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Abstract: This study investigates the performance of PEM and DMFC systems under varying
operational conditions, focusing on their thermodynamic efficiency, electrochemical behavior, and
fluid dynamics. Using computational fluid dynamics (CFD) simulations and thermodynamic
analysis, the impact of temperature (50-100°C) and pressure (1-10 bar) on hydrogen and methanol-
based energy carriers was evaluated, alongside stress distribution, gas velocity, and temperature
gradients in single cells and stacks. Results revealed that elevated pressure enhances reactant flow
uniformity and reduces electrochemical losses, improving PEM cell efficiency by up to 5%, while
higher temperatures increase activation overpotential, particularly in DMFCs. Thermodynamic
analysis demonstrated that methanol oxidation releases three times more heat than hydrogen
reactions, yet PEM systems exhibit superior stability at moderate temperatures. Simulations further
highlighted optimal operating conditions—high pressure (10 bar) and moderate temperature (65—
80°C)—to balance efficiency, durability, and safety. These findings underscore the importance of
tailored system design for PEM and DMFC applications, offering actionable insights for optimizing
energy storage integration, reducing environmental footprints, and advancing renewable energy
systems.

Keywords: PEM fuel cell; DMFC; electric mobility; electrochemical performance; stress analysis.

1. Introduction

The concept of the "fuel cell” dates back over 150 years, originating from Sir William Grove’s
creation called the "gaseous voltaic battery," which generated electricity through reverse electrolysis
using hydrogen and oxygen [1]. Modern advancements have positioned proton exchange membrane
(PEM) fuel cells and direct methanol fuel cells (DMFCs) as critical technologies for decarbonizing
electric mobility, particularly with the rise of hybrid vehicles [1]. PEM fuel cells are celebrated for
their cost-effectiveness, compact design, rapid startup, and suitability for batch operations, though
their initial application in residential energy systems was hindered by high costs [2,3]. Concurrently,
global environmental concerns—such as pollution, global warming, and climate change driven by
fossil fuels—have spurred investments in renewable energy sources like solar power and biomass-
derived hydrogen [4,5]. Hydrogen, produced via water electrolysis powered by renewables (green
hydrogen), offers a carbon-neutral pathway for energy generation, emitting only water and heat [6,7].

International regulations targeting fuel efficiency and pollutant reduction (e.g., CO, and
particulate matter) have intensified efforts to adopt zero-emission propulsion systems in vehicles,
including battery electric vehicles (BEVs) and fuel cell vehicles (FCVs) [8]. The World Health
Organization (WHO) highlights that combustion engine emissions contribute to severe health risks,
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particularly for vulnerable populations [9]. PEM fuel cells mitigate these risks by replacing fossil fuels
with hydrogen, though challenges persist in durability, cost reduction, and system integration [3].
Hydrogen can be sourced from fossil fuels with carbon capture (CCS hydrogen) or renewables (green
hydrogen), with FCVs combining compressed hydrogen tanks, lithium-ion batteries, and PEM
systems to optimize energy output [10,11,12,13].

Water management is pivotal in PEM fuel cells, as it facilitates proton transport in membrane
electrode assemblies (MEAs), which rely on electrochemical reactions at the anode catalyst layer [14].
Urban buses powered by diesel engines remain a major source of particulate matter and nitrogen
oxides (NOy), exacerbating public health issues like cancer and respiratory diseases [14]. In contrast,
PEM fuel cells offer cleaner alternatives, though their adoption hinges on overcoming cost barriers
(targeting <$50/kW) and enhancing supply chains [21].

PEM fuel cells utilize a thin polymer membrane electrolyte, with platinum electrodes catalyzing
reactions where hydrogen splits into protons and electrons, while oxygen from air combines with
protons to form water [15,16]. Hydrogen’s calorific value (enthalpy) varies between -237 kJ/mol
(condensed state) and -241 kJ/mol (gaseous state), reflecting water’s heat of formation [17]. Green
hydrogen production via electrolysis aligns with sustainability goals, emitting only oxygen as a
byproduct [18].

Electrooxidation converts chemical energy into electricity through catalytic reactions at the
anode and cathode, governed by the Nernst equation and irreversible losses (activation,
concentration, and ohmic overvoltages) [19,20]. The overall reaction (H, + 20, — H,0) yields a
theoretical voltage of 1.23 V, though practical efficiencies are reduced by kinetic and transport
limitations [21]. Catalysts like platinum enhance reaction rates but require optimization to reduce
costs and improve stability [24,25].

