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Abstract: Polymer electrolyte membrane fuel cells are promising power sources 

because of their advantage such as high efficiency, zero emission and low operating 

temperature. Water management is one of the critical issues for polymer electrolyte 

membrane fuel cells and has received significant attention. The membrane within the 

cells needs to stay in hydrated state to have high ion conductivity and durability, 

which requires proper humidification. Both internal and external methods have been 

utilized to humidify the polymer electrolyte membrane. Numerous studies on fuel cell 

humidification have been conducted in the past decades, especially in recent years. 

This review aims to summarize the main humidification methods and the related 

studies. The internal humidification methods are classified as physical methods and 

chemical methods. The external humidification methods include gas bubbling 

humidification, direct water injection, enthalpy wheel humidification, membrane 

humidifiers, and exhaust gas recirculation. The working principle and performance of 
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each method are introduced and the advantages and drawbacks are summarized. 

Further, the humidification methods for alkaline anion exchange membrane fuel cells 

are also briefly reviewed, because of more recent studies showing their potential of 

using non-precious metal catalysts. This review can help to choose proper 

humidification strategy for specific polymer electrolyte membrane fuel cell 

application and may inspire further investigations. 

 

Keywords: Polymer electrolyte membrane fuel cell; Humidification; Water 

management; External; Internal. 

 

Nomenclature 

A   membrane area, m2 

m&   mass flow rate, kg s-1 

P   pressure, Pa 

x   molar fraction 

Greek letters 

λ    stoichiometry ratio 

Superscripts and subscripts 

air   cathode inlet air 

DI   dry side inlet 

DO   dry side outlet 

H2O  water (liquid/vapor) 
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outlet  cathode outlet 

sat   saturation 

Abbreviations 

1D   one dimensional 

AEMFC  alkaline anion exchange membrane fuel cell 

CFD  computational fluid dynamics 

CL   catalyst layer 

DMFC  direct methanol fuel cell 

GDL  gas diffusion layer 

MCFC  molten carbonate fuel cell 

MEA  membrane electrode assembly 

PAFC  phosphoric acid fuel cell 

PEMFC  polymer electrolyte membrane fuel cell 

PFSA  perfluorosulfonic acid 

PSU  polysulfone 

PTFE  polytetrafluoroethylene 

RH   relative humidity 

SOFC  solid oxide fuel cell 

WRR  water recovery ratio 

WTR  water transfer rate 
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1. Introduction 

Fuel cell is one of the most promising energy conversion devices which can convert 

chemical energy of the fuel (such as hydrogen) to electrical energy directly with high 

efficiency and zero pollution. It has consequently received increasing attention in 

recent years due to increasing concerns and awareness in the supply and use of 

primary energy, environmental protection and energy sustainability. 

 

There are many different types of fuel cells according to the different electrolytes and 

fuels used, such as polymer electrolyte membrane fuel cell (PEMFC), direct methanol 

fuel cell (DMFC), solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC), 

phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), and alkaline anion 

exchange membrane fuel cell (AEMFC) [1]. Among all these types, PEMFC is 

regarded as the most promising alternative power source for automotive application 

owing to the advantage of low noise, low operating temperature and high power 

density [2]. It is also suitable for residential power generation since both heat and 

power can be utilized simultaneously with high efficiency [3]. In addition, PEMFC 
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may be used for portable applications such as electronic devices, owing to its high 

energy capability [4]. The schematic of a PEMFC is shown in Fig. 1. It mainly 

consists of bipolar plate, gas diffusion layer (GDL), catalyst layer (CL) and polymer 

electrolyte membrane (PEM). Hydrogen is supplied to the anode while air (or oxygen) 

is supplied to the cathode. Reactant gases flow through the GDLs, then 

electrochemical reactions occur in the CLs. The only by-product is water, thus the fuel 

cell is quite environmentally friendly. 

 

Despite the advantages mentioned above, technical challenges such as water 

management remain to be resolved, hindering the performance improvement and 

commercialization of fuel cells. Water management has been regarded as one of the 

critical issues for practical PEMFCs [2]. The membrane needs to maintain sufficient 

hydration level to conduct protons efficiently. In addition, low humidification or 

non-humidification operation may accelerate the membrane degradation process due 

to the radical formation [5] and membrane dehydration [6]. However, too much water 

may result into the phenomenon known as water flooding in the porous electrode 

structures which may impede the reactants transport. Thus the amount and distribution 

of water within the fuel cell structure need to be optimized in order to achieve high 

conductivity and durability of the proton-conducting membrane while facilitating the 

transport of reactants. 

 

In order to investigate techniques for the water management and humidification of 
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PEMFCs, different methods have been proposed such as adding microporous layers 

[7], improving the GDL pore structure [8], and designing novel flow field structure 

[9]. The membrane is originally in dry state and needs to be supplied with water 

during operation. Internal or external humidification methods are adopted to humidify 

the membrane in most cases. The internal humidification methods are classified as 

physical methods and chemical methods in this paper according to the principles of 

operation involved. The external humidification methods include gas bubbling 

humidification, direct water (liquid/vapor) injection, enthalpy wheel humidifiers, 

membrane humidification, and exhaust gas recirculation. Humidification system is an 

important auxiliary system for PEMFC which may influence the performance and 

durability of the fuel cell. It is of great importance to choose proper humidification 

strategy for different applications. For example, for portable or vehicle applications, 

internal humidification may be preferable to reduce weight and space; while for 

stationary applications, sufficient humidification performance becomes more 

important, thus gas bubbling humidification or direct water injection method is more 

preferable. In order to choose proper humidification strategy, it is necessary to 

understand the characteristics and research techniques for each humidification 

strategy. Actually, plenty of work has been done comprehensively in recent years. 

However, very few relevant literature review about this topic has been published.  

 

Thus the objective of this paper is to review the published studies on the internal and 

external humidification methods for PEMFCs. The advantages and disadvantages of 
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each method are summarized and recommendations are given for practical 

applications. Furthermore, AEMFCs have been drawing much attention in recent 

years because of the possibility of using non-precious catalyst in alkaline environment 

[10]. Water management for AEMFCs shares much similarity to PEMFCs, although 

they also have their uniqueness which results from the different electro-chemical 

reactions involved. Thus challenges to the water management and humidification for 

AEMFCs are also briefly described.  

 

This review is organized as follow. Internal humidification methods are presented in 

Section 2. Internal humidification is classified as physical methods and chemical 

methods, which will be given in Section 2.1 and 2.2 separately. External 

humidification methods are reviewed in Section 3 including gas bubbling 

humidification, direct water (liquid/vapor) injection, enthalpy wheel humidifiers, 

membrane humidification and exhaust gas recirculation. Humidification for AEMFCs 

is provided in Section 4, emphasizing the difference from and similarity to PEMFCs. 

Finally, the conclusions and directions for future research are given in Section 5. 

 

2. Internal humidification 

The internal humidification methods aim to maintain the membrane in a hydrated 

state by changing the internal PEMFC structure or composition without adopting 

external devices. According to the different water management strategies, internal 

humidification methods are classified as physical methods and chemical methods in 
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this review. 

 

2.1. Physical methods 

Internal humidification can be achieved by physical methods like changing the 

physical structure or optimizing the operating condition. These two methods can also 

be combined to achieve better performance. 

