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A model based investigation of evaporative cooling for polymer electrolyte 
fuel cells – System level analysis 
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H I G H L I G H T S  

• Interactions between evaporatively cooled PEFC stack and auxiliaries are analyzed. 
• Optimized operating conditions for evaporatively cooled systems are quantified. 
• A closed water loop is possible over a wide range of operating conditions. 
• An efficiency map for evaporative cooling is proposed. 
• The condenser is identified as the one critical component for evaporative cooling.  
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A B S T R A C T   

Evaporative cooling is a promising concept to reduce the fuel cell system volume and mass significantly. This 
paper investigates the interactions between the fuel cell stack and the balance of plant in an evaporatively cooled 
polymer electrolyte fuel cell system (PEFCS). For this, a zero-dimensional PEFCS model, comprising the fuel cell 
stack, air compressor, charge air cooler, humidifier, hydrogen recirculation blower, condensing radiator and 
water separator has been developed and analyzed. Two evaporative cooling system architectures are compared 
to conventional, liquid cooling. Optimal operating conditions are determined by a numerical optimization of the 
net system power output. Main results show that evaporative cooling works on the system level over a wide range 
of operating conditions. The optimum system power and highest efficiencies are achieved at high temperatures 
(80–90 ◦C), low pressure (125–150 kPa) and a corresponding cathode stoichiometry between 1.5 and 3, allowing 
for a closed water loop at the same time. The air compressor shows an increased power demand, compared to 
conventional cooling and the exhaust gas condenser is identified as the one critical component for evaporative 
cooling. Its performance is key to an efficient operation and closed water loop at all ambient conditions.   

1. Introduction 

Polymer electrolyte fuel cells (PEFC) are an auspicious alternative to 
internal combustion engines (ICE) and lithium-ion batteries for pas-
senger cars [1–3] but especially for heavy-duty transport applications 
[4,5]. They allow an emission free conversion of hydrogen, show high 
system efficiencies (>60%) [3], high power densities (640 W/L) [6] and 
good dynamic behavior as well as excellent freeze start capabilities [7]. 
Further, the direct use of hydrogen allows fast refueling [8], high 
mileage [9] and allows a temporal decoupling of electricity production 
and vehicle refueling, which reduces the concurrent power demand for 
refueling substantially. However, PEFC costs, durability as well as power 

density have to be further improved to become a viable alternative 
[10–12]. 

Heat rejection is challenging for conventional fuel cell electric ve-
hicles (FCEV). U.S. Department of Energy (DOE) estimates the maximum 
heat rejection of FCEV at 1.45 kW/K, which significantly limits the 
continuous power output of fuel cell systems. Furthermore, the cooling 
system is directly and indirectly responsible for a significant share of fuel 
cell stack and system volume. On the one hand, a complex multi-layer 
bipolar plate design is required in order to guide the liquid coolant 
through each cell of the stack [13]. Hence, bipolar plates account for 
75% of stack volume [14]. On the other hand, conventional cooling 
requires high operating temperatures to facilitate the heat rejection. 
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Therefore, an external humidifier is often required to ensure proper 
humidification and thus ionic conductivity of the polymer electrolyte 
membrane [15]. 

Evaporative cooling is a promising concept to overcome the heat 
rejection limitation. At the same time, it enables a significant reduction 
of stack and system volume as well as cost by simplifying the design of 
bipolar plates and eliminating the need for external humidification. 
Evaporative cooling approaches have been presented in several articles 
and patents [16–28]. All share the fact that the system complexity is 
increased compared to conventional cooling. 

The PSI evaporative cooling concept [29] is based on a specially 
designed gas diffusion layer (GDL) with patterned wettability [30]. 
Liquid water is supplied to the cell, where it is subsequently wicked into 
the hydrophilic part of the GDL and distributed across the active area. 
When the water evaporates, it cools the cell and concurrently humidifies 
the membrane, which yields a higher ionic conductivity thereof. This 
allows higher operating temperatures without the need for external 
humidification and simplifying the design of bipolar plates, thus 
showing the potential of reduced system volume, mass, complexity and 
cost by up to 30%. 

However, the interactions between the fuel cell stack and balance of 
plant (BoP) are complex. Hence, numerical models can improve the 
understanding of the relevant interdependencies. Numerous articles 
have investigated the evaporation of liquid water as well as the two- 
phase transport in gas diffusion layers [31–39], setting the ground for 
several numerical and experimental studies that have analyzed evapo-
rative cooling in differential single cells [29,40] and on stack level [16, 
17]. 

Evaporative cooling has been investigated on the system level by 
Schultze and Horn [41], who developed a control oriented simulation 
model. They considered the heat exchanger as well as water separator, a 
cooling water tank, water pumps and the fuel cell stack. Simulations 
were in good agreement with experimental data. However, the specific 
requirements of the auxiliaries in an evaporatively cooled fuel cell sys-
tem have not been analyzed. 

Hwang and Kim [17] investigated liquid water injection into the 
cathode gas supply experimentally. In their study, they focused on the 
cathode humidification and cooling of the stack by water atomization. 
Balance of plant components have not been considered in further detail. 
They investigated the water spray formed with an external-mixing 
air-assist atomizer and identified the optimal water pressure. Choi 
et al. [16] performed a parametric analysis of evaporative cooling and 
humidification by liquid water injection in a 5 cell stack. They investi-
gated the influence of water temperature, pressure as well as relative 
humidity of the air stream on the evaporation rate and stack 
performance. 

Fly and Thring [42] developed a fuel cell vehicle model for evapo-
rative cooling. They investigated the thermal and water balance. The 
impact of operating pressure on the waste heat was studied. They have 
shown that at increased pressure, an increased operating temperature is 
required, which reduces the required frontal area of the radiator. In 
further studies, they have focused on the temperature regulation of the 
fuel cell stack [43] as well as on a detailed analysis of the exhaust gas 
condenser [44]. They have proven that the frontal area of a condensing 
radiator can be reduced by 30%, compared to a conventional heat 
exchanger. 