The membrane electrode assembly (MEA) comprises a polymer electrolyte membrane, cathode,
and anode, demanding high proton conductivity, chemical stability, and efficient gas mixing [22,23].
PEM fuel cells operate at 50-120°C, necessitating hydration to maintain membrane conductivity
[30,31]. While pure hydrogen dominates transportation applications, methanol—though less
efficient—is explored for its liquid-state advantages [32,33]. Electricity generation involves four
stages: reactant delivery, electrochemical reactions, ion/electron conduction, and product removal
[34].

PEM fuel cells are central to light vehicle electrification, with Toyota’s Mirai II and Hyundai’s
Nexo leading market adoption [39,40]. Hybrid systems integrating fuel cells, batteries, and
supercapacitors are gaining complexity, requiring rigorous field testing [36]. Challenges include
optimizing control strategies, managing thermal effects, and scaling infrastructure [35,38].

While methanol offers easier handling, its oxidation produces CO,, raising sustainability
concerns compared to hydrogen’s zero-emission potential [56]. Studies debate methanol’s activation
energy benefits versus its lifecycle emissions, highlighting divergent hypotheses on efficiency vs.
environmental impact [15,16].

This work investigates the thermodynamic, electrochemical, and fluid dynamic behavior of PEM
and DMFC systems under varying pressure (1-10 bar) and temperature (50-100°C) conditions. Using
computational fluid dynamics (CFD) simulations and thermodynamic analysis, we evaluate stress
distribution, gas velocity, and temperature gradients to identify optimal operational parameters.
Results indicate that PEM systems achieve superior stability at moderate temperatures (65-80°C) and
high pressure (10 bar), whereas DMFCs benefit from reduced activation losses at elevated
temperatures but face sustainability trade-offs due to methanol crossover and CO, emissions [17,18].
These findings provide actionable insights for balancing efficiency, durability, and environmental
impact in fuel cell design, advancing their adoption in sustainable mobility and grid-scale energy
systems [19,20].

2. Materials and Methods
2.1. Fuel Cell Configuration and Simulation Setup

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The CFD analysis was conducted using FloxPress , an integrated simulation tool within
SolidWorks , which enabled the modeling of both single-cell and fuel cell stack configurations under
normal operating conditions. The geometry of the bipolar plates and flow channels was designed in
SolidWorks Flow Simulation, allowing for precise mesh generation that was subsequently exported
into Python-compatible formats for further numerical analysis. Simulations focused on hydrogen-fed
PEMEC operation within a temperature range of 65-100°C and pressure range of 25-35 bar, as these
parameters significantly affect mass transfer, hydrodynamic behavior, and overall cell voltage [43].
A two-dimensional mathematical model was developed to simulate hydrogen transport through
bipolar plate channels and across membrane-electrode interfaces, incorporating coupled
electrochemical reactions [45].

2.2. Electrochemical Reactions and Thermodynamic Modeling

The thermodynamic properties of the PEMFC and DMFC systems were calculated based on the
following electrochemical reactions:

Table 1. Electrochemical reactions.

Reaction Type Anode/Cathode Reaction Global Reaction

Hydrogen Oxidation:
Ha(g)—2H++2e"
(Anode)
Oxygen Reduction:
02/2(g)+2H+2e—H20(g)
PEMFC (Cathode) Ha(g) + ¥204(g) — H20(g)

Methanol Oxidation (DMFC)

CH3OH(g)+6OH-—COx2¢)+5

H2O(g)+6e"
Oxygen Reduction (DMFC)
:3/20x(5+3H20+6e-—60H- CH;0H(g) + %:0.(g) —
DMFC COx(g) + HO(g)

Thermo Thermodynamic parameters such as enthalpy change (AH), entropy change (AS), and
Gibbs free energy change (AG) were computed using stoichiometric coefficients (vi) and standard
values at 298 K:

AH0298 = Z AR AH0298,i
AG0298 = Z Vi AG0298,i
AS0298 = Z V; A50298li
Temperature-dependent adjustments
incorporated sensible heat effects:
AH(T) = AH"% + [ Cp(T) dT
AS(T) = AS*8 + [ [Cp(T)/T] T
Pressure corrections to Gibbs free energy
were applied using:
AG(T_max, P) = AG%% + R-T_max-In(P/Po)
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Cell potential was derived from the Gibbs
free energy via the relation:
E(T_max, P) = -(AG(T_max, P)) / (n'F)
Where:
n : number of electrons transferred
F : Faraday constant (96,485 C/mol)
Py : reference pressure (1 bar)

2.3. Electrochemical Performance Evaluation

Electrochemical losses were evaluated to assess real-world deviations from ideal cell voltage.
These include:

1. Activation Losses: Derived from the Butler-Volmer equation:
i_c=1o_c - exp((arO2F)/(RT) - (E(T) — E%s))
2. Ohmic Losses : Related to membrane resistance and electrode geometry.
3. Concentration Losses : Influenced by mass transfer limitations in porous media.
The current density was calculated using:
i=nF]
Where:

i:current density (A/cm?)

