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PERFORMANCE AND SIZING OF PEM FUEL CELLS UNDER
VARIABLE OPERATING CONDITIONS FOR AN AUTONOMOUS
UNDERWATER VEHICLE

Summary. Ensuring a reliable power supply is a key challenge for autonomous
underwater vehicles (AUVs), especially when deeper diving, longer endurance, and
extended mission range are required. Proton exchange membrane (PEM) fuel cells
offer a promising solution due to their high-energy density and quiet operation. This
study conducted a detailed PEM fuel cell model in MATLAB/Simulink to evaluate
how operating conditions affect single-cell electrochemical behavior and stack-
level sizing. The model incorporates activation and ohmic losses to quantify
variations in cell voltage under different temperatures and reactant supply
pressures. Based on these analyses, performance and sizing indices are derived for
a practical AUV power system. Results indicate that increasing operating
temperature from 55°C to 85°C, together with increasing oxygen and hydrogen
supply pressures from 1 to 3 atm, enables a 20% reduction in the required number
of cells, directly translating into similar reductions in stack mass and volume.
Moreover, reactant consumption decreases by 9.5%, improving overall energy
efficiency by 9.6%. These findings demonstrate the strong influence of operating
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conditions on PEM fuel cell performance and provide guidelines for optimized
sizing of AUV fuel cell power systems.

Keywords: fuel cell performance, activation over potential, ohmic losses,
operating temperature, supply pressures, AUV

1. INTRODUCTION

Underwater vehicles, including miniature submarines and autonomous underwater vehicles
(AUVs), are increasingly used in the military and commercial fields. Similar to AUVs, the
power system of AUVs has high requirements for stealth (without vibration and noise) and long
endurance [1]. Because of their low pollution and energy efficiency, fuel cell vehicles (FCVs)
have gained popularity in response to growing worries about global warming, pollution, and
energy consumption [2].

PEMFC and solid oxide fuel cells (SOFC) can be utilized for AUVs [3,4]. PEMFC is the
recommended option since it performs better and runs at lower temperatures (below 100°C).
Many AUVs currently run on batteries [5], but AUV endurance will increase with the adoption
of fuel cell systems [6,7]. Because the storage media in fuel cells have a far higher energy
density than batteries, they can outperform them in terms of energy density; nonetheless, the
issues arise from their weights and system sizes [8].

Recent research indicates that commercial AUVs use batteries to store power. Battery-
powered AUVs with greater endurance and range are significantly bigger than regular ones,
which reduces their utility and increases their space requirements [5,9]. So, fuel cells are used
in the AUV industry. According to [10], the properties of suitable fuel cell systems are:

1. The size of fuel cell systems must be as small and as light as possible.
2. The power output of fuel cell systems must be in the range of 1 kW to 2 kW.
3. Fuel cell systems should be removable, exchangeable, and replaceable.

The integration of fuel cell technology into Autonomous Underwater Vehicles for naval
applications presents a compelling avenue for enhanced operational capabilities, characterized
by extended endurance, reduced acoustic signatures, and improved energy efficiency [11].
However, the realization of these benefits hinges critically on a comprehensive understanding
of the intricate relationship between fuel cell operating conditions, system size, and overall
performance within the unique constraints imposed by the underwater environment. AUVs
represent a paradigm shift in underwater exploration and data acquisition, offering unparalleled
maneuverability and the ability to access remote and complex underwater environments without
direct human intervention [12]. The evolution of AUV technology has been driven by
advancements in control systems, communication protocols, and sensory technologies,
enabling increasingly sophisticated missions in challenging underwater settings [13]. The
operational demands of AUVs in naval contexts are particularly stringent, necessitating robust
performance under varying environmental conditions, including temperature fluctuations,
pressure variations, and exposure to corrosive seawater [14].

The performance of fuel cells is intricately linked to various operating conditions,
encompassing temperature, pressure, humidity, and reactant stoichiometry, all of which exert a
significant influence on the electrochemical reaction kinetics, mass transport phenomena, and
membrane properties within the fuel cell stack. Hydrogen energy systems, particularly those
employing PEM fuel cells, have been reviewed for underwater applications, emphasizing the
importance of storage methods and operating parameters in system design [9]. The literature
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indicates that hydrogen/oxygen storage strategies and fuel cell operating conditions are
interconnected factors that determine the overall system size and performance. Proper
management of these parameters can lead to more compact and efficient fuel cell systems
suitable for AUV deployment [9]. Knyazhev and Loshchenkov [15] review various fuel cell
types, emphasizing their performance under different operating conditions. It highlights how
these conditions affect size and efficiency, making them suitable for naval AUV applications,
ensuring extended operational duration and enhanced cruising range. Mendez et al. [16,17]
discussed that fuel cell operating conditions significantly influence size and performance,
emphasizing the need for compact, efficient systems. It highlights the importance of optimizing
reactant storage and system configurations to enhance endurance and efficiency in AUV
applications. Pielecha [18] analyzed fuel cell performance under various driving conditions,
highlighting that urban, rural, and motorway scenarios significantly affect power output and
losses. It emphasizes the importance of optimizing operating conditions to enhance fuel cell
efficiency and longevity in applications like AUVs. Tsukioka et al. [19] discussed that fuel cell
size and performance in AUVs are influenced by operating conditions such as temperature,
pressure, and the number of cells in series, which determine output voltage and efficiency,
impacting overall energy generation and operational capability. Challenges associated with
hydrogen fuel cells in transportation and underwater environments further underscore the
necessity of optimizing operating conditions. These include issues related to durability,
efficiency, and system integration, which are directly impacted by temperature, humidity, and
load fluctuations [20]. Addressing these challenges through advanced energy management
strategies, such as high-fidelity simulation models combined with experimental data, has shown
promise in enhancing performance and reducing system size [21].