In our previous study [45], we have investigated the potentials and 
limits of evaporative cooling numerically on the stack level. A 
zero-dimensional model has been developed, incorporating mass and 
energy balances as well as electrochemical performance and evapora-
tion. We have shown that evaporative cooling is feasible on the stack 
level over a wide range of operating conditions and proposed an oper-
ating window, which is slightly shifted towards higher temperatures 
(80–95 ◦C), lower pressures (100–200 kPa) and higher cathode stoi-
chiometries (>1.5) compared to conventional fuel cells. Additionally, 
we have listed the challenges of the evaporative cooling approach. 

Despite the fact that evaporative cooling has been the focal point of 
many studies, the interactions between the fuel cell stack and balance of 
plant have not been analyzed in detail in literature yet. Furthermore, the 
water balance of an evaporatively cooled fuel cell system has not been 
investigated systematically so far. 

Therefore, this study aims at analyzing the effect of the air 
compressor and the anode recirculation as well as the exhaust gas 
condenser on the fuel cell stack operation. A detailed parameter study 
and numerical optimization is performed to identify optimal operating 
conditions in order to achieve highest system efficiencies within the 
boundaries of a closed water loop (i.e. conditions that allow to condense 
the amount of water from the exhaust, which is required by the stack for 
evaporative cooling). For this, a zero-dimensional fuel cell system model 
has been developed where this study focuses on the BoP interactions. 
Two different system architectures for evaporative cooling are investi-
gated and the net system power is compared to a conventionally cooled 
fuel cell system. 

2. Numerical methods 

In order to analyze the interactions within an evaporatively cooled 
fuel cell system and to determine suitable operating conditions, a fuel 
cell system model has been developed. It allows fast parameter studies 
and the application of numerical optimization methods. A model-based 
approach has been chosen since experimental studies are expensive, 
time consuming and require a highly integrated test infrastructure [46, 
47]. Furthermore, a semi-empirical, zero-dimensional approach is 
justified by the complex interactions between different scales of the 
hydrophilic/hydrophobic pattern (500 μm hydrophilic lines with 1000 
μm spacing) and the channel length of about 160 mm. To correctly 
capture the coupled through-plane and down-the-channel effects of 
evaporative cooling with a physical model, a multi-dimensional, two--
phase approach would be required, which in turn would lead to signif-
icant computational costs which would make the application of the 
presented optimization schemes impossible. 

2.1. Overview and assumptions 

Three different fuel cell system architectures are investigated in this 
work, evaporative cooling at the cathode, at the anode and conventional 
cooling (see Fig. 1). All three models contain the fuel cell stack, air 
compressor (AC), charge air cooler (CAC), hydrogen recirculation 
blower (HRB), as well as anode and cathode water separators (AWS, 
CWS). The conventional model (Fig. 1a) additionally comprises a hu-
midifier (HUM), whereas the evaporative cooling models include a 
condensing radiator (COND) that is either positioned at the cathode 
exhaust (Fig. 1b) or in the anode recirculation loop (Fig. 1c). The 
cathode backpressure valve, hydrogen injector as well as purge and 
drain valves are not modeled. Instead, an ideal control of the anode and 
cathode stack outlet pressure and a constant nitrogen concentration in 
the anode recirculation loop (ideal purge behavior) are assumed. The 
power consumption of the coolant pump is neglected in this study as is 
the DC/DC converter and a potential turbine/expander. The target of the 
model is to obtain the stack performance and water demand, the 
compressor and HRB power consumption as well as the condensation 
rates from the exhaust gas at different operating conditions to define 
optimal operating strategies with maximized net system power at ther-
mal steady state and closed water loop. Further, the impact of condenser 
outlet temperature on the evaporative cooling performance is 
investigated. 

The developed model is zero-dimensional in nature and simulates the 
thermal steady state of the stack. In the context of this work, zero- 
dimension means that each component is modeled zero-dimensionally 
(i.e. no spatial extent is considered) and the output of one component 
serves as an input to the subsequent one. Output and input consider 
species molar flowrates, as well as total pressure and temperature. Heat 
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and pressure losses of connecting pipes are neglected since they are 
assumed to be short and properly insulated. Thermal steady state, on the 
other hand, indicates the condition at which the entire waste heat of the 
stack is removed by evaporative cooling and thus the stack temperature 
remains constant. However, variables can still change in time. The 
presented equations yield a system of ordinary differential equations 
(ODE) in time, which has been solved with Simulink® (Version 9.0, 
R2017b, © The MathWorks, Inc.). The integrated ODE45 solver [48] (i.e. 
Dormand Prince Method [49]) has been used with variable step size 
[45]. 

The following assumptions and simplifications have been made:  

i. Perfect gas behavior (i.e. constant specific heat capacities) and 
mixtures of perfect gases are assumed for the BoP models (see 
supplementary information for more details).  

ii. Fully saturated gases (RH = 100%) at anode and cathode outlet 
respectively condenser inlet are assumed (see Lal et al. [35]).  

iii. Heat and pressure losses of pipes connecting components are 
neglected.  

iv. Ideal evaporation: all produced heat evaporates water and 
evaporation is only limited by saturation of the gas in the flow 
channels of the stack.  

v. Ideal water supply: the same amount of water that can evaporate 
is supplied.  

vi. Water is only considered in vapor phase (except for the water 
supply and condenser outlet).  

vii. Nitrogen crossover is neglected (N2 volume fraction equals zero 
in the anode recirculation loop).  

viii Anode purge losses are neglected. 

Assumptions applied to the fuel cell stack model are summarized in 
our previous work [45]. 

The different sub-models of the three investigated system architec-
tures are discussed in more detail in the following chapters. Further, the 

applied optimization strategy is described. 

2.2. Fuel cell stack model 

In the fuel cell stack model, the steady-state mass balance (1) and 
energy balance (2), as well as the electrochemical performance (3) are 
taken into account. In order to enhance the readability, only the gov-
erning equations are presented here. A more detailed description of the 
stack model is published in our previous work [45]. 
∑

ṅi + ṅi,s = 0 (1)  

where ṅi denotes the molar flow rates of the species i across the system 
boundaries and ṅi,s is the respective sink or source term inside the 
control volume. 

