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ARTICLE INFO ABSTRACT

Hydrogen fuel cells are a potential route to decarbonize the automotive sector due to the zero CO, tailpipe
emissions, faster re-fuelling, and higher energy density than their direct competitor, the battery-electric pow-
ertrain. One of the key challenges is to find the best air path configuration to achieve high efficiency in a system
level. This work aims to optimize, setup, and demonstrate a highly efficient Proton Exchange Membrane fuel cell
system (PEMFC). This powerplant is hydrogen fuelled and scalable to achieve the required power output for
different vehicles. This work evaluates a PEMFC by a 1D-numerical approach. The fuel cell is modelled, vali-
dated, and later studied under different air inlet conditions. The main goal is the evaluation of different air path
layouts to achieve the highest system efficiency. Numerical simulations of electric compressor and coupled and
de-coupled electrically assisted turbocharging are performed with different component sizes and cathode pres-
sures. Therefore, this work provides an overview of our initial findings that will outline the key modelling
challenges for fuel cell systems and then present a comparison of different air-path architectures. The coupled
electrically assisted turbocharger is determined to be the best layout with an improvement of 10% of the
delivered power at a high current load. The e-turbocharging optimized by the proposed methodology allows
reduction of the peak electric machine electric power by 60%.
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of the fuel cell output power [10]. Therefore, the right sizing is crucial
for system efficiency, alongside the development of high-efficiency
compressors (air inlet), high-efficiency turbines (to recover the energy

1. Introduction

Proton exchange membrane fuel cells (PEMFC) are considered a

promising propulsion system due to their high efficiency, high power
density, and zero tailpipe emission [12]. The fuel cell system consists of
four subsystems: fuel cell stack, air supply, hydrogen supply, and water
heat management [3]. This technology can be used for stationary ap-
plications such as houses [4] and data centers [5] as well as transient
conditions as vehicles to produce energy from kilowatts [6] to mega-
watts [7]. Automotive PEMFC systems operate under pressurized con-
ditions, usually around 2.0-2.5 bar. This improves the fuel cell stack
performance, reduces the stack volume and degradation as well as fa-
cilitates water management [89]. However, pressurization uses 10-30%

from the exhaust), and the correct layout architecture [11]. As opposed
to internal combustion engines (ICE), the compressor power is higher
than the turbine recovery and the use of an external power source, such
as an electric machine is mandatory [12]. Compressors, turbines, and
electric machines can be coupled in different ways in a charging system.
The usage of a numerical model as a matching tool to the right sizing of
the air path can save development costs and time [13].

Typical turbocharging design methods depend highly on empirical
data and previous experience [14]. As PEMFC is a relatively new type of
propulsion system for vehicles, there is a high demand to perform the

Abbreviations: PEMFC, Proton Exchange Membrane Fuel Cells; CFD, Computational Fluid Dynamics; DoE, Design of Experiments; EM, Electric Machine; GA,
Genetic Algorithm; HD, Heavy Duty; ICE, Internal Combustion Engine; KRPM, Kilo Revolution Per Minute; PID, Proportional Integrative Derivate; PR, Pressure ratio;
2, Air-Fuel Ratio; a, Charge Transfer Coefficient; Cpel crossover, Open circuit loss due to Fuel Crossover; i, Lmiting Current; Rop,, Ohm Losses; a., catalyst-specific area;
L., Catalyst Loading; E., Activation Energy; F, Faraday Constant; Rges, Gas Constant; I, Current in the Cell; Neeys, Number of Cells in the Stack; x, Mass Fraction;
SR cathode> Stoichiometric Cathode Ratio; Eff, Stack efficiency; S;, Relative Sensitivity.
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Fig. 1. PEMFC basic model with fix input and output conditions used for polarization curve parameter fitting and PEMFC sub-model efficiency study.
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Table 1
Calibration range for the polarization curve parameters for the PEMFC sub
model.

Parameter Range Min Range Max
Open Cell Voltage Loss AV, [V] 0.2 0.6

Charge Transfer Coefficient a [-] 0.5 200
Exchange Current Density i,” [A/m?] 15,000 30,000
Limiting Current Density i; [A/m?] 0.03 1.0
Internal Ohmic Resistance R,p,, [mOhm] 0 0.30

preliminary design of turbocharging for high pressure and low air flow
in the compressor as well as at low temperatures in the turbine. This
study aims to address this demand by the evaluation of different air path
layouts, compressor, and turbine designs. The PEMFC stack used is
representative of powertrain applications and the analysis is performed
over a wide range of current requests. The present study shows valida-
tion of the stack predictive model in terms of electric power generated
and water production at different cathode pressures and temperatures.
In addition, the data for modelling the compressor and turbine comes
from several experimental results performed in the past. Three different
airpath layouts are modelled with three compressor maps and three
turbine maps in 18 operating conditions. The main novel aspect of the

(b)

Fig. 2. PEMFC sub-model scheme with an explanation of layers modelling (a) and anode/cathode flow channels (b).

work is the optimization strategy that allows a comparison between
different turbocharger topologies and sizing with the aim to select the
best air path in terms of total system efficiency. This is possible due to a
virtual hydrogen fuel cell system including gas path (hydrogen, air, and
exhaust lines) as well as the stack. Different from previous results that
can be found in the bibliography [1516], the proposed work adds the
validation of the system with a conventional air path layout (e-
compressor), and it is applied a genetic algorithm to choose the best
configuration. This allows to find the optimal setup with a low compu-
tational cost compared with a design of experiments [17] or detailed 3D
CFD models [18]. In addition, it is no-based on an expert decision as it is
common to be applied in this type of system [19].