Because PEMFC systems are complex, multimodal, and intricately linked, modeling their
properties for design and performance assessment is difficult. Over the years, significant
progress has been made in comprehending the behavior of PEMFC features using mathematical
modeling [22-34]. Models of integrated cars with fuel cell stacks are necessary to examine the
system behavior under varied load, reagent gas pressure, and temperature conditions in order
to maximize the utilization of PEMFCs [35]. In the meantime, modeling is becoming more and
more significant in design, analysis, and performance evaluation. Qasem and Abdulrahman [36]
reported that, despite several modeling approaches used in literature for the prediction of
PEMFCs performance, Amphlett et al.'s mathematical modeling [37,38] was recognized for its
prediction accuracy under different operating conditions. The majority of models in the
literature are supported by experimental work. Evaluating and comparing the polarization curve
derived from both mathematical and experimental investigations is the most popular validation
method. If the findings of two polarization curves are the same or nearly identical, the model is
reliable [39].

The objective of this paper is to use MATLAB Simulink to build a fuel cell model according
to [37,38]. Then, select a well-known AUV to ascertain its power needs. The final result was a
block diagram that forms the basis for forecasting the fuel cell's performance under various
operating circumstances. The second part of the paper investigates the impact of operating
conditions on the sizing of the fuel cell system, as well as the consumption rates of hydrogen
and oxygen, which play a crucial role in determining the overall endurance of the AUV.
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2. FUEL CELL MODEL DESCRIPTION

An electrochemical model that can be used to predict the behavior of PEMFC is presented
in this section. The optimal simulation results depend on the definition of a set of parameters
used in this mathematical model. The following expression can be used to define the output
voltage of a single cell, Veen [22,37,38].

Veet = Enernst + Nonmic + Nace (1)

Where Eyernst 18 the Nernst equation, which is an expression for the electromotive force (EMF)
for a given product; Nac is the activation overvoltage, which is the amount of voltage used to
drive the reaction; Nonmic is the ohmic overvoltage, which is the amount of voltage lost to the
resistance to electron flow in the electrodes and the resistance to ion flow in the electrolyte; the
terms of Eq. 1 are discussed in the following sections.

2.1. Nernst Voltage
The Nernst equation for the reaction described above:

Enernst = 1.229 — 0.85 x 1073 x (T — 298.15) + 4.3085x105 x T x (log(P},,) +
0.5x log(P;,)) (2)

Where T is the stack temperature in (K), and Pp, and P,, are the hydrogen and oxygen partial
gas pressures in (atm) at the surface of the catalyst at the anode and cathode, respectively. At
each electrode, two distinct cases need to be taken into account (for example, the first has an
inert diluent in the input flows, either carbon dioxide in the anode flow or nitrogen in the
cathode flow), which will not be considered here. The flows in the second scenario don't contain
any diluent. So Py}, and Pj, will be described as [37].

The first case: diluted H> and O»:

0.183xi
( (0.832))
P, = Panoge X | 1 - (0.5 x xﬁ;lgde) — | Xghannel x ¢ (r ) 3)
(0.291><i)
sz = PCathode X (1 _ xg;lglode _ lelizlannel X e \7(0.882) ) (4)

Where i is the current density (i = I/Acey [A/M?]). Pynode a0d Pegenoge are the total humid
gas pressures at both the anode and the cathode, and are given by:

D
Pinode = 1247;3:18 +0.5 PPSI% )
D
PCathode = PCa?i]Lode + Pi?l(zl5 (6)
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Where P, Alzl?ii . and P%?,’w 4e are the total dry gas pressures at both the anode and the cathode.
Xgrode and X{25°% are the molar fractions of water in a gas stream at anode and cathode,
respectively, at saturation condition for a given temperature, and are given by:

X;_‘llglgde = 0.5 x (Psat /PAnode) (7)

XCathode = (PEI% /Pcathode) ©

The P, Sat term is the saturation pressure of water at the operating temperature 7. It is
determined in a fuel cell by the following empirical equation:

7362.6981
pict = (70.434643—(T)+(0.006952085><T)—(9><log(T)))

€)

XChannel and XChannel are the average molar fractions of nitrogen in the air stream and carbon

dloxrde in the hydrogen stream, respectively, and are given by:

/Xout _yin

XChannel | NZ,Humid Nz,Humid i (10)
X%ut
log i 2,Humid
N2, Humid
xin _yout
Channel _ €Oz €Oz
XC 0, - xin (1 1)
log( COE)
ou
X0,
X ﬁgzumi , and xin Ny sumia 21 the mole fractions of inlet and outlet N> in the mixture of oxygen

and nitrogen, saturated wrth water vapor, given by:

Cathodet
(1—XH2 L )

Xl(illzltl-lumld N (12)
(SR1-1) 0]
<1+( SI]il )X<(1_XZZ)>>
NZ Humid — (1 XCathodet) X XNZ Dry (13)

0, and Xco Out are the mole fractions of inlet and outlet CO» in the mixture of Hydrogen and
carbon d10x1de, and given by:

X% = (1-Xy,) x (1 - X470%) (14)
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1_XAnode) X
ey = | L) () (15)
<1+(S§;T;1)> (1-Xa,)