 

2.1.1. Changing the physical structure 

PEMFCs produce water as a by-product through electrochemical reaction. However, 

the produced water distributes unevenly within the electrode. Water flooding may 

occur in some parts (like the region near the flow channel outlet) while other parts 

(like the region near the flow channel inlet) may be in dry condition. Therefore, 

humidification can be achieved by redistributing the water produced by the 

electrochemical reaction. To achieve this goal, special channels are often considered. 

Qi and Kaufman [11] designed a kind of new flow channels that have two gas inlets 

and two gas outlets as shown in Fig. 2(a). The inlet of one flow channel is situated 

adjacent to the outlet of the other flow channel. Thus the dry gas entering the channel 

is humidified by moist gas exiting the adjacent channel, allowing the membrane and 

catalyst layers to be hydrated effectively without external humidification. However, 

the inlet gas of one channel may flow directly to the outlet of the other channel, which 

may cause gas leakage. This problem need to be reduced by taking some special 

measures. Belchor et al. [12] designed a parallel serpentine-baffle flow field as shown 
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in Fig. 2(b), which can mitigate water loss from channels. This design permits the fuel 

cell to operate with low water content at higher temperature. However, flooding will 

occur when the fuel cell is operated at low temperature or high humidification level, 

thus the application range of the fuel cell is restricted. 

 

Besides the design of new flow field layouts, new cell components may be added to 

retain water. Ge et al. [13] mounted two sponge wicks between the membrane 

electrode assembly (MEA) and cathode flow channel as shown in Fig. 3. The sponge 

can absorb the produced water and then transfer the moist to the inlet dry air, thus it is 

helpful for both inlet air humidification and liquid water removal. 

 

A novel humidification concept is developed through separating the membrane into an 

active area and a humidification area [14]. In this design, the fresh gas flows into the 

humidification section first and the exhaust gas from the reaction section also flows 

into the humidification section to humidify the fresh gas. Water can be transferred 

through the membrane. A similar concept was also investigated by Wang et al. [15] 

who surrounded the active electrode region with an inactive “water transfer region” as 

shown in Fig. 4. In this design, the produced water in the cathode can be transferred 

across the membrane to the anode to humidify the hydrogen. This method is attractive 

because of its relatively good performance; however, the incorporation of the “water 

transfer region” increases the total volume of the cell, which is less favorable for 

mobile applications. 
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These methods humidify the reactant gas or membrane through changing the fuel cell 

physical structure, and are passive in the operation. There is no need for additional 

equipment and no parasitic energy is consumed. However, proper water management 

can only be achieved under restricted operating conditions [16]. And also, the 

humidification performance is less effective than the external humidification methods 

[17].  

 

2.1.2. Optimizing the operating condition 

Proper operating regime has been sought where PEMFCs can operate without any 

humidification. It is found that, without humidification, the fuel cell performance 

depends strongly on the operating temperature, stoichiometry ratio, and pressure 

gradient between the anode and the cathode [16,18–21]. Based on a mathematical 

model, Chan et al. [18] found that at low current density (0.1 A cm-2), water tends to 

flow from the cathode to the anode due to the pressure gradient between them, thus 

water need to be supplied to the cathode. Nevertheless, in the case of relatively high 

current density (0.4 A cm-2), water tends to move from the anode to the cathode 

because the electro-osmotic drag effect is dominant over the pressure effect, thus the 

anode needs to be humidified. However, they proposed that there exists a current 

density between 0.1 and 0.4 A cm-2 at which the electro-osmotic drag effect and the 

pressure effect can reach a balance, and thus the fuel cell can operate without external 

humidification. Noponen et al. [19] investigated the effect of operating temperature 
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on a free-breathing PEMFC with dry hydrogen supply. They concluded that the 

optimum operating temperature was around 60 °C for their fuel cell considering the 

effect of mass transport and water evaporation. Their conclusion agrees well with the 

experimental results conducted by Martin et al. [20].  

 

Actually, at a specific operating temperature, the relative humidity (RH) at the 

cathode outlet is highly dependent on the air/oxygen stoichiometry. Assuming that all 

the water produced by the cathode electrochemical reaction is exhausted to the 

cathode outlet with the air flow, the relationship between the air stoichiometry ( airλ ) 

and the RH at the cathode outlet can be expressed as [20]: 

 

2

2 100 1outlet
air O

sat outlet

Px
P RH

l
 

= − 
 

             (1) 

where 
2Ox is the molar fraction of oxygen at the cathode inlet, outletP is the cathode 

outlet pressure, outletRH is the relative humidity of cathode outlet (expressed as a 

percentage), and satP  is the saturated vapor pressure at the specific temperature. For 

different temperature, the saturated vapor pressure is different, influencing the 

relationship between airλ  and outletRH , as plotted in Fig. 5. It indicates that higher 

operating temperature leads to lower RH at the same air stoichiometry ratio. 

Decreasing the air stoichiometry ratio can help to increase the RH; however, the 

cathode may suffer oxidant starvation. Based on the similar principle, Riascos et al. 

[16] designed a control technique which can maintain the RH at a desirable value for 

various operating conditions by adjusting the air stoichiometry. Further, Williams et al. 
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[21] conducted an overall analysis comparing the efficiency of PEMFCs with dry and 

wet operation. It was found that under the optimized operating parameters (operating 

temperature and air stoichiometry) with dry operation, the net power output was 

reduced by no more than 17% in comparison with the commercial MEAs operated at 

fully humidified condition. In spite of the reduced power output, the parasitic loss 

induced by the humidifiers and condensers was also cut by over 46%. Therefore it is 

possible to run the fuel cell under dry condition with acceptable overall system 

performance. However, this method is not practical because the operating parameters 

must be controlled within a very narrow range with a relatively low current density. 

 

The fuel cell durability without humidification can also be improved by adjusting the 

operating condition and Pt/C ratio. Long term tests of 1000 hour at dry operation were 

carried out by Martin et al. [20]. The air stoichiometry ratio is optimized ( airλ =8) and 

the highest steady-state voltage is 611 mV with a current density of 200 mA cm-2. The 

specific parameters and operating conditions are available in [20]. 

 

2.1.3. Combined methods 

Toyota launched their fuel cell vehicle “Mirai” in 2014 [22]. High performance is 

achieved owing to the innovative flow structure and MEA [23]. Toyota Mirai adopts 

an internal humidification system which is one of its main innovations [24]. Their 

internal humidification system combines the effects of stack structure improvement 

and operating condition optimization [25], as shown in Fig. 6. On the aspects of stack 
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structure improvement, three methods are used to uniformly distribute the water 

without external humidification. First, the membrane thickness is reduced to promote 

the water back-diffusion from the cathode. Second, the hydrogen and air streams are 

arranged to flow in counter directions thus the moisture near the anode outlet can be 

used to humidify the cathode inlet gas. Moreover, the temperature is controlled by 

adjusting the coolant flow to prevent water evaporation from the membrane. On the 

aspects of operating conditions optimization, the hydrogen recirculation rate can be 

adjusted according to different operating conditions to effectively utilize the 

back-diffusion water from the cathode. In addition, changing the anode inlet pressure 

might be helpful to enhance the evaporation and transfer of the generated water to the 

anode surfaces. By applying these methods, the fuel cell stack can maintain good 

performance without an external humidifier. 

 

2.2. Chemical methods 

Different from the physical methods which maintain the membrane in hydrated state 

by humidifying the reactant gases, the chemical methods directly reserve water inside 

the MEA by changing the composition of membrane or electrode, which will be 

discussed respectively. 

