except for the second
peak. At the second peak, the series cooling shows more overshoot, which depends on the
tuning gain of the feedback control. Except for that, the profile of the coolant flow agrees
well across the various cooling systems. On the other hand, the series cooling is able to flow
more coolant to the second stack, which is shown in Figure 8c. By increasing the coolant
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flow rate into the second stack, the temperature control of the second stack is obtained with
a narrow temperature difference between the coolant inlet and the exit temperature.

3.2. Integral of Time-Weighted Absolute Error (ITAE)

In the fuel-cell system, the performance of the cooling system should be evaluated in
two different categories. One is the peak undershoot and overshoot temperature during
dynamic operation and the other is the variation in the stack temperature over various
driving conditions. The integral of time-weighted absolute error (ITAE) is typically used in
control-system design to evaluate the deviation of the output from the desired value. When
the error is defined as the difference between the desired output and the actual output, the
cumulative value of errors is known as the ITAE. The ITAE can quantitatively evaluate the
responses of systems and effectively perform response satisfaction evaluation according to
the control instructions [23]. In addition, the equation for the ITAE is as follows:

ITAE — /t|e(t)|dt 47)
0

In particular, since the dramatic overshoot and undershoot of the stack temperature
affects the durability of the stack, it is necessary to settle down the temperature smoothly. In
this study, the ITAE was used to analyze the cumulative error of the stack temperature and
the coolant-inlet temperature. The coolant-inlet temperature and coolant-outlet temperature
makes the temperature distribution in the stack. When the temperature distribution is
wide, it makes water management difficult. Accordingly, it is necessary to control the
coolant-inlet temperature at the desired value over load changes.

Figure 9 shows the ITAE of the stack temperature. The parallel cooling system has a
single pump, fan, and radiator, which creates a sluggish response over the load change.
The ITAE of parallel cooling is then the highest of the three different cooling configurations.
As the series cooling is applied, the coolant flow rate to the second stack is increased,
which decreases the overshoot and undershoot of the stack temperature. This results in a
faster temperature recovery of the serial cooling system and a better temperature control
performance than other arrangements. The parallel cooling system and the individual
cooling system have the same amount of coolant supplied from the water pump to each
stack. Parallel cooling systems and individual cooling systems require a lot of coolant to
keep each stack at 343.15 K. However, the series cooling system first supplies as much
cooling water as necessary to cool stack module 1 first. Additionally, the high-temperature
coolant passing at stack module 1 is mixed with the low-temperature coolant distributed
by the bypass valve, which is supplied to stack module 2. Thus, the amount of coolant
supplied per stack is larger than in other arrangements.
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Figure 9. ITAE of the stack temperature over three different configurations.
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The coolant-inlet temperature of the individual cooling system is controlled by its own
cooling fan and radiator, which allows swift control of the coolant-inlet temperature during
load changes. Figure 10 shows the ITAE of the coolant-inlet temperature, which has the
minimum ITAE for the individual cooling system. On the other hand, since the parallel
cooling system has the largest undershoot and overshoot, the ITAE is the largest among
the three different cooling configurations. As a result, it was confirmed that the control
performance of the series cooling system was the best in the ITAE of the stack temperature,
and the control performance of the individual cooling system was the best in the ITAE of
the coolant temperature.
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Figure 10. ITAE of the coolant-inlet temperature over three different configurations.

3.3. Parasitic Energy Consumption of the Three Different Cooling Configurations

The parasitic cooling power consumption of the fuel-cell system is greater than the
conventional system due to the thermal load. Parasitic energy refers to the accumulated
amount of energy consumed during the operating time by integrating the power generated
by the cooling system. Figure 11a,b show the parasitic power consumption of the cooling
pump and fan, respectively.

When the pump supplies the coolant to the fuel-cell stack, the total coolant supply
depends on the temperature difference between the coolant-inlet temperature and the
stack temperature. As shown in Figure 8, the total coolant flow rate to the dual stack is
minimized in the series cooling system, which results in the minimum parasitic energy of
the cooling pump in the series cooling system. The other two cooling systems have the
same amount of parasitic energy consumption for the cooling pump due to the equivalent
amount of the coolant flow rate.

As explained above, the controller of the cooling fan maintains the coolant-inlet
temperature at the desired set value, which implies the fan power depends on the operating
conditions of the coolant-inlet temperature. Figure 11b shows the energy consumption
of the cooling fan, which shows the minimum loss for the individual cooling system. It
is also clear that the parallel cooling system has the most parasitic energy consumption.
The total parasitic energy consumption is compared in Figure 11c. As expected, the series
cooling system has the lowest energy consumption among the three systems. In particular,
the parasitic energy consumption is dramatically increased at heavy-load operation due to
the large heat generation. In such conditions, the series cooling system has the minimum
energy consumption with a moderate gradient. Note that the enlarged coolant flow rate
to the second stack decreases the parasitic energy consumption. It also accommodates
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the thermal management of the second stack so that the parasitic power consumption
is decreased.
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Figure 11. Parasitic energy consumption of the cooling system over three different configurations:

(a) pump parasitic energy, (b) fan parasitic energy, (c) total parasitic energy.

4. Conclusions

In this study, three different cooling configurations were investigated to evaluate
the cooling performance of the dual-stack fuel-cell system for truck applications. The
simulations were conducted with layouts of parallel, series, and individual cooling systems
configurations. The conclusions are as follows:

1. The series cooling system for a fuel-cell truck shows the most efficient and suitable
arrangement for high-load and long-distance operation and satisfies the target tem-
perature of the fuel cells in both stacks.

2. The overshoot and undershoot of the stack temperature are minimized with the
series cooling system and maximized with the parallel cooling system. The stack
temperature ITAE of a series cooling system is 33% lower than that of an individual

cooling system and 38% lower than that of a parallel cooling system.

3. The parasitic energy consumption of the cooling system is also minimized for the
series cooling system and maximized for the parallel cooling system. The parasitic
energy consumption of a series cooling system is 12% lower than that of an individual

cooling system and 18% lower than that of a parallel cooling system.
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Nomenclature

A Area, cm?

a Activity

Cp Specific heat, k] /kg - K
D Diffusivity, cm?/s

Dy, Hydraulic diameter, m
F Friction coefficient

H Height, m

h Heat-transfer coefficient, k] /kg
I Current, A

] Current density, A/ cm?
Jo Colburn factor

k Thermal conductivity, W/m - K
m Mass flow rate, kg/s

N motor speed, rpm

Nu Nusselt number

Nirag Electro-osmotic drag force, mol/s-m?
Nu,diff Water back-diffusion force, mol/s-m?
n Number

P Pressure, Pa

Pr Prandtl number

Q Heat transfer, W

Re Reynolds number

T Temperature, K

t Thickness, m

u Overall heat, W/m? - K
1% voltage, V

1% Width, m

Greek letters

1 Efficiency

0 Valve ratio

A Water content

P Density, kg/m3

o Conductivity

T Torque, N - m
Subscripts

act Active losses

air Air side

an Anode

avg Average

ca Cathode

ch Channel

conc Concentration losses
cool Coolant

FC Fuel cell

f Fin
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conc  Concentration losses
cool  Coolant
FC Fuel cell

f Fin
Ny Nitrogen
0, Oxygen

ohm  Ohmic losses
sat Saturate
sat Saturate

t Tube
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