Membrane Humidification Methods: Principles,
Challenges, and the Potential of Hollow Fiber

Kishan Suriya*, Daniel Becker, Detlef Schulz
Chair of Electrical Power Systems
Helmut Schmidt University / University of the Federal Armed Forces Hamburg

Hamburg, Germany
*Kishan.Suriya@hsu-hh.de

Abstract — Proton Exchange Membrane Fuel Cells (PEMFCs)
are a promising power source due to their ability to generate
electricity and heat by consuming hydrogen and oxygen with
high efficiency and zero point-of-use emissions at low operating
temperatures. The membranes require adequate humidification
to maintain high proton conductivity without accumulation of
excessive water, which can cause flooding in the membrane and
flow fields. This review provides an in-depth examination of
various state-of-the-art membrane humidification methods,
drawing on the latest literature. The methods have been classified
into various categories based on their applications, including
internal physical and chemical methods, external humidification
devices, and novel self-humidifying membranes. For each
method’s working principles, efficacy from the recent
experiments, advantages, and limitations have been discussed.
The paper also includes a categorized table to compare each
method in terms of complexity, response time, and suitability for
automotive or stationary applications. The external
humidification devices, such as bubblers, spray nozzles,
membrane humidifiers, enthalpy wheels, and techniques like
direct water injection and exhaust water recirculation, have also
been assessed. The paper concludes with suggestions for future
research directions, emphasizing the need for durable composite
membranes, integrated water management, and advanced
control strategies.
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NOMENCLATURE
DWI Direct Water Injection
EGR Exhaust Gas Recirculation
GDL Gas Diffusion Layer
HF Hollow Fiber
MEA Membrane Electrode Assembly
MPL Microporous Layer
PEMFC Proton Exchange Membrane Fuel Cell
PSBFF Parallel Serpentine Baffle Flow Field
PTFE Polytetrafluoroethylene
RH Relative Humidity
SWCNT Single-walled Carbon Nanotube
Interlayer
UF Ultrafiltration
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WTR Water Transfer Region

I. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are the
most extensively developed and studied category of fuel cells.
These cells are distinguished by their solid proton exchange
membrane, typically composed of Nafion, which conducts
protons from the anode to the cathode, where oxygen
reduction occurs. PEMFCs are particularly suitable for
portable and automotive applications due to their low
operating temperature (6080 °C), high power density, and
rapid start-up [1]. The primary components of the cell are
membrane electrode assembly (MEA) which consist of a
membrane, catalyst, and gas diffusion layer positioned
between bipolar plates. The bipolar plates contain flow fields
that distribute humidified hydrogen and oxygen (or air) across
the active area, which is essential for the electrochemical
reaction within the cell [1].

The ionomer chains in Nafion are functionalized with
sulfonic acid groups, which require hydration to dissociate,
resulting in much higher proton conduction than found in a dry
membrane. It is crucial to make sure that the membrane is in a
hydrated state to maintain proton conductivity, reduce ohmic
and activation losses, and prevent the possibility of
electroosmotic drag and local hotspots [2]. On the other hand,
it is essential to ensure that the product water is removed, as
excess water can lead to mass transport loss and flooding.
Effective water management is required to balance between
humidification and the removal of excess water [3]. External
humidifiers such as bubble humidifiers, nozzle sprays,
enthalpy wheels, and membrane humidifiers are commonly
used but they add complexity, weight, and cost to the fuel cell
systems. A few promising internal humidification strategies
are also in the developmental phase, such as modifying the
flow fields, adding water transport materials, and developing
a self-humidifying catalyst to maintain membrane hydration
without relying on large sub-systems. A short literature review
and classification of all methods according to the approach
follows [4].

Initial research on internal humidification emphasized
porous bipolar plates coordinated by water loops,
ultrafiltration membranes serving as integrated humidifiers,
and wick-based water transport materials [3]. Subsequently,
advanced flow field designs, including double path serpentine
channels and parallel serpentine baffle flow fields (PSBFF),



were introduced to redistribute product water. Self-
humidifying MEA have been developed by incorporating
hydrophilic oxides such as SiO: and TiO: into the catalyst
layer, while novel microporous layers with hydrophobic or
hydrophilic gradients have been fabricated to regulate
interfacial water transport [5]. External devices, including gas
bubbling humidifiers, membrane humidifiers, enthalpy
wheels, and direct water injection, continue to be widely used,
especially in automotive fuel cell systems. Recently, dynamic
control and modelling of humidification systems have enabled
precise regulation of humidity under transient operating
conditions [5].