2. Literature review

Typically, a PEMFC operates more efficiently with high air inlet
pressure and enough airflow to double the oxygen consumed in the re-
action (A=2) [20]. In addition, for vehicle application fast air response
(<1 s) is required for energy management and membrane dry-up pre-
vention [21]. Kerviel et al. [22] identified that centrifugal and roots
compressors are the most suitable for fuel cells due to the fact they are
smaller and cheaper than screw and scroll compressors. The most
common architecture is an electrified centrifugal compressor due to its
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Fig. 3. PEMFC calibration in terms of electric power output (a), mass water fraction output (b), air mass flow at the outlet (c), and average cathode pressure (d).

compact size and reduced cost. Few works are focused on the air loop
system for high power stacks and none in terms of system layout com-
parison. The control system is another critical aspect of PEMFC due to
the high pressure requirements even at low mass flow [23], the
compressor can easily enter in surge region during quick transients [24].
In this area, the air flow rate becomes uncontrollable and can cause
damage to the compressor. Toyota [25] developed a strategy to solve the
surge avoidance challenge by controlling three inlet air variables: flow
rate by electric machine power control, inlet stack pressure by back
pressure valve, and bypass rate by a valve that deviates the compressor
outlet flow to the exhaust instead of the stack [26]. The development of
this strategy was performed by physical modelling of each component
and integrated into a system-level simulation. Through vehicle testing,
excellent controller air supply performance and surge avoidance in
various driving conditions like high temperatures or altitude was
confirmed. This shows the potential of numerical modelling to improve
air loop transient operation and system efficiency for vehicle PEMFC.
Deng et al. [27] presented a novel nonlinear controller design based on
cascade adaptive sliding mode control for e-compressor air supply. The
results show that the proposed strategy performs better than the con-
ventional constant sliding mode control and PID method in transient
operation. Despite several studies showing the performance of electri-
fied compressors in PEMFC operation, the vast majority focus on light-
duty vehicles, and few study energy recoveries.

The exhaust energy from the fuel cell stacks can be recovered to the
greatest possible extent via the reasonable design and matching of ex-
panders (20-50% of the power consumed by compressors) [28]. The
current expanders for PEMFC mainly include screw-type, root-type,
scroll-type, and turbine-type. The turbine design is the most promising
technology for fuel cells because of the low weight, compact structure,

high efficiencies, and the good knowledge of in-vehicle application ac-
quired with ICE vehicles [29]. However, the temperatures of a PEMFC
exhaust stream are 80-120 °C, which is much lower than the working
fluid temperature of a typical ICE turbine ~950 °C [30]. Therefore, fuel
cells open a new field for new investigations. Zhang et al. [31] studied
different turbine configurations by a CFD approach in a 100-kW stack. It
was found that a configuration with the turbine plus a wastegate valve
could fully recover the exhaust energy at low and medium loads. The
turbine plus back pressure valve only shows good performance at high
loads. The configuration with the turbine variable nozzle could fully
recover the exhaust energy over the whole operating condition range.
However, it is shown that can greatly increase the cost and complexity of
the supercharging system. The turbine plus back pressure valve is
generally preferred because is much less expensive due to the fixed ge-
ometry and the simple, passive controls of the back-pressure valve.
However, the effect of the coupling with the compressor and electric
motor was not studied in this work. Mao et al. [32] performed a CFD
study of four non-design structural parameters including blade inlet
incline angle, blade thickness, blade tip clearance, and blade number on
the aerodynamic performance and internal flow of the rotor. Inlet
forward-incline rotor is seen as the best layout for low-temperature
turbines as fuel cell stacks. The mass flow rate is increased by 5%
when blade thickness is reduced from 1.2 mm to 0.4 mm. However, the
study is focused on one single operating condition and system efficiency
is not shown. Crespi et al. [33] studied different airpath layouts for the
innovative megawatt scale plant for stationary applications. The system
operating at mild pressurized conditions (1.7 bar) allows significantly
higher net system efficiency, despite the increasing auxiliary consump-
tions. The additional energy recovery from the cathode exhaust with an
expander gives higher net power and net efficiency, adding up to 2% and
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Fig. 4. PEMFC efficiency under different cathode air set up (Pressure and Stoichiometric Ratio) for 4 different operative conditions.
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reaching system efficiency values between 47% at rated load and 55% at
20% of the rated load.

3. Methodology

In the first part of this section the fuel cell numerical model and the
validation process against manufacturer data will be presented. In the
second part, the baseline electric compressor (e-compressor) air system
is shown as well as two proposed electrically assisted turbocharger (e-
turbo) configurations. The main target of these new test cases is to
improve the overall PEMFC efficiency from a global system perspective.