 

2.2.1. Changing the composition of membrane 

Gas crossover is a common phenomenon in PEMs because polymeric membranes 

exhibit some gas diffusivity and permeability. Thus, through incorporating the 
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membrane with some additives, reactant gases that permeate into the membrane may 

interact with the incorporated additives to produce water. Normally the additive 

consists of catalyst and water retention materials like SiO2 or TiO2. The schematic of 

the humidification mechanism is shown in Fig. 7. Water is produced through the 

reaction of permeated gases with catalyst and the produced water can be retained by 

hygroscopic additives in the membrane. This method is also called 

“self-humidification” in many studies [26-29]. Thus the chemical internal 

humidification methods are described in the name of “self-humidification” in the 

subsequent section in order to keep consistent with literatures. 

 

As early as in 1990s, Watanabe and co-workers investigated the self-humidification of 

PEMFCs using PEMs incorporating Pt and SiO2 or TiO2 [26–28].  As mentioned 

above, the reaction of permeated hydrogen and oxygen is catalyzed by the platinum 

particles to generate water, which in turn is adsorbed and retained by the oxide 

particles. The fuel cell displayed stable and high performance even under ambient 

pressure with fully humidified hydrogen at 20 °C and dry oxygen [26]. Through 

measuring the amount of exhausted water from both anode and cathode, they found 

that the water produced by the permeated gases inside the membrane was exhausted 

from the anode [27]. Moreover, the addition of TiO2 enhances the back-diffusion of 

water that generated by the electrochemical reaction from the cathode to the anode, 

owing to the hygroscopic property of TiO2 [28]. Thus the membrane at the anode side 

that dried by the electro-osmotic drag can be humidified effectively. Since it has been 
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shown that the fuel cell performance can be improved clearly after adding Pt into the 

membrane, Kwak et al. [29] further investigated the effect of Pt loading on the 

self-humidifying membrane and reported that the optimum Pt loading was 0.15 mg 

cm-2 in their study. 

 

Despite the performance improvements of the self-humidification method, the 

presence of Pt particles incorporated within the membrane increases the risk of 

electrical short circuit due to hot spots within the fuel cell [30]. In addition, it is 

difficult to control the amount and dispersion of Pt in the membrane [31]. In order to 

solve these problems, Yang et al. [30] fabricated a membrane with a sandwich 

structure instead of the previous design (uniform Pt distribution as shown in Fig.8 (a)). 

Their concepts are shown in Fig. 8 (b). In their design, the membrane is split into two 

layers with one layer of Pt particles lying between them. The electron transport path is 

cut off through this design. Similar concept was also adopted by Liu et al. [31] and 

Yang et al. [32]. However, this method causes another problem: the Pt particles layer 

brings more resistance to the proton transfer. Wang et al. [33] deposited the Pt particle 

with a gradient distribution as shown in Fig. 8 (c). This design is a compromise of the 

previous two structures which prevent the electron transfer through the membrane and 

meanwhile has low resistance for proton transfer. 

 

Besides the Pt additives mentioned above, some other materials have been 

investigated to achieve internal humidification [34-45]. The additives investigated 
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subsequently and their advantages are listed in Table 1. In addition, novel composite 

membranes based on electrospun polymers combined with doped protic plastic 

crystals have been developed for the PEMFC operation without humidification [46]. 

Recently, the study conducted by Cha et al. [47] shows that short-side-chain 

membrane exhibits better reliability and higher water retention ability than 

long-side-chain membrane, which implies the potential to use short-side-chain 

membrane under low humidity. 

 

Although the advantages of the composite membranes are observed to be significant, 

issues are still yet to be addressed. On one hand, the formation of electron conducting 

path is still a concern because the Pt particle can migrate inside the membrane after 

long run. On the other hand, the hygroscopic oxides embedded into the membrane 

may decrease the durability of the membrane because of the local stress change 

around the particles [48]. Moreover, the additives may decrease the toughness of the 

membrane which accelerates the fuel crossover [49]. 

 

Park et al. [50] recently provided a new concept which might keep the capability of 

water retention without changing the membrane structure. They deposited a 

hydrophobic layer on the surface of the membrane by atmospheric plasma treatment. 

Nano-cracks form on the coating layer when the membrane is exposed under higher 

humidity environment, allowing water migration. As shown in Fig. 9, the formed 

cracks expand when humidity is high but shrink under low humidification, thus water 
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can be retained inside the membrane to achieve high ionic conductivity. It is reported 

that the power density of the coated PEMs can be up to four times larger than the 

un-coated ones at both high temperature and low RH conditions. Their efforts 

contribute to an insight into correlation between polymer structure and water/ion 

transport [51]. 

 

2.2.2. Changing the composition of electrode 

In PEMFCs, CLs also contain ionomer serving as the binder and conducting medium 

for proton from the reaction site to the membrane. Excepting the dehydration of 

membrane, the ionomer binder in the CLs may also lose water at high temperature 

which may increase the resistance to proton conduction. Thus based on the concept of 

adding additives into the membrane to retain water, it is necessary to prepare 

composite CLs with water retention particles to maintain the CL proton conductivity 

at high temperature operating condition. 

 

Vengatesan et al. [35,52] added SiO2 to both CLs and membrane to achieve 

self-humidification and high proton conductivity. It is found that the addition of small 

amount of SiO2 in the cathode CL improve the cell performance significantly at high 

temperature operation. However, the addition in the anode CL may decrease the fuel 

cell performance at high temperature due to the reduction of electro osmotic drag 

process. Han et al. [53] adopted a conventional hydrophobic electrode with 

SiO2/Nafion suspension to achieve self-humidification. It is shown that the optimal 
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SiO2/Nafion weight percentage is 6% at 60 °C without external humidification.  

 

Even though the water retention capacity of SiO2 has been proved, the oxide particles 

may migrate to other locations which lowers the fuel cell performance in the long 

term. To improve the CL stability, the amorphous SiO2 was immobilized on the 

carbon surface in the study of Su et al. [49]. An 80h long term test was conducted 

which confirms the high performance of their composite catalyst. 

 

Based on the similar principle, some other additives have also been used to support 

the Pt particle and achieve self-humidification [48,49,54–62]. The advantages and the 

related references are listed in Table 2. Besides, Koh et al. [63] reported a 

dual-layered electrode consist of a nano-sized dense-structure layer coated on the 

normal catalyst layer. The additional layer had water retention ability owing to the 

highly twisted pore structure which makes the water movement pathway much longer. 

This study provides a new approach to retain water by adjusting the pore structure, 

rather than adding water retention materials. 

 

In addition to the CLs, the water retained in the GDLs can also help to improve the 

PEMFC performance under non-humidification condition. It is found that the liquid 

water distribution is highly dependent on the hydrophilicity of the GDLs. With 

different polytetrafluoroethylene (PTFE) content, the liquid water volume fraction 

inside the GDL varied from 0.15 to 0.62 as reported by Park et. al [64]. Fig. 10 shows 

19 
 



the optical microscopy images of the GDL. The PEMFC was operated at a cell 

voltage of 0.6 V without humidification. Sample (a) was not treated with PTFE 

loading while sample (b) was coated with a PTFE loading of 5%. Water condensed on 

the GDL surface as shown in Fig. 10. It can be found that water streams form in Fig. 