This review aims to accumulate and compare the
mentioned humidification methods. Section 2 describes the
fundamentals of water management and presents basic
equations related to humidity. Section 3 classifies and analyses
internal physical humidification strategies. Section 4
summarizes internal chemical and self-humidifying materials.
Section 5 discusses self-humidifying gas diffusion layers
(GDLs) and microporous layers. Section 6 reviews external
humidification devices, including membrane humidifiers,
bubble humidifiers, enthalpy wheels, direct water injection,
and exhaust gas recirculation. Section 7 presents modelling
and control approaches. Section 8 compares the methods and
outlines the application and specific considerations. Section 9
highlights the challenges and future research directions. The
review concludes with recommendations.

II.  WATER MANAGEMENT FUNDAMENTALS

A. Humidity Ratio and Relative Humidity

Maintaining adequate membrane hydration is a critical
challenge in fuel cell operation. Inadequate humidification of
inlet gases in PEMFCs may cause either electrode flooding or
membrane  dehydration.  Determining the  optimal
humidification level is essential to ensure efficient operation
of the PEM fuel cell stack [1].

The amount of water necessary to humidify an inlet gas is
measured using the humidity ratio x. Chao and Jen established
that the required water mass per unit mass of gas corresponds
to the difference between the humidity ratio at the humidifier
outlet x, and at the inlet x; [2].
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Here, the humidity ratio x (mass of water per mass of dry
gas) depends on gas constant R, relative humidity ¢,
saturation vapour pressure py,, s}, gas mixture pressure p,,,
and water vapour gas constant R, [2].

_ R PPiw,s} (2)
(Pm — PPw.s))Rw

Relative humidity ¢ is defined as the ratio of actual water
vapour pressure p,, to saturation pressure py,, 53 and is often
expressed as a percentage [2].
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These relationships indicate that the humidity ratio
increases rapidly with rising temperature, as saturation
pressure also increases significantly. Temperature affects the
vapour partial pressure p,, , which has an exponential
temperature relationship, even though it is not stated explicitly
in the humidity ratio x calculation. py, ¢ rises quickly as

temperature increases, leading to a higher p,, and therefore a
larger humidity ratio x . Accurate humidification control
requires simultaneous management of both temperature and
relative humidity. The Magnus formula provides a
quantitative relationship between dew point temperature and
relative humidity. Chao and Jen’s study presents tables
predicting relative humidity at various dew points and gas
heater temperatures [2]. These formulas are essential for the
design and modelling of humidification devices.

B. Water Transport in PEMFCs

Water transport in PEMFCs is determined by electro-
osmotic drag, back diffusion, convection, and capillary
effects. At low current densities, back diffusion from the
cathode to the anode dominates electro-osmotic drag [3]. At
high current densities, electro-osmotic drag becomes the
primary mechanism, resulting in dehydration of the anode.
The gas diffusion layer (GDL) and microporous layer (MPL)
control both the removal of product water from the cathode
and the delivery of water to the membrane [6]. Hydrophobic
treatments, such as polytetrafluoroethylene (PTFE) coating,
increase capillary pressure and promote droplet detachment.
In contrast, hydrophilic modifications retain water to support
self-humidification. Maintaining an appropriate balance
between membrane hydration and flooding is essential for
optimal performance and long-term durability [5].

III. INTERNAL PHYSICAL HUMIDIFICATION METHODS

Internal physical methods alter cell architecture or flow
fields to facilitate product water distribution and membrane
humidification without reliance on external devices. The
following section provides an overview of these methods.

A. Double-path and Baffle Flow Fields

Traditional single serpentine flow fields often result in
uneven humidification due to gas drying along the channel
length. Chait et al. introduced a double-path serpentine design
that divides the channel into two parallel paths, enabling
reactant streams to encounter both humidification and drying
zones [7]. The parallel serpentine baffle flow field (PSBFF)
further incorporates baffles to redirect water toward the
membrane, thereby enhancing water retention and increasing
power density by approximately 22 % compared with
conventional serpentine flow fields. These configurations
utilize passive redistribution of product water and do not
require additional components. FIGURE 1 depicts the double-
path flow field and is reproduced here to illustrate the concept.
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FIGURE 1: A DOUBLE-PATH FLOW FIELD DESIGN [8].