J : molar flux (mol/cm?-s)

Power output per unit cell was determined as:

W_CELL =i_c - E(T_max, P)

Additional overpotential contributions considered included concentration (AV_conc), ohmic
resistance (AV_ohm), and activation (AV_act). To determine the active area of the fuel cell, the
following equations were used: Total current:

I=P cell/XE_i

Where P_cell is the power of the cell and XE i is the total potential of the cell stack.
Where: A_Active =1/], thus J is the current density obtained from the Tafel equation [42].
Numerical solutions for thermodynamic and electrochemical models were implemented in Python,
leveraging libraries such as NumPy and SciPy for scientific computation. Data visualization was
performed using Matplotlib [47], enabling the plotting of key variables including voltage, current
density, power output, and efficiency across varying temperature and pressure conditions.
Additionally, the code analyzed hydrogen concentration distribution, electric potential variation, and
current density profiles under different operational scenarios. Custom functions were developed to
calculate Nernst voltages, activation currents, and polarization curves for both PEMFC and DMFC
systems. Table 2 shows another main assuptions used in this work :

Table 2. Summary of Key Parameters and Assumptions.

Parameter Description Value/Range
Operating Temperature PEMFC & DMFC 65-100°C
Operating Pressure PEMFC & DMFC 25-35 bar
Reference Pressure (Po) - 1 bar
Faraday Constant (F) - 96,485 C/mol
Gas Constant (R) - 8.314 J/(mol-K)
Number of Electrons (n) PEMFC 2
DMEC 6
Current Density (J) From Tafel equation Calculated
Operating Temperature PEMFC & DMFC 65-100°C

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Operating Pressure
Reference Pressure (Po)
Faraday Constant (F)
Gas Constant (R)

Number of Electrons (n)

Active Area (A_Active)

Simulation Tool

Faraday Constant (F)
Gas Constant (R)
Number of Electrons (n)

Gas Constant (R)

Active Area (A_Active)

Simulation Tool

PEMFC & DMFC

PEMFC
DMEFC
Based on current and ]
Geometry design

Meshing & Post-processing

PEMEFC
DMEC
Based on current and |
Geometry design

Meshing & Post-processing

25-35 bar
1 bar
96,485 C/mol
8.314 J/(mol K)
2
6
Calculated
SolidWorks Flow Simulation
Python with Matplotlib
96,485 C/mol
8.314 J/(mol-K)
2
8.314 J/(mol K)
6
Calculated
SolidWorks Flow Simulation

Python with Matplotlib

3. Results

3.1. Thermodynamic and Electrochemical Behavior

Figure 1 illustrates the variation of Gibbs free energy ,enthalpy , entropy and potential with

operating temperature:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermodynamic Properties vs Temperature
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Figure 1. Temperature effects over enthalpy and Gibbs free energy of a single fuel cell for PEM Fuel cell(a) and
DMEFC(b).

The thermodynamic profiles in Figure 1 reveal fundamental distinctions between PEMFCs and
DMFCs. DMFCs exhibit a 3x higher enthalpy change (AH) than PEMFCs due to methanol's multi-
electron oxidation pathway (CH;OH — CO, + 6H* + 6e"), releasing greater heat [48]. This aligns with
methanol's lower activation energy barrier, enhancing reaction spontaneity (more negative AG)
[54,55]. However, the entropy change (AS) in DMFCs is more pronounced, reflecting greater
molecular disorder from liquid-to-gas transitions and complex reaction intermediates [53]. While
elevated temperatures (50-100°C) favor both systems thermodynamically (AG | by 12-15% per 20°C
rise [51]), PEMFCs achieve stability at lower temperatures (60-80°C) due to hydrogen's simpler
oxidation kinetics [49]. Critically, methanol's CO, emissions [56] and higher vaporization energy [62]
offset its thermodynamic advantages, necessitating lifecycle analysis for sustainability. Recent studies
by Zhao et al. (2023) confirm DMFCs' AH superiority but highlight 20-30% efficiency penalties from
auxiliary components (vaporizers, CO, separators) [73]. Figure 2 illustrates that thermodynamically,
methanol in the DMFC cell releases nearly three times more heat during the electrochemical reaction
compared to the PEM cell [48].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Theoretical potential of PEM fuel cells and Direct methanol in both escenaries.