10 (a), meanwhile only water droplets are observed in Fig. 10 (b). They explained that 

this may result from the heterogeneous condensation caused by the defects on the 

GDL surface. However, the PTFE fills in the surface defects and increases the 

hydrophobicity of the GDL which prevents the capillary condensation. In addition, 

their numerical results show that the optimum water saturation at the GDL surface is 

between 0.1 and 0.3 under non-humidification condition which compromise the 

species diffusivity and proton conductivity. 

 

2.2.3. Other methods 

Besides adding additives to the membrane or electrodes, some other methods that 

change the MEA structure or improve the MEA preparation process can also be used 

to achieve self-humidification. For example, Kong et al. [65,66] enhanced the 

self-humidification by adopting double gas diffusion backing layers. Recently, 

Breitwieser et al. [67] fabricated a PEMFC with direct membrane deposition [68] 

which facilitates the back diffusion from the cathode to the anode. The neutron 

radiography test was carried out and it is shown that the humidification level of the 

MEA stay constant even with dry anode and low cathode RH (15%). 
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The group of Xiang et al. [69] recently exploited a new concept of “bipolar 

membranes” to humidify the membrane by the water from electrochemical reaction. 

In this design, the membrane consists of two parts: an acidic membrane on the anode 

and an alkaline membrane on the cathode, as shown in Fig. 11. Water is generated at 

the interface of the acidic membrane and alkaline membrane. Then the generated 

water diffuses to both anode and cathode to humidify the membrane on both sides. 

This concept can achieve passive self-humidification over the entire cell. Moreover, 

the alkaline cathode has faster kinetics which allows a reduction in the Pt loading or 

even the use of non-Pt catalyst. They further developed a mathematical model to 

instruct the design of the “bipolar membranes” fuel cell [70]. 

 

2.3. Summary 

For the internal humidification methods, external devices are not necessary, hence 

saving the system volume and weight. It is very attractive for compact applications 

like portable and mobile devices and automobiles. However, the physical methods 

result into complicated design. For the chemical methods, the durability and stability 

of the fuel cell still need further investigation and validation. In addition, both 

methods can only be used for low power or portable PEMFC applications [54]. The 

application for high power devices still needs further optimization. 

 

3. External humidification 

The external humidification aims to humidify the reactant gases before entering into 
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the fuel cell. In this section, the working principles of the typical external 

humidification methods are reviewed, including gas bubbling humidifier method, 

direct water injection method, enthalpy wheel humidifier method, membrane 

humidifier method and exhaust gas recirculation method.  

 

3.1. Gas bubbling humidifier method 

The gas bubbling humidifier method is commonly used to humidify the inlet gas. In 

the gas bubbling humidifier, reactant gas stream flows through a tube into the bottom 

of a container filled with heated water as shown in Fig. 12. The gas is dispersed to a 

lot of small bubbles and then flows out from the water. In some cases, the bottom can 

be filled with some glass beads which can provide sufficient contact area that can 

ensure the gas can be fully humidified.  

 

Although this method is commonly used, only a few studies have been carried out to 

investigate the humidifier performance. Rajalakshmi et al. [71] designed a gas 

bubbling humidifier using a humidification bottle with a removable sparger and a 

heater. The sparger could supply gas with tiny bubbles which create good gas-liquid 

contact and enhance the mass transfer between the liquid and gas. The amount of 

water vapor in the outlet gas can be measured. The outlet water vapor can be trapped 

through ice bath and silica gel. The amount of water picked-up by the outlet gas 

stream can be evaluated by measuring the weight difference of ice trap and silica gel 

before and after the experiment. It is concluded that for effective humidification, the 
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key parameters for a sparger humidification system are the diameter and number of 

the holes, the diameter of the pipe, the flow rate, and the operating temperature. Hyun 

et al. [72] carried out an experiment to explore the relationship between the humidity 

and performance of a fuel cell. Their humidity measurement system is shown in Fig. 

13. The inlet gas is humidified by a gas bubbling humidifier and the RH is measured 

by a hygrometer. The effects of the RH on the fuel cell performance at different 

operating conditions were obtained by them. However, the effects of the humidifier 

design parameters were not considered. Recently, Ahmaditaba et al. [73] conducted an 

experiment to investigate the effect of water temperature, water level and gas flow 

rate on the humidification performance. It is suggested that the increase of water 

temperature and water level in the container could enhance the gas humidification, 

while the increase of gas flow rate had an opposite effect. In order to achieve a simple 

control, Zhang [74] invented a two-stage bubbling humidifier which contains an 

intermediate heating stage. The humidity level is only dependent on the water 

temperature in this design. However, the dimension of this humidifier is enlarged due 

to the additional stage, which is not preferable for portable applications. 

 

The gas bubbling humidifier is highly suitable for power plant because of the 

adequate humidification even in emergency shutdown operating conditions as 

reported in [72]. Nikiforow et al. [75] built a hybrid humidifier which contains a gas 

bubbling humidifier and a spray tower for a 50kW PEMFC pilot plant. They also built 

a gas bubbling humidifier model which indicates that the mass transfer rate between 
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the gas and water does not limit the bubbler humidifier performance because of the 

sufficient residence time. 

 

To improve the energy efficiency, the coolant water can be used to heat and to 

humidify the inlet gas. Vasu et al. [76] designed a gas bubbling humidification system 

which can continuously humidify the hydrogen over a wide range of flow rates. Their 

system can increase the stack efficiency by 6-19% according to their result owing to 

the coolant water recirculation. In the humidification system of the pilot plant 

reported by Nikiforow et al. [80], the gas bubbling humidifier is heated by the waste 

heat from the coolant water and the deionized water supplied to the humidifier is 

condensed from the outlet wet air, which results in high system efficiency. 

 

Kuhn et al. [77] carried out an experiment based on gas bubbling humidifier to 

achieve exact and reproducible humidification levels in dynamic conditions. Dew 

point was measured, meanwhile the electrochemical impedance spectroscopy and 

direct neutron imaging were used to prove the reliability. The dew point temperature 

accuracy of their system can be controlled within 1-3 K and the fuel cell performance 

is highly reproducible. 

 

In summary, this method provides good humidity control. The outlet gas can be 

humidified to the target RH by changing the water temperature and flow rate. Also, 

the coolant water can be used to heat and to humidify the inlet gas which improves the 
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system efficiency significantly. It is highly suitable for power plant because of these 

advantages. The main drawback is that the liquid water in the form of droplets may be 

carried into the PEMFC which blocks the gas transfer path, thus proper measures need 

to be adopted to reduce this phenomenon [76]. In addition, the considerable pressure 

drop in the gas stream going through the gas bubbling humidifier may lead to 

significant parasitic losses [78]. 

 

3.2. Direct water injection method 

In this method, water in the form of liquid or vapor is directly injected into the fuel 

cell inlet; since steam injection requires heating for steam generation, liquid water is 

used more often (as shown in Fig. 14). When water is transported from the anode to 

the cathode side due to electro-osmotic drag, the injected liquid water will evaporate 

to supply more water vapor. This method is very simple and the evaporation process 

of the liquid inside the fuel cell helps to absorb the waste heat which is beneficial for 

the heat management [79]. 