3.1. Fuel cell specifications and numerical model

The fuel cell model is based in a PEMFC designed for vehicle appli-
cation. Operative conditions have been provided by the fuel cell
manufacturer. However, for reason of confidentiality absolute values
and details of the experimental set-up cannot be shown. However
normalized results will be presented. The focus of this work is to show an
optimization methodology for generic fuel cell.

r e-compressor configuration (baseline).

The manufacturer results showed in this work were done in an
experimental test bed in which 18 operative conditions were tested. The
anode and cathode stoichiometric ratio (ratio between delivered and
consumed Hy and Oy, respectively) is maintained fixed for all operative
conditions to have a comparative point.

The modelling is performed in GT-Suite (v2022, Gamma Technolo-
gies®) where the PEMFC sub-model is calibrated using the manufacturer
data. Fig. 1 shows the schematic representation of the model. The
PEMFC anode and cathode inlet and outlet conditions (mass flow,
temperature, and water content) are set as fixed values for each case.
This allows precise calibration of the model by replication of the
experimental conditions. The current load request is done by an electric
connection with a constant signal proportional to the current density.

In the calibration, a genetic algorithm is used with target two pa-
rameters. The Non-dominated Sorting Genetic Algorithm III (NSGA-III)
[34] is chosen. Because of the exponential increase in the number of
non-dominated solutions with the increase in dimensions, most existing
domination based evolutionary multi-objective optimization (EMO) al-
gorithms do not scale up to more than three objectives. To alleviate this,
new algorithms have been recently proposed mostly using an external
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Fig. 8. Compressor (left) and Turbine (right) efficiency maps in terms of pressure ratio and reduced mass flow rate for baseline map and scaled maps.

guidance mechanism to help the algorithm distribute its population
along a higher-dimensional efficient front. In particular, NSGA-III is
based on reference directions which need to be provided when the al-
gorithm is initialized. From the splitting front, some solutions need to be
selected. NSGA-III fills up the underrepresented reference direction first.
If the reference direction does not have any solution assigned, then the
solution with the smallest perpendicular distance in the normalized
objective space is surviving. In case a second solution for this reference
line is added, it is assigned randomly. Thus, when this algorithm con-
verges, each reference line seeks to find a good representative non-
dominated solution. For more information about the genetic algorithm
can be found in Seada et al. [35]. This GA is already implemented in GT-
Suite, the software used for the numeric analysis.

The voltage (electric power) generated and the water in the cathode
exhaust. The first parameter is important to have the same power output

between the model and the real PEMFC and the second parameter allows
to adjust the water content on the cathode and anode side. This also
helps to model the membrane humidity [36]. In the NSGA, seven pa-
rameters are calibrated that include five parameters related to the
constants on the PEMFC polarization curve model and two parameters
that regulate the water molar fraction in anode and cathode inlet.

The PEMFC sub model in GT-SUITE is simulated by layers. The
proton conductive membrane in the middle. Anode and Cathode on top
of each side of the membrane and last layers of cooling plates and
coolant flow channels. Fig. 2a shows a layer representation of the
PEMFC sub-model. In 2b the cathode and anode tubes are represented.
For this case, the tubes are square with a total length of 240 mm.
Although it is possible to model the heat transfer in the PEMFC [37], this
work assumes ideal external thermal management. This is acceptable
due to much slower dynamics of the fuel cell temperature compared to
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those of the reactant flow. The following chemical reactions equation |

will be used by the software: H>(g) +§02 (8)—H,0(l)[Overall) 3)

H,(8)=2H" +2e" [anode] @ where H,(g) is gaseous hydrogen, O, (g) is gaseous oxygen, H' is a

! positively charged hydrogen ion, e~ is electron, H,O(l) is liquid water.

EOZ(g)+2H++2e’—>H20(l) [cathode) 2) Equation (4) is the polarization curve that follows the approach
shown by Babir [20]. The fuel cell potential (V) is equal to the dif-
ference between the maximum theoretical potential (Vp¢) of the cell
(Equation (5)) minus all the losses (AVqc, Vaer; AVieandAVyp,,) described
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from Equation (4) to Equation (9).
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The open circuit loss due to fuel crossover Cpe crossover [381, the Charge
Transfer Coefficient (@) [39],the reference exchange current density
@i,™), the limiting current i; and the ohim losses Ry, are the five con-
stant parameters that will be calibrated. In addition, a. is the catalyst-
specific area and L. is the catalyst loading. P,; and T, are the refer-
ence pressure and temperature, respectively. The E. is the activation
energy, F the faraday constant, Ry, the gas constant and y pressure de-
pendency coefficient.

To calibrate the other two parameters, the water molar fraction in
anode inlet and the water molar fraction in the cathode inlet, dynamic
calculation of ohmic resistance based on cell temperature and mem-
brane humidity and crossover of species through the membrane is per-
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formed. The oxygen and hydrogen consumed are calculated using the
relationship between the current requested and the number of cells on
the stack. From Equation (11) and Equation (12) is possible to see that
both quantities are proportional to the current request. The results along
this study will compare different configurations at the same current
request. This means that the comparison between cases is an equal
hydrogen consumption (equal hydrogen mass flow at the inlet of the
anode) for all cases. Therefore, the configuration with the maximum
electric generation power will be the case with the highest PEMFC
efficiency.