Q̇surf + Pel +
∑

ṁi
(
hi + ea,i

)
=

dU
dt

= 0 (2) 

The transfer of heat Q̇surf and electrical power Pel as well as enthalpy 
and external energy of mass flow ṁi

(
hi + ea,i

)
across the system 

boundary changes the internal energy dU of the system. For steady-state 
conditions, the change in internal energy equals zero. 

To calculate the actual cell voltage Ecell, the various overpotentials 
(kinetic losses of the oxygen reduction reaction ηORR, the ohmic losses 
due the ionic resistance of the membrane j⋅Rmem and the contact re-
sistances j⋅Rcont, the proton transport losses in the cathode catalyst layer 
j⋅RH+ and the mass transport overpotential ηtx,O2

) are subtracted from the 
reversible cell voltage Erev. The protonic resistance of the anode catalyst 
layer and the kinetic overpotential of the hydrogen oxidation reaction 
(HOR) are neglected [50]. 

Ecell = Erev − ηORR − j⋅Rmem − j⋅Rcont − j⋅RH+ − ηtx,O2
(3) 

The evaporation rate ṅev,max
H2O can be calculated with the assumption of 

fully saturated exhaust gas streams from the mass balance as follows: 

Fig. 1. Investigated fuel cell system architectures. a) conventional liquid cooling, b) cathode evaporation concept, c) anode evaporation concept.  

ṅev,max
H2O = ṅlq,in

H2O =
j⋅Aact

2⋅F
k

⎡

⎢
⎢
⎣

pout
sat

ptot
⋅
(

λa

(
νa,  in

N2 ,dry

/
νa,  in

H2 ,dry + 1
)

+ λc
2

(
νc,  in

N2 ,dry

/
νc,  in

O2 ,dry + 1
)
− 3

2

)

(
1 −

pout
sat

ptot

) − 1

⎤

⎥
⎥
⎦ (4)   
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with system pressure ptot, anode and cathode stoichiometric ratios λa, λc, 
dry gas composition of cathode and anode supply νc,  in

N2 ,dry, νc,  in
O2 ,dry, ν

a,  in
N2 ,dry,

νa,  in
H2 ,dry as well as current density j, active area per cell Aact, number of 

cells k, saturation pressure pout
sat (as a function of temperature T) and 

Faraday constant F [45]. 
With the molar enthalpy of evaporation of water ΔHev

m,H2O, the cor-
responding cooling power Pev,max

cool can be calculated as follows: 

Pev,max
cool = ṅev,max

H2O ⋅ΔHev
m,H2O (5) 

From the energy balance, the following steady-state condition can 
then be derived: 

jAactk
(
− ΔHr

m

2 F
− Ecell

)

= kfc As(Tc − Tamb) + ṅev,max
H2O ⋅ΔHev

m,H2O (6)  

where ΔHr
m is the molar enthalpy of reaction, kfc is the heat transfer 

coefficient to the environment, As is the surface area of the stack and 
Tamb is the ambient temperature. The steady-state condition allows to 
determine suitable combinations of operating conditions at which the 
entire waste heat is removed by evaporative cooling. See Ref. [45] for 
more details. 

In addition to the stack model presented in Ref. [45], the pressure 
drop of cathode and anode has been implemented. Section 2.3 presents 
the two different pressure drop models used in this work. For the stack, a 
linear pressured drop correlation is assumed due to the laminar flow in 
the gas channels, which contribute to the majority of the stack pressure 
loss. 

2.3. Pressure drop correlations 

Since the exact geometries of the components are unknown, an 
empirical approach, considering pressure drop fitting factors (ζ) has 
been chosen. The parametrization of ζ for the different components is 
provided in the supplementary information. 

A linear correlation with volumetric flow (see equation (7)) is 
assumed for the components, where laminar flow is predominant (i.e. 
the fuel cell stack and the humidifier). 

Δplam = ζ μ V̇ (7)  

with pressure drop Δp, viscosity μ, volumetric flowrate V̇ and fitting 
factor ζ. 

For the charge air cooler, anode and cathode water separator, as well 
as for the condenser, turbulent flow is assumed to be predominant, 
therefore a quadratic pressure loss correlation is considered: 

Δpturb = ζ ρ V̇2 (8)  

with gas density ρ, which has been calculated as a function of pressure, 
temperature and the gas composition. For the viscosity μ, the pressure 
dependence has been neglected. 

2.4. Air compressor and hydrogen recirculation blower model 

The compression of air or hydrogen respectively from pressure p1 to 
p2 is modeled as an isentropic compression [51]. Subsequently, the 
losses due to real compression as well as mechanical (compressor) and 
electrical losses (electric motor and inverter) are accounted for by the 
isentropic efficiency ηs and the combined mechanical and electrical ef-
ficiency ηm,el. Perfect gas behavior is assumed (i.e. constant specific heat 
capacity, averaged between T1 and T2) 

Peff =
ṁ⋅(h2 − h1)

ηm,el
=

Ps

ηsηm,el
=

ṁ
(
h2,s − h1

)

ηsηm,el
≈

ṁ cp
(
T2,s − T1

)

ηsηm,el
(9)  

where Peff is the compressor/HRB power demand, ṁ is the mass flow of 
the gas mixture, h2 is the specific enthalpy of the compressed gas, h1 is 
the specific enthalpy at inlet condition and h2,s is the specific enthalpy 
after isentropic compression. The enthalpy change from inlet to outlet is 
approximated for perfect gases as cp.(T2,s − T1). Where T1 is the inlet 
temperature, T2,s is the isentropic outlet temperature and cp the aver-
aged specific heat capacity at constant pressure. More information on 
the approximation of cp is provided in the supplementary information. 