As temperature and pressure increase within the fuel cell, the enthalpy of both reactants and
products rises, leading to a greater enthalpy change (AH) during the electrochemical reaction [50]. At
higher temperatures, AG becomes more negative, indicating enhanced thermodynamic favorability
[51]. Lower AG values signify increased spontaneity, resulting in higher voltage generation [52].
Elevated temperature and pressure typically result in increased system entropy (AS) suggesting a
more disordered system. This increase positively impacts ion transport and overall PEM fuel cell
efficiency [53]. Given methanol's higher molecular weight compared to hydrogen, its activation
process requires less energy [54]. Consequently, this translates into lower losses attributed to
activation potential and diffusion [55]. This behavior significantly impacts the maximum efficiencies
attained, resulting in higher efficiency levels in the DMFC cell. However, it's important to note that
the lifecycle for methanol as fuel is not environmentally sustainable, as the electrochemical reaction
produces one CO2 molecule environmentally sustainable CHsOH molecule from feed [56].
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Effects on the Potential and Activation Current Density at the Cathode

Figure 3 shows the impact of changes of Pressure and temperature over potential and activation

current at cathode:

Principal Effects of Temperature and Pressure on Fuel Cell Performance
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Figure 3. Principal effects of Temperature and pressure of fuel cells over potential and activation current at

cathode: Red line (DMFC), Black line (PEM Fuel cell).

The Nernst equation governs the temperature-driven voltage rise (Figure 2), but cathode kinetics
(Figure 3) dominate performance. At 80°C, PEMFCs show 0.05 V higher potential than DMFCs due
to hydrogen's faster oxidation kinetics. However, DMFCs achieve 5% higher power density under
isothermal conditions (Figure 4b), attributed to:

Lower activation losses: Methanol's adsorption on Pt-Ru catalysts requires ~0.2 eV less energy
than H, dissociation on Pt [54,75].

Reduced oxygen reduction overpotential: Methanol oxidation intermediates (e.g., CO.ds)
partially mitigate cathode polarization [76].Yet, methanol crossover raises mixed potentials,
curtailing voltage by 15-20% at high temperatures [63,77]. Figure 4a corroborates this: PEMFCs
sustain broader current density ranges (0-1.2 A/cm?) due to minimal crossover, while DMFCs peak
sharply at 0.8 A/cm?. Pressure elevation (1—10 bar) reduces activation losses by 30% in both systems
(Figure 3) by enhancing reactant solubility [58,65], but DMFCs benefit disproportionately from
suppressed methanol evaporation [62]. These findings align with Wang et al. (2022), who noted
DMFCs' kinetic advantages diminish above 90°C due to membrane dehydration [78].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Power produced in a single PEM (Black line) and DMFC (Red line) fuel cell varying operating current
at the cathode.

In the PEM fuel cell, the electrical work covers a broader range when operating under constant
pressure. Under isothermal conditions, the influence of pressure on power yields comparable effects,
resulting in approximately 5% more power for the DMFC cell. However, this comes at the expense
of a cell stack housing additional components for handling liquid methanol. These components
include vaporization systems and electrical tracing mechanisms, essential for maintaining the system
above the methanol dewpoint [62]. Moreover, the larger molecular size of methanol likely requires
more energy to mitigate activation and diffusion losses and crossover effects [63].

3.2. Fluid Dynamics Analysis

Initially, a unit cell was modeled to optimize gas flow distribution and trajectory, ensuring
effective solid-gas contact and enhancing the likelihood of contact critical for the electrochemical
phenomenon. Figure 5 illustrates fluid velocity in parallel channels, while Figure 7b depicts the flow
pattern for consecutive plates in series. This observation suggests that this channel configuration is
well-suited for the cell, as indicated by Figure 7b, demonstrating that the subsequent channel in series
ensures the gas comes into contact with the electrocatalyst, thereby promoting the electrochemical
phenomenon. The simulations conducted assume a constant pressure of 1 bar while varying the
temperature from 50 °C to 100 °C, as shown in Figure 5 and figure 6.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Temperature and velocity profile for a single fuel cell operated with hydrogen: 50 °C/1 Bar (a, b). 100
°C/1 Bar (c, d).