MH2 "I"Ncells

T2 consumed = > an
. _ Moy *I*Neys 12
Mo2.consumed = — &F 12)

; *
. Mu? consumed Aanode
My, feed = —— (13)
XH2
: *
. 02 consumed” Aair
mAirfeed F (14)

X02

with My consumed the mass flow of hydrogen consumed, mos consumea the
oxygen mass flow consumed. Also, Majfeea and My feeq the air and
hydrogen mass flow that enter the fuel cell, respectively. My, and Mo,
the hydrogen and oxygen molecular weight, I the current in the fuel cell,

11

N_.i;s the number of cells in the stack, 4 the air—fuel ratio, and x the mass
fraction.

The pressure drop in the cathode tubes is calculated using a simple
orifice model parametrised using empirical data.

q = Cp*A*\/2%p*Ap (15)

q is the volumetric flow rate measured by the nozzle ,Cp tubes
discharge coefficient, A the area of the throat of the tube, p is the fluid
density upstream of the entry of the tube, Ap is the measured pressure
drop across the tubes.One other important parameter is the stoichio-
metric cathode ratio (SRcamode) defined as the amount of introduced air
(Mo, feed) to the consumed in the PEMFC (1o, consumea)- The efficiency (Eff)
defined as follows the electric power output (ElectricPower oyy,) divided
the fuel energy.

mo,
SReanode = —— 22— (16)
Mo, consumed
Eff = ElectricPower oy a7

mHz ,consumed "LHVHZ

with LHVy, the lower heating value of hydrogen.

A summary of the PEMFC optimization parameters and ranges,
output by genetic algorithm with a population size of 30 and generation
number of 30 (900 simulation cases) in 18 operative conditions (16200
cases), are presented in Table 1. The coefficients are the same for all
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Fig. 18. GT-Suite model for the electrified turbocharging with decoupled compressor and turbine. The back-pressure supervisory is in charge to control the cathode

pressure by the variation of waste gate mass and back pressure valve position.

current density cases by setting the optimization algorithm in sweep
mode instead of on independent. As was mentioned the error for all
comparable parameters is < 5%. Moreover, the model has a real-time
factor equal to 3 and achieves the stationary operation in 0.5 s. There-
fore, the complete cases can be obtained in 6.7 h on a conventional
desktop computer.

Fig. 3 compares the numerical results to the manufacturer data for
the optimization targets, which have been normalized for confidentiality
reasons. The optimization method allows calibrating the seven param-
eters with an average error of 1.1% in power output and 5.0% in cathode
water content. These error values are acceptable (<5%) for a PEMFC
model calibrated over 18 current density operation conditions. In
addition, Fig. 3 shows the normalized mass flow rate at the cathode
output (Air + Water) and the normalized pressure at the outlet. Both
parameters have good agreement thanks to the low deviation of the
water formation and inlet humidity and the pressure drop calibration in
the cathode tubes. With these results is possible to affirm that the PEMFC
model is calibrated, and the next steps will be the study in other different
inlet conditions to understand the behaviour. The temperature of the
PEMFC is imposed during the steady-state simulation with the manu-
facturer values. The water molar fraction in the anode and cathode were
calibrated to adjust the outlet water mass.

3.2. Fuel cell optimization study

After the calibration, a full factorial design of experiments was per-
formed in four operative conditions by a 30-level variation of the
cathode air flow mass (stoichiometric ratio) and cathode pressure (fuel
cell inlet air pressure) while maintaining the other operative parameters
equal to the calibration (3600 = 30x30x4). This allows us to understand
the potential of different air path layouts in the following sections. Fig. 4
shows the PEMFC efficiency (without including auxiliary power con-
sumption) for stoichiometric ratio (SR qhode)- Despite a conventional
centrifugal compressor typically used in ICE achieving a maximum
compression ratio of five, this work extends the range to understand the
potential of higher cathode pressures, such as those that can be achieved
with double-stage centrifugal compressor or other types of compressors
(screw or scroll). In terms of stoichiometric ratio, the literature suggests
around g = 2.0 [11]. However, to understand the effect of the air flow
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in this PEMFC design and size, a much wider range of values has also
been examined.

The PEMFC has an increase of efficiency when the cathode pressure
increases. This is due to higher exchange current density (Equation (8))
with lower activation losses (Equation (7)). Increasing the airflow mass
(increase the stoichiometric ratio) will improve the efficiency of the
PEMFC due to a higher presence of Oy even in the latter parts of the
cathode channel. The pressure seems to have a higher impact on the
efficiency than the SR. However, both parameters contribute to
increasing the cell efficiency up to 15% at low and high current densities
compare to the minimum value tested.

A genetic algorithm (GA) NSGA-III [40] is used to obtain the best
combination of inlet conditions in order to obtain the maximum stack
efficiency (no consideration of the system efficiency). This allows to
better understand the influence of the inlet air conditions on the PEMFC
efficiency. The parameters included in the optimization are:

e Inlet stack pressure.

e Cathode stoichiometric ratio (SRghode)-

e System temperature (inlet temperature, stack cooling system tem-
perature, and anode temperature).

e Air molar water content.

