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A B S T R A C T

Hydrogen fuel cells are one of the main solutions for power generation, combining the decarbonization urgency 
with a high energy conversion efficiency. In this context, the efficiency of a fuel cell system (FCS) is a key factor 
to maximize, as conversion efficiency improvements are beneficial to both reduce the hydrogen consumption and 
increase the power density. In this context, the design of the air supply system allows to operate the cathode at 
various pressures and flow rates, potentially increasing the cell efficiency although critically raising the power 
demand on the same system. Hence, its optimization is far from trivial and requires a solid model-based analysis.

In this study an analytical methodology is presented to quantify the efficiency variation in FCS operating at 
various pressure and/or flow rates using supercharging devices. The accompanying MATLAB script is distributed 
under the FAIR (Findable, Accessible, Interoperable, Reusable) guidelines upon request, and it allows an a priori 
evaluation of the conditions for maximum FCS efficiency. The methodology is of general use, and it is demon
strated on a wide range of air flow rates (λc = 1.2 − 10.0) and pressure (pc = 1.0 − 5.0 bar) using data from two 
literature cells, and with high and low efficiency turbomachinery. Results indicate that the maximum FCS ef
ficiency is generally obtained for high stoichiometric factors (λc = 5.0 − 6.8) and low-to-moderate cell back
pressure (pc = 1.0 − 1.3 bar) when no pressure losses are included in the air admission line. When these are 
accounted for, the same methodology indicates a lower stoichiometric factor (λc = 2.2 − 3.0) and a slightly 
higher cell backpressure (pc = 1.2 − 2.0 bar). Despite numbers vary with specific systems, the methodology is 
both analytically based and highly general, hence scalable to any FCS. The presented model relevantly offers a 
model-based guidance to design the air supply line for maximum system efficiency, thus reinforcing the engi
neering of fuel cell systems.

1. Introduction

Fuel cells are electrochemical energy converters, allowing a direct 
conversion of reactants chemical energy into useful electrical energy, 
thus circumventing the inherent thermodynamic limitations of thermal- 
based converters, e.g. gas turbines, internal combustion engines, 
burners, etc [1,2]. This characteristic allows higher thermodynamic 
energy conversion efficiency than combustion devices. When consid
ering also faster energy refill operation and higher power density than 
battery systems, combined with the inherent modularity, rapid response 
time, low-temperature operation and absence of pollutants emissions for 
hydrogen-fuelled Polymeric Electrolyte Membrane Fuel Cell (PEMFC), it 
is clear how such technology is considered a key enabler to jointly 
decarbonize and increase the efficiency of a wide spectrum of power 
generation systems, from the transportation sector to the stationary 

power supply [3,4], as shared by recent reviews on the status and 
perspective of the fuel cells status and advances, with focus on the 
transportation industry [5–9].

In typical fuel cells systems (FCS), several auxiliaries are needed to 
support the power generation process, e.g. cooling sub-system for 
thermal management, hydrogen, and pressurized air supply lines. At the 
cell level, oxygen-containing air and hydrogen are the necessary re
actants for the electrochemical reactions developing in PEMFCs, pro
ducing water and heat and requiring a careful interplay of functional 
parts and materials (i.e. diffusion media, conduction through the solid 
phase, diffusion-driven fluid transport, electrolyte resistance minimi
zation, etc.), whose fundamental aspects and the engineering details that 
made the PEM type a leading fuel cell architecture are resumed in Refs. 
[10,11]. At a system level, the air flow rate for the cathodic reaction is 
the most critical one from an energy perspective, as the 
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oxygen-containing air is typically taken from the humid ambient and an 
air compressor is used to realize both the desired pressure and air flow 
rate. Several compressor types and layouts are possible, with centrifugal, 
scroll and screw compressor being the dominant choices [12,13]. The 
cathodic air flow rate is quantified by the stoichiometric factor (λc), 
defined as the effective air flow rate with respect to the oxygen flux 
converted in electric current. The high pressure and high flow rate 
operation increases the cell power generation, resulting in higher stack 
power density. This allows to minimize the number of cells for a given 
output power, together with the weight, volume, and cost. However, as 
the power demand to drive the compressor burdens on the PEMFC itself, 
a careful choice of the pressure and λc is mandatory to limit the power 
absorption, and similar conclusions apply also in case a turbine 
(expander) is added to recover part of the pressurized exhaust gas en
ergy, creating an electrically assisted supercharger.

Focusing on the cell level, the efficiency of PEMFCs is known to in
crease both under high pressure operation and elevated λc: the former 
aspect is motivated by the increase in open-circuit voltage (OCV) po
tential as per the Nernst equation [14], whereas the latter is beneficial in 
over-delivering oxygen to the cathodic catalyst layer, thus balancing the 
oxygen partial pressure decrease due to reduction reaction. A high air 
flow rate is also positive in suppressing the concentration overpotential 
and contrasting the flooding onset. Therefore, the analysis of cell per
formance indicates that both air pressure and flow rate should be syn
ergically increased to maximize the efficiency. Examples are the studies 
from Santarelli et al. [15] and Wang et al. [16], confirming the benefi
cial high-pressure operation up to 3.0 bar on small PEMFCs, although 
their laboratory studies did not include the power balance for the air 
compressor. Moving to PEMFC systems, Lu et al. [14] highlighted that 
high-pressure operation introduced the positive aspect of increasing the 
membrane water content via enhanced relative humidity, reducing the 
cell resistance. When a simple power balance for an air compressor was 
added to their experimental and modelling study, the optimal range for 
cell pressure was restricted to 1.5 − 2.0 bar from the wider spectrum of 
beneficial conditions for the cell operation (up to 2.5 bar), whereas a 
uniform λc = 2.0 was used. A similar indication of intermediate cell 
pressure was reported by Kim et al. [17] in a PEMFC system simulation 
study, indicating a maximum system efficiency in the range 1.7 −