 

At the early stage, liquid water injection was seen as an effective method for 

humidification. However, the excessive amount of liquid water may cause electrode 

flooding that heavily influences the fuel cell performance and hence the liquid water 

injection method is dropped for this reason [80]. It is indicated that the flooding 

problem can be mitigated by using interdigitated flow field due to the shearing force 

of the gas flow which removes the liquid water in the inner layer of the electrode [80]. 

25 
 



However, that method is only suitable for relatively small size applications at low 

flow rates. More effective methods are still needed for high flow rates and large scale 

applications. 

 

To avoid the problem of water flooding, a mist eliminator is adopted to absorb the 

liquid water in the gas flow as shown in Fig. 15. This new design is also called 

“nozzle spray humidifier” [81]. Nozzle spray humidifier mainly consists of spray 

chamber, spray nozzle, and mist eliminator. The nozzle spray humidifier directly 

sprays liquid water into gas that flows through the humidifier. The mist eliminator is 

fixed at the top of a chamber in order to prevent the liquid water from blowing out 

with the reactant gas which may cause imprecise control of the RH. The gas that 

flows out from the mist eliminator is well humidified and then flows into the fuel cell 

inlet. The water that sprays out from the nozzle needs to be heated to a pre-set 

temperature and the RH of the outlet gas can be controlled by the temperature of the 

liquid water.  

 

Different from the above injection humidification methods, Jung et al. [81] developed 

a water injection humidifier which uses a water retrieving unit to collect the liquid 

water from the gas. Zhang et al. [82] mitigated the flooding problem by the precise 

control of the injected water amount according to the gas flow rate. Sung et al. [83] 

adopted an ultrasonic atomizer which produces micro water droplets that can 

evaporate quickly. 
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Despite the possibility of flooding, the excessive liquid water that flows into the fuel 

cell has an evaporative cooling effect which was not fully addressed in the previous 

study. In recent years, the method of direct water injection becomes attractive again 

for the advantage on heat management. The waste heat from the electrochemical 

reaction can heat the fuel cell stack to a high temperature which may cause the 

problem of membrane degradation and performance reduction [84]. Using direct 

water injection method is helpful for the heat rejection because of the evaporative 

cooling effect. Hwang et al. [85] investigated the humidification and cooling effect 

experimentally by adopting an atomizer and an air-providing tube at the inlet of fuel 

cell cathode (as shown in Fig. 16). This air-assist atomizer provides very fine droplets 

to improve the heat and mass transfer rates. 

 

This atomizer performs well on humidifying the inlet air and cooling the system 

especially for high current densities where large amount of reactant gas and heat are 

involved. As Fig. 17 shows, the evaporative heat rejection rate is enhanced when the 

water injection rate increases from 1 ml/min to 5 ml/min. This is mainly because that 

larger amount of liquid water leads to higher evaporation rate. In addition, higher 

operating temperature causes larger amount of water evaporation which results in 

higher evaporative heat rejection rate as shown in Fig. 17 (b). Also investigated is the 

effect of various operating parameters like injection water temperature, operating 

pressure and cathode RH in order to determine the optimal operating conditions [86].  
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Similar to the gas bubbling humidifier, liquid water injection method is also quite 

suitable for fuel cell stacks or high power applications because of the sufficient 

humidification capacity. Zhang et al. [82] designed a novel liquid water spray 

humidifier used for a 5 kW PEMFC. The waste heat of the PEMFC coolant was used 

to pre-heat the inlet gas, as shown in Fig. 18. No additional heater is needed and thus 

the overall efficiency is improved. In addition, it is easy to control by just adjusting 

the spray pressure. In the design of Nikiforow et al. [75], a liquid water spray tower is 

used to humidify the inlet gas for normal operating conditions of a 50 kW stationary 

PEMFC system. Further, the liquid water spray tower is also adopted for the 70 kW 

stationary PEMFC system built by NedStack Fuel Cell Technology [3]. 

 

In summary, the direct water injection method can provide effective and precise 

humidity control. The excessive water may cause flooding problem, however, it may 

also be beneficial for the AEMFC which will be described in Section 4 later. 

Moreover, the evaporative cooling effect of the liquid water provides additional 

cooling capacity and helps to mitigate the heat rejection requirement though it is not 

sufficient to replace the entire cooling system. The main drawback of this method is 

that it consumes energy due to pumping loss and heating of the injected water or 

steam. Using coolant water to pre-heat the inlet gas can improve the total efficiency in 

high power systems. In addition, the weight and complexity of the equipment are 

increased which makes this method unfavorable for portable or compact applications 
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[87].  

 

3.3. Enthalpy wheel humidifier method 

The enthalpy wheel humidifier method is frequently adopted in heating ventilation 

and air conditioning industries [88]. It is also applicable for fuel cell humidification 

because of its advantages such as low pressure drop, lightweight and low cost [89]. As 

shown in Fig. 19, it uses a hygroscopic core with porous honeycomb-shaped columns 

[90] that can absorb the hot moisture from the fuel cell exhaust gas and delivery them 

to the dry inlet gas through rotation. The dry gas is humidified and heated by the 

humidifier and then flows into the fuel cell.  

 

The diameter and thickness of the enthalpy wheel are key factors that affect the 

humidification level. Larger diameter and thickness lead to higher humidification 

levels. In practice, the size needs to be determined according to the power of the fuel 

cell. The humidification level can be controlled by adjusting the motor rotation speed 

or changing the gas flow rate [91]. 

 

Enthalpy wheel humidifiers have advantages in terms of cost, durability and reliability 

as reported in [88]. However, just a few studies have investigated its performance so 

far. Lao et al. [90] compared the performance of the membrane humidifier (which will 

be presented in Section 3.4) and enthalpy wheel humidifier. They reported that the 

enthalpy wheel humidifier performs better than membrane humidifier at high gas flow 
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rates but worse at low gas flow rates, as shown in Fig. 20. In addition, it was predicted 

that the dynamic response capability of the enthalpy wheel humidifier is better than 

that of membrane humidifier. Their study supports the view that the enthalpy 

humidifier is more suitable for high power applications [77].  

 

The main concern about the enthalpy wheel humidifier is that it may cause gas 

leakage and cross flow through the rotation. The gas leakage mainly consists of two 

components. One is the gas leaking between the interface of seal and core, the other 

one is the gas carried over by the rotating core [89]. To reduce the gas leakage, 

Casalegno et al. [88] tried to decrease the pressure difference between the two gas 

streams by adopting an innovative configuration as shown in Fig. 21. The 

conventional configuration (Fig. 21 (a)) generally places the humidifier after the air 

compressor and heat exchanger. This configuration leads to high pressure difference 

between the two gas streams due to the pressure drop through the humidifier and fuel 

cell. By adopting the new configuration as shown in Fig. 21 (b), the two gas streams 

can work at the same pressure. Thus the pressure difference between the two gas 

streams can be kept as low as possible and the possibility of gas leakage is reduced.  

 

It can be concluded that this kind of humidifier can also be employed by stationary 

fuel cell systems or automobiles [77] due to the low cost and small pressure drop 

involved. In addition, the high durability increases its potential for PEMFC 

applications [88]. However, the gas leakage problem is still an issue that needs further 
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investigation. 

 

3.4. Membrane humidifier method 

Wet gas or liquid water is used to humidify the dry gas in membrane humidifier 

method. Wet gas or liquid water flows through one side and dry gas flows through the 

other side of the membrane humidifier. It adopts a membrane (normally Nafion [92]) 

to separate the wet side and the dry side. Moist and heat can be transferred across the 

membrane to the dry side, while hydrogen or air is not allowed to transfer through the 

membrane neglecting the unavoidable small amount of crossover. 