B. Wick-Based Water Transport

Pandey et al. examined wick-based water transport
materials positioned on the MEA to facilitate direct water



delivery via capillary action [3]. In comparative testing, a
counter-flow cell equipped with a 10 cm wick achieved a peak
power density of 475 mW cm under dry feed conditions with
an air stoichiometry of 1.5. This value was substantially higher
than that observed in a control cell using conventional bubble
humidification [3]. Electrochemical impedance spectroscopy
indicated that both ohmic and charge-transfer resistance
decreased as a result of enhanced membrane hydration. A
schematic representation of a wick-based water transport in a
single cell is shown in FIGURE 2.
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FIGURE 2: SCHEMATIC REPRESENTATION OF THE WICK-BASED FLOW
MODES IN A SINGLE CELL [3].

C. Porous Bipolar Plates and Water Transport Plates

Staschewski demonstrated that porous graphite bipolar
plates, conditioned using a water loop, deliver heated,
humidified water to adjacent MEAs [9]. This method provides
internal humidification and cooling, which supports a
lightweight configuration appropriate for automotive fuel cell
systems. A cross-sectional analysis of the test facility indicates
that conditioning water blocks and drainage units are
integrated into the plates. Water transport plates (WTPs),
which are thin porous layers positioned between the bipolar
plate and the GDL, facilitate water transfer from coolant
channels to the reactant gas stream while preventing flooding
[9]. Automotive fuel cell stacks utilize WTPs to eliminate the
need for external humidifiers. The effectiveness of WTPs
depends on precise control of pore size and thickness to
minimize gas crossover.

D. Integrated Ultrafiltration Membrane Humidifier

Choi et al. developed an integrated PEMFC stack that
includes a humidifier utilizing an ultrafiltration (UF)
membrane [1]. In this system, water flows along one side of
the UF membrane, while reactant gases flow along the other.
This arrangement facilitates the transfer of saturated water
vapour, which humidifies the gas stream. Permeation
experiments showed that hydrogen and oxygen fluxes through
wetted UF membranes were substantially lower than those
through dried membranes. This reduction in gas flux
effectively prevents gas cross-over.

The UF membrane demonstrated substantially higher
water flux compared to both Nafion and reverse-osmosis
membranes. In a five-cell stack, cells humidified with the UF
membrane achieved performance similar to that of those using
an external humidifier at moderate current densities. These

cells also maintained operational stability at high current
densities, a result not observed with Nafion or reverse-osmosis
membranes. FIGURE 7 in Choi et al. [1] compares water flow
across different membranes. FIGURE 9 in Choi et al. [1]
compares cell performance using internal and external
humidifiers.

E. Crossed Flow Channels and Ultra-thin Membranes

Wang et al. developed and experimentally validated a
PEMFC with crossed flow channels and an ultra-thin 8§ pm
membrane [10]. The crossed-channel design improves water
distribution by enabling certain channels to function as
humidifiers for neighbouring channels. Under dry operating
conditions, the crossed-channel cell produced a voltage
increase of up to 0.041 V, representing a 7.2 % improvement
at 2.5Acm? compared to the parallel-channel cell.
Experiment stack tests showed a difference of less than 3 %
between dry and fully humidified anode conditions at 80 °C
and 150 kPa, indicating effective self-humidification [10].
FIGURES 4 and 5 in the referenced study present variations in
water concentration and performance.
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FIGURE 3: SCHEMATIC OF THE CROSSED FLOW CHANNELS [10].

F. Bubble Humidifier and Heat Control Method
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FIGURE 4: SETUP OF A 500 W PEM FUEL CELL STACK WITH GAS
BUBBLE HUMIDIFIER [2].

The gas-bubbling humidification system is quite an
innovative method developed by Chao and Jen, as it integrates
gas heaters and is regulated by tuneable diode-laser absorption
spectroscopy [2].

It increases stack power output by around 16 % by
enabling precise control of relative humidity, temperature, and



flow rate compared to systems using fully humidified gases.
In addition to presenting a table forecasting relative humidity
for different dew points and gas-heater temperatures, the
theoretical research established quantitative correlations
between humidity ratio, dew point, and relative humidity. The
design of humidification control algorithms is guided by these
analytical equations.

G. Other Physical Methods

Sponge wicks and double serpentine channels with water
transfer regions (WTR), which store and release water to the
membrane, are two more internal physical techniques. To
improve water backflow, channels with microporous baffles
are also used [7]. When used with electro-osmotic pumps,
porous carbon plates have demonstrated improved
performance in arid environments. To maintain membrane
hydration, these methods are commonly used in conjunction
with thin membranes and carefully regulated operating
conditions [4].

IV. INTERNAL CHEMICAL METHODS

Internal chemical methods modify the membrane or
catalyst layer by including hydrophilic materials or water-
generating catalysts. An overview of these methods is given in
the following section.