3.0 bar for λc = 2.0. In Ref. [18] a combined pressure and λc study was 
carried out on a 30 kW PEMFC stack for automotive use, using empirical 
fitting models for both the cell and the compressor performance, and 
obtaining similar conclusions albeit limited to the investigated case. 
Different conclusions are reported by Qin et al. [19], where an indica
tion of “no compression” (operating pressure equal to 1.2 bar) at λc = 2.0 
was reported, again based on fitted equations for the compressor in use 
and critically reporting a compressor efficiency lower than 0.45, which 
is believed to largely contribute to the observed results. Another 
remarkable study was conducted by Chen et al. [20], where a 3D-CFD 
for as PEMFC and a compressor map for a 30-kW automotive stack 
system were used to indicate an air excess ratio lower than λc = 4.0 and a 
cathodic pressure lower than 1.7 bar as best operating conditions, 
highlighting an inverse proportionality between the operating pressure 
and λc for optimal operation for the best efficiency. Martinez-Boggio 
et al. [21] modelled several air admission layouts using genetic algo
rithms, identifying the turbine-assisted layout as the best solution, using 
a commercial software for the genetic algorithm analysis. As for the 
effect of λc, Santarelli et al. [22] tested values in the range 1.3–4.5 on a 
laboratory 3.5 kW PEMFC stack at ambient pressure, underlying the 
importance to operate with λc ≥ 2.0 and qualitatively estimating a sys
tem efficiency increase when the power demand for a compressor was 
included in the analysis. Ge et al. [23] proposed an optimization study of 
air excess ratio and cathodic pressure for a 65 kW FC bus, indicating the 
relevance of low-pressure and high air excess ratio operation to maxi
mize the system efficiency, although results are only discussed for the 
investigated application.

Therefore, a delicate optimization problem arises in terms of 

cathodic pressure and λc, as the choice of operating conditions and 
auxiliaries could lead either to an overall system efficiency increase or to 
the opposite conclusion. The primary role of the system efficiency as a 
key performance indicator, and the possibility to largely increase or 
reduce it when coupling a PEMFC with a supercharger, motivate the 
urgency in developing a robust model-based methodology to unambig
uously identify the optimal operating pressure and air flow rates, hence 
right-sizing the air admission line [21]. Unfortunately, to the extent of 
the authors’ knowledge such methodology is missing in the specialized 
literature, and the identification of the optimal pressure and flow rate 
values is often based on experience, optimization software, or on 
case-by-case measurements (a posteriori), critically limiting the gener
ality of the conclusions and marginally contributing to a broader engi
neering knowledge.

The main aim of the present study is the development of an a priori 
analytical methodology to select the pressure and λc values to maximize 
the FCS efficiency. In the first part, the analytical derivation of the 
procedure to identify the optimal ranges for the steady-state cathodic 
pressure and air flow rates is presented, based on simple cell and su
percharger models. In the second part, this is applied to four realistic 
PEM-type FCS: the data of two MEAs tested at the Joint Research Center 
for benchmarking and validation purposes ([24,25]) are coupled with 
high- and low-efficiency (HE and LE, respectively) supercharging sys
tems. The FCS efficiency evaluated both at minimum supercharging 
power demand and at conditions for zero-gradient MEA studies is 
compared with that identified by the presented model, indicating in all 
cases a relevant FCS efficiency improvement. The study is implemented 
in a MATLAB script which will be made available upon request to the 
authors. The discussion of results demonstrates the importance of 
limiting the cell operating pressure and the need to realize a sufficiently 
high λc, relevantly providing an analytical and general methodology 
scalable to any fuel cell system. Moreover, it provides a quantitative 
answer to the ever-present interest in very high pressure levels or flow 
rate, showing their detrimental effect on the FCS efficiency when 
operated in combination with high flow rates. The relevance of the study 
lies in filling the knowledge gap in guiding in the selection of the optimal 
air pressure and flow rate values, offering a wide-use support for the 
coupling of supercharger and PEMFC to maximize the system efficiency. 
The novelty of the presented model is its generic derivation which al
lows its application to any PEMFC system software or R&D workflow, 
fulfilling the main objective to provide a solid methodology for the 
design of the air admission line of FCS for maximum efficiency.

2. Methodology

The study presents an equation-based methodology to predict the 
performance of a supercharged FCS, where the operating pressure and 
the air flow rate are considered two degrees of freedom for optimal 
system operation. The analysis is carried out to be as general as possible 
to maximize its scalability, and two PEMFC polarization curves from 
literature alongside typical data for auxiliaries are used for a demon
stration study on multiple cases. The conditions of interest (i.e. the cell 
backpressure and the cathodic stoichiometric factor, hereafter pc and λc) 
constitute the two unknown variables to design the FC supercharging 
system, whose selection has profound implications on the system effi
ciency as they affect both the power demand for supercharging and the 
cell power generation in a complex way. The next sections will describe 
the modelling approaches for the cell, the compressor, the turbine, and 
their combined operation (supercharger) for various pc and λc levels. The 
model has been implemented in a MATLAB routine which will be made 
available upon request to the authors.

2.1. Modelling of fuel cell performance

The fuel cell performance is synthetized by the current density- 
voltage (polarization) curve, typically obtained via empirical fitting of 
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experimental data or via analytical formulations [26]. The cell potential 
(Ecell) at given conditions is obtained by the current-independent 
open-circuit voltage (EOCV), reduced by the effect of fuel crossover and 
internal currents (hence referred to as “mixed potential”, E∗

OCV) and 
reduced by the overpotentials as in Eq. (1). 

Ecell(pc, i)=E∗
OCV − ηact − ηohm − ηconc (1) 

The activation, ohmic and concentration overpotentials are 

modelled as ηact = R Tc
α F ln

(
i

i0

)

, ηohm = rcell i and ηconc = m en i, respec

tively, with Tc being the average cell temperature, α the charge transfer 
coefficient, i0 the exchange current density, rcell the total cell resistance, 
and m and n empirical fitting coefficients for concentration losses [1].