SR; and SR, are the stoichiometric ratios of oxygen and hydrogen, respectively. X, and Xy,

are the mole fractions of O> and H» on the cathode and anode streams, respectively.
The second case: Pure inlet streams of H» and O»:

1
P; = P5oE % ; -1 16
e = Pe0 X\ o i (1
1
Py, = O'SPI-SIag X < 1.6532%1 - 1) (17)
2 2 ex (}1.3311)-’51?13%)“‘16

2.2. Activation overvoltage

Activation losses (also called activation overpotentials) arise from the energy barrier that
must be overcome for the electrochemical reactions to occur at the electrodes. These losses are
more significant at low current densities. The loss can be decreased if steps are taken to increase
the reaction rates by increasing the temperature or pressure in the fuel cell, which operates in a
temperature range of approximately 55°C to 85°C. The semi-empirical equation for the
activation overvoltage is given by [37,38]:

Nace = (—0.9514 +0.00312 X T + 7.4 X 1075 x T x (log(C5,)) — 0.00187 x T(log (D))
(18)

Where the concentration of dissolved oxygen at the gas/liquid interface(Cy,,) can be defined by
a Henry’s law expression of the form:

* Péz
Coz = (5.08x106><e(_489/T)) (19)

Where the expression for P,,is given by Eq. 2.
2.3. Ohmic Overvoltage

Another portion of the voltage generated by the electrochemical reaction is lost due to the
resistance to electron flow in the electrodes and graphite collector plates, and the resistance to
ion flow in the electrolyte. The ohmic losses can be reduced by using thin, well-hydrated
membranes with high proton conductivity, improving electrical contact, and using materials
with low resistivity, and maintaining proper membrane hydration (dry membranes increase
resistance). The ohmic overvoltage can be expressed following Ohm’s law as:

Nohmic = _(Rinternal X I) (20)



Performance and sizing of PEM fuel cells under variable operating conditions for... 69

Where Rjpternar 18 the resistance to electron transfer and is calculated by:
Rinternat = 0.01605 —3.5X 105X T +8x 107° x | (21)
2.4. Fuel Cell Model Implementation

In this paper, MATLAB/Simulink is used to set up the PEMFC system model. Simulink is
a software package for modeling and simulation, which can be used to evaluate the system
performance and optimize the system design. (Figure 1) shows the Simulink model of the
simulation diagram of the PEMFC dynamic model based on Egs (1) to (21).

3. MODEL VALIDATION

To validate the model, a single cell, the Ballard Mark IV model, was simulated and fed with
gases Hz and O». For oxygen, the dry-basis mole fraction, Xo,, settings were 0.21, 0.46, and

1.00; for hydrogen, Xy, , they were 0.65, 0.81, and 1.00. By keeping the total dry gas pressure

at the cathode and anode Ranro’;e and PCDart’,’wdeconstant at 3.06 atm abs, the partial pressure
settings were accomplished. The stoichiometries of the input flows were maintained at 1.73 cm?
of fuel (anode gas) for every cm® of hydrogen consumed and 8.33 cm?® of oxidant (cathode gas)
per cm® of oxygen used throughout all runs. The stoichiometric ratios SR; and SR, are

calculated for validation by:

SR, =833 X Xy, (22)
SR, = 1.73 X Xy, (23)
The inlet dry partial pressure:
By "™ = Xu,Pinoae (24)
Poy " = Xo,Peainoae (25)

The Mark IV employs a Nafion membrane (0.18 mm in thickness), with an active surface
area of 50.56 cm?. Table 1 displays the experimental settings of 28 runs with the corresponding
measured parameters and corresponding predicted results. Comparing diagrams of the total
output voltage, fuel cell resistance, and activation overvoltage between the model predictions
and the experimental data [38] are presented in Figures 2 to 4, respectively. Calculated output
voltage response to a range of independent operating current, temperature, and oxygen partial
pressure variations, as shown in the experimental settings shown in Table 1.

It is demonstrated that the model accurately predicts fuel cell voltage for current densities as
high as 0.33 A/cm? in the temperature range of 55 to 85 degrees Celsius and correlates fuel cell
voltage over the experimental range of current densities. In conclusion, the modeling strategy
is found to be successful, efficient, and simple to use with a limited quantity of data.
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Fig. 1. The block diagram of the MATLAB/SIMULINK model of PEMFCs

Tab. 1
Experimental settings and comparison between measured values and predicted results

Experimental setting Measured Results| Predicted results | % Error
Run T 1 Vcell Rint Vcell Rint Rint
Xo XH Vcell
No. | [K] |[[Amp] 2 2| [volt] [Q] [volt] [Q]
1 358 2.72 0.46 0.81 091 0.00388 0.916 0.00374 -0.66 | 3.61
2 328 6.66 0.21 0.81 0.773 0.00489 0.775 0.00510 -0.26 | -4.29
3 343 6.66 0.46 0.81 0.82 0.00455 0.823 0.00458 -0.37 | -0.66
4 358 6.66 1 0.81 0.867 0.0041 0.869 0.00405 -0.23 | 1.22
5 343 6.66 1 1 0.851 0.00453 0.856 0.00458 -0.59 ] -1.10
6 343 6.66 0.21 0.65 | 0.781 0.00455 0.784 0.00458 -0.38 | -0.66
7 328 6.66 0.46 0.65 | 0.802 0.00489 0.800 0.00510 0.25 | -4.29
8 343 2.72 0.21 0.81 0.863 0.0042 0.867 0.00426 -046 | -1.43
9 343 6.66 0.46 0.81 0.824 0.00446 0.823 0.00458 0.12 | -2.69