A. Self-Humidifying Catalyst and Water Transfer Regions

Hydrophilic oxide-containing catalyst, as Pt/SiO,/C and
Pt/Ru0,-Si0,/C, provides active electrode regions next to
WTR [7]. Pt/SiO,/C catalysts have been shown by Chait et al.
to maintain a steady water supply and increase voltage in the
presence of low relative humidity. Furthermore, at 30 °C and
50 % relative humidity, Pt/RuO,-SiO,/C catalysts increased
current density by 6-8 mA cm™ at 0.4 V in comparison to
commercial Pt/C [7]. Through the release of water from
hydrophilic oxide particles, these catalysts maintain proton
conductivity. However, the catalyst surface area may be
reduced by the addition of oxides, and the synthesis process is
intricate.

B. Nafion-Silica Composite Coatings

A Nafion-silica composite (Pt/C/SiO»/Nafion) was applied
to the anode catalyst layer by Angayarkanni et al. to develop a
self-humidifying MEA [11].
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FIGURE 5: SCHEMATIC OF A NAFION-SILICA COMPOSITE [11].

As shown in the FIGURE 5 the use of Nano silica created a
porous structure that enhanced water retention and encouraged
proton transfer. A single cell using the composite anode
achieved a power density of 0.9 W cm?, exactly twice that of

a commercial MEA (0.45 W cm™), and maintained a constant
output at 0.6 V in both dry and humidified conditions [11].
These outcomes show how well silica composite layers work
for self-humidification.

C. Hydrophilic Inorganic Oxides and Mesoporous Additives

Si0,, TiO,, ZrO,, and HfO, are examples of hydrophilic
oxides that can be added to Nafion membranes to enhance
water absorption and retention in low-humidity conditions
[10]. Composite membranes using mesoporous silica
nanoparticles functionalized with vinyl-phosphonic acid
demonstrate improved water absorption and proton
conductivity. Similarly, it has been shown that Nafion-TiO,
nanocomposites and short-side-chain copolymers promote
self-humidifying  properties.  Overloading  hydrophilic
materials can increase membrane thickness and decrease
proton conductivity.

D. Nafion PTFE Hollow-Fiber Membranes

Although they are not currently used for humidification in
PEMFCs, Nafion-polytetrafluoroethylene (PTFE) hollow-
fiber membranes have shown better anti-fouling and anti-
wetting properties in membrane distillation [12]. PTFE serves
primarily as a structural support in the Nafion-silica PTFE
composite despite its intrinsic hydrophobicity. Water
absorption and diffusion are controlled by the hydrophilic
Nafion-silica phase, while mechanical integrity is preserved
by the porous PTFE skeleton [12].

Initially, carbon nanotubes, ceramic hollow fibers, and
micro-capillaries were examined as alternative conduits for
internal membrane humidification. Nanotubes were found to
be too short and microcapillaries too big in relation to the
membrane thickness; the most practical way through the
membrane was provided by hollow fibers (HF) with diameters
between 50 and 200 pm. Researches therefore concentrated on
commercial HF found in dialysis application. A Nafion-based
composite membrane was created as shown in FIGURE 6, with
a porous PTFE scaffold offering mechanical stability and
hydrophilic silica particles enhancing water absorption [12].
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FIGURE 6: A SCHEMATIC CROSS-SECTION OF THE MEA wiTH HF.

A two-dimensional COMSOL Multiphysics model was
created to study the movement of water. Under the
assumptions of a uniform fiber distribution and a negligible
pressure drop along the fiber, a representative MEA segment
with a hollow fiber was modelled. Water would permeate
through the fiber wall into the membrane by applying a
constant internal pressure of 0.2 bar, which is equal to a 20 cm
water column. Darcy’s law was used to describe the
movement of water across the fiber wall, and sorption
isotherms were used to represent the absorption and
desorption at the membrane interface. At low cell voltages,



electro-osmotic drag caused water to flow toward the cathode,
leaving the anode catalyst layer dry, despite simulation
findings showing that the area close to the fiber and cathode
were well hydrated.

According to a parameter analysis, lowering the fiber
diameter from 200 pm to 40 pum significantly boosted current
density because the humidification was enhanced by the
thinner membrane, shorter diffusion path and less occupied
active area. These results imply that water can be delivered
directly to the membrane by embedding thin Nafion PTFE
hollow fibers, eliminating the requirement for external
humidifiers. Future research should focus on creating hollow
fibers with diameters less than 50 um, optimizing silica
loading to balance proton conductivity and water uptake, and
improving techniques for adding fibers to MEAs without
obstructing gas passage.