The operating pressure influences the polarization curve in terms of 
E∗

OCV and i0, with the ambient pressure as the reference condition for 
both quantities (E∗

OCV,amb and i0,amb, respectively). The former aspect is 
accounted for by the Nernst equation leading to ΔE∗

OCV as in Eq. (2), 
whereas the latter is calculated based on the relationship from Ref. [2] 
and reported in Eq. (3). Both factors indicate an increase in the cell ef
ficiency for higher pc, motivated by a higher E∗

OCV and a lower activation 
overpotential at higher pressures due to increased i0,pc . 

ΔE∗
OCV =

R Tc

4 F
ln
(

pc

pamb

)

(2) 

i0,pc = i0,amb

(
pc

pamb

)γ

(3) 

The cathodic λc indirectly modifies the polarization curve, being all 
the overpotentials explicitly dependent only on i, and not on λc. How
ever, λc is a common operating index for PEMFC systems, hence of 
relevant practical interest. When operating at very high flow rates (λc→ 
∞), an abundant and uniform oxygen concentration over the entire cell 
area is assumed; however, the use of lower λc is more common due to the 
critical power demand of the supercharger. The effect of finite λc values 
on the cell operation was modelled by the fλc function proposed by 
Kulikovsky in Ref. [27] and reported in Eq. (4), which is adopted in the 
present model. This function indicates an asymptotic gain in cell effi
ciency for λc→∞ operation, due to the attenuation of activation and 
concentration overpotentials, whereas the finite oxygen availability 
over the cell MEA increases the same overpotentials at low λc. The effect 
is particularly relevant at high i, in line with the experimental outcomes 
in Ref. [22]. The combined effect of pc and λc is expressed by Eq. (5), and 
both factors should be increased for optimal cell efficiency; however, 
they also raise the power demand for supercharging to generate such 
conditions, as will be discussed in the next section, thus hindering a 
trivial selection of maximum cathodic pressure and flow rate operation. 
Finally, the cell thermodynamic efficiency (ηcell) and gross power (Pcell) 
for varying pc and λc are calculated as in Eqs. (6) and (7), respectively, 
with Eth being the thermoneutral potential based on hydrogen higher 
heating value. 

fλc = − λc ln
(

1 −
1
λc

)

(4) 

Ecell(pc, λc)= E∗
OCV,amb + ΔE∗

OCV −
R Tc

α F
ln
(

fλc i
i0,pc

)

− rcell fλc i − m en fλc i (5) 

ηcell(pc, λc)=
Ecell(pc, λc)

Eth
(6) 

Pcell(pc, λc)= Ecell(pc, λc) i AMEA (7) 

2.2. Modelling of compressor and turbine

The air compressor increases the pressure of the humid ambient air 

to the cell operating pressure. In this study, the pressure at cell outlet 
(backpressure, pc) is considered as the cell operating pressure. The 
calculation of the compressor power demand requires the knowledge of 
the desired pressure at cell inlet (pin

c ), which is obtained adding the 
pressure losses in the cell flow (e.g., concentrated and distributed losses 
in channels) to the cell backpressure. This can be expressed as pin

c = pc +

Δpcell, with the air flow velocity at cell inlet (vin) and Δpcell calculated as 
in Eqs. (8) and (9) for a parallel channel flow field [28–30], using the air 
density and Reynolds number at cell inlet (ρin and Rein), the channel 
length and hydraulic diameter (Lch and Dch), the cross-sectional channel 
area (Ach), the MEA portion interested by the air flow of a single channel 
(AMEA,ch, calculated as the product of channel length and twice the 
channel width), a concentrated loss coefficient depending on the inle
t/outlet duct design (KL), and the dry air molar mass (Mair). The water 
mass fraction at inlet (Yw,c) is calculated based on the assigned relative 
humidity value provided by a humidifier installed after the compressor 
outlet section, which is assumed as a design input. Considering a parallel 
channel arrangement, the pressure loss calculated for the flow in a single 
channel is the same as that experienced by the total flow rate through 
the channels assembly in the bipolar plate, i.e. Δpcell(pc,λc). 

vin =
1

ρin Ach

(
1

1 − Yw,c

λc

0.21
Mair

4 F

)

i AMEA,ch (8) 

Δpcell(pc, λc) =

[
59.62
Rein

Lch

Dch
+ KL

]

ρin
v2

in
2

(9) 

The relationship in Eq. (9) indicates that a high pc and λc operation 
inevitably leads to elevated pressure losses in the cell, due to the higher 
gas density and flow velocity, ultimately adding an additional request to 
the pressure level to be generated by the air compressor. The resulting 
pressure loss is used to calculate the compressor outlet pressure (pin

c ), 
hence the power absorption (PC) [2] as in Eq. (10), with ηi,c and ηm,c 

being the internal and mechanical efficiency of the compressor, Tamb the 
ambient air, cp the air isobaric specific heat, γ the ratio of air specific 
heats, and where the negative sign is used to remark the power request. 
The compressor efficiencies are modelled as constant values under the 
hypothesis of steady-state conditions. 

PC = − ṁair cp
Tamb

ηi,C ηm,C

[(
pin

c
pamb

)γ− 1
γ

− 1
]

(10) 

The humid air flow rate for the compressor in Eq. (10) can be 
expressed as a function of the cathodic stoichiometric factor (λc) and of 
the cell current density (i) as in Eq. (11): 

ṁair =
1

1 − Yw,amb

λc

0.21
Mair

4 F
i AMEA (11) 

Introducing the terms ξ1 = 1
1− Yw,amb

λc
0.21

Mair
4 F and ΓC = cp

Tamb
ηi,C ηm,C 

for no
tation compactness, Eq. (11) reduces to Eq. (12), and Eq. (10) is 
manipulated into Eq. (13), expressing the compressor power demand as 
a function of pc and λc, i.e. PC(pc,λc): 

ṁair = ξ1 i AMEA (12) 

PC(pc, λc)= − ξ1 i AMEA ΓC

[(
pc + Δpcell

pamb

)γ− 1
γ

− 1
]

(13) 