The optimum configuration of the GA optimization is the same that
the one calculated with the DoE (Fig. 4). However, the results are useful
to calculate the relative sensitivity (S;).

YEfficiency = Qo =+ A1 Xpressure + @ Xswichiometicratio + A3Xpressure + A4 Xywatermolfraction
(18)

a;

5= Cal

where x; represent standardized factors, a; represent standardized
regression coefficients, and Ypggicienc, represents the standardized response
of the PEMFC efficiency.

Fig. 5 shows the relative sensitivity of the PEMFC efficiency to above
parameters. It is shown that the pressure has a higher impact than the
stoichiometric ratio with high values preferred as seen in Fig. 4. The
temperature and humidity have an important role in the PEMFC output

19
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charging are added for comparison.

power with low values preferred for both components. Fig. 5b depicts
the final optimum values normalized by the range tested (1.0 means
maximum tested and O is the minimum tested). The pressure is always
towards the maximum of the range. Meanwhile, the normalised SR is
around 0.5 for low load and below 0.3 for high load. The temperature
shows optimum towards low-temperature conditions and the cathode
humidification water content is zero. The membrane has good operation
and performance with the water added only on the anode side.

This analysis has shown that the pressure on the cathode has more
influence than the air mass flow and has a more direct impact on system
efficiency rather than water content or temperature. These last two
factors can be satisfied with a well-designed air conditioner after the
compressor (humidifier and heat exchanger) with minimum cost to
auxiliary power consumption. However, these ultra-low values of water
in the inlet are not suggested due to the degradation of the membrane.

3.3. Air loop system model

The focus of this section of work is to use the calibrated PEMFC to
evaluate different air path systems to achieve the highest system effi-
ciency by changing the cathode pressure. Three different air path lay-
outs (Fig. 6) will be investigated to understand which is the most
efficient for Heavy Duty PEMFC.

Case 0 (e-Compressor system, Fig. 7), is a typical air path lay-out
used in PEMFC automotive application as the Toyota Mirai. [25]. Case

13

1 is an e-Turbo system where the compressor and the turbine are
coupled by a shaft connected to an electric motor. The rotational speed
of all three components is equal. The pressure ratio is controlled by a
back-pressure valve after the PEMFC, while the air mass flow is
controlled by the power delivered by the electric motor. Case 2 is an e-
Compressor plus e-Turbine system which are decoupled. This configu-
ration is more complex due to the additional motor but enables the
compressor and turbine speeds to be varied independently. The last two
systems allow the energy recovery from the exhaust. Both layouts need a
control system capable to manage the backpressure valve and the
wastegate valve to control the cathode pressure. The air mass flow is
controlled by the power delivered by the Electric Motor (EM).

In all three cases, compressor and turbine components are modelled
using a map-based approach. These maps represent a matrix of experi-
mentally measured operative conditions, in terms of speed, pressure
ratio, mass flow rate, and thermodynamic efficiency. The electric motor
component is also modelled with a map-based approach with two
lookup tables that limits the maximum/minimum torque depending on
the rotational speed. As shown by Terdich [41] these fast-rotational
speed machines have high efficiency in a wide range of torque condi-
tions. A constant EM efficiency of 93% was selected as an average of the
cases tested by Terdich [41]. For the calibration process a maximum
power of the EM was set at 50 kW to not have mechanical limitation
problems. The EM was set to be able to deliver constant torque up to 45
kRPM with the mentioned power capability. At the end of the results
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Fig. 20. Operative conditions over the baseline compressor speed map (a), compressor efficiency map (b), turbine speed map (c), and turbine efficiency map (d) for

the e-compressor decoupled and coupled.

section, a sizing of the electric machine will be performed dependent on
the maximum power requirements.

The experimental measurements were performed on a gas stand
using the SAE standard [42]. To test several other options, a scaling
approach was adopted. Despite, the mass flow multiplier being a
simplification, it allows creating a simple scalable model useful for an
early system understanding. This approach has been used extensively by
several researchers in the bibliography [3143]. Fig. 8 shows a scaling
factor of 0.7 and 1.3 for both compressor and turbine. For compressors,
the reduction of the mass flow improves the surge line, increasing the
possible pressure ratio variation. On the contrary, a scaling factor above
1.0 allows increasing the mass flow with a lower pressure ratio. The
optimum selection of the compressor will be a balance between PEMFC
efficiency and compressor efficiency matching. In the case of the tur-
bine, the optimum selection will be between the turbine efficiency and
the available flow to extract the energy. Therefore, a strong dependence
of the operating condition (currently requested by the PEMFC) is ex-
pected to be seen.

3.4. Case of study

This work proposes a novel methodology where it is possible to select
and size the air path layout for a given PEMFC. In this case, the meth-
odology will be applied in vehicle PEMFC following the scheme pre-
sented in Fig. 9. The first step is to collect the experimental data for the
PEMFC. Eighteen different current density was tested. This data is used
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in a second step to validate the predictive PEMFC numerical sub-model.
The third step is part of a loop where different air path layouts are tested.
Several compressor and turbine maps are tested. For each configuration,
wastegate turbine flow and back pressure valve position are calibrated
to achieve the target cathode pressure. The experimental data for
compressor and turbine is needed before starting this step. This was
obtained with already test performed for compressor and turbine used
for internal combustion engine operation.

