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Introduction
Proton Exchange Membrane Fuel Cells (PEMFCs) 

are increasingly valued for their high efϐiciency and low 
environmental impact [1,2], making them viable for use 
in automotive, stationary, and portable power systems. In 
Dead-Ended Anode (DEA) mode, hydrogen is supplied at a 
regulated pressure without recirculation, eliminating reliance 
on complex balance-of-plant (BOP) components like ejectors 
and humidiϐiers found in Flow-Through Anode (FTA) systems. 
This simpliϐication enhances practicality by reducing system 
weight, volume, and cost. However, DEA operation introduces 
dynamic challenges, including the accumulation of nitrogen 
and liquid water in the anode channel, which leads to hydrogen 
starvation, voltage drops, and cathode carbon corrosion over 
time.

Dynamic operating states—such as startup, load changes, 
and purge events—signiϐicantly inϐluence DEA PEMFC 
performance. Understanding these dynamics is essential 
for optimizing efϐiciency** (de ined as the ratio of energy 

output to hydrogen fuel input (Foot note)), while minimizing 
degradation. Research by Chen et al. [3] explores purge cycle 
optimization to balance hydrogen utilization and durability, 
while Moçotéguy, et al. [4] examine transient responses 
to current steps, highlighting water management’s role in 
performance decline. This review synthesizes these studies 
to investigate DEA PEMFCs under dynamic operating states, 
aiming to enhance efϐiciency through improved purge 
strategies and dynamic modeling. The objectives are to: (1) 
evaluate the impact of transient phenomena on efϐiciency 
[5], (2) assess methods for optimizing purge cycles, and (3) 
propose approaches to mitigate degradation in DEA mode. 

Methodology
This review draws on two seminal studies from the 

provided document: Chen, et al. [3] and Moçotéguy, et al. [4], 
and supplemented with additional peer-reviewed sources. 

The methodology encompasses:

1. Source selection

Abstract 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) operating in Dead-Ended 
Anode (DEA) mode present a promising alternative to traditional fl ow-through 
systems by simplifying design and reducing costs. However, their effi ciency and 
durability are challenged by transient phenomena such as water accumulation, 
nitrogen buildup, and carbon corrosion throughout operation. This review investigates 
the dynamic behavior of DEA PEMFCs under dynamic operating states, aiming to 
improve their effi ciency. By analyzing purge cycle optimization and transient response 
characteristics, we identify strategies to mitigate hydrogen loss, maintain voltage 
stability, and extend stack lifetime. The key fi ndings indicate that precise purge 
scheduling and effective water management are critical for optimizing performance, 
with dynamic models providing insights into time-dependent processes. This study 
underscores the potential of DEA PEMFCs for high-effi ciency applications provided 
transient effects are effectively managed.

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.acee.1001075&domain=pdf&date_stamp=2025-05-01


Investigation of Fuel Cells under Transient (Dynamic) Conditions to Improve the Effi ciency of Polymer Electrolyte Fuel Cells in 
Dead-Ended Anode Mode: Review Article

https://www.civilenvironjournal.comhttps://doi.org/10.29328/journal.acee.1001075 013

The chosen articles focus on DEA PEMFC dynamics and 
efϐiciency. Chen, et al. provide a model-based approach to 
purge optimization, while Moçotéguy, et al. offer experimental 
and simulation insights into transient behavior [6]. 

2. Modeling techniques

- Chen, et al. [3] developed a two-phase, 1+1D model 
simulates anode channel dynamics, including nitrogen and 
water accumulation, carbon corrosion, and purge ϐlow (e.g., 
Eq. 2). Efϐiciency (η) is calculated over multiple cycles (Eq. 
1) [7], with purge intervals scanned (20-900 ms) to identify 
optima. The model was validated with a single-cell experiment 
(50 cm² MEA, 0.6 A/cm², 50 °C).
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- Moçotéguy, et al. [2] used a one-dimensional dynamic 
model to predict to a current step (0 to 0.5 A/cm²), 
incorporating double-layer capacitance and water-induced 
porosity reduction (Eq. 3). Parameters like initial water 
content (s_0) and equilibrium current density (j_eq) were 
ϐitted to data from a ϐive-cell stack (300cm², 288K) (Figure 1).

 dry  1  s                           (3)

Experimental setup

- Chen, et al. measured the evolution of cell voltage and 
liquid water mass in a single cell with periodic purges 
triggered at 0.4 V, using high current (0.6 A/cm²) and 
100% cathode RH to induce water accumulation.