In a similar way, the power harvested by the turbine (PT) is calcu
lated as in Eq. (14) [2], where the positive sign indicates a useful power 
and with ηi,T and ηm,T being the internal and mechanical efficiency of the 
turbine, modelled as constant values under the hypothesis of 
steady-state operation. In this study, the turbine is assumed to be me
chanically coupled with the compressor, forming a turbocharging unit. 
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PT = ṁoutcpTout
c ηi,T ηm,T

[

1 −

(
pamb

pc

)γ− 1
γ
]

(14) 

The flow rate at cell outlet (ṁout) is composed by the sum of the flow 
rate at cell inlet increased by the water flow rate produced by the oxygen 
reduction in the cell (ṁw,react, Eq. (15)), the water flow rate from the 
cathode-directed net drag (ṁw,drag, Eq. (16)), and the water flow rate 
provided by the cell humidifier installed after the compressor outlet 
section (ṁw,hum, Eq. (17)). The net drag coefficient (rd) is used in Eq. (16)
to express the net rate of water transported in the membrane, experi
mentally measured in Ref. [31] and bundling the cathode-directed 
electro-osmotic drag and the water back-diffusion. In the limit that all 
the produced water is evaporated and removed from the CL region, Eq. 
(18) expresses the flow rate at turbine inlet (ṁout): 

ṁw,react =
Mw

2 F
i AMEA (15) 

ṁw,drag = rd
i AMEA

F
Mw (16) 

ṁw,hum = ṁair

(
1 − Yw,amb

1 − Yw,c
− 1

)

(17) 

ṁout = ξ1 i AMEA + ṁw,react + ṁw,drag + ṁw,hum (18) 

Knowing the temperature increase in the cell ΔTcell from direct 
measurements, as in Ref. [32], or using calculations so that Tout

c = Tin
c +

ΔTcell and introducing the term ΓT = cpTout
c ηi,T ηm,T and ξ2 = Mw

2 F for no
tation compactness, Eq. (14) is manipulated into Eq. (19) and it ex
presses the turbine power recovery (positive sign) as a function of pc and 
λc, i.e. PT(pc,λc): 

PT(pc, λc)= i AMEA (ξ1 + ξ2) ΓT

[

1 −

(
pamb

pc

)γ− 1
γ
]

(19) 

Finally, the supercharging system is composed by the assembly of 
compressor and turbine; hence, the global power value (PSC) is given as 
in Eq. (20) by balance of the contributions of compressor, turbine, and 
parasitic power absorption. The latter considers that even in idle con
ditions the supercharger must be operated at a minimum rotational 
speed, and that other minor power absorption are required for the sys
tem operation (e.g., the coolant pump, etc.), ultimately requiring a 
power absorption (Ppar < 0). The numerically dominant contribution is 
the compressor power, leading to global net power demand (i.e. nega
tive) for supercharging for varying pc and λc. This will be supplied by the 
cell electric power, hence representing a parasitic loss, and leading to a 
potentially severe power penalty of the fuel cells system, thereby 
motivating a careful selection of (pc, λc) operating conditions. Consid
ering that the supercharger needs to be electrically assisted (motorized 
turbocompressor), the term “supercharging” is preferred to “turbo
charging”. Finally, the efficiency of an electric motor (ηmot) is consid
ered, and net power of the FCS is obtained as in Eq. (20), i.e. PSC(pc,λc). 

PSC(pc, λc)=
PC(pc, λc) + PT(pc, λc) + Ppar

ηmot
(20) 

2.3. Analysis of fuel cell system

The power of an FCS indicates the net power output of the fuel cell 
system as in Eq. (21), quantifying the reduction of the cell gross power 
output due to the supercharging system demand as a function of pc and 
λc. In the same way, the efficiency of the auxiliaries (ηaux) can be 
expressed as the ratio of the gross over net power output, as in Eq. (22), 
leading to the FCS efficiency (ηFCS, Eq. (23)) as the main indicator of 
efficient energy conversion. The maximization of ηFCS(pc, λc) from a 
mathematical a priori evaluation constitutes the backbone of the 

presented methodology, which will be demonstrated on two realistic 
cases in the next section. 

PFCS(pc, λc)=Pcell(pc, λc) + PSC(pc, λc) (21) 

ηaux(pc, λc)=
PFCS(pc, λc)

Pcell(pc, λc)
(22) 

ηFCS(pc, λc)= ηcell(pc, λc) ηaux(pc, λc) (23) 

3. Results

3.1. Cell data and conditions of interest

The methodology is demonstrated on two cells and using two 
supercharging models, representative of high- and low-efficiency, and 
all the input data used are reported in Table 1. All the values are chosen 
to be as representative as possible of realistic fuel cells systems, rein
forcing the important aim of the methodology, i.e. a general applica
bility to any FCS.

The data published by the Joint Research Centre (JRC) on two MEAs 
are used as representative cell models. In coherence with [24,25], these 
are named MEA1 (28 μm thickness) and MEA2 (18 μm thickness), 
respectively. Both MEAs were tested on a single serpentine and on a 
parallel channel hardware, this last aiming at realizing optimal condi
tions for MEA testing and validation studies and called Zero-Gradient 
Cell (JRC ZERO∇CELL). Such conditions were obtained operating the 
cell at pc = 2.3 bar and λc = 10.0, and they were explicitly derived to 
ensure a uniform reactants delivery to the entire MEA area for mem
brane studies, not aiming at increasing the system efficiency. This 
zero-gradient operating condition will be hereafter referred to as ZG. 
The experimental polarization curves for MEA1 and MEA2 and the two 
fitting models using Eq. (5) for the same (pc, λc) values are reported in 
Fig. 1. This includes also the modified cell polarization curves for MEA1 
and MEA2 for the minimal parasitic loss condition (pc = 1.0 bar, λc =

1.2), still calculated using Eq. (5) and showing the expected over
potentials increase. All the fitting coefficients used for Eq. (5) to 
reproduce the experimental data from Refs. [24,25] (i.e., i0,rcell,m,n) are 
resumed in Table 1. The variation of the activation and concentration 
overpotentials are reported in Fig. 2 for the MEA1 case, where it is 
evident the extent of loss attenuation as modelled by Eqs. (3) and (4) and 

Table 1 
Input data used for model results.