 

According to the different moist providers, membrane humidifier can be classified as 

gas-to-gas type and liquid-to-gas type. According to different shapes, the humidifier 

can be classified as planar (or plate-and-frame) type and tubular (or shell-and-tube) 

type. The former is normally used for gas-to-gas humidifier and the latter is normally 

used for liquid-to-gas humidifier. In the following subsections, the principle to 

evaluate the membrane humidifier performance will be described first. Then the 

gas-to-gas type and liquid-to-gas type will be described in detail separately.  

 

3.4.1. Evaluation principle 

Four performance metrics are commonly used in the literature to evaluate the 

performance of the membrane humidifier. 
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1. Dry side outlet RH ( DORH ). It is the direct indicator to evaluate the humidifier 

performance which can be calculated as: 

 

DO
sat

PRH
P

=                  (2) 

where P is the water vapor partial pressure at the humidifier outlet, Psat is the 

saturated vapor pressure. In some cases, the dry side water concentration is also used 

to evaluate the humidifier performance. It is proportional to the RH at a constant 

temperature and can be converted to each other. 

 

2. Dry side outlet dew point. The dew point is the temperature at which the gas is 

saturated with water vapor. The water vapor will condense to liquid water when the 

temperature is further cooled blow the dew point. The dew point is an indicator that 

reflects the water amount in the gas. 

 

3. Water transfer rate (WTR). WTR is the rate of water transfer through the membrane 

from wet side to dry side. It can be calculated as the difference of the inlet and outlet 

water flow rate [93]: 
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WTR

A
−

=
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              (3) 

where 
2 ,H O DOm&  and 

2 ,H O DIm&  are the water mass flow rate at the dry side outlet and 

inlet, respectively; A is the membrane area.  
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4. Water recovery ratio (WRR). WRR is the ratio of water amount transferred from 

wet side to the dry side and the water amount flow into the wet side inlet [94]. It can 

be calculated as [91]: 
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where 
2 ,H O WIm&  is the water mass flow rate at the wet side inlet. WRR is not always 

proportional with the dry side outlet humidity. It becomes an important parameter if 

the wet side inlet humidity (or water content) is limited for the humidifier application. 

In some studies, WRR is also called “humidifier efficiency” [95]. 

 

Based on these metrics, the performance of different types of membrane humidifiers 

can be evaluated quantitatively. In some cases, a single performance metric is not 

enough to evaluate the performance of the humidifier [94]. Therefore, it is necessary 

to analyze the problem considering the specific operating condition when designing a 

humidifier. For example, McCarthy et al. [96] uses both dry side outlet RH and WTR 

as the evaluation criteria with response surface methodology. 

 

3.4.2. Gas-to-gas 

The gas-to-gas membrane humidifier uses the wet exhaust gas from the fuel cell outlet 

as the moist provider and normally it has two flow fields separated by the membrane, 

as shown in Fig. 22. The gas flow direction arrangement, performance and 
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improvement method will be given in the following subsections. 

 

3.4.2.1. Flow direction arrangement 

There are three types of flow direction arrangements: parallel flow, counter flow and 

cross flow. The flow directions of the wet side and dry side are parallel in the parallel 

flow arrangement; opposite in the counter flow arrangement; and orthogonal in the 

cross flow arrangement. 

 

Different flow direction arrangements may influence the humidification level. This is 

commonly encountered in the design of air ventilation systems [98,99], but it should 

also be considered in the membrane humidifier design. Houreh et al. [100] built a 

three dimensional CFD model of membrane humidifier. Performance of parallel flow 

and counter flow configurations are compared in their model. In this model, the 

cathode outlet gas is assumed to be saturated (RH 100%) with temperature of 80 °C. 

The dry side is moist free (RH 0%) at 30 °C. The simulation results are shown in Figs. 

23 and 24. The average water concentration in the dry side of the counter flow is 8.47 

mol m-3 which is larger than the parallel flow which has an average water 

concentration of 6.58 mol m-3. Thus it shows that the performance of counter flow is 

better for water transfer. The operating condition used in their simulation is typical for 

the real operating condition of fuel cell. Thus the results are instructive for the design 

of humidifier to achieve better humidification performance. Park et al. [101] built a 

model based on the shell-and-tube configuration. Similar results are obtained 
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according to their study. The counter flow is much effective than the parallel flow in 

heat and mass transfer. Actually, many other studies adopted the counter flow 

arrangement for their membrane humidifier [93,95,102]. 

 

For the cross flow configuration, Sabharwal et al. [94] conducted a sensitivity analysis 

about the cross flow membrane humidifier (as shown in Fig. 25) based on a two 

dimensional model. It is shown that the RH at the dry side outlet increases with the 

wet side flow rate, dry side and wet side pressure, wet side inlet RH and the number 

of plates. In addition, Kadylak et al. [103] proposed an effective mass transfer 

coefficient based on the previous work by Zhang and Niu [104,105]. Then they 

applied the latent effectiveness method, which is commonly used in the energy 

recovery ventilator systems, to the PEMFC membrane humidifier. This method can 

help to achieve the required composition at the outlets through setting the geometrical 

and flow parameters. However, neither of them compared the performance of 

different flow arrangements. Ahluwalia et al. [106] compared the performance of 

counter flow arrangement and cross flow arrangement using their novel composite 

membrane. The cross flow humidifier shows better performance in regard to water 

flux. Zhang et al. [98] compared the performance of the three flow arrangement based 

on an air ventilation system. The counter flow performs best according to their 

investigation and the parallel flow performs worst which shows agreement with the 

mentioned studies [100,106]. 
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In regard to the humidifier configuration types, in most cases, the planar type is used 

in the gas-to-gas membrane humidifier. However, in the work of Park et al. [101] and 

Kang et al. [107], a tubular type is considered in the gas-to-gas humidifier. The 

tubular type humidifier adopts many compact tubes and can transfer the heat and mass 

effectively. However, mass production is difficult to achieve with low cost. In contrast, 

the planar type humidifier is cost efficient and mass producible [102]. Thus the planar 

type is more favorable. 

 

3.4.2.2. Performance 

The investigations on the gas-to-gas membrane humidifier are conducted by 

experimental and modeling methods.  

 

In the experimental aspects, Cave et al. [93] built an experimental setup to investigate 

the effect of the flow rate on the humidifier performance. In their experiment, ten dew 

point sensors were fixed along the humidifier channel to measure the dew point 

temperature at specific locations as shown in Fig. 26. The flow rates of the dry side 

and wet side vary individually. It shows that the outlet dew point temperature 

increases with a decrease in the dry side flow rate. However, the wet side flow rate 

shows little effect on the dry side dew point. The moisture flux values across the 

membrane at different locations were also reported in their study. 

 

In the modeling aspects, Yu et al. [102] built a static model of the planar humidifier 
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based on Matlab/Simulink environment. Different design parameters (like heat and 

mass transfer area, membrane thickness and diffusivity, etc.) and operating parameters 

(like air flow rate, inlet humidity and operating pressure, etc.) are discussed in their 

study. The channel length, membrane thickness and the wet side inlet humidity are 

critical parameters in the design and operation of the humidifier. It is worth stressing 

that the effects of membrane thickness and diffusivity mentioned in this article are 

rarely reported in other literatures. An analytical model was built by Bhatia et al. [95] 

which is applicable for both planar and tubular humidifiers. Their model takes the 

effect of mass transfer on heat transfer into account, which was rarely considered in 

the previous studies. The performance of the humidifier under the different design 

parameters and operating conditions was studied. Also, a system study containing the 

fuel cell stack and humidifier was performed, which shows that the increase of current 

density results in the improvement of WTR but the decrease in the RH of the 

humidifier outlet. The combined effects should be considered when designing a 

humidifier in specific conditions. 