- Moçotéguy, et al. applied a 150 A current step to a 
stack, recording voltages at 2000 Hz (ϐirst second) and 
5Hz (1-30s), comparing fresh and aged states.

3. Analysis approach 

Transient effects on efϐiciency, hydrogen loss, and 
degradation were quantiϐied. Time constants, voltage stability, 
and water management strategies were compared to identify 
efϐiciency-enhancing measures.

Results
The results are organized into two main themes: transient 

effects on purge optimization and dynamic responses under 
load changes.

Transient Effects on Purge Optimization [8].

- Purge cycle dynamics

Voltage exhibited cyclic behavior with purges, dropping 
due to nitrogen and water buildup and recovering post-purge. 
Efϐiciency peaked within a target purge interval range (e.g., 
20-54 ms for 900 s cycles) (Figure 2), declining beyond due to 
excessive hydrogen loss.

- Cycle duration impact

Short cycles (< 600 s) reduced carbon corrosion but 

Figure 1: Evolution of each cell voltage after a current step from OCV: (a) 
fresh stack and (b) aged stack.

Figure 2: Cell voltage variations of the single cell with a dead-enabled 
anode operated at different constant current densities: (a) 0.4 A cm-2; 
(b) 0.6 A cm-2; and (c) 0.8 A cm-2
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increased hydrogen waste [10], while longer cycles (> 900 s) 
lowered corrosion rates after a peak cathode potential (~650 
s) but reduced voltage output (Figure 3).

- Hydrogen loss

Purge ϐlow, modeled as plug ϐlow [12] (Eq.2) , showed 
minimal hydrogen loss at the minimum interval (δt_1) and 
higher loss at the maximum (δt_2), affecting efϐiciency (Eq. 2). 

- Degradation

After 150 cycles (900 s each), an irreversible 10 mV voltage 
drop occurred [13], linked to ~ 25% carbon loss at the channel 
end (Figure 4), driven by transient hydrogen starvation.

Dynamic responses under load changes [2]

- Time constants: Two responses emerged: a rapid 40 
ms phase (double-layer charging) and a slower 15-20 s phase 
(mass transport stabilization) (Figure 5). The 40 ms response 
was consistent across fresh and aged stacks, while the 15-20 s 
phase extended with ageing.

- Voltage evolution: Fresh stacks showed a 10 mV 
overshoot and 0.03 V cell variance, increasing to 24 mV and 
0.08 V in aged stacks (Figure 6). Steady-state voltage stabilized 
after 15-20 s, with outlet cells lagging due to water buildup.

- Water effects: High initial water content (s_0 = 82% - 85%)
rose with ageing, reducing GDL porosity and oxygen pressure 
(Figure 3), dropping j_eq from 110 A/m² (fresh) to 10 A/m² 
(aged).

- Oxygen limitation: Interfacial oxygen pressure fell 
rapidly (e.g., to 5×10⁴ Pa in 7-19 s), indicating mass transfer 
constraints exacerbated by transient water accumulation.

Figure 3: Simulation of hydrogen molar fractions on the anode side of 
the membrane and corresponding cell voltages at selected current 
densities over a defi ned time frame. The results highlight the impact 
of current density on hydrogen distribution and cell performance, 
providing insights into optimizing operational conditions for enhanced 
system effi ciency.

Figure 4: Sensitivity analysis of modeling parameters.

Figure 5: Evolution of each cell voltage after a current step from OCV:
(a) Fresh stack; and (b) Aged stack.

Figure 6: Evolution of each cell voltage after a current step from OCV:
(a) Fresh stack and (b) Aged stack.
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Discussion
The transient behavior of DEA PEMFCs reveals critical 

insights into efϐiciency optimization:

1. Purge cycle dynamics

- Chen, et al. highlight that transient accumulations 
of nitrogen and water drive voltage instability, necessitating 
purges. Optimal purge intervals (e.g., 20-54 ms) balance 
hydrogen retention and channel clearing, enhancing efϐiciency 
(η). However, frequent purges increase hydrogen loss, while 
infrequent ones risk starvation and corrosion, aligning with 
automotive lifetime targets (~5000 h).