Data Unit Comment

γ = 1.4 – Ratio of air specific heats
cp = 1000 J

kg K
Isobaric air specific heat

ηi,C = 0.75 − 0.55 – Compressor internal efficiency (HE - LE)
ηm,C = 0.98 – Compressor mechanical efficiency
ηi,T = 0.85 − 0.65 – Turbine internal efficiency (HE - LE)
ηm,T = 0.98 – Turbine mechanical efficiency
ηmot = 0.9 − 0.8 – Electric motor efficiency (HE - LE)
α = 1.0 – Charge transfer coefficient
pamb = 1× 105 Pa Ambient pressure
Tamb = 298 K Ambient temperature
Tin

c = 353 K Cell inlet temperature
ΔTcell = 10 K Temperature increase in the cell
Dh = 1 mm Channel hydraulic diameter
AMEA = 250 cm2 Membrane and electrode assembly active area
i0,amb = 1.25× 10− 6 A

cm2
Cathodic exchange current density at ambient 
pressure

rcell = 0.09 − 0.06 Ω cm2 Total cell resistance (MEA1 – MEA2)
m = 1× 10− 2 − 5×

10− 4
V 1st coefficient for concentration overpotential fit 

(MEA1 – MEA2)
n = 0.9 − 1.15 cm2

A
2nd coefficient for concentration overpotential fit 
(MEA1 – MEA2)

Pidle = − 12 W Parasitic power absorption
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made possible by the operation at high pressure and stoichiometric 
factor.

The evaluated conditions for the methodology demonstration are 
those of highest interest both for pc and λc. As for the cathodic pressure, a 
minimum backpressure equal to the ambient one (pc = 1.0 bar) is 
assumed as a minimum limit for air delivery power demand to contrast 
only the pressure losses in the cell, whereas the maximum backpressure 
is set to pc = 5.0 bar and a stepping of 0.1 bar is chosen (41 values). The 
cathodic stoichiometric flow rate is evaluated from λc = 1.2, considered 
as a minimum value for starvation-limited cell operation, to λc = 10.0, 
with a stepping of λc = 0.2 (45 values). A full factorial set of 1845 
conditions are simulated using an in-house developed MATLAB pro
gram. The cell efficiency and power output at varying pc and λc are 
calculated as in Eqs. (6) and (7), respectively, and an increase in both 
factors would be synergically beneficial both for cell efficiency and 
electric power. In Fig. 3 the cell efficiency and power iso-contours are 
reported for MEA1 at medium (i = 0.8A/cm2) and high (i = 1.5A/cm2) 
current density, confirming that, from a cell perspective, both pressure 
and air flow rate should be maximized, hence locating the optimal 
operating point in the top-right corner of Fig. 3, i.e. at the highest 
possible pc and λc. However, this ignores the power demand to realize 
such conditions, whose impact will be quantified in the next section.

3.2. Results of supercharging modelling

The supercharging system requires a net power use (PSC < 0) under 
all tested conditions. Introducing realistic input data resumed in Table 1, 
the compressor, turbine, and supercharger power are reported in Fig. 4
for low (λc = 1.6) and medium (λc = 3.0) stoichiometric factors for the 
HE case. As expected, both the minimum power demand for compres
sion (Fig. 4-a/b) and the minimum power recovery from turbine (Fig. 4- 
c/d) are predicted for the lowest (pc, λc) values (i.e., bottom-left corner), 
hereafter named Minimal Power Demand (MPD) condition, the opposite 

Fig. 1. Cell polarization curves for MEA1 and MEA2 from experiments ([24,
25]) and fitted using Eq. (5) for pc = 2.3 bar and λc = 10.0 and for the minimal 
parasitic loss condition (pc = 1.0 bar, λc = 1.2).

Fig. 2. Cell overpotentials for MEA1: concentration overpotential based on Eq. 
(4) as a function of λc (left y-axis), and activation overpotential based on Eq. (3)
as a function of pc (right y-axis).

Fig. 3. Cell efficiency (top row, a-b, using Eq. (6)) and gross power (bottom row, c-d, using Eq. (7)) for MEA1 at i = 0.8A/cm2 (left column) and i = 1.5A/ cm2 

(right column).
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for the highest (pc, λc) values (i.e., top-right corner). The supercharging 
power is reported in Fig. 4-e/f, confirming for all cases a net power 
request (negative values), and indicating the maximum demand for the 
highest (pc, λc) values, which are critically the same conditions for 
optimal cell performance indicated in Fig. 3. Therefore, the analysis 
necessarily moves to the evaluation of the overall FCS, presented in the 
next section.

3.3. Results of FCS efficiency analysis

The net FCS efficiency (ηFCS) is obtained as in Eq. (23) for varying pc 

and λc, and this is considered the single key value to maximize when 
designing an FCS. The respective influence of the operating parameters 
(pc and λc) on the system efficiency is investigated from two different 
perspectives to identify:

• The (pc,λc) ranges for maximum relative increase in ηFCS, with respect 
to the operation at minimal power demand (hereafter referred to as 
MPD), i.e. ηFCS,MPD with p0

c = 1.0 bar and λ0
c = 1.2. The interest for 

this condition is motivated by the minimum power demand for 
supercharging (see Fig. 3), due to the absence of any air compression 

except that required to contrast the pressure losses in the cell flow (i. 
e., pc equal to the ambient backpressure), and minimum flow rate for 
realistic operation (λc = 1.2). The relative variation in ηFCS is quan
tified with the η%

FCS function as in Eq. (24), and it is used to select the 
(pc, λc) ranges for maximum FCS efficiency relative gain. In view of 
the cost, weight, and added complexity of a supercharging system, 
this is believed to be a key indicator to quantify the convenience in 
introducing supercharging system under a given operating 
condition.