Later, a DoE of 20 target cathode pressure in 10 operative conditions
(current requested values) are run for each airpath configuration. The
ten operative conditions are selected from the eighteen experimental
current requests to reduce the simulation time. The PEMFC system ef-
ficiency (Systemgg ienc,) is analysed by considering all power input and
output of the system.

PEMFC ectricaipower — EM ciectricatpower

20
FuelPower 20

SyStemEfﬁtiency =

with PEMFC,ccricapower the electrical power generated in the PEMFC,
EMieciricapower the used electrical power to move the compressor and
FuelPower the energy feed in hydrogen to the fuel cell.

Lastly, after running the loop for several air path layouts and maps,
the results are compared, and the advantage and drawbacks of each case
are analysed. Lastly, the best air path layout is selected. The results in
the next section will show, for each architecture layout, the system ef-
ficiency when only the operative cathode pressure is optimized and
when both pressure cathode and component map are optimized.
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Fig. 21. Comparison between the three different air loop types for four current density points in terms of electric machine losses, turbine recovered power,

compressor power and total system power.

4. Results

The results are divided into a first section with the optimization of
the e-Compressor and a second section that shows the optimization for

the e-Turbo and e-Compressor plus e-Turbine models.

4.1. E-Compressor performance

The e-Compressor optimisation is performed by a DoE of twenty
cathode pressures for ten operative conditions (normalized current
density of 0.11, 0.22, 0.33, 0.44, 0.56, 0.67, 0.78, 0.83, 0.89, and 0.94).
Fig. 10a shows the calibration points over the baseline compressor map.
The calibration points represent the operating conditions of an air path
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Fig. 22. (a) System power difference between all the air path architectures with different optimization against baseline e-compressor case at four different current
request conditions. (b) Electric machine requested electric power for all air path studied at four different current request conditions.

layout that was optimized with traditional tools. All the results pre-
sented in the following section are performed with the algorithm shown
in Fig. 9.

Fig. 10b shows the proposed 20 new cathode pressure cases over the
baseline compressor map for 0.22, 0.44, 0.67, and 0.89 normalized
current density. The results in terms of PEMFC efficiency and system
efficiency can be seen in Fig. 10c and Fig. 10d, respectively. It is possible
to observe that the PEMFC efficiency increases with the pressure, but the
system efficiency has an optimum at a medium pressure level. This can
be explained by the fact that more compressor power is required when
the increasing of pressure ratio. As none of the excess energy in the
exhaust is recovered (configuration without turbine), the optimal pres-
sure ratio (cathode pressure) is < 50% of the maximum pressure
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achievable for this compressor.

The trend in terms of components generating power and consuming
power (compressor, e-Motor) is shown in Fig. 11a. It is a proportional
relationship between the compressor power and the pressure ratio due
to the fixed air mass flow rate. Therefore, the optimum operative con-
dition (cathode pressure) is in the point that the increase of electric
consumption is not compensated for more PEMFC generating power.
Fig. 11b shows the PEMFC system efficiency behaviour against the
pressure cathode where the optimum value is marked with a star.

The optimum operative condition for the compressor is shown in
Fig. 11c over the compressor baseline map. In addition, Fig. 11d shows
the overall system efficiency for the baseline case in all current density
conditions. At low loads, the system efficiency can achieve 60% while at
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full load decays until 45%. It is important to note that over the full range
of operation this e-Compressor case is more efficient than a diesel engine
(up to 42%). The results in this section will be used for comparison with
the other air path layouts.

To understand the possible advantage of other compressor sizes, the
scaled method presented in the methodology is used. Fig. 12 shows the
optimum pressure ratio for four current density loads. In spite that the
best compressor efficiency is at a high-pressure ratio for the compressor
scaled 0.7, the optimum point is still selected at a low-pressure ratio due
to the large amount of energy that needs to be provided and the low
gains in terms of PEMFC electrical power generated. Due to a non-
optimal map operation, the overall system efficiency for the down-
sized scale is worse than the baseline map (see Fig. 13).

4.2. Analysis of air loop systems

After testing the baseline case, the other two air path layouts will be
investigated. In the first step, the electrified turbocharged with coupled
compressor and turbine is evaluated by the model presented in Fig. 14.
The cathode pressure is controlled by a back pressure supervisory
controller that actuates in the back-pressure valve if the pressure is
below the target (wastegate valve fully closed) or by opening the
wastegate when the pressure is above the target (back pressure valve
fully open). With this controller is possible to vary in steps the cathode
pressure. The compressor and turbine have the same speed, and a
controller in the electric machine regulates the torque delivered to the
shaft to achieve the desired airflow mass. The model is evaluated in the
10 current density operative conditions, but detailed results are pre-
sented for 0.22, 0.44, 0.67, and 0.89 normalized current density for the
brevity of the manuscript. These four conditions represent low, medium,
and high current request load. Therefore, the reader can have an
extended overview of the PEMFC behaviour.