Finally, the temperature T2,s can be calculated for an isentropic 
compression as follows: 

T2,s

T1
=

(
p2

P1

)κ− 1
κ

(10)  

where κ is the ratio of the specific heat capacities (cp/cv). 
The inlet pressure p1 and outlet pressure p2 are depending on the 

stack outlet pressure set point as well as on the sum of the component 
pressure drops, depending on the system architecture (Fig. 1). For the air 
compressor, the inlet pressure p1 is approximated with the ambient 
pressure (i.e. neglected pressure loss of the air filter). 

2.5. Condenser model 

The condenser model allows the calculation of the water condensa-
tion rate as a function of the condenser outlet temperature (Tout). A 
reasonable gap to the environment has to be considered. It is assumed 
that water only exists in vapor state at the condenser inlet (i.e. no liquid 
water is present). Further, the gas at the condenser inlet is fully saturated 
due to the high water vapor production rates by evaporative cooling. 
The condenser is modeled ideal in the sense that the set outlet temper-
ature is always reached (i.e. it is assumed that the area of the condenser 
is sufficiently large at all simulation conditions). 

The condensation rate ṅcond can be calculated as the difference be-
tween the water vapor flow rate of the saturated gas at the inlet ṅg,  in

H2O , at 
temperature Tin and at the condenser outlet ṅg,  out

H2O , at temperature Tout. 

ṅcond = ṅg,  in
H2O − ṅg,  out

H2O =

(
νin

H2O

1 − νin
H2O

−
νout

H2O

1 − νout
H2O

)

⋅ṅdry (11)  

where νin
H2O and νout

H2O are the mole fractions of water vapor at condenser 
inlet and outlet respectively and ṅdry is the molar flowrate of the dry gas 
(hydrogen at the anode and oxygen and nitrogen at the cathode). For 
mixtures of perfect gases, this can be written as a function of saturation 
pressure and total pressure as follows: 

ṅcond =

(
pin

sat

pin
tot − pin

sat
−

pout
sat

pout
tot − pout

sat

)

⋅ṅdry (12)  

where psat is the water saturation pressure at temperature Tin and Tout, 
respectively, which has been determined according to Antoine’s equa-
tion. See supplementary information for details. The flow rate of dry gas 
ṅdry, as well as the gas temperature Tin are provided by the stack sub 
model. 

The pressure drop of the condenser is assumed quadratic according 
to eq. (8). Furthermore, it is assumed, that the flow of the gas phase is 
mainly contributing to the pressure drop, therefore the flowrate of liquid 
water has been neglected. To accommodate for the changes throughout 
the condenser, the average temperature and gas flow rate between inlet 
and outlet has been considered for the pressure drop calculation. 

2.6. Charge air cooler, water separator and humidifier models 

For the charge air cooler, the anode and cathode water separator as 
well as for the humidifier, only the pressure drop is modeled. For the 
water separators and the charge air cooler, a quadratic pressure loss 
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correlation is considered, whereas the pressure drop in the humidifier is 
modeled linear. Besides that, the mentioned components are idealized. 
That means, the outlet conditions are set points, which are achieved 
under all operating conditions. Thus, the charge air cooler cools the 
heated air stream down to the set stack temperature, the humidifier 
provides the set cathode inlet RH (and transfers the same amount of 
water from the cathode exhaust) and the water separators removes all 
liquid water from the exhaust stream. 

2.7. Optimization of net system power 

In order to determine the optimal operating strategy, a numerical 
optimization has been conducted, maximizing the net power output of 
the fuel cell system. It has been approximated as the difference between 
stack power (Pstack), compressor power (PAC) and HRB power con-
sumption (PHRB). The parasitic power consumptions of other BoP have 
been neglected since they are small compared to the compressor and 
HRB power. 

Pnet =Pstack − PAC − PHRB (13) 

Newton’s method was used to vary pressure and the secant method 
was applied to find the corresponding cathode stoichiometry to achieve 
the maximum net system power, so that a complete removal of the waste 
heat by evaporative cooling is given at any time. Furthermore, the 
cathode outlet pressure of the optimized scenario must not fall below 
ambient pressure. The optimization has been carried out at current 
densities between 0 and 3.0 A/cm2 and temperatures between 60 and 
90 ◦C. Further details are provided in the supplementary information. 

Pnet = f (p, λc)…max

s.t.
dTs

dt
= 0 (all heat is removed by evaporative cooling)

j = const., T = const.; pout > 100 kPa, λc > 1

(14)  

3. Results and discussion 

In the following sections, the simulation results of the analyzed 
components as well as their implications on the system behavior are 
discussed. The basis for this analysis is a system with a stack of about 
120 kW gross power (i.e. 450 cells with an active area of 300 cm2 each). 

In order to achieve thermal steady state, the evaporatively cooled 
fuel cell stack has to be operated at a defined combination of operating 
parameters (see eqs. (4) and (6)). Since the evaporation rate and thus the 
evaporative cooling performance decreases with increased pressure, the 

cathode or anode stoichiometry has to be adapted as a compensation 
measure, to maintain a constant temperature (at constant load). See 
Ref. [45] for further details. 

Therefore, two different evaporative cooling approaches are dis-
cussed in this work. Either the evaporation at the cathode is increased by 
adjusting the cathode stoichiometry (test case 2, system architecture 
Fig. 1b) or the evaporation at the anode is optimized by adjusting the 
anode recirculation rate (test case 3, system architecture Fig. 1c). The 
performance of both evaporative cooling approaches is compared to a 
conventional system (test case 1, system architecture Fig. 1a). Table 1 
gives an overview of the three test cases and the corresponding simu-
lation conditions. The electrochemical parameters used for the stack 
model are presented in Ref. [45]. 

3.1. Compressor and HRB power consumption 

First, the power consumption of the air compressor and the hydrogen 
recirculation blower in an evaporatively cooled system (test cases 2 and 
3) are discussed and compared to a conventional system with liquid 
cooling (test case 1). 