η%
FCS(pc, λc) =

ηFCS(pc, λc) − ηFCS,MPD

ηFCS,MPD
100 (24) 

• The (pc, λc) ranges for absolute maximum ηFCS values (ηFCS,max): this 
gives a different yet objective interpretation of the results, as a 
relevant increase in relative efficiency for a low-efficiency operation 
would equally result in a low-efficient FCS, thus marginally 
improving the global ηFCS. Therefore, the analysis is completed with 
the absolute ηFCS values.

Fig. 4. Power contributions for compressor (top row, a-b, using Eq. (13)), turbine (middle row, c-d, using Eq. (19)) and supercharger (bottom row, e-f, using Eq. (20)) 
for the HE supercharging case at λc = 1.6 (left column) and λc = 3.0 (right column).
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The analysis will be presented in the next sections on four different 
cases, listed as:

• Case 1: MEA1 cell, HE supercharging.
• Case 2: MEA1 cell, LE supercharging.
• Case 3: MEA2 cell, HE supercharging.
• Case 4: MEA2 cell, LE supercharging.

3.3.1. FCS analysis for Case 1
The first analysis is carried out for Case 1 (MEA1 cell, HE super

charging) and in Fig. 5 the η%
FCS(pc, λc) field is reported for selected λc 

values to appreciate the relative gain/loss in the FCS efficiency with 
respect to the MPD condition. As clearly visible, for low-to-moderate λc 

(Fig. 5-a/b for λc = 1.4/ 2.0, respectively), a relevant η%
FCS gain is 

ubiquitously observed under all backpressure and currents, although it 
is accentuated for high current density due to the concentration over
potential reduction with respect to the flow rate at MPD (λ0

c = 1.2). 
Moving to higher λc (Fig. 5-c/d for λc = 4.0/ 8.0, respectively) the region 
of high η%

FCS gain shrinks in the lower-right part of the graph (i.e., high 
current density and high backpressure), showing the emergence of 
(pc, λc) conditions of negative η%

FCS, indicating a global penalty in FCS 
efficiency from the use of supercharging. This frames an antagonistic 
behaviour between (pc, λc) for the system efficiency, with decreasing pc 
necessary at higher λc and in line with the outcomes in Ref. [20]. Such 
outcomes open a crucial design decision whether to favour high flow 
rates (λc) rather than high cell pressure (pc), and it shows the vastity of 
conditions for which a beneficial, yet sub-optimal, supercharging 
operation can be achieved with respect to the MPD condition (white-red 
areas in Fig. 5). However, a crucial need is the ability to a priori identify 
the (pc, λc) values allowing the absolute maximum system efficiency 

using analytical tools, which is discussed in the next paragraph.
As it is re-emphasized that the results in Fig. 5 focus on the marginal 

gain and ignore the absolute ηFCS values, a second analysis investigates 
the (pc, λc) values for maximum absolute ηFCS, and selected results are 
reported in Fig. 6 for the Case 1 at i = 1.0A/cm2, where the ηFCS values 
for both the MPD and ZG operations are indicated for the sake of 
comparison.

The considerations of the previous paragraph are found here in ab
solute terms, with operation at λc ≤ 3.0 allowing to sustain pressure as 
high as pc > 5.0 bar to obtain high ηFCS, consistently with the positive 
η%

FCS field in Fig. 5-a, whereas moving to higher flow rates (λc > 3.0) 
requiring pc ≤ 1.5 bar to maximize ηFCS, in line with the outcomes in 
Refs. [14,17]. This confirms the anticipated antagonistic effect of λc and 
pc on ηFCS. In Fig. 6 the scale is centred at the ηFCS of the MPD operation 
(ηFCS,MPD = 0.29) thus highlighting that:

• A wide range of generic (yet sub-optimal) ηFCS increase with respect 
to ηFCS,MPD is present (light-red area), hence multiple (pc, λc) choices 
would have led to some system efficiency gain in absence of a precise 
indication. Similar outcomes would have resulted if the ZG condition 
would have been chosen as a reference (ηFCS,ZG = 0.31). These are 
included as a reference and for metric purposes.

• The methodology indicates that the absolute maximum ηFCS 
(ηFCS,max = 0.40) is identified for pc = 1.2 bar and λc = 6.8, con
firming the dominant role of high flow rates alongside moderate 
supercharging level to optimize the net balance between higher 
power generation and power demand to optimize a FCS system ef
ficiency. It is underlined that a wide area around the ηFCS,max point is 
visible in Fig. 6, with ηFCS > 0.39, however confirming the high flow 
rate/low backpressure requirement for the air admission line, and 
whose generality will be expanded in the next section.

Fig. 5. Relative variation of FCS system efficiency (η%
FCS) for Case 1 (MEA1 cell, HE supercharging system), using Eq. (24): top left (a) for λc = 1.4, top right (b) for 

λc = 2.0, bottom left (c) for λc = 4.0 and bottom right (d) for λc = 8.0. The (i,λc) conditions for which η%
FCS increase is higher than +4% with respect to the reference 

ηFCS,MPD are in red shades, those for which η%
FCS is almost identical (±4%) are in white/grey colours, and those for which η%

FCS decrease is lower than − 4% with respect 
to the reference ηFCS,MPD are in blue shades. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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3.3.2. FCS analysis for Case 2, 3, 4
The analysis on the objective identification of the maximum ηFCS is 

extended to Case 2, to evaluate the effect of LE supercharging machinery 
on the same MEA1 cell than in Case 1, and to Case 3 and 4, to analyse a 
FCS with a thinner membrane (MEA2) coupled with HE and LE super
charging.

The ηFCS fields are reported in Fig. 7 for Case 2 at i = 1.0A/ cm2, 
showing that the use of low-efficiency compressor and turbine leads to a 
dominant requirement to lower the cell operating pressure to ambient 
backpressure, indicating ηFCS,max = 0.39 for pc = 1.0 bar and λc = 6.4. 
Clearly, the condition for maximum ηFCS is varied from that of Case 1, 
although still characterized by high flow rate/low backpressure.