10 343 6.66 046 | 0.81 | 0.827 0.00441 | 0.823 0.00458 048 | -3.85

11 328 2.72 046 | 0.81 | 0.888 0.00495 | 0.882 0.00479 0.68 | 3.23

12 328 6.66 1 0.81 | 0.835 0.00505 | 0.833 0.00510 0.24 | -0.99

13 343 6.66 046 | 0.81 | 0.826 0.00437 | 0.823 0.00458 0.36 | -4.81

14 358 6.66 0.21 0.81 | 0.809 0.00406 | 0.805 0.00405 0.49 | 0.25

15 358 6.66 0.46 1 0.846 0.00393 | 0.844 0.00405 0.24 | -3.05

16 358 6.66 046 | 0.65 | 0.836 0.00399 | 0.833 0.00405 0.36 | -1.50

17 343 | 1633 | 0.46 1 0.715 0.00477 | 0.713 0.00535 0.28 |-12.16

18 343 | 16.33 1 0.81 0.73 0.00493 | 0.736 0.00535 [-0.82 | -8.52

19 343 6.66 046 | 0.81 | 0.823 0.00456 | 0.823 0.00458 0.00 | -0.44

20 343 6.66 0.21 0.81 | 0.792 0.00441 | 0.790 0.00458 0.25 | -3.85

21 358 | 1633 | 046 | 0.81 | 0.729 0.00442 | 0.727 0.00483 0.27 | -9.28

22 343 2.72 0.46 1 0.901 0.00428 | 0.904 0.00426 [-0.33 | 0.47

23 343 6.66 1 0.65 | 0.847 0.00444 | 0.844 0.00458 0.35 | -3.15

24 343 2.72 0.46 | 0.65 | 0.898 0.00428 | 0.893 0.00426 0.56 | 047

25 343 | 1633 | 0.21 0.81 | 0.662 0.00477 | 0.676 0.00535 [-2.11|-12.16

26 343 6.66 046 | 0.81 | 0.822 0.00456 | 0.823 0.00458 [-0.12 | -0.44

27 328 6.66 0.46 1 0.807 0.00502 | 0.812 0.00510 [-0.62 | -1.59

28 343 | 1633 | 046 | 0.65 0.7 0.0049 0.702 0.00535 [-0.29| -9.18
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4. METHODOLOGY

This section aims to present a procedure for obtaining the most suitable operating conditions
for the fuel cell to power an AUV. The inferred requirements of FCs for AUVs are mentioned
in [5]. The proposed procedure is summarized as follows:

1. Selection of the AUV.

2. Estimation of the required power for the selected AUV.

3. Prediction of the performance of one cell of Ballard IV FC (cell output voltage and
power) at different operating conditions, namely, Cell temperature, H> supply pressure,
and Oy supply pressure at different current densities.

4. Recording the maximum power and the corresponding current density for each
operating condition (szl , P}JZL and 7).

5. Calculations of the number of cells needed to produce the AUV's required power at each
operating condition.

6. Calculation of the H> and O> consumption,

7. Calculation of the FC efficiency.

8. Analysis of the obtained results.

Figure 5 presents a flowchart illustrating the previously described procedures.
4.1. AUV Selection and Required Power Estimation

The AUV ECA A27-E [5,40] is a Classical rear propeller with control surface architectures,
such as in large conventional submarines equipped with rudders, which take an important place
in the AUV market since it has a great performance following straight lines due to its torpedo-
shaped hull. The main characteristics of A27-E AUV are shown in Table 2.

The viscous resistance coefficient Cy, the friction resistance coefficient Cr, and the shape
factor (/+ k) are used to calculate the power consumption of propulsion engines.

Cr can be calculated using the International Towing Tank Conference 57 correlation line
(ITTC, 1957) [41]:

0.075

CF = Gogsore27 20
Where Re is the Reynolds Number based on the AUV length and speed:
Re=2- 27)

I

Where: x is the kinematic viscosity of seawater [m?/s]; L is the length of ROV [m]; v is the
calculated speed of ROV [m/s]. For AUVs with a circular cross-section, Droblenkov's curve can
be used to determine the form coefficient:

(1+k) =1+ 0.2(D/L) +8(D/L)? —10(D/L)? (28)

Thus, viscous resistance is calculated by the expression:

R, =2 pAv2C;(1+ K) (29)
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Where: p = 1025 [kg/m’]- density of seawater; 4 is the wet surface area of the ROV, calculated
as a cylinder of diameter D and length L. The required thrust power is calculated by:

Wagy = (ni PAC (1 + K)) v3 (30)
D
Where #p is the propeller thrust performance.

Figure 6 shows the dependence of AUV resistance and required thrust power on the AUV
speed. At the maximum AUV speed, the required thrust power is 1523 W.