Fig. 15 shows the power delivered (PEMFC, turbine) or consumed
(compressor, e-Motor) for each one of the components as well as the
system efficiency at steady state against the cathode pressure. The op-
timum case is marked with a star as before. It is possible to observe a
linear increase of the compressor power with the increase of cathode
pressure. For the turbine, the recovery energy increases until the point
where the waste gate is closed, and the back-pressure valve is fully open.
After this point, the energy recovered decreased due to a decrease in the
pressure ratio in the turbine. Fig. 15 also shows that by increasing the
cathode pressure, the compressor operating point moves closer to the
surge margin. Maximum cathode pressure allowed is when the surge
margin is zero. For all cases the optimum is a point where the
compressor operates close to the surge margin, the wastegate is closed
and the back-pressure valve is open. This is a remarkable result because
allows further investigation for the setting of the waste gate valve and
back pressure valve in a fixed position. This reduces the number of
calculations and demonstrates that despite the increase of pressure in
the cathode for increasing PEMFC efficiency the global efficiency
decays.

To understand the differences between the baseline and the new
calculations, Fig. 16a shows the operative conditions in the compressor
map. The new air path layout works at a higher-pressure ratio due to the
possibility of recovering part of the energy in the expander (turbine
work). Fig. 16b depicts the system delivered power and efficiency for 10
current density operative conditions. The differences are noticeable at
high current density because of more energy to recover in the exhaust.
At full load, the e-turbocharging enables the fuel cell to produce 10.3%
more electric power. At medium load, the improvements for the e-tur-
bocharging are 5% and at low load 2% with respect to the e-compressor
case. The improvement in fuel cell output power is attributed to the
lower ‘cost’ of the compression as a result of the recuperation of energy
from the exhaust flow, enabling higher pressures in the stack.

After the study with the baseline compressor and turbine maps, the
next step is the evaluation of different turbo-matching. This means
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testing different compressor and turbine maps. To make the study
parametric with the baseline maps, a scaling method is used. As was
demonstrated in the previous graph, the optimum condition is when the
wastegate is closed and the back-pressure valve is fully open. Fig. 17
shows the system efficiency for four current density conditions with 100
map combinations (full factorial of 10 compressor and 10 turbine levels
between 0.7 and 1.3 scaling factor). The results show that the map se-
lection has a higher influence on the system efficiency at high current
densities. The maximum improvement is 0.7% in efficiency when the
turbine is scaling by 1.3 with the baseline compressor (scaling 1.0) at full
load. At low load, the improvement by reducing the compressor and
turbine can allow an improvement of 0.4%. For intermediate cases, the
benefits are almost negligible. On the other hand, using a smaller turbine
for a current density above 0.22 normalized current density can imply
system efficiency losses of up to 3%. The worst-case scenario is 0.89
normalized current density because cannot operate below turbine
scaling 0.8 due to excessive cathode pressure that leads to the
compressor enter in the surge region. Overall, the results show that the
baseline compressor map with the turbine scaled 1.3 is the option for
this PEMFC system. In addition, the results suggest that turbo-matching
is less sensitive for a PEMFC than an ICE where the wrong selection can
imply large efficiency losses.

The last air path architecture tested is the decoupled e-Compressor
and e-Turbine. This implies an extra electric motor and a degree of
freedom. Fig. 18 shows the model scheme with the two-electric motors
for driving the compressor and turbine. The control system of the motors
is set by a PID controller where the compressor e-Motor delivers the
required torque to achieve the desired air mass flow and the turbine e-
Motor absorbs the power to set the desired rotational speed. The cathode
pressure is controlled as in the previous case by the wastegate and back
pressure valve. Like the behaviour of the previous case, the best effi-
ciency was achieved by closing the wastegate and fully opening the
back-pressure valve. In addition, the turbine speed optimum case after a
full factorial DoE of 120 cases (20 levels of cathode pressure and 6
rotational speed levels) per current load was found close to the optimum
turbine efficiency point.

For brevity of the manuscript, the comparison of the best case for the
e-turbocharging decoupled and the previously shown cases are depicted
in Fig. 19 using the baseline maps. The compressor speed depends on the
selected cathode pressure due to the same air flow mass. This can be seen
by comparison of Fig. 19a and Fig. 19b. The increase of pressure ratio for
the e-turbocharging coupled with the e-compressor was explained in the
previous results due to higher PEMFC efficiency and the possibility of
recovering the energy of the exhaust. However, for the decoupled case is
seen a small decrease in compressor speed is due to the set of lower
cathode pressure. This can be explained by a higher cost of the
compressor energy because of the decoupling from the turbine and
associated losses with energy conversion in the e-Motors. Turbine speed
(Fig. 19¢) changes for the decoupled case to adjust to the best turbine
map region in terms of efficiency. The global efficiency in Fig. 19d de-
creases for the decoupled case with respect to the coupled air path
layout. Despite an improvement in the turbine efficiency, there is a high-
efficiency cost to pass the turbine power to the compressor electrically
using two electric machines.