The same analysis is extended to Case 3 and 4 at i = 1.0A/ cm2, 
using the MEA2 cell coupled with HE and LE equipment, respectively. 

The ηFCS fields are reported in Fig. 8-a/b, confirming the trend already 
seen for Case 1 and 2:

• When high-efficiency compressor and turbine are used (Case 3), the 
MEA2 cell allows ηFCS,max = 0.44 for pc = 1.3 bar and λc = 5.0.

• In case of low-efficiency compressor and turbine (Case 4), the MEA2 
cell can be optimized to ηFCS,max = 0.43 for pc = 1.0 bar and λc = 5.4.

3.4. Effect of additional pressure losses

The presented results assumed that the compressor outlet pressure 
corresponded to the cell inlet one, i.e. that no additional pressure losses 
are present between compressor and PEMFC. However, in a real FCS 
several components might be present (e.g., intercooler, filter, humidi

Fig. 6. FCS system efficiency (ηFCS) for Case 1 (MEA1 cell, HE supercharging system) at i = 1.0A/cm2, using Eq. (23). The colour scale is centred at the ηFCS of the 
MPD operation (ηFCS,MPD = 0.29) to facilitate comparisons. The (pc,λc) conditions for which ηFCS increase is higher than +4% with respect to the reference ηFCS,MPD 

are in red shades, those for which ηFCS is almost identical (±4%) are in white/grey colours, and those for which ηFCS decrease is lower than − 4% with respect to the 
reference ηFCS,MPD are in blue shades. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. FCS system efficiency (ηFCS) for Case 2 (MEA1 cell, LE supercharging system) at i = 1.0A/cm2, using Eq. (23). The colour scale is centred at the ηFCS of the 
MPD operation (ηFCS,MPD = 0.28) to facilitate comparisons. The (pc,λc) conditions for which ηFCS increase is higher than +4% with respect to the reference ηFCS,MPD 

are in red shades, those for which ηFCS is almost identical (±4%) are in white/grey colours, and those for which ηFCS decrease is lower than − 4% with respect to the 
reference ηFCS,MPD are in blue shades. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fier, throttle valves, etc), introducing additional pressure losses to the air 
flow, as well as the distributed and concentration losses generated by the 
design of the air piping itself. In order to account for this, and to preserve 
the generality of the demonstration, the methodology for the optimal 
(pc, λc) condition is applied introducing an additional pressure loss 
before the cell inlet, thus increasing the compressor outlet pressure for 
equal cell operating pressure. This term is modelled as a multiple of Eq. 
(9), bundling the same expression for the pressure losses used for the cell 
flow and preserving the formal dependency on the pipe length, diam
eter, and quadratic dependency on the flow velocity as a function of λc, 
as in Eq. (8). To mimic medium and high pressure losses, a multiplying 
factor is introduced (KΔp) of 10 and 30 are used for Case 1, i.e. the air 
piping pressure losses between the compressor and the cell are 10 and 30 

times the pressure losses in the cell itself, respectively. Fig. 9 shows the 
effect of such pressure losses on the (pc, λc) values for ηFCS,max, indicating 
that:

• A substantial reduction of λc is observed from the reference value of 
λc = 6.8 (for no additional pressure losses, i.e. KΔp = 0), to λc = 3.8 
(for KΔp = 10) and λc = 3.0 (for KΔp = 30). The introduction of this 
additional pressure loss term leads to values for λc close to the 
experimentally reported in Refs. [14,17], requiring a simple mea
surement of air line pressure loss and still preserving the analytical 
formalism and a general applicability.

Fig. 8. FCS system efficiency (ηFCS) for (a) Case 3 (MEA2 cell, HE supercharging system) and (b) Case 4 (MEA2 cell, LE supercharging system) at i = 1.0A/ cm2, 
using Eq. (23). The colour scales are centred at the ηFCS of the MPD operation (ηFCS,MPD = 0.39 for Case 3, ηFCS,MPD = 0.38 for Case 4) to facilitate comparisons. The 
(pc,λc) conditions for which ηFCS increase is higher than +4% with respect to the reference ηFCS,MPD are in red shades, those for which ηFCS is almost identical (±4%) 
are in white/grey colours, and those for which ηFCS decrease is lower than − 4% with respect to the reference ηFCS,MPD are in blue shades. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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• A marginal increase in pc observed from the reference value of pc =

1.2 (for no additional pressure losses, i.e. KΔp = 0), to pc = 1.5 (for 
KΔp = 10) and pc = 1.8 (for KΔp = 30). This reinforces the indication 
that low-to-moderate pressure ratios are generally preferrable to 
maximize ηFCS.

• As expected, it is also observed that the absolute ηFCS,max reduces for 
additional pressure losses from the reference value of ηFCS,max = 0.40 
(for no additional pressure losses, i.e. KΔp = 0), to ηFCS,max = 0.395 
(for KΔp = 10) and ηFCS,max = 0.38 (for KΔp = 30).

3.5. Discussion of the results

The discussed results report the use of a unique methodology to 
analytically identify the optimal cathodic pressure and flow rate values 
(pc, λc) to maximize the system efficiency (ηFCS) on four different cases at 
i = 1.0A/cm2, where two PEMFCs (MEA1 and MEA2) are coupled with 
high- and low-efficiency supercharging systems (HE and LE). For each 
case, the identified maximum system efficiency (ηFCS,max) is compared 
with that obtained under the minimum power demand (ηFCS,MPD) and 
zero-gradient (ηFCS,ZG) conditions, and the comparison aims at demon
strating the generality of the methodology to any FCS. In Fig. 10 all the 
results are synthesized in the hypothesis of no pressure losses between 
the air compressor and the cell (KΔp = 0), showing that the application 
of the presented method systematically increases the system efficiency 
with respect to both the MPD and ZG operation. Despite the arbitrary 

choice of MPD and ZG for system efficiency analyses, Figs. 6–8 unam
biguously show the generality of the methodology and the absolute 
maximum of ηFCS,max, hence it maximizes the FCS efficiency indepen
dently of the reference condition (MPD and ZG, in this study). Moreover, 
the variation of cell and supercharging equipment from Cases 1 to 4 
allows to draw a rather general indication for high flow rates (λc = 5.0 −