3.1.1. Cathode evaporation concept 
At first, the cathode evaporation concept is discussed. Fig. 2a shows 

the dependence between operating pressure and cathode stoichiometry 
in order to maintain a constant temperature at a current density of 1 A/ 

Table 1 
Simulated test cases and corresponding conditions.   

test case 1: 
Conventional 
Cooling 

test case 2: 
Cathode 
Evaporation 

test case 3: 
Anode 
Evaporation 

Cathode 
stoichiometry 

2 Optimized 2 

Anode recirculation 
rate 

1.5 (100% RH) 1.5 (100% RH) Optimizeda 

Anode nitrogen 
content 

0 vol% 0 vol% 0 vol% 

Stack outlet pressure 200 kPa Optimized Optimized 
HRB isentropic 

efficiency 
50% 

HRB mech., el. 
efficiency 

80% 

Air compressor 
isentropic 
efficiency 

75% 

Air compressor 
mech., el. 
efficiency 

80%  

a RH depending on condenser outlet temperature. 

Fig. 2. a) Required cathode stoichiometry and b) compressor power con-
sumption as a function of stack outlet pressure and operating temperature to 
achieve thermal steady state at 1 A/cm2; evaporative cooling (EC, solid lines) 
compared to conventional liquid cooling (LC, dashed line) at a constant cathode 
stoichiometry of 2. 
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cm2. 
It can be seen that the cathode stoichiometry increases almost line-

arly with pressure over the investigated range to ensure a thermal steady 
state. Higher temperatures require a lower stoichiometry at the same 
pressure to achieve a certain evaporation rate (eq. (4)). Furthermore, the 
gradient in Fig. 2a decreases with increasing temperature, since the 
cathode stoichiometry affects the evaporation rate and thus cooling 
performance stronger at higher temperatures and pressures (i.e. a 
stronger relative sensitivity of the evaporative cooling power towards 
cathode stoichiometry is observed, see Fig. 4 in Ref. [45]). 

Moreover, the required steady-state cathode stoichiometry at low 
pressure and high temperature drops below 1.5, which is considered a 
minimum to operate the stack robustly. Operating the evaporatively 
cooled stack at higher stoichiometry than the steady-state stoichiometry 
would yield an increased evaporation and cooling power, which would 
decrease the stack temperature. This effect can theoretically be miti-
gated by limiting the water supply to the stack, however, this might lead 
to an unstable operation. 

The observed dependence between stoichiometry and operating 
pressure, affects the power consumption of a compressor providing such 
characteristics. See eqs. (9) and (10). 

Fig. 2b shows the compressor power consumption in the evapo-
ratively cooled system at different steady-state temperatures (solid 
lines) compared to a conventional system at a constant cathode stoi-
chiometry of 2 (dashed line). It can be seen, that for evaporative cooling, 
the power demand increases over-proportionally with pressure due to 
the simultaneous increase in stoichiometry. Furthermore, Fig. 2b shows 
that the compressor power demand can even offset the stack power, 
especially at lower operating temperatures and high pressures, where a 
very high stoichiometry is required to provide sufficient cooling power. 
Therefore, only the pressure range below 200 kPa and an increased 
operating temperature above 80 ◦C are considered relevant for evapo-
rative cooling. 

3.1.2. Anode evaporation concept 
In the anode evaporation concept, the situation is similar. The 

recirculated hydrogen has to be dried by condensing the water vapor to 
enable evaporation at the anode. Furthermore, the recirculation rate has 
to be increased significantly to achieve sufficient evaporation rates. 
Since a substantial amount of water vapor is removed with the cathode 
exhaust gas, achieving a closed loop in the anode evaporation concept is 
more challenging. Fig. 3a shows the required anode stoichiometry as a 
function of stack outlet pressure to provide a thermal steady state. 

First, it can be seen that the required anode stoichiometry increases 
almost linearly with pressure and it decreases with temperature. This is 
in line with the results presented for the cathode evaporation concept 
above, however, the required stoichiometric ratios are significantly 
higher for the anode evaporation concept, because no nitrogen is present 
according to our assumptions and the recirculated hydrogen is not 
completely dried by the condenser. 

However, due to the fact that only the pressure drop of the anode 
recirculation loop has to be overcome, the power consumption of the 
hydrogen recirculation blower (HRB) is smaller compared to the air 
compressor. Fig. 3b shows that the HRB power increases over- 
proportionally with pressure. This can be explained by the over- 
proportionally increased pressure drop of the anode recirculation loop 
at increased pressure and increased stoichiometry. In comparison to the 
low power consumption of the HRB in a conventional system (dashed 
line), a significantly higher power is observed for evaporative cooling. 
Also in the anode evaporation concept, lower pressures and increased 
temperatures are favorable from an HRB power consumption perspec-
tive, even though the effects are less pronounced compared to the 
cathode evaporation concept. 

Note: a condenser outlet temperature of 25 ◦C (best case scenario) is 
assumed for the calculations provided here. A more detailed discussion 
on the interactions between condenser outlet temperature and required 

anode stoichiometry as well as system power is presented below in 
section 3.3.2. Furthermore, the impact of the nitrogen concentration in 
the anode recirculation loop is not taken into account. The results pre-
sented here, are considered the best case scenario. Additional N2 in the 
anode recirculation loop requires an increased HRB power consumption 
to achieve the same evaporation rate, since the pressure drop of the 
anode recirculation loop increases due to the increased density and 
viscosity of the mixture (eq. (7) and (8)). The increased massflow in eq. 
(9), however, is mostly offset by the decrease in the specific heat ca-
pacity (the molar heat capacities at constant pressure (cmp) of hydrogen 
and nitrogen only differ insignificantly at 80 ◦C [52]). 

3.2. Net system power 

Next, the impact of the operating conditions on the net system power 
is discussed. Operating temperature, pressure and stoichiometry affect 
the evaporation rate, BoP power consumption as well as the stack per-
formance significantly. 