E. Modified Catalyst Layers and Thin Membranes

Membranes made of ultra-thin polymers, like GORE-
SELECT one that is 8 micrometres thick, improve water back
diffusion, and encourage self-humidification. Water retention
and ionic conductivity are maintained by catalyst layers that
contain hydrophilic additives, such as polyvinyl alcohol and
hafnium dioxide (HfO,), or covalent organic frameworks
loaded with phosphoric acid [10]. These materials are
intriguing prospects for enabling self-humidifying proton
exchange membrane fuel cells.

V.  SELF-HUMIDIFYING GAS DIFFUSION LAYERS AND
MICROPOROUS LAYERS

Along with changes to the MEA, self-humidification and
water retention are enhanced by modifying the gas diffusion
layer (GDL) and microporous layer (MPL).

A. Gradient Microporous Layers

Microporous layers (MPLs) were created by Lin et al. by
adding hydrophilic and hydrophobic carbon powders to the
catalytic layer and microporous substrate, respectively [6]. By
increasing water-removal rates and reducing product water
infiltration into hydrophobic pores, this gradient structure
produced steady performance across a wide range of humidity
levels, as shown by numerical modelling [5]. The experiments
showed that, owing to their larger pore capacity and improved
gas permeation, MEAs with gradient-porous MPLs retained
good responsiveness under dry conditions.

B. Single-Walled Carbon Nanotube (SWCNT) Interlayer
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FIGURE 7: SCHEMATIC OF THE MEA AND GDS wiTH SWCNT
LAYER [6].

Zhang et al. created self-humidifying GDLs by
sandwiching a hydrophobic MPL between the gas diffusion

substrate and a non-woven single-walled carbon nanotube
(SWCNT) interlayer as shown in FIGURE 7 [5]. Improved
wettability and pore structure decreased charge-transfer and
ohmic resistances. At 0.6V, a MEA loaded with
0.25mg cm? SWCNT achieved a current density of
0.69 A cm, which is about 4 times higher than a control MEA
without the SWCNT layer. The SWCNT interlayer indicated
potential as a self-humidifying GDL, improving water
retention and performance in low-humidity environments.

C. Microporous Layer Coating and Gradient Designs

Hydrophilic polyvinyl alcohol or titanium dioxide (TiO,)
nanoparticles are coated onto microporous layers (MPLs) to
further improve water retention. Additionally, gradient
porosity designs have been used to facilitate water removal
[6]. These strategies can be used with hydrophobic substrates
to strike the ideal balance between gas permeability and water
retention.

D. Wick and Microporous Channel Integration

Capillary water transport to the membrane is facilitated by
wick materials integrated into the flow fields or GDL (see
section 3.2) [3]. To increase the effectiveness of water
transport, external electro-osmotic pumps and porous carbon
plates coated with hydrophilic materials have also been used.

E. Humidifying Zone within MEA

Li et al. sandwiched a water-permeable zone between
catalyst layers to create a humidifying zone next to the anode
intake as shown in FIGURE 8 [13]. This design suggested
humidifying the hydrogen and air streams and created an
anode exit with a relative humidity of about 60 %. Without the
use of external devices, such internal zones can supply water
straight from the cathode exhaust.

hydrogen in cathode plate

air out

reaction humidifying

zonc Fone

FIGURE 8: DESIGN OF THE FUEL CELL WITH HUMIDIFYING ZONE [13].



VL

Water is added to reactant gases by external humidifiers
before they are introduced into the fuel cell stack. The main
humidification devices are summarized in the following
section.

A. Membrane Humidifiers

Membrane humidifiers, which are usually made of Nafion
or HF composites, consist of wet and dry gas channels divided
by a water-permeable membrane. A relative humidity gradient
causes water vapour to migrate from the wet gas stream, such
as the cathode exhaust-to the dry input stream. These devices,
which are frequently used in vehicle fuel cell systems, allow
for exact adjustment of relative humidity. They are
distinguished, nevertheless, by their size, expense, and
mechanical brittleness. Temperature, pressure, and flow rate
are some of the operating conditions that affect their
performance. In many cases, intercoolers are needed to lower
the temperature of compressed air prior to humidification.
Membrane humidifiers are still used in the majority of
commercial vehicles [4].

B. Bubble Humidifiers and Spray Nozzles

Bubble humidifiers use warm water to channel gas as
shown in the FIGURE 9. These devices are easy to use and
inexpensive, but they are sensitive to changes in temperature
and pressure. Although spray humidifiers allow for quick
humidification by introducing tiny droplets into the gas
stream, they are rarely utilized in a vehicle setting due to the
risk of flooding. Enthalpy wheels rotate between wet exhaust
and dry input streams to help transport heat and moisture.
Despite their tiny size, they pose sealing issues and add
mechanical complexity [2].