6.8) and low backpressure (pc = 1.0 − 1.3 bar) to maximize ηFCS, in line 
with the outcomes in Refs. [20–22] and with exact values depending on 
the specific case. This is further generalized when the pressure losses 
between the air compressor and the cell inlet are included, here exem
plified by the KΔp = 10 and KΔp = 30 cases. The analysis shown in Fig. 9
is repeated for all the cases and the results are reported in Fig. 11, 
confirming that the λc leading to ηFCS,max lowers (λc = 2.2 − 3.0), 
whereas the cell backpressure slightly increases (pc = 1.2 − 2.0 bar). 
Such results reinforce the primary goal of minimizing the pressure losses 
not only in the cell flow, but in the entire air line, to maximize the system 
efficiency using high flow rates and low pressure ratios. In case this is 
not possible due to design constraints, a different optimum (pc, λc) point 
is identified at reduced flow rate and higher pressure ratio, and the 
entity of both variations is calculated based on a simple pressure drop 
measurement of the air supply line, whose effect is included in the 
presented methodology. These outcomes and the analytical derivation 
of the methodology are considered of high relevance to maximize the 
efficiency of FCS, and the developed MATLAB script will be made 
available upon request to the authors under the FAIR (Findable, 
Accessible, Interoperable, Reusable) guidelines.

4. Conclusions

In this study an analytical methodology is proposed to objectively 
evaluate the efficiency variation in operating fuel cell systems at high 
pressure and/or flow rates using supercharging systems, here evaluated 
via the cell backpressure (pc) and the stoichiometric flow rate (λc). Both 
factors affect in a complex way both the power generation in the cell, 
where they should be jointly increased, and the power demand of the 
supercharger, where a minimization of both would be beneficial. This 
opens the design choice to favour pc rather than λc for maximum system 
efficiency (ηFCS), and despite multiple analyses are present in the 
specialized literature, their contradictory indications and the lack of a 
unified explanation have created a field of design indecision in terms of 
optimal (pc, λc). Therefore, in this study an analytical methodology is 
devised to a priori evaluate the best-efficiency conditions for maximum 
ηFCS (ηFCS,max), and steady-state conditions are evaluated on a typical 
PEMFC system spanning a wide band of pressure levels (pc = 1.0 −

Fig. 9. Fig. 6. FCS system efficiency (ηFCS) for Case 1 (MEA1 cell, HE supercharging system) at i = 1.0A/cm2, using Eq. 23, for KΔp = 10 (a) and KΔp = 30 (b). The 
colour scale is centred at the ηFCS of the MPD operation (ηFCS,MPD = 0.28) to facilitate comparisons. The (pc,λc) conditions for which ηFCS increase is higher than +4% 
with respect to the reference ηFCS,MPD are in red shades, those for which ηFCS is almost identical (±4%) are in white/grey colours, and those for which ηFCS decrease is 
lower than − 4% with respect to the reference ηFCS,MPD are in blue shades. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 10. FCS efficiency at i = 1.0A/cm2 for the minimum power demand 
(MPD), zero-gradient operation (ZG) and maximum efficiency conditions for 
Cases 1–4 under the hypothesis of no additional pressure loss between the air 
compressor and the cell (KΔp = 0).
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5.0 bar) and air flow rates (λc = 1.2 − 10.0). A demonstration study is 
carried out on two membrane and electrode assemblies (MEA1 and 
MEA2) tested at Joint Research Centre and documented in Refs. [24,25], 
coupled to both a high- and a low-efficiency compressor and turbine. 
The matrix of four cases is examined for varying (pc, λc) and the con
ditions for ηFCS,max are identified. The results show that:

• The operation at low-to-moderate cell backpressure is the primary 
factor to maximize ηFCS. For both MEA1 and MEA2 cells, when 
coupled with high-efficiency compressor and turbine a moderate 
backpressure (pc = 1.2 − 1.3 bar) is beneficial. However, in case 
their efficiency is low the operation at ambient backpressure (pc =

1.0 bar) is mandatory to maximize ηFCS.
• High stoichiometric factors (in the range λc = 5.0 − 6.8) are rec

ommended to maximize ηFCS in case of minimum or null pressure 
losses between the air compressor and the cell inlet, at least for 
parallel channel flow fields where pressure losses remain moderate 
and the flow regime laminar.

• When the pressure losses in the air line are included, the same 
methodology indicates a lower stoichiometric ratio (λc = 2.2 − 3.0) 
and a slightly higher cell backpressure (pc = 1.2 − 2.0 bar).

• The model-guided selection of pc and λc using the methodology 
presented in this study allows to unambiguously identify the (pc, λc) 
values for ηFCS,max. This is confirmed by the fields of ηFCS for all the 
four cases (Figs. 6–8).

• The use of extremely high flow rates is at best ineffective, having a 
moderate influence on ηFCS,max when operating at low pc values. 
Conversely, a severe efficiency penalty arises for higher pc values, 
discouraging such practice.

The obtained results demonstrate how the presented methodology 
could be applied to any cell and supercharging system to a priori identify 
the optimal (pc, λc) for ηFCS,max. The generality is guaranteed by the 
analytical derivation based on power balances, allowing to include the 
impact of pressure losses in the air admission line. The obtained con
clusions reinforce the primary indication of moderate-to-low back
pressure operation, typical of parallel channel flow fields, alongside high 
flow rates as the conditions for ηFCS,max. This is believed to be a relevant 
advancement in the field of FCS design and engineering, in view of the 
rigorous derivation and conclusions and with profound design impli
cations. The model has been implemented in a MATLAB script which 
will be made available upon request to the authors under the FAIR 
(Findable, Accessible, Interoperable, Reusable) guidelines, and which 
candidates to be incorporated in industrial-grade R&D workflows to 
guide the selection of the best components for the air admission line, 
thus enhancing the advancement in fuel cells engineering.
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