3.2.1. Cathode evaporation concept 
Fig. 4a illustrates the simulated stack power as a function of oper-

ating pressure and temperature. The cathode stoichiometry is chosen 
such that the thermal steady state is achieved. It can be seen that the 
impact of temperature is strongest at low pressure whereas it is negli-
gible at high operating pressure. The higher temperatures result in a 

Fig. 3. a) Steady-state anode stoichiometry and b) hydrogen recirculation 
blower (HRB) power consumption as a function of stack outlet pressure and 
operating temperature. Evaporative cooling (EC, solid lines) is compared to 
conventional liquid cooling (LC, dashed lines) at a current density of 1 A/cm2 

and a condenser outlet temperature of 25 ◦C. 
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higher water partial pressure which reduces the oxygen partial pressure 
and thus the stack performance. This effect is more pronounced at lower 
pressure and additionally enhanced by the lower steady-state stoichi-
ometry at higher temperatures. Furthermore, the decrease in Nernst 
potential with increasing temperature is more pronounced than the 
decrease in ORR overpotential, see Ref. [45]. 

Fig. 4b shows the net system power of an evaporatively cooled sys-
tem at different temperatures (solid lines) compared to a conventional 
system (dashed line) at 1 A/cm2. Since the increase in compressor power 
consumption is more pronounced with higher operating pressure (see 
Fig. 2b) than the increase in stack power (see Fig. 4a), the net system 
power shows a maximum at low operating pressure. However, at very 
low pressure, this is compensated by a significant drop in stack power. 
Therefore, the maximum is more or less pronounced, depending on the 
operating temperature. It can be seen, that the optimal system power at 
1 A/cm2 is rather independent of the operating temperature, however, it 
is achieved at different system pressures and corresponding stoichio-
metric ratios. Based on these results, the optimal operating pressure for 
the cathode evaporation concept is found between 125 and 150 kPa, 
depending on the operating temperature. Furthermore, the maximal 
system power is only slightly lower in comparison to conventional 
operation (green dashed line). 

3.2.2. Anode evaporation concept 
In the anode evaporation concept, the stack power does not show 

such a strong dependence on temperature than in the cathode 

evaporation concept. We attribute this to the fact that in this concept the 
anode stoichiometry is varied whereas the cathode stoichiometry is held 
constant at 2. Since the anode stoichiometry shows less impact on the 
cell voltage, the stack power in Fig. 5a is mainly depending on the stack 
pressure. The little impact of the temperature at lower pressure is 
explained by the decreased oxygen partial pressure and the decreased 
Nernst potential. 

The power consumption of the HRB in the anode evaporation 
concept is lower compared to the air compressor in the cathode evap-
oration concept. Therefore, the system power at high pressure is higher 
in the anode evaporation concept (see Fig. 5b). However, at low pressure 
this effect is less pronounced and thus the peak system power is com-
parable in both concepts and only slightly lower than in the conven-
tional system. 

3.3. Exhaust gas condenser 

The exhaust gas condenser is a critical component for the evapo-
ratively cooled system. However, its impact is different in the two 
investigated concepts. 

3.3.1. Role of the condenser in the cathode evaporation concept 
In the cathode evaporation concept, the condenser outlet tempera-

ture does not directly affect the system power nor the required evapo-
ration rate to achieve a thermal steady state, since there is no 
recirculation on the cathode side and thus dry air is supplied to the stack, 

Fig. 4. a) stack power and b) system power as a function of stack outlet 
pressure and operating temperature for the cathode evaporation concept. 
Evaporative cooling (EC, solid lines) is compared to conventional operation 
with liquid cooling (LC, dashed lines). 

Fig. 5. a) stack power and b) system power as a function of stack outlet 
pressure and operating temperature for the anode evaporation concept. Evap-
orative cooling (EC, solid lines) is compared to conventional operation with 
liquid cooling (LC, dashed lines). 
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independent of the condenser. Furthermore, it is observed that the 
operating conditions of the stack do no impact the water demand (i.e. 
evaporation rate), nor the amount of water that is available in the 
exhaust gas significantly (assuming a thermal steady state and constant 
load). Therefore, average values are presented for the cathode 

condensation rates. 
Calculated condensation rates are mainly affected by the condenser 

outlet temperature and the operating temperature. Fig. 6a shows the 
condensation rates for the cathode evaporation concept at three 
different operating temperature (solid lines). It can be seen that 
condensation starts below the actual operating temperature and in-
creases with decreasing condenser outlet temperature. Fully saturated 
gas streams are assumed at the condenser inlet, however, due to the 
pressure drop of the condenser, the condensation starts below the actual 
operating temperature. At very low temperatures, the condensation rate 
plateaus since essentially all water vapor that is contained in the exhaust 
gas is condensed. All operating temperatures show a similar peak 
condensation rate, since the pressure and stoichiometry are optimized to 
remove all waste heat. The slight difference is explained by slightly 
changed fuel cell performance and thus waste heat production at the 
different operating conditions. 

The condensation rates are generally higher at higher operating 
temperatures since there is a larger difference to the condenser outlet 
temperature, which yields a higher difference in water partial pressure. 
This effect is stronger at higher temperatures since the saturation pres-
sure shows an exponential behavior with temperature. E.g. cooling the 
90 ◦C fully saturated exhaust gas by 20 ◦C yields higher condensations 
rates than cooling the 80 ◦C exhaust gas by 20 ◦C. 

Therefore, the required minimal condenser outlet temperature to 
enable a closed water loop (i.e. to condense the amount of water from 
the exhaust gas that is required by the stack to remove the entire waste 
heat by evaporative cooling) can be determined by intersecting the 
condensation rates with the stack water demand in Fig. 6a. It can be seen 
that an operating temperature of 80 ◦C would require a condenser outlet 
temperature slightly below 50 ◦C to condense the water demand from 
the cathode exhaust gas. This might be challenging to achieve at all 
environmental conditions. At 90 ◦C, however, the required condenser 
outlet temperature is slightly below 70 ◦C. 