- The non-monotonic efϐiciency trend (Figure 7) 
suggests dynamic control of purge timing—adjusting intervals 
based on real-time voltage or gas composition—could further 
improve performance.

2. Transient load responses

- Moçotéguy, et al. demonstrate that rapid 
electrochemical responses (40 ms) are robust, but slower 
mass transport processes (15-20 s) are sensitive to water and 
ageing. This dual timescale reϐlects the interplay of capacitance 
and diffusion limitations. These factors are especially critical 
under transient loads, such as during startup or power surges.

- Water’s dominance in DEA mode contrasts with FTA 
systems, where membrane hydration is a primary concern. 
The high s_0 (82% - 85%) indicates ϐlooding as the key 
transient challenge, reducing oxygen access and efϐiciency.

3. Ef iciency enhancement strategies

- Chen, et al.’s purge optimization, combined with 
Moçotéguy, et al.’s water management insights, suggests a 
hybrid approach. This includes short, precise purges to clear 

Figure 7: (a) Periodically varying current density applied to model; 
simulated voltage response to the varying current when the anode is 
purged at different nitrogen molar fractions: (b) 0.07; (c) 0.1; and (d) 0.16

anode accumulations, paired with cathode-side strategies like 
increased stoichiometric ratios for effective water removal. 
This could stabilize voltage and reduce corrosion.

- Ageing ampliϐies transient effects, increasing water 
content and resistance [14]. Preemptive purge adjustments in 
aged stacks could mitigate these losses, extending operational 
life.

4. Practical implications

- For DEA PEMFCs to achieve high efϐiciency, transient 
phenomena must be managed dynamically. Real-time 
monitoring of cell voltage or gas pressure variations, coupled 
with adaptive purge algorithms, could optimize efϐiciency 
under varying loads.

- The reduced need for humidiϐication in DEA mode, 
owing to inherent water retention, offers a cost advantage. 
However, controlling ϐlooding is a key consideration for 
portable and automotive systems.

Future work and research gaps

Despite the advancements reviewed in optimizing purge 
strategies and understanding transient responses in DEA-
mode PEMFCs, several critical gaps remain that warrant 
focused future research:

a) Real-time control algorithms: Most current studies 
rely on pre-deϐined purge intervals and response 
models. There is a need for adaptive, sensor-based 
control algorithms that dynamically adjust purge 
timing and water management based on live voltage, 
gas concentration, and humidity data [15].

b) Integration with Balance-of-Plant (BOP) 
components: The interaction between DEA operation 
and ancillary systems such as humidiϐiers, cooling 
loops, and pressure regulators remains underexplored. 
Future studies should assess how BOP simpliϐication 
in DEA mode affects long-term system robustness and 
control complexity.

c) Long-term aging and durability studies: While short-
term degradation trends are established, experimental 
validation over thousands of hours is limited. Research 
is needed to evaluate degradation mechanisms under 
cyclic purge conditions and repeated dynamic loads 
over full stack lifetimes.

d) Stack-level modeling and validation: Much of the 
modeling work to date has been at the single-cell level. 
Scaling these models to multi-cell stacks, including 
non-uniform ϐlow, temperature, and aging effects, is 
essential for realistic system integration.

e) Transient response under real-world load cycles: 
Current testing primarily uses step changes or 
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simple current proϐiles. There is a gap in evaluating 
DEA PEMFCs under actual automotive or portable 
application load cycles (e.g., New European Driving 
Cycle or WLTP).

f) Water distribution imaging and mapping: Limited 
studies visualize or map liquid water saturation 
dynamically during transient events. Advanced 
diagnostics like neutron imaging or X-ray tomography 
could help optimize purge strategies and GDL designs.

g) Hybrid strategies for cathode-anode coordination: 
Coordinating anode purging with cathode-side water 
removal or oxygen stoichiometry adjustments remains 
a largely theoretical concept. Experimental studies 
on hybrid dynamic strategies could improve system 
efϐiciency without increasing purge frequency.

h) Hydrogen utilization ef iciency vs. performance 
trade-offs: Research should explore the balance 
between hydrogen conservation and voltage stability 
in more detail. Identifying optimal operating points for 
different applications (e.g., portable vs. vehicular) can 
guide purge design.

i) Effect of environmental conditions: Studies rarely 
address how temperature, ambient humidity, or 
elevation affect purge dynamics and efϐiciency. These 
are critical for deploying PEMFCs across varied 
geographic and climatic zones.

j) Material-speci ic behavior under transient loads: 
GDL, catalyst, and membrane material responses under 
rapid transients and long-duration purging cycles are 
not fully understood. Tailoring materials for DEA-
speciϐic stresses is a potential area for innovation.