EXTERNAL HUMIDIFICATION METHODS

Wet outlet gas

Mist eliminator
—

S~
Spray nozzle

—
Spray chamber

Dry inlet gas

FIGURE 9: SCHEMATIC OF THE NOZZLE SPRAY HUMIDIFIER [4].

C. Direct Water Injection

Liquid water is introduced into the cathode airflow through
direct water injection. This method was contrasted with
membrane humidification in a 2 kW short stack by Marteau et
al [14]. Direct water injection was effective at humidifying the
cell, but it still left the membrane under-hydrated. Under
standard operating conditions, this inadequate hydration
resulted in a roughly 5 % drop in cell voltage compared with
membrane humidification. The term “nominal conditions”
here refers to a specific stack temperature, standard air and
hydrogen feed flow rates, and a moderate current density at
which the cell is neither in its activation nor mass-transport-
limited regime, reflecting the baseline settings for steady
power output. Flooding needs to be managed carefully, and
system regulation is difficult. The overall performance of the
system may be enhanced by optimizing the injection site and
droplet size.

D. Exhaust Gas Recirculation

Cathode exhaust gas recirculation (EGR) in automobile
fuel cell systems was studied by Rodosik et al [15]. According
to the study, cell voltages throughout the fuel cell stack were
stabilized and uniformized by medium to high EGR ratios. At
the stack inlet, the relative humidity was regulated between
25 % and 85 %. However, oxygen depletion resulted in a
decline in overall system performance. EGR can adjust to
changing vehicle operating circumstances and provides for a
reduction in system capacity when compared to passive
humidifiers. For optimum performance, precise control of
oxygen stoichiometry is still essential.
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FIGURE 11: SCHEMATIC OF THE FUEL CELL SYSTEM WITH EGR [15].

E. Combined Humidification and Heat Control

Chao and Jen’s bubble humidifier with gas heaters
(Section 3.6) is an exterior system since it combines heating
and humidification outside the stack [2]. Using tuneable
diode-laser absorption spectroscopy for dynamic control
allows for accurate relative humidity tracking.
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VII. MODELLING AND CONTROL OF HUMIDIFICATION

Automobile fuel-cell systems that operate under
changeable load circumstances depend on the efficient real-
time management of membrane humidity. In order to increase
model accuracy, Liu et al. created a control-oriented model of
a gas-to-gas membrane humidifier that takes pressure effects
into account [16]. Both feedforward and feedback controllers
were constructed, and the humidifier model was integrated
with the air supply system. According to simulation results,
this control method conserved the oxygen excess ratio and
membrane humidity.

In order to precisely regulate relative humidity (RH), Chao
and Jen previously created a control system for regulating gas
heaters and bubble humidifiers and employed tuneable diode-
laser absorption spectroscopy to monitor the dew point [2].
Chen and Peng suggested combining feedforward and
feedback algorithms to maintain membrane water content,
while Karnik et al. used a gain-scheduled feedback controller
to control both humidity and pressure [17]. Direct water
injection and exhaust gas recirculation (EGR) under dynamic
operating conditions have been modelled in recent studies.
When taken as a whole, these advancements show that
humidity control is still a top research priority.

A proper humidification method must be chosen by
weighing application, specific needs, performance, cost, and
complexity. Typically, portable systems use internal physical
or chemical humidification methods and prioritize low mass
and ease of use.

In order to meet stringent durability and control
requirements, automotive fuel cell cars frequently use
membrane humidifiers or exhaust gas recirculation systems.
Additionally, hybrid approaches are being explored that
combine self-humidifying membrane electrode assemblies
with mild external humidification. Although the use of strong
self-humidifying membranes may reduce maintenance needs,
stationary fuel cell systems can accommodate larger
humidifiers [7].

VIII. CHALLENGES, OPTIMIZATION AND FUTURE

DIRECTIONS

There are still several obstacles in the way of dependable
and effective membrane humidification.