Further, Fig. 6a shows that the water demand of the stack can be 
completely satisfied by condensing water only from the cathode exhaust. 
A sufficient amount of water vapor is available at all steady-state 
operating conditions. Since no evaporation takes place at the anode in 
this scenario (saturated hydrogen is recirculated), an increased water 
demand and thus evaporation rate (e.g. at higher loads) is solely re-
flected by an increased water vapor flowrate at the cathode exhaust. 

However, the condenser outlet temperature also has an impact on the 
amount of uncondensed water vapor. This, in turn, affects the pressure 
drop of the condenser, since it is assumed that the gas phase mainly 
contributes to the pressure drop. Therefore, the condenser outlet tem-
perature indirectly limits the minimum stack outlet pressure (i.e. 
ambient pressure + condenser pressure drop). Fig. 6b shows the impact 
of the condenser outlet temperature on the minimal stack outlet pres-
sure. It can be seen, that the impact is lowest for the highest operating 
temperature since the lowest stoichiometry and thus flowrate is 
required. 

The above-mentioned effects clearly indicates the benefit of higher 
operating temperatures for the evaporative cooling concept. Further-
more, the condenser is identified as the one critical component for the 
cathode evaporation concept, since it determines the minimal operating 
pressure and thus the net system power and efficiency. 

3.3.2. Role of the condenser in the anode evaporation concept 
In the anode evaporation concept, the role of the condenser is 

different. Since humid exhaust gas is recirculated, the condenser outlet 
temperature determines the relative humidity at the anode inlet and 
thus the evaporation rate in the stack. To achieve a thermal steady state, 
a higher RH at the stack inlet needs to be compensated by a higher anode 
recirculation rate. Thus, the condenser outlet temperature indirectly 
affects the HRB power consumption (due to the increased recirculation 
rate) and therefore the net fuel cell system power. The provided calcu-
lations of the net system power in section 3.1.2 assume a condenser 

Fig. 6. a) Condensation rate for cathode (solid) and coresponding stack water 
demand (dashed) as a function of condenser outlet temperature at different 
operating temperature. b) minimal stack outlet pressure as a function of 
condenser outlet temperature and operating temperature. Both at optimized 
operating conditions (pressure and cathode stoichiometry) to achieve max. 
power output at a current density of 1 A/cm2. c) anode condensation rate 
(solid), cathode exhaust water flow rate (dashed) and stack water demand 
(dotted) as a function of stack outlet pressure at 1 A/cm2 and a cathode stoi-
chiometry of 2. 
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outlet temperature of 25 ◦C and therefore a best-case scenario. The 
condensation rate at thermal steady state, however, is independent of 
the condenser outlet temperature, since a higher outlet temperature 
would be compensated by a higher stoichiometry to achieve the 
required evaporation and thus condensation rate. An explanatory figure 
is presented in the supplementary information. 

The evaporation does not exclusively occur at the anode in this 
concept. Therefore, the amount of water recoverable in the anode 
exhaust also depends on the evaporation at the cathode (since both are 
considered when determining the steady-state evaporation rate) and 
thus on the operating conditions (i.e. temperature, pressure and cathode 
stoichiometry). Fig. 6c shows the impact of the aforementioned pa-
rameters on the water vapor flow rate at cathode exhaust and thus on the 
achievable condensation rate at the anode. In order to provide a suffi-
ciently high condensation rate at the anode (solid lines), the evaporation 
at the cathode has to be reduced. The minimal operating pressure at 
different operating temperatures can be found by intersecting the 
condensation rates (solid lines) with the stack water demand (green 
dotted line). Considering these minimal operating pressure (about 250 
kPa at 80 ◦C and 360 kPa at 90 ◦C), the peak of the corresponding system 
power (Fig. 5b) can by far not be reached with the anode only evapo-
ration concept. Even at a decreased cathode stoichiometry of 1.5, the net 
system power is lower as compared to the cathode evaporation concept. 

Furthermore, the anode evaporation concept is more complex from 
an engineering perspective, since water has to be continuously separated 
from the hydrogen rich recirculation gas without risking safety or 
additional hydrogen losses while draining liquid water. Additionally, 
more powerful hydrogen recirculation blowers are required which 
would contribute to increased system volume and mass. Further, this is 
not in line with current trends towards a passive anode recirculation (i.e. 
ejector solution). Therefore, the anode evaporation concept is not 
considered a suitable approach for evaporative cooling and is not dis-
cussed in further detail below. We therefore suggest a system design that 
maximizes the evaporation at the cathode and incorporates a condenser 
only at the cathode exhaust. 

3.4. Optimized fuel cell system operation 

Based on the simulated stack performance and compressor power 
consumption, the maximum steady-state system power (at optimized 
pressure) can be calculated as a function of current density. Fig. 7a 
shows the impact of the operating temperature on the system power. 

First, it can be seen, that there is no significant performance differ-
ence between the three main scenarios (80–95 ◦C) at low current den-
sities (<0.8 A/cm2). At higher loads, however, evaporative cooling 
performs better at higher operating temperature. The decrease in system 
performance at higher current densities is explained by two factors: first, 
the increase in the condenser pressure drop, which is more pronounced 
at lower operating temperatures (Fig. 6b), is limiting the minimal stack 
operating pressure and thus preventing to achieve the optimal system 
power. Second, the over-proportional increase in compressor power, 
which is also more prominent at lower operating temperature (Fig. 2a), 
exceeds the stack power and thus leads to the sharp drop in net system 
power. The course of system pressure and stoichiometry required to 
achieve the maximum net system power are presented in the supple-
mentary information. 

Since the exhaust gas condenser has been identified as the key 
component for evaporative cooling, the impact of its pressure drop is 
estimated by reducing the fitting factor ζ by 25% (dashed lines in 
Fig. 7a). It can be seen, that a slight decrease in the fitting factor (i.e. a 
slight increase in condenser volume and mass) significantly effects the 
performance of the evaporatively cooled system at all operating tem-
peratures. Note: The impact of the condenser outlet temperature on the 
pressure drop is neglected in the calculation of the optimized system 
power. Considering this effect would further decrease the performance 
at low operating temperature and only slightly affect the net system 

power at higher operating temperatures and condenser outlet temper-
atures below 70 ◦C (see Fig. 6b). 