Conclusion
Numerous nations are exploring future transport strategies 

based on the idea that electric vehicles are the future of 
transportation. Moreover, according to researchers, electric 
vehicle sales are expected to reach 45 million vehicles per 
year by 2040, bringing the total global electric vehicle stock to 
323 million. However, there are also challenges to the future 
of electric vehicles. For example, battery technology has come 
a long way in recent years, but for larger vehicles, the power 
output is still not enough.

Technically, such a future is conceivable with fuel cell 
vehicles capable of that uses hydrogen to produce electricity. 
A fuel cell vehicle could act as a generator and distributor [16], 
and Homes could function as energy producers and refueling 
stations [17]. If the hydrogen and electricity produced come 
from renewable sources and technologies, the amount of 
emissions from energy consumption for your home and car 
could be considered zero.

Research into advanced fuel-battery technologies that uses 

hydrogen to power vehicles, without producing pollution, 
will be the achievement of competitive vehicles with higher 
efϐiciency, lower maintenance costs, and less pollution.

One of the subsets analyzed is the battery and its thermal 
efϐiciency. Different batteries tend to perform best in their 
own speciϐic temperature range, so controlling temperature 
changes can affect the life and efϐiciency of the vehicle. 
Other important components include those that affect 
passenger comfort, such as heating, ventilation, cooling, and 
air puriϐication, which can consume a lot of energy. NREL 
highlights the importance of optimizing these components to 
enhance passenger comfort with the least fuel consumption 
and pollution. This systems-level approach may reduce annual 
fuel consumption signiϐicantly, thereby reducing dependence 
on imported fuel and reducing pollution.

This investigation of DEA PEMFCs under non-steady-
state conditions, reveals that efϐiciency can be signiϐicantly 
enhanced by addressing dynamic challenges. Chen, et al. 
[1] show that optimizing purge cycles—balancing intervals 
(e.g., 20-54 ms) and durations (e.g., 600-900 s)—mitigates 
hydrogen loss and carbon corrosion, achieving peak efϐiciency. 
Moçotéguy, et al. [2] indicate that transient responses (40 ms 
and 15-20 s) are governed by water accumulation, with ageing 
exacerbating mass transfer limitations. Effective strategies 
include precise purge scheduling and water management 
to prevent ϐlooding, ensuring stable voltage and prolonged 
stack life. These ϐindings support the viability of DEA PEMFCs, 
efϐicient alternatives to FTA systems, with future research 
needed to develop adaptive control systems for real-world 
transient operation [18].

One of the key issues of proton exchange membrane fuel 
cells is water management. This issue is not possible without 
considering the transport of liquid water within the cell. The 
conservation equations of mass, momentum, energy, ions, 
oxygen species and water vapor and the transport equation 
of liquid water in all layers of the cell including cathode 
and anode electrodes have been solved. A general study of 
the processes occurring in the cell has been carried out by 
providing contours of velocity, temperature, concentration of 
different species and saturation of liquid water, and the effect 
of liquid water on the efϐiciency of the cell has been considered. 
Also, the effect of the passage of reacting gases through the 
membrane on the efϐiciency of the cell has been investigated. 
The results show that by considering the effect of liquid water 
in the proton exchange membrane fuel cell, the polarization 
curve and the corresponding efϐiciency curve are lowered. 
The effects of several key variables such as coefϐicient of liquid 
water diffusion, current density, membrane thickness, and the 
oxygen-to-nitrogen ratio on the conditions and performance of 
the proton exchange membrane fuel cell, such as liquid water 
saturation, oxygen molar concentration, power density, cell 
temperature, transient efϐiciency, overall efϐiciency, potential, 
and ohmic potential drop, were investigated [6,19,20]. Liquid 
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water saturation at the anode was found to be signiϐicant 
[21], highlighting the need for further investigation into liquid 
water behavior at this electrode. Liquid water saturation 
increased at both the cathode and anode with rising current 
density with increasing [22] current density.
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