Generally, an increase in temperature can enhance hydrogen cell efficiency by improving
catalytic activity and electrolyte conductivity. However, excessively high temperatures may lead to
electrolyte dehydration and catalyst degradation. Therefore, maintaining the temperature within an

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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optimal range is crucial for maximizing hydrogen cell efficiency [64]. Although our simulations
maintain a constant pressure of 1 bar, it's important to note that, in practice, pressure can significantly
affect hydrogen cell performance. Elevating pressure has the potential to enhance hydrogen cell
efficiency by increasing hydrogen density, leading to higher energy production. Nevertheless,
excessively high pressures can introduce safety concerns and contribute to the degradation of cell
materials. At atmospheric pressure, temperature profiles with hot spots were observed, reducing fuel
cell efficiency due to thermal effects on electrochemical reactions and losses related to activation on
catalytic sites. Increased pressure has positive impacts on flow patterns. Figure 7 illustrates velocity
and temperature profiles for 50 and 100 °C at 10 bares. The upstream fluid dynamic behavior
preceding the porous systems, specifically where gases interfacing with the gas diffusion layer are
distributed, critically influences the reactivity of gases with the porous electrocatalysts. Inadequate
gas distribution can increase activation, cross-flow, and diffusion losses. Figure 5 illustrates the
velocity profile for a unit cell of the PEM fuel cell, as well as for consecutive cells arranged in series
Numbered lists can be added as follows:

™ R

(C

i
H

M Do Mae B s O M 0763682 mis

P— o—

Figure 7. Temperature and velocity profiles for a single hydrogen-operated fuel cell are depicted in Figure 7.
Panels (a) and (b) illustrate conditions at 100°C under 10 Bar.

Increased pressure enhances reactant flow rates in the fuel cell, fostering a more uniform and
elevated velocity profile; this improvement positively influences mass transport, reaction kinetics,
and overall efficiency [65]. Concurrently, higher pressure tends to elevate temperatures through gas
compression. Elevated temperatures, within limits, can positively influence reaction rates and overall
cell performance; however, managing excessive temperatures poses thermal challenges and may
impact the durability of specific cell components [66]. Figure 8 illustrates the dynamic response under
10 Bar pressure at 50 °C and 100 °C
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Figure 8. Dynamic response of temperature of fuel cell at 10 bars for 50 and 100 °C.
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The dynamic response of temperature surpasses 100°C under 10 Bar pressure, likely due to the
stabilizing effects of the electrochemical reaction under these conditions. Understanding stack
behavior necessitates evaluating three key variables influencing stack power: heat distribution,
voltage losses linked to pressure, and gas-solid diffusion effects, while considering their impacts on
the kinetic behavior of the electrochemical reaction [67,68]. Figure 10 illustrates flow, pressure, and
temperature patterns during the electrooxidation of gaseous hydrogen across a cell bank comprising
up to 50 single cells. At 1 bar (Figure 6), PEMFCs develop hot spots (>100°C) near catalyst layers,
increasing local entropy and activation losses [71]. In contrast, parallel flow channels (Figure 5a)
enhance gas-catalyst contact, reducing concentration losses by 18% compared to serpentine designs
[69]. Conversely, at 10 bar (Figures 7-8), velocity profiles become 40% more uniform, accelerating
reactant delivery to reaction sites. Temperature stabilization at 100°C (Figure 8) suppresses thermal
gradients, minimizing membrane stress [66]

SALDA

(a) Paralelo-Serpentin (b) FFnature

rams
Fressae Fu

(a) Paralelo-Serpentin (b) FFnature

Tom 1
urtace Pt | comtmere

(a) Paralelo-Serpentin (b) FFnature

Figure 9. Analysis of flow(a), pressure(b) and temperature(c) behavior in a hydrogen operated cell bank.
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The behavior observed under these conditions reveals a uniform flow distribution, ensuring
consistent electrochemical and electrokinetic behavior with continuous catalytic reaction [69].
Pressure profiles indicate intermediate stresses in the cell, suggesting higher pressures might
compromise stack integrity [70]. Temperature distribution appears equally uniform, enabling
consistent water conversion, minimized potential fluctuations, and uniform current density. This
thermal homogeneity mitigates activation and polarization losses due to the established dependence
of diffusive variables on temperature [71,72].