 

Most of the studies focus on the performance of the humidifier only and assume the 

wet side inlet condition is independent with the dry side inlet condition. In practice, 

the wet side and dry side conditions are coupled with each other [95]. Kang et al. [107] 

connected the humidifier together with an air blower model and a one dimensional 

PEMFC model. The dynamic behaviors of the humidifier and PEMFC under various 

operating conditions were studied through this lumped model. 
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The parameters and their influence on the humidifier performance are listed in Table 3 

according to the mentioned experimental and modeling studies. 

 

3.4.2.3. Improvement methods 

Beside the studies on the conventional membrane humidifiers, some studies have also 

tried to improve the humidification performance by using new flow fields or new 

membranes. 

 

Most membrane humidifiers adopt the conventional flow distributor which is similar 

with the flow channel used in the PEM fuel cell. In the past several years, metal foam 

flow distributor is becoming attractive to replace the conventional flow channel for 

the advantage on mass transfer and cost. Afshari et al. [108] adopted metal foam made 

of nickel as the humidifier flow distributor. Three configurations were considered in 

their study: adopting metal foam only at dry side, only at wet side and at both sides. 

Fig. 27 shows the outlet dew point temperature and water molar concentration of both 

the conventional and metal foam flow distributor. The exact values are listed in Table 

4. It is clear that the metal foam flow distributor performs better than the conventional 

humidifier. In addition, owing to the zero temperature difference between the dry side 

and wet side, the membrane can have a relatively even temperature distribution which 

helps to improve the durability. Moreover, the porous metal foam leads to more water 

transfer due to the longer residence time [100]. 
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Excepting the modification on the flow field, the membrane can also be improved in 

consideration of performance and cost. Most of the studies adopt commercial 

membranes (such as Nafion) as the moist and heat transfer medium. However, 

Samimi et al. [109] made efforts to design an appropriate membrane specifically for 

the membrane humidifier with high performance and low cost. Effects of membrane 

composition and nanoparticles were explored. It is shown that membranes prepared 

with polysulfone (PSU) polymer need low polymer percentage to achieve high 

porosity and humidification performance. Adding TiO2 can increase the 

hydrophilicity which helps to improve the humidification level. Meanwhile, the 

influence of operating parameters like pressure and temperature were also 

investigated. Ahluwalia et al. [106] investigated a humidifier adopting a composite 

membrane made by one perfluorosulfonic acid (PFSA) layer sandwiched by two 

PTFE layers. This membrane humidifier has high water vapor transfer flux and also 

shows advantages on cost and durability. 

 

3.4.3. Liquid-to-gas 

The liquid-to-gas membrane humidifier normally adopts a tubular configuration as 

shown in Fig. 28. It contains a bundle of membrane tubes which separate the liquid 

water and reactant gas that needs to be humidified. Liquid water is heated and 

transferred through the membrane in vapor phase. Reactant gas absorbs moist and 

heat from the water flow.  
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Efforts on experiment and modeling investigations are devoted in order to improve 

the humidifier performance at various operating conditions. In the experimental 

aspect, steady and dynamic tests were carried out by Chen et al. [110] to achieve 

better humidification control. They used water vapor transfer rate as the evaluation 

principle. Results show that increasing the inlet air and water temperature or 

decreasing the air flow rate can help to improve the humidifier performance. The 

influence of the wet side channel pressure can be neglected which is different with the 

gas-to-gas humidifier.  

 

In the modeling aspect, various models were developed in the previous studies. Chen 

et al. [110] built a thermodynamic model based on the control volume method as 

shown in Fig. 29. A new vapor transfer coefficient is used in their model which is 

fitted from their experimental results. Solsona et al. [111] developed a dynamic model 

using the approach similar to Chen et al. [110]. However, they mainly focused on 

reducing the parasitic loss through avoiding pumping loss induced by the deionized 

water. Further, they achieved a better control of RH and temperature of the outlet gas 

using a closed loop control strategy. 

 

In order to consider the effect of channel dimensions and gas flow rates, Park et al. 

[112] developed a one−dimensional model which is easy to be applied in practice. 

However, it is so simplified that many factors are ignored. Such as the heat and mass 

distribution along the flow channel. Thus it is hard to investigate the influence of 
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different flow arrangements, like parallel flow and counter flow. 

 

In order to solve this problem, Kang et al. [113] built a quasi-two dimensional model 

which not only considers the heat and mass transfer through the membrane in radial 

direction but also considers the transfer along the channel in the axial direction. This 

method is also called 1D+1D model which was first adopted in the modeling of 

PEMFC [79,114]. The humidifier is discretized in the cross-sectional direction with 

three control volumes, including the shell, then membrane and the tube. In addition, 

the humidifier is separated into ten sections along the axial direction, as shown in Fig. 

30. Various geometric parameters and operating parameters are studied based on both 

parallel flow and counter flow. Counter flow configuration shows better performance 

than the parallel flow, which is a similar result with the gas-to-gas humidifier. 

 

Park et al. [115] went one step further on the humidifier modeling. Their model 

incorporates the previous model [113] with a one-dimensional dynamic vapor 

diffusion model through the membrane in which the membrane is separated into 

several zones, as shown in Fig. 31. This model can help to understand the response of 

the humidifier in transient operating conditions, as they described. 

 

Based on the proposed modeling and experimental methods, performance of the 

liquid-to-gas humidifier is investigated under different operating conditions. The 

influence of the different operating parameters is summarized in Table 5. It should be 
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noticed that, because the water is in liquid phase and is supplied by additional water 

source, thus the “water recovery ratio” mentioned in 3.4.1 is not applicable to be the 

evaluation criterion here. 

 

3.4.4. Summary 

In summary, the membrane humidifier has no moving parts compared with the 

enthalpy wheel humidifier, thus it saves energy which is attractive for automotive 

applications [101,116]. In addition, it also has the advantage of being easy to scale-up 

to suit the requirements of applications with different power demand. However, the 

exact control on the humidification level is limited [77]. In addition, for liquid-to-gas 

membrane humidifier, the membrane may be blocked by the impurities from liquid 

water for long-term operation [83].  

 

3.5. Exhaust gas recirculation method 

In order to reduce the complexity and cost, the concept of exhaust gas recirculation is 

applied to PEMFCs [117–122]. It is similar to the concept of enthalpy wheel and 

membrane humidifier which recirculate the exhaust gas to humidify the inlet gas. The 

difference is that, in the enthalpy wheel and membrane humidifier, inlet gas only 

absorbs moist and heat from the exhaust gas, however, in the recirculation system, the 

exhaust gas is mixed directly with the inlet gas together reducing the complexity of 

the system. Kim et al. [117] adopted cathode recirculation method to humidify the 

inlet air as shown in Fig. 32. The fuel cell performance is only slightly less than the 
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fuel cell with external membrane humidifier. However, the water vapor condensation 

problem needs to be resolved to avoid water flooding. Yang et al. [118] built a “ladder 

design” PEMFC stack which supplies reactant gases in series through three single fuel 

cells. Exhaust gas is circulated to humidify the inlet gas. The fuel cell can work stably 

but the performance needs to be improved further. Also, their “ladder design” is not 

compact which is undesirable for its application. Wan et al. [119] condensed the outlet 

gas and recycled the condensed water to humidify the inlet gas. Their analysis shows 

that the amount of recovered water is sufficient for the inlet air humidification. 