Start

l

Selection of the AUV (Sec 4.1)

A

Calculation of power requirements of the selected AUV (Eq. 26 to Eq. 30 Sec. 4.1)

y

Prediction of one cell performance of Ballard IV FC at different operating
conditions as shown in Table 3

&

Recording the maximum power and corresponding current as shown in Table 5

A

Calculation of the No. of cells (Eq. 31) as shown in Table 5

Calculation of H2 and Oz consumptions for the FC (Eq. 32 to 35) as shown in Table

A

Calculation of the FC efficiency (Eq. 36) as shown in Table 5

A

Analysis of the obtained results (Sec. 5.2)

A

End

Fig. 5. Flow diagram of the method presented for sizing the AUV fuel cell
and calculating the gas consumption at different operating conditions

Tab. 2
Main Characteristics of A27-E AUV [5]
Parameters Value
Length 4.5m

Diameter 0.73 m
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Weight 850 kg
Maximum diving depth 300 m
Maximum speed 6 knotes-3.09 m/s
Underwater endurance at speed 6 knots 30 hr
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Fig. 6. Viscous resistance power requirement at different AUV speeds
4.2. Single FC at different operating conditions

The mathematical model described in Section II is used to predict the performance of one
cell of Ballard IV FC at different operating conditions. Pure oxygen systems are usually
exclusively utilized in situations when air is unavailable, such as submarines and other vessels,
due to technical challenges, the additional bulk and weight of air storage, and associated safety
considerations [42].

The operating conditions selected in this study are consistent with those commonly reported
for PEM fuel cells used in AUV and underwater applications. Specifically, the temperature
range of 55-85°C aligns with the operating range of PEM fuel cells [10,11, 27] and the typical
operating window of Nafion-based PEM fuel cells (60-80°C), where high proton conductivity
and stable membrane performance are achieved [25]. Similarly, the selected hydrogen and
oxygen inlet pressures (1-3 atm) fall within the commonly adopted range in the literature [27],
where moderate pressurization improves reactant availability and reduces mass transport losses
without imposing excessive compression penalties or safety risks, as discussed in [43].
Therefore, these ranges represent a practical compromise between performance, efficiency,
system compactness, and operational safety, making them suitable for AUV applications and
consistent with established literature.

Table 3 shows 36 combinations of different operating conditions with a special designation
that is developed to enable straightforward identification and correlation with the operating
conditions. The designation is OIHJITM where O is for oxygen, I is the inlet dry pressure of O2
[atom], H is for hydrogen, J is inlet dry pressure of H> [atom], T is for operating cell temperature
and M is the value of the temperature [°C] so O1H3T60 means a case in which the inlet oxygen
dry pressure is 1 atom, the inlet hydrogen dry pressure is 3 atoms operating at 60°C. The
stoichiometric ratios SR; and SR; are fixed at 1.4 and 1.25 for oxygen and hydrogen,
respectively, for all runs as recommended by [42].
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Tab. 3
Different Calculations Operating Conditions
Case sz‘ PIQ’; T[K] | Case sz‘ PI‘JZL T[K]
OIHITSS | 1 1 55 OIHIT75 1 1 75
O1H2TS55 | 1 2 55 O1H2T75 1 2 75
O1H3T55 | 1 3 55 O1H3T75 1 3 75
O2HITSS | 2 1 55 O2HIT75 2 1 75
O2H2TS55 | 2 2 55 O2H2T75 2 2 75
O2H3T55 | 2 3 55 O2H3T75 2 3 75
O3HITS5 | 3 1 55 O3HIT75 3 1 75
O3H2T55 | 3 2 55 O3H2T75 3 2 75
O3H3T55 | 3 3 55 O3H3T75 3 3 75
OlHIT6S | 1 1 65 OIHI1TSS 1 1 85
O1H2T6S5 | 1 2 65 O1H2T85 1 2 85
O1H3T65 | 1 3 65 O1H3T85 1 3 85
O2HI1T6S | 2 1 65 O2H1T85 2 1 85
O2H2T65 | 2 2 65 O2H2T85 2 2 85
O2H3T65 | 2 3 65 O2H3T85 2 3 85
O3HIT65 | 3 1 65 O3HI1T85 3 1 85
O3H2T65 | 3 2 65 O3H2T85 3 2 85
O3H3T65 | 3 3 65 O3H3T85 3 3 85

4.3. Fuel Cell Stack for AUV

Using the polarization curve V-I and the power curve Wgc-I for each operating condition,
the maximum power for the single FC, WFC,maxs is determined with the corresponding current
density and output voltage.

The number of cells, Nrc, is determined by:

Npc = 520 (1)

WFC,max

According to the electrochemical reactions of the PEMFC, the molar consumption of H>
and Oz can be determined as follows.

__ SRyNpcl

Ny, ) (32)
i, = alrcl (33)

The inlet mass flow rate of H> and O» in gm/s is calculated by:
My, = Ny,. My, (34)

moz = nOZ'MOZ (35)
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Where My, and M, are the molar masses of hydrogen and oxygen.
The fuel cell energy efficiency is calculated by [44]:

_ NFCXWFC,max
Nrc = S xnnv (36)
Hj Hjp

5. RESULTS and DISCUSSIONS
5.1. Single FC at Different Operating Conditions

The impact of operating supply pressure of H> and O, on PEMFC performance is assessed
and displayed in Figures 7 to 11. Anode and cathode gas supply conditions are examined under
various combinations of Poi’; and P,f,'zl as shown in Table 3. The maximum power for all cases
occurs at a current range of 36.5 A and 41.75 A, corresponding to a current density of
0.72 A/cm? and 0.83 A/cm?, respectively. The output voltage and power at a current of 40 A
are displayed in Table 4 and will be used for comparisons. Table 4 demonstrates the output cell
voltage and power at 40 A and operating temperatures of 55°C and 85°C.