TABLE I: COMPARATIVE ANALYSIS OF HUMIDIFICATION METHODS.

e Durability of composite materials: Over time,
hydrophilic oxides and nanomaterials added to
membranes or catalytic layers may agglomerate or leak
out, reducing their potency. To overcome this
difficulty, long-term stability testing in high-
temperature and cycle environments is required [5].

e Trade-offs between hydration and proton conductivity:
Proton conductivity is reduced and membrane
thickness is increased by the addition of water-
retaining compounds. Achieving optimal performance
requires optimizing the loading and spatial distribution
of hydrophilic additives.

e Cost and scalability: Carbon nanotubes and
mesoporous oxides are two examples of self-
humidifying materials that are expensive or
challenging to create on a large scale. To allow for
broad usage, scalable fabrication techniques and
affordable substitutes must be developed.

e Integration with system design: Techniques for internal
humidification need to work with cooling, thermal
control, and power density specifications. To reduce
pressure loss and gas crossover, crossflow channels
and water transport plates must be carefully designed.
Combining external and internal humidification
techniques may result in hybrid strategies that provide
balanced performance.

e Dynamic control: It is necessary to have sophisticated
sensors and control algorithms that can change the
humidification in real time. Predictive humidification
management should be studied using machine learning
and model-predictive control techniques.

New membrane materials with a lot of promise include
metal-organic framework composites, ultra-thin membranes
with excellent water absorption, and short-side-chain
polymers [10]. It is highly advised that development into
stable, highly conductive, and self-humidifying membranes
continue.

Method Category Complexity Response time | Cost & mass Suitable Comments
applications
Internal physical Moderate; calls for the | Fast Low to moderate; | Portable and | Effective at low to medium power; UF
(double-path,  wicks, | incorporation of porous | (passive) minimal automotive  stacks | membranes may need a water supply loop;
porous plates, | components or a unique additional mass where space is | performance is dependent on operating
integrated UF) flow-field design. limited conditions.
Internal chemical Low once the MEA is | Fast Moderate to high; | Portable and | Promising for basic systems; more research is
(self-humidifying created (intrinsic) materials may be | stationary systems; | required for scalability and durability.
catalyst, composite costly limited in vehicles
membranes, coating) due to cost
Self-humidifying Moderate; calls for the | Fast Moderate; CNTs | Portable devices and | Significantly enhances low-humidity
GDL/MPL creation of specialized | (passive) and coating add | small stacks performance; possible integration with other
layers cost techniques
External humidifiers High; additional | Moderate; High mass and | Automotive and | Provide constant humidity, but add weight and
components and | device cost (especially | stationary systems | complexity to the system; commonly used in
plumbing response varies | membrane requiring ~ precise | automobiles
humidifiers) control
Direct water injection Moderate; needs control | Fast; the | Lower cost than | Automobile Potentially compact, but requires optimization
and injection hardware injection can | membrane research; under | to guarantee adequate membrane hydration
react rapidly humidifiers development and prevent flooding.
Exhaust gas | Moderate; needs control | Moderate; Low to moderate; | Automotive stacks Lowers system volume; performance is
recirculation (EGR) and a recirculation pump depending on | reduces external limited by oxygen dilution; humidification
the control | devices and oxygen supply must be balanced for
technique control.




IX. CONCLUSION

High performance and durability in PEMFCs depend on
proper membrane humidification. Internal physical techniques
provide compact options for humidifying the membrane and
redistributing product water, including double-path flow
fields, wicks, porous plates, and integrated ultrafiltration
membranes. Internal chemical methods, such as composite
membranes and self-humidifying catalysts, offer inherent
water retention but necessitate careful material selection. Self-
humidification can be further improved by altering the gas
diffusion and microporous layers with gradient structures or
carbon nanotube interlayers. Particularly in automotive
applications that demand precise humidity management,
external devices such as membrane humidifiers, bubble
humidifiers, enthalpy wheels, direct water injection, and
exhaust gas recirculation continue to be crucial. There is no
one-size-fits-all approach, hybrid methods that combine mild
external humidification with internal adjustments might
provide the optimum balance of cost, complexity, and
performance. To satisfy the demands of next-generation fuel
cell systems, future research should concentrate on long-
lasting, reasonably priced self-humidifying materials,
integrated water and heat management designs, and adaptive
control mechanisms.

LITERATURE

[1] K. Choi et al, ,,A study of the internal humidification of an integrated
PEMEC stack, Journal of Power Sources, Bd. 74, pp. 146-150, 1998.

[2] T.J. Chung and T.C. Jen, ,,A new humidification and heat control
method of cathode air for a PEM fuel cell stack, International Journal
of Heat and Mass Transfer, Bd. 58, pp. 117-124, 2013.

[3] R.Pandey, H. Agarwal, B. Saravanan et al, ,,Internal Humidification in
PEM Fuel Cells Using Wick Based Water Transport,* Journal of The
Electrochemical Society, Bd. 162, pp. 1000-1010, 2015.