3.3. Discussion

The more negative AG in DMFCs (Figure 1) directly enables higher electron transfer (6e~ vs. 2e-
in Hy), boosting current density [52]. However, methanol's slower diffusion (high MW) amplifies
concentration overpotential at high loads (Figure 4), negating 40% of the AG advantage [63]. In
PEMECs, lower AS stabilizes voltage output, but sluggish kinetics above 80°C demand thermal
management [64]. Activation losses (Figure 3) correlate with flow maldistribution: Non-uniform
channels increase local overpotential by 50 mV [67]. CFD-optimized parallel flow (Figure 5) cuts these
losses by 25% via steady gas-catalyst contact [69]. Elevated pressure suppresses methanol crossover
(Figure 7), reducing parasitic currents by 15% [77]. Methanol's high AH intensifies heat release,
exacerbating temperature gradients (Figure 6c¢). At 10 bar, convective cooling dominates, flattening
thermal profiles (Figure 8) and raising efficiency by 10% [65,80]. Our results align with—yet critically
extend —recent literature (Table 1). The measured AH differential (3x for DMFCs vs. PEMFCs)
corroborates Santos et al.'s findings [81], confirming methanol oxidation as a multistep exothermic
process demanding active thermal management. However, we observe diminishing returns in AG
reduction at elevated temperatures (0.12 eV per 20°C vs. 0.15 eV in Zhang et al. [82]), attributable to
membrane dehydration effects above 90°C. Pressure optimization also diverges: where Taccani et al.
[83] reported 25% loss reduction at 5 bar, our work demonstrates that 10 bar achieves 30% activation
loss suppression (Figure 3), albeit with material durability trade-offs. Table 2 exhibits the comparison
of results from this work with previous remarks.

Table 3. Comparison of key performance metrics between DMFC and PEMFC systems.

Parameter This Work Others Works
DMFC AH vs. PEMFC 3x higher (Fig. 1,2) [48] 2.8x (Santos et al., 2023) [81]
AG vs. Temperature AG | 0.12 eV/20°C [51] AG | 0.15eV/20°C [82]
Pressure Effects 10 bar — 30% | activation loss 5 bar — 25% | loss[83]
DMEFC Power Density 5% > PEMEFC (Fig. 4b) [62] 4-7% > PEMEFC [80]

Fuel cell performance exhibits significant sensitivity to operating conditions, presenting critical
trade-offs. While methanol fuel cells offer a potential 4-7% efficiency advantage over PEMFCs [80],
optimizing their operation requires careful balancing. Increasing temperature linearly improves
reaction kinetics, evidenced by a decrease in Gibbs free energy (AG) of approximately 0.15 eV per
20°C rise [82]. However, this benefit is capped above 90°C due to membrane dehydration, which
degrades performance despite the underlying kinetic gains. Furthermore, the multi-step oxidation of
methanol releases substantial excess heat—estimated at 2.8 times more than some comparable
systems [81] —demanding robust thermal management strategies to prevent damage and maintain
efficiency. Similarly, elevated pressure significantly enhances performance; operation at 5 bar can
reduce voltage losses by around 25% [83], indicating higher pressures are thermodynamically
optimal. Nevertheless, this advantage is constrained by the practical material limitations of cell
components, preventing the realization of full theoretical gains. Crucially, the efficiency
improvements achievable through higher temperatures or pressures are often partially or wholly
offset by the auxiliary energy required for supporting processes like methanol vaporization and
sophisticated temperature control systems. Therefore, maximizing net system efficiency necessitates
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operating within material limits while carefully managing the energy penalties of the auxiliary
systems needed to maintain those optimal conditions.

4. Conclusions

PEMFCs demonstrate unmatched stability at 60-80°C with minimal environmental impact but
demand pressurization (>5 bar) and advanced flow-field designs (e.g., Figure 5) to mitigate kinetic
limitations. Conversely, DMFCs leverage inherent thermodynamic spontaneity for higher power
density, yet face crippling methanol crossover and CO, emissions—challenges partially resolved by
hybrid membranes (40% crossover suppression).

Synergistic operation at 5-10 bar and 80-90°C maximizes efficiency for both systems, flattening
thermal gradients and reducing activation losses by 25-30%. However, material degradation under
these conditions remains the critical bottleneck, mandating durable membranes and catalysts.

DMFC emissions undermine sustainability gains; integrating CO,-to-methanol recycling is
essential to transform waste carbon into fuel, enabling net-zero operation.
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