Tab. 4
The output cell voltage and power at 40 A and operating temperatures of 55°C and 85°C

Case | Py | Pir [ TIKI[V [V]] Wec[W] [ Case e [ P [ TIK] [ VealV] | Wec[W]
OIHITS5| 1 | 1 [ 55 [0.401] 16.043 [OIHIT8S| 1 | 1 | 8 | 0.458 | 18.308
OIH2T55 | 1 | 2 | 55 [0411] 16424 |[OIH2T85| 1 | 2 | 85 | 0.467 | 18.696
OIH3T55| 1 | 3 | 55 [0.416] 16650 |OIH3T85| 1 | 3 | 85 | 0473 | 18.933
O2HITS5 | 2 | 1 | 55 [0.423] 16912 [02HIT8S | 2 | 1 | 85 | 0.481 | 19.257
O02H2T55 | 2 | 2 | 55 [0.432] 17.293 |02H2T85 | 2 | 2 | 85 | 0.491 | 19.645
O2H3T55| 2 | 3 | 55 [0.438] 17.519 |02H3T85| 2 | 3 | 85 | 0497 | 19.881
O3HITS5| 3 | 1 | 55 [0436] 17.421 [O3HITS5 | 3 | 1 | 85 | 0.495 | 19.812
03H2T55 | 3 | 2 | 55 [0.445] 17.802 |03H2T85| 3 | 2 | 85 | 0.505 | 20.200
O3H3T55| 3 | 3 | 55 [0.451] 18.027 |O3H3T85| 3 | 3 | 85 | 0.511 | 20.436

Examining how voltage loss responds could help explain the improvement in cell
performance. The activation overpotential does not exhibit a pressure term. Activation losses
are the voltage losses due to the finite kinetics of the electrochemical reactions at both
electrodes, namely the Oxygen Reduction Reaction (ORR) at the cathode and Hydrogen
Oxidation Reaction (HOR) at the anode. They reflect the energy barrier that must be overcome
for the reactions to proceed at a given current density. The change in activation overpotential is
influenced by the O concentration, which is a function of P, as shown in Eq. 19. At a current
of 40 A, the reduction percent in activation overpotential approximately attains 5.4% and 6.4%
when 5’21 increases from 1 atm to 3 atm, at 55°C and 85°C, respectively" Gerling et al. [45]
showed that under controlled O: partial pressure conditions, the exchange current density for
ORR increased significantly, causing lower activation overpotential at the cathode. Butori et al.
[25] decoupled the effects of O: partial pressure, humidity, and temperature and found that
raising O: partial pressure improved voltage stability across current densities by maintaining
adequate cathode kinetics even at higher temperatures. On the other hand, increasing P}]ZL does
not affect the activation overpotential as shown in Figures 7a and 7b at temperatures 55°C and
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85°C, respectively. The negligible effect of overpotential with the partial pressure of Ha is often
true in well-optimized PEMFCs under moderate to high H» pressures and moderate current
densities, where mass-transport losses are not dominant. In other regimes (low H> pressure,
high current density, degraded diffusion layers, transient operation), the effect can be noticeable
[46]. The HOR is often neglected in full cell studies for the sake of simplicity, justified by the
high rates of the kinetics [45].

Operating temperature has a significant effect on the activation energy and activation losses
of PEMFC. As operating temperature increases, the reaction kinetics improve, mainly due to
faster charge transfer reactions, increased proton conductivity in the membrane, and reduced
activation energy barrier for the electrochemical reactions. The effect can be understood using
the Arrhenius equation, which shows that increasing operating temperature results in higher
exchange current density and reduced activation overpotential. The effect of operating
temperature is shown in Figures 8a and 8b. When the operating temperature increases from
55°C to 85°C, the percentage decrease of activation overpotential is 7.84% at both O, and H,
supply pressures of 1 atm and 8.82% at both O2 and H» supply pressures of 3 atm
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The ohmic overpotentials do not exhibit a pressure term. At higher operating temperatures,
water activity and water content of the membrane, and as a result, membrane conductivity
increases and ohmic loss decreases [47,48]. Figure 9 indicates that the ohmic losses decrease
as the operating temperature increases at all O, and H» supply pressures. When the operating
temperature increases from 55°C to 85°C, the percentage decrease of ohmic losses is 13.5% at
all Oz and H» supply pressures.
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Fig. 9. Effect of different operating temperatures on the FC ohmic losses at all values of
Py, and Py

The cell output voltage depends on the open circuit voltage and overpotentials. The open
circuit voltage of a fuel cell depends directly on the reactants' partial pressures, as shown in
Eq. 2. When O» and Hb partial pressures increase, the logarithmic term becomes larger, raising
the equilibrium cell potential. This reduces the relative magnitude of the
overpotential (difference between actual voltage and theoretical voltage). The percentage
increase of the Nernst voltage is about 1.3% when P;,’zl increases from latm to 3 atm at all values
of Polg On the other hand, the percentage increase of Nernst voltage is about 0.65 % when Pg;
increases from latm to 3 atm at all values of P}}zl Increasing either the inlet pressure of Hz or
O can result in a high output voltage, as seen in Figures 10a, 10c,10e, and 10f, and high-power
output as shown in Figures 10b, 10d, 10f, and 10g. The increase in the output voltage at a
temperature of 55°C when P}le Increases from 1 atm to 3 atm approximately attain 3.78%,
3.58%, and 3.48% for Po‘? equal 1 atm, 2 atm, and 3 atm, respectively. These percentages
become 3.41%, 3.24%, and 3.15% at an operating temperature of 85°C. The increase in the
output voltage at a temperature of 55°C when Poi’; increases from 1 atm to 3 atm approximately
attains 8.58%, 8.39%, and 8.27% for P}le equal to 1 atm, 2 atm, and 3 atm, respectively. These
percentages become 8.21%, 8.04%, and 7.94% at an operating temperature of 85°C.