[4] Y. Chang et al, ,,Humidification strategy for polymer electrolyte
membrane fuel cells — A review,” Applied Energy, Bd. 230, pp. 643-
662,2018.

[5] X.Zhang et al, ,,Single-walled carbon nanotube interlayer modified gas
diffusion layers to boost the cell performance of self-humidifying
proton exchange membrane fuel cells,” International journal of
Hydrogen energy, Bd. 48, pp. 30899-30908, 2023.

[6] R. Lin et al, ,Interfacial water management of gradient microporous
layer for self-humidifying proton exchange membrane fuel cells,”
International Journal of Heat and Mass Transfer, Bd. 175, 2021.

[71 S. Chait, E.A. Chater, N. Laaroussi, A. Bybi, ,,Humidification Methods
for Polymer Electrolyte Membrane Fuel Cells: A Review,” in
International Conference on Innovative Research in Applied Science,
Engineering and Technology, 2024.

[8] Z. Qi and A. Kaufmann, ,,PEM fuel cell stacks operated under dry-
reactant,” Power Sources, Bd. 109, pp. 469-476, 2002.

[91 D. Staschewski, ,Internal Humidifying of PEM fuel cells,”
International Journal of Hydrogen Energy, Bd. 21, Nr. 5, pp. 381-385,
1996.

[10] C. Wang et al, ,,Study on Self-Humidification in PEMFC with Crossed
Flow Channels and an Ultra-Thin Membrane,” Polymers, Bd. 15,2023.

[11] R. Angayarkanni et al, ,,Self-humidified operation of a PEM fuel cell
using a novel silica composite coating method, International journal
of Hydrogen Energy, Bd. 47, pp. 4827-4837, 2022.

[12] S. Yu et al, ,Nafion-PTFE hollow fiber composite membranes for
improvement of anti-fouling and anti-wetting properties in vacuum
membrane distillation,” Journal of Membrane Science, Bd. 620, Nr.
118915,2021.

[13] L. Weizhong et al, ,,Proton Exchange Membrane Fuel Cell with
Humidifying Zone,” PRODUCT ENGINEERING AND CHEMICAL
TECHNOLOGY, Bd. 18, pp. 856-862, 2010.

[14] F. Marteau et al, ,,PEMFC cathode humidification: Can direct water
injection compete with membrane humifiers? A direct comparison

study,” International Journal of Hydrogen Energy, Bd. 172, pp. 151-
165, 2025.

[15] S. Rodosik, J.P. Crouvezier and Y. Bultel, ,,Impact of humidification
by cathode exhaust gases recirculation on a PEMFC system for

automotive applications,” International journal of hydrogen energy,
Bd. 44, pp. 12802-12817, 2019.

[16] Z. Liu et al, ,,Modeling and Control of Cathode Air Humidity for PEM
Fuel Cell Systems,* in International Federation of Automatic Control,
2017.

[17] D. Chen and H. Peng, ,,Modeling and Simulation of a PEM Fuel Cell
Humidification System,” in American Control Conference, Boston,
2004.



	Nomenclature
	I. Introduction
	II. Water management Fundamentals
	A. Humidity Ratio and Relative Humidity
	B. Water Transport in PEMFCs

	III. Internal Physical Humidification Methods
	A. Double-path and Baffle Flow Fields
	B. Wick-Based Water Transport
	C. Porous Bipolar Plates and Water Transport Plates
	D. Integrated Ultrafiltration Membrane Humidifier
	E. Crossed Flow Channels and Ultra-thin Membranes
	F. Bubble Humidifier and Heat Control Method
	G. Other Physical Methods

	IV. Internal Chemical Methods
	A. Self-Humidifying Catalyst and Water Transfer Regions
	B. Nafion-Silica Composite Coatings
	C. Hydrophilic Inorganic Oxides and Mesoporous Additives
	D. Nafion PTFE Hollow-Fiber Membranes
	E. Modified Catalyst Layers and Thin Membranes

	V. Self-humidifying Gas Diffusion Layers and Microporous Layers
	A. Gradient Microporous Layers
	B. Single-Walled Carbon Nanotube (SWCNT) Interlayer
	C. Microporous Layer Coating and Gradient Designs
	D. Wick and Microporous Channel Integration
	E. Humidifying Zone within MEA

	VI. External Humidification Methods
	A. Membrane Humidifiers
	B. Bubble Humidifiers and Spray Nozzles
	C. Direct Water Injection
	D. Exhaust Gas Recirculation
	E. Combined Humidification and Heat Control

	VII. Modelling and Control of Humidification
	VIII. Challenges, Optimization and Future Directions
	IX. Conclusion
	Literature