The additional scenario at 60 ◦C (purple) provides insights into the 
behavior of evaporative cooling at low load points, such as at low-speed 
stop-and-go traffic, idling or low-speed cruising. Due to the lower waste 
heat, the operating temperature can be reduced as well. At 60 ◦C 
evaporative cooling works effectively up to a system power of 30 kW. 
Once the load point increases, the temperature will consequently rise 
and a new steady-state point is achieved. See Fig. 5 and the corre-
sponding discussion in our previous work [45]. Furthermore, the limi-
tations of evaporative cooling at low temperature operation and during 
freeze starts as well as corresponding mitigation strategies are discussed 
in our previous work [45]. 

When comparing evaporative cooling to the conventional cooling 
approach at two different temperatures (Fig. 7b), no significant perfor-
mance deviation can be seen between the three approaches at lower 
current densities (<1.5 A/cm2). At higher current densities, conven-
tional cooling performs better at 70 ◦C than at 90 ◦C. Furthermore, 
conventional cooling shows a slightly higher peak power density than 
evaporative cooling. However, it has to be mentioned that conventional 
fuel cell systems are limited by the heat rejection capability of the 
vehicle to the environment. The blue and green markers in Fig. 7b 
indicate the DOE heat rejection limit of 1.45 kW/K for 70 ◦C and 90 ◦C 
respectively. This limits the continuous power output at around 70 kW 

Fig. 7. a) optimized net system power as a function of current density for 
evaporative cooling at different operating temperatures and condenser pressure 
drop coefficients (dashed lines: reduction by 25%). b) comparison between 
evaporative cooling (solid and dotted, 25% reduced condenser pressure drop) 
and conventional cooling (dashed) at different operating temperatures. Markers 
indicate the respective limit with a 1.45 kW/K heat rejection limit (HRL) 
in FCEV. 
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at 70 ◦C and 85 kW at 90 ◦C at an ambient temperature of 25 ◦C. 
Evaporative cooling, however, is not directly limited by the convective 
heat rejection limit but the condensing radiator for water removal from 
the exhaust gas showing a similar behavior with temperature. However, 
due to the phase change, the condensation is more efficient which allows 
a closed water loop at 90 ◦C with the same volume requirements. This 
together with the absence of an external humidifier yields an increased 
power density at system level of up to 30%. 

In order to determine the optimal operating parameter range for 
evaporative cooling, a system efficiency map, based on the lower heat-
ing value (ηsys = Pnet/(ṅH2 ⋅LHV)), is calculated (see Fig. 8). It can be 
observed that the operating range is limited by (i) the stack performance 
at low pressure, high temperature and low stoichiometry (top left corner 
in Fig. 8), (ii) the pressure drop of the condenser, limiting the minimal 
stack outlet pressure (bottom left corner in Fig. 8) and (iii) the 
compressor power consumption at high pressure and high stoichiometry 
(bottom right corner in Fig. 8). Further, it can be seen, that the optimal 
efficiency is achieved at high temperature (80–90 ◦C), low pressure 
(125–150 kPa) and a corresponding cathode stoichiometry between 1.5 
and 3. 

4. Conclusion 

In this work, the interactions between the fuel cell stack and the BoP, 
when employing evaporative cooling, are analyzed using a zero- 
dimensional fuel cell system model. It is shown that evaporative cool-
ing works very well and allows for a closed water loop over a broad 
range of operating conditions. The optimal system power output and 
highest efficiencies are achieved at high temperatures (80–90 ◦C), low 
pressure (125–150 kPa) and a corresponding stoichiometry between 1.5 
and 3. 

Scenarios with evaporative cooling at anode and cathode have been 
compared. It is shown that the compressor power increases over- 
proportionally with pressure for the cathode evaporative cooling 
concept whereas the hydrogen recirculation blower power increases 
with pressure in the anode evaporation concept. Pressure and stoichi-
ometry have to be increased simultaneously in order to achieve a ther-
mal steady state and ensure a constant operating temperature. Analyses 
of the condensation rates and the net system power have shown that the 
anode evaporation concept is not viable since the required condensation 
rates can only be achieved by compromising the system performance. 
Evaporation and condensation at the cathode, however allows for higher 
net system power as well as efficiency. 

A comparison between evaporative cooling and conventional cooling 
has shown that there is no significant difference in performance at lower 
current densities. At higher current densities, evaporative cooling allows 

for an additional gain of 20% in peak power (density) compared to 
conventional cooling. 

The presented concept is feasible with state-of-the-art materials (e.g. 
PFSA membranes) at the lower end of the operating temperature re-
quirements. However, a continuously increased operating temperature 
of 90 ◦C and beyond, that would further increase the peak system power 
and efficiency, would most probably require the development of more 
stable membranes. Additionally, it has to be investigated in future 
studies if evaporative cooling provides a sufficient humidification of the 
membrane at even more elevated temperatures without the need for 
external humidification. 

The condenser has been identified as the one critical component for 
evaporative cooling on the system level. It is important to achieve a low 
outlet temperature, using materials suitable for deionized water and at 
the same time the pressure drop has to be minimized in order to allow a 
low system operating pressure for maximal system efficiency. Further-
more, volume mass and cost requirements have to be met. Future work 
has to focus on analyzing the trade-offs of the condensing radiator and 
estimate the volume and mass of a suitable component. 

The optimal control of evaporatively cooled fuel cell systems re-
quires a detailed knowledge of the interaction between operating con-
ditions, cooling performance and net power output. Pressure and 
stoichiometry have to be controlled concurrently depending on the fuel 
cell load. The presented model can help to develop such control algo-
rithms and due to low computational requirements, it could be imple-
mented directly in fuel cell control units. 

The results of this study underline the high potential of evaporative 
cooling to significantly reduce fuel cell system volume, mass (up to 30%) 
and cost. 
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