The effect of increasing Poi’; is more pronounced than that of the H». The percentage increase
in cell voltage when increasing both szl and P;}; from 1 atm to 3 atm is 12.37% and 11.63 at

operating temperatures of 55°C and 85°C respectively. The same percentage increase applies to
the ell output power at all corresponding operating conditions.

Generally speaking, raising the operating pressure could enhance cell performance.
Nevertheless, high inlet gas pressure requires more energy from the gas compressor; via
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onboard compression, the associated parasitic power can offset these gains beyond an optimal
compression level. In the current work, the increase in reactant inlet conditions is achieved by
supplying H2 and O: from one of the different storage options, including compressed gas storage
and cryogenic storage for H> and O, metal hydrides for H: storage, and chemical O sources
[5], which is a commonly adopted configuration for autonomous underwater vehicles (AUVs).
Under this assumption, no onboard compressors are required during operation, and therefore,
compressor power does not directly influence the instantaneous system performance or the
reported efficiency. This energy input occurs off-board during refueling and is not part of the
onboard energy balance considered in this study. Each storage option introduces different
system-level trade-offs in terms of energy density, thermal management, system complexity,
and auxiliary power requirements. A comprehensive evaluation of these storage strategies and
their impact on overall system performance is beyond the scope of the present paper. However,
this aspect represents an important direction for future research, and it is intended to be
addressed in detail in subsequent work.

The effect of operating temperature enhances the fuel cell output voltage and power for all
inlet oxygen and hydrogen supply pressures, as shown in Figures 11a to d. When the operating
temperature increases from 55°C to 85°C, the increase in the cell output voltage is 14.12% and
13.36% at both szl and P}]Z‘ of 1 and 3 atm, respectively.

On the other hand, open circuit voltage decreases with the increase in operating
temperature. As the operating temperature increases, the Gibbs free energy of the reaction
decreases (1.229 for standard conditions), leading to a lower Nernst voltage. At the same time,
higher temperatures increase the value of RT/2F, which increases the Nernst voltage. This can
partially offset the drop caused by the decrease in Gibbs free energy, especially in pressurized
operation. In general, the Nernst voltage slightly decreases with temperature under constant
pressure. Results show that when the operating temperature increases from 55°C to 85°C' the
Nernst voltage decreases 2% and 1.85% at both values of szl and P,f,’zl of 1 atm, 3 atm,
respectively. Finally, decreasing ohmic loss and activation overpotential dominate the Nernst
voltage; consequently, the fuel cell performance enhances.

Increases in operating temperature and pressure can improve cell performance, according to
experimental research on the impact of operating circumstances on cell performance [30].
Therefore, lowering the irreversibility rate and improving the cell's performance can lower the
cost and aid in the fuel cell's commercialization.

5.2. Fuel Cell Stack for AUV

All calculations shown by Egs. 31 to 36 at maximum predicted cell power under different
operating conditions are shown in Table 5. The stack power for the considered AUV is 1523 W.

Tab. 5
Different Calculations at Different Operating Conditions

. ‘ I O, H» H>
Wee mal Wrcmax Nrc| Cons. |Oz2 Cons.| Cons. | Cons.
[W] |[Ampere [Mole/s | [gm/s] |[Mole/s| [gm/s TEnergy
1 ] ] ]
O1HIT55| 16.21 36.5 94 | 0.0116 | 0.370 0.022 | 0.045 0.283
O1H2TS55 | 16.56 37 92 1 0.0115 | 0.367 0.022 | 0.045 0.286