The compressor and turbine operation for the optimized cases at
0.22, 0.44, 0.67, and 0.89 normalized current density can be seen in
Fig. 20. The lower pressure ratio in the compressor is seen in Fig. 20a,
with both operating close to the maximum efficiency in Fig. 20b. On the
other hand, Fig. 20c and Fig. 20d show the change in turbine speed to
operate at higher efficiency compared to the coupled case that needs to
maintain the compressor operation speed.

A power comparison is shown in Fig. 21 to understand the difference
between the decoupled case and the previously shown air path layouts.
For low and medium current requests there is a benefit in turbine power
recovered for the decoupled version due to high-efficiency turbine
operating point by controlling turbine speed independently of the
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compressor. However, the electric losses are higher for the decoupled
case due to the passage of the energy from the turbine to the compressor
by two electric motors instead of directly by a mechanical shaft.
Therefore, the system efficiency is worse for the decoupled case than the
coupled e-turbocharger. Despite this decrease of energy output for the
decoupled e-turbocharging, there are still benefits with respect to the e-
Compressor configuration due to the turbine’s recovered energy. It is
important to note that the decoupled version needs to reduce the cath-
ode working pressure at maximum load to reduce the electrical losses on
the compressor side. This explains the lower energy recovered in the
turbine for the decoupled against the coupled system.

Summarizing, Fig. 22a shows the system efficiency of all air path
layouts tested against the baseline (e-Compressor). The e-Turbo Coupled
means the compressor and turbine are linked with the same inlet pres-
sure as the e-Compressor. The “Pressure Optimized” results refer to the
nominal compressor and turbine maps where the operating pressure
only has been optimised. The “Map Optimized” results refer to those
where both the operating pressure and map scaling have been
optimised.

Overall, the addition of a turbine allows increasing the system effi-
ciency (delivered electric power) between 1% at low load to 8% at full
load compared to the e-compressor baseline case. The maximum benefit
was achieved with the coupled e-Turbocharging while with an opti-
mized map and the cathode pressure. The gain found is 10% more en-
ergy delivered at 0.89 normalized current density. Moreover, the results
show an average gain of 3% for applying the cathode pressure optimi-
zation strategy to the e-turbocharging coupled configuration. In addi-
tion, the map optimization approach allows an extra 1%. Lastly, the
decoupling of the shaft shows an average gain of 4.3% compared to the
e-Compressor. However, this is 1.0% lower than the e-turbocharging
coupled.

The electric required power from the electric machine is depicted in
Fig. 22b and could be used for sizing the e-Motor. For the decoupling e-
turbocharging case, a double bar colour represents the electric machine
to drive the compressor (lower light colour bar) and the electric machine
to absorb power from the turbine (upper dark colour bar). The total
value shown in Fig. 22b represents the sum of the total power required.
As two electric machines, one as motor and the other as a generator, the
total power must be large above the other cases. This means a clear
disadvantage of the concept. The coupled e-turbocharging allows to
drastically reduce the size of the electric machine by 50% from e-
compressor to e-Turbo coupled map optimized if the optimization pro-
cess is applied. This is one extra advantage of the proposed air path
layout. It is important to note that the speed requirements were shown in
Fig. 19.

5. Conclusion

A novel methodology is presented and applied to a PEMFC vehicle
applications to design the cathode air path. The fuel cell model was
developed and validated with experimental data with an error of 1.1% in
PEMEFC efficiency and 5.0% in water molar fraction at the outlet. A study
of different air stoichiometric ratios and cathode pressures was per-
formed before the optimization of the air path in a 1D PEMFC predictive
model to understand the impact of the air conditions. The parameter
with more impact on the efficiency is the cathode pressure.

A DoE for several air path layouts and turbomachinery maps was
proposed varying the air inlet pressure. In terms of air path layout, the
results showed:

e The turbocharging layout with an electric machine assistant in
coupled version is the best layout with an improvement of 10% of the
delivered power at the highest current load tested (0.89 normalized
current density).

e The e-turbocharging optimized by the proposed methodology allows
reducing the electric machine requested electric power by 60%. The
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maximum speed of the EM increases from 80 KRPM to 90 KRPM due
to the increase of the cathode pressure.

The cathode pressure optimization by a DoE allows improving the
system efficiency of the e-turbocharging 3.5% at full load and on
average 2.0%.

e The map optimization allows an extra 1% of system efficiency in-
crease and reduces the EM size. The optimum map was found for the
baseline compressor size and the scaling 1.3 turbine.

The decoupling of the compressor and turbine allows improving the
turbine efficiency. However, the electric losses increase reducing the
overall system efficiency. In addition, two bigger electric machines
need to be used compared with the e-turbocharging and e-
compressor.

Overall, the methodology proposed allows to find the best layout and
the right size of the component with a low computational time. For the
proposed PEMFC size, the e-compressor coupled directly with a turbine
is the best layout at all current requested. The required electric machine
is almost half in size as the stock e-compressor version and the power
output can almost doubled.

The results found can help to design of more efficient PEMFC at a
system level by the right sizing of the components. Future work will be
concentrated on transient simulation with the proposed methodology to
understand the effect when the current load changes.
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