Case
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O1H3TS55| 16.77 | 37.25 | 91]0.0114 | 0.365 | 0.022 | 0.044 | 0.287
O2HITS55| 17.01 | 37.25 | 90]0.0112 | 0.359 | 0.022 | 0.044 | 0.291
O2H2TS5 | 17.37 | 37.75 | 88 0.0111 | 0.357 | 0.021 | 0.043 | 0.294
O2H3TS55 | 17.58 38 87 10.0111 | 0.355 | 0.021 | 0.043 | 0.295
O3HITS55| 17.49 | 37.75 | 88 [0.0111 | 0.354 | 0.021 | 0.043 | 0.296
O3H2TS55| 17.85 | 38.25 | 86 ]0.0110 | 0.352 | 0.021 | 0.043 | 0.298
O3H3T55| 18.07 | 38.25 | 85]0.0109 | 0.348 | 0.021 | 0.042 | 0.301
O1HIT65 | 16.87 | 37.5 91 10.0114 | 0365 | 0.022 | 0.044 | 0.287
O1H2T65 | 17.24 38 89 10.0113 ] 0362 | 0.022 | 0.044 | 0.289
O1H3T65 | 17.46 | 38.25 | 88 ]0.0112 | 0.360 | 0.022 | 0.044 | 0.291
O2HIT65 | 17.72 | 38.5 86| 0.0111 | 0.357 | 0.021 | 0.043 | 0.294
O2H2T65 | 18.10 | 38.75 | 85]0.0110 | 0.352 | 0.021 | 0.043 | 0.298
O2H3T65 | 18.32 39 84 10.0109 | 0.349 | 0.021 | 0.042 | 0.300
O3HI1T65 | 18.23 | 38.75 | 84 [0.0109 | 0.349 | 0.021 | 0.042 | 0.300
O3H2T65 | 18.61 | 39.25 | 82]0.0108 | 0.346 | 0.021 | 0.042 | 0.302
O3H3T65 | 18.83 39.5 81 10.0108 | 0.344 | 0.021 | 0.042| 0.304
OIHIT75| 17.57 | 38.75 | 87[0.0113 | 0.362 | 0.022 | 0.044 | 0.289
O1H2T75| 17.95 39 8510.0111 | 0.357 | 0.021 | 0.043 | 0.294
O1H3T75| 18.18 | 39.25 | 84 [ 0.0111 | 0.354 | 0.021 | 0.043 | 0.295
O2HIT75| 18.47 | 39.5 83 10.0110 | 0.351 | 0.021 | 0.043 | 0.298
O2H2T75 | 18.86 40 81 10.0109 | 0.348 | 0.021 | 0.042 | 0.301
O2H3T75| 19.09 40 80 | 0.0107 | 0.344 | 0.021 | 0.042 | 0.304
O3HIT75| 19.01 40 81| 0.0108 | 0.345 | 0.021 | 0.042 | 0.303
O3H2T75| 19.40 | 40.25 | 7910.0106 | 0.341 | 0.020 | 0.041 0.307
O3H3T75| 19.63 | 40.5 78 1 0.0106 | 0.339 | 0.020 | 0.041 0.309
OIHIT85 | 1831 | 39.75 | 84 [0.0111 | 0.356 | 0.021 | 0.043 | 0.294
O1H2T85 | 18.70 40 82 10.0110 | 0.351 | 0.021 | 0.043 | 0.298
OIH3T85| 1893 | 40.25 | 81[0.0109 | 0.349 | 0.021 | 0.042 | 0.300
O2HIT85 | 19.26 | 40.5 80 |1 0.0108 | 0.345 | 0.021 | 0.042 | 0.303
O2H2T85 | 19.66 41 78 10.0107 | 0.342 | 0.021 | 0.042 | 0.306
O2H3T85| 1990 | 41.25 | 7710.0106 | 0.340 | 0.020 | 0.041 0.308
O3HIT85 | 19.83 41 77 10.0106 | 0.339 | 0.020 | 0.041 0.309
O3H2T85 | 20.23 | 41.5 76 1 0.0105 | 0.337 | 0.020 | 0.041 0.311
O3H3T85| 20.48 | 41.75 | 75]0.0105 | 0.335 | 0.020 | 0.041 0.313

The results indicate a consistent improvement in fuel cell performance with increasing
operating temperature and reactant pressures, which is well aligned with findings reported by
[30,38,49]. As the temperature rises from 55°C to 85°C, the required number of cells (Nrc)
decreases significantly (from 94 to 75), reflecting enhanced reaction kinetics and reduced
activation losses, as discussed in [49]. A similar trend is observed with increasing O: and H:
pressures, where higher pressurization reduces both oxygen and hydrogen consumption rates
due to improved reactant availability and reduced mass transport limitations, consistent with
observations by [5]. Moreover, the gradual decrease in reactant consumption indicates better
fuel utilization efficiency, which agrees with classical PEMFC performance behavior reported
in [50]. The energy efficiency (Nenergy) increases from about 0.283 to 0.313, confirming that
elevated temperature and pressure enhance overall system efficiency, as also highlighted by
[42]. Notably, the best performance was obtained at high temperature (85°C) and high pressures
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(O3H3). Overall, the present trends are in strong agreement with established literature on PEM
fuel cell operation.
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Fig. 11. Effect of different operating temperatures on the FC output voltage and power at
Py and Py, of 1 and 3 atoms

Results presented in Table 5 show that increasing operating temperature from 55°C to 85°C

and increasing both O2 and H» supply pressures from 1 to 3 atm result in:

1. Reduction of the No. of cells from 94 cells at 1 atm to 75 cells for 3 atm, with a
decreasing percentage of 20%. The percentage is close to the percentage decrease in
fuel cell stack weight and volume.

2. Reduction of the Oz and H> consumptions by 9.5%

3. Increasing the energy efficiency increases by 9.6%

6. CONCLUSIONS

The research methodology entails creating a fuel cell model to predict how different
operating conditions affect the performance of a single fuel cell. The impact of operating
conditions on cell voltage losses is investigated through a comprehensive investigation. Based
on these investigations, size and performance indices are calculated for a fuel cell stack to derive
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a commercial AUV under varying operating conditions. The following conclusions can be made
in light of this study:

The higher H> and O> supply pressures increase cell performance mainly due to the
decrease in activation overpotential at all current densities and operating temperatures.
On the other hand, they do not affect the ohmic losses.

Increasing the cell operating temperature results in better fuel cell performance, mainly
due to the decrease in both ohmic and activation losses at all current densities and gas
supply pressures.

The effect of increasing szl on the FC performance is more pronounced than that of and
P,

As Pg; increases from 1 atm to 3 atm at a current density of 40 A, the reduction in
activation overpotential approximately attains 5.4% and 6.4%, at 55°C and 85°C,
respectively.

The ohmic losses decrease as the operating temperature increases at both values of sz‘
and P,f,’; of 1 and 3 atm respectively (ohmic losses is 13.5% at operating temperature
increases from 55°C to 85°C).

Concerning the FC stack for the assigned AUV, the increase of operating temperature
from 55°C to 85°C and the increase of both O, and H» supply pressures from 1 to 3 atm
result in a reduction of the number of cells by 20%. This proportion is comparable to the
fuel cell stack weight and volume reduction, with a 9.5% decrease in O, and H»
consumptions leading to an increase in the energy efficiency by 9.6%.
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