However, it is not shown how to add the recovered water into the inlet gas sufficiently. 

In other words, the cost, power and water loss in the humidification process are not 

considered. Besides, patents [120,121] proposed some new recirculation methods for 

humidification such as adding a pressure regulator to manage the flow and pressure 

[120] and adopting a multiple-pass oxidant gas flow field to use the exhaust gas 

effectively [121]. Recently, Jiang et al. [122] conducted an experiment which 

recirculates the exhaust gas on both anode and cathode side. Two goals are achieved 

through their dual recirculation design. On one hand, the membrane can be hydrated 

without external humidifier. This helps to reduce the system complexity and improve 

the fast-start-up capability especially in sub-zero environment. On the other hand, fuel 

cell durability is also improved. However, the recirculation pump needs to consume 

energy which decreases the overall system efficiency. 

 

3.6. Summary  
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The external humidification methods are reviewed in this section. In comparison with 

internal humidification methods, external humidification has a better humidification 

performance. The gas bubbling humidifier method and direct water injection method 

can be used for stationary applications because they are easy to control and have good 

humidification performance. However, they are not suitable for automobile 

applications because of the large size involved. The liquid needs to be heated which 

decreases the system efficiency. In addition, they may limit the fast-start-up at low 

temperature environment because it needs to take long time to heat the water in the 

humidifier [122]. The enthalpy wheel humidifier and the membrane humidifier can 

help to simplify the system and improve the overall efficiency. They are suitable for 

the automobile applications. The exhaust gas recirculation method simplifies the 

system further, however, the pumping loss reduces the efficiency along with other 

issues, such as water condensation, that needs to be resolved. 

 

4. Humidification for alkaline anion exchange membrane fuel cells 

The water management problem for AEMFCs is similar to the PEMFCs. However, 

differences still remain leading to different water management strategies. Fig. 33 

describes the principle of AEMFC operation. On the cathode side, water is consumed 

through two ways: electro-osmotic drag and electrochemical reaction. The back 

diffusion is not sufficient to humidify the cathode side membrane [123]. Thus the 

cathode needs significant amount of water to meet the consumption demand.  
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Recently studies show that, adding liquid water to the cathode inlet helps to improve 

the fuel cell performance [124–126]. Fig. 34 shows the simulation results conducted 

by Jiao et al. [124]. It indicates that proper amount of liquid water can improve the 

fuel cell performance further comparing to the cases in which the inlet gas is only 

humidified with water vapor. Results of the analytical models built by Jiao et al. [125] 

and Huo et al. [126] agree well with the above conclusion.  

 

According to the above study, the direct water injection method may be more 

favorable for AEMFC humidification. However, the amount of water injected in the 

cathode inlet gas flow still needs to be controlled precisely to avoid water flooding. 

 

5. Conclusions and directions for the future research 

Water management is a critical issue for polymer electrolyte membrane fuel cells. 

Normally, the membrane needs to be hydrated to maintain the conductivity and 

durability. However, too much water may flood the porous electrode structure and 

block the gas transfer path which is detrimental to the fuel cell performance. 

Therefore, it is necessary to achieve a water-balance state in the fuel cell. Internal and 

external methods are used for the humidification of the membrane.  

 

Internal humidification includes physical methods and chemical methods. The 

physical methods modify the fuel cell physical structure or optimize the operating 

conditions to achieve self-humidification. They need no additional equipment and 
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have no parasitic loss. Thus it is very attractive for compact applications like portable 

devices and automobiles. However, proper water management can only be achieved 

under restricted operating conditions. Also, these methods may also insufficient to 

meet the humidification demand for high power devices. The chemical methods 

normally change the composition of membrane or electrode such as adding water 

retention materials to the membrane electrode assembly to retain the produced water. 

There is no need to change the fuel cell structure and relatively good performance can 

be achieved, which makes it applicable for portable or low power applications. 

However, the durability and stability still need to be confirmed.  

 

External humidification includes gas bubbling humidifier method, direct water 

injection method, enthalpy wheel humidifier method, membrane humidifier method 

and exhaust gas recirculation method. The gas bubbling humidifier method and direct 

water injection method are commonly used at present because of the advantages such 

as high humidification performance and easiness of control. They are relatively 

suitable for stationary applications. However, the additional devices increase the 

volume and weight of the system, which is not favorable for compact applications 

such as automobile. The enthalpy wheel humidifier method makes use of the exhaust 

gas and helps to improve the overall efficiency, while the gas leakage still remain a 

challenge and the rotation of the enthalpy wheel induces parasitic loss. Membrane 

humidifier method is quite attractive due to the simple structure, light weight and 

good performance which are preferable for automotive applications. However, it 
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should be noticed that the humidification performance is highly dependent on 

operating parameters such as flow rate, temperature and pressure, which should be 

considered comprehensively for practical applications. The exhaust gas recirculation 

method simplifies the system but the pumping loss is a drawback. 

 

The humidification of alkaline anion exchange membrane fuel cells is also touched 

upon in this article briefly. The alkaline anion exchange membrane fuel cells need 

more water supply in comparison with polymer electrolyte membrane fuel cells 

because of the large water consumption at the cathode. Thus the direct water injection 

method may be advantageous, while it still need to be investigated comprehensively. 

 

All of the above humidification methods have their own advantages and 

disadvantages. Proper humidification methods should be chosen according to the 

specific situations in consideration of complexity, weight, volume, and performance, 

etc. Then the influence of the operating conditions should also be considered to 

achieve an efficient control. For automobile applications, the smart humidification 

method is self-humidification with no additional devices because of the limited space. 

However, further investigation is still needed to achieve stable self-humidification 

under practical operating conditions. 
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Fig. 1. Schematic of a proton exchange membrane fuel cell (PEMFC). 

 



 

 

Fig. 2. (a) Flow field with two flow channels of different flow directions designed by 

Qi and Kaufman [11]; (b) Schematic of parallel serpentine-baffle flow field [12]. 

 



 

 

Fig. 3. Schematic of the fuel cell structure with two sponge wicks at the cathode [13]. 

 



 

 

Fig. 4. Comparison of (a) the conventional membrane electrode assembly (MEA) and 

(b) the self-humidification MEA [15]. 

 



 

 

Fig. 5. Dependence of cathode exhaust gas relative humidity on the inlet air 

stoichiometry ratio with dry inlet reactant gases on both sides [20]. 

 



 

 

Fig. 6. Concept of self-humidification adopted by Toyota [25]. 

 



 

 

Fig. 7. Schematic of internal humidification by adding catalyst and hygroscopic 

material to the membrane. 

 



 

 

Fig. 8. Different concept of Pt distribution in the membrane [33]. 

 



 

 

Fig. 9. The response of the membrane coating layer at both high and low humidity 

[51]. 

 



 

 

Fig. 10. Microscopy images of the condensed water at gas diffusion layer (GDL) 

surfaces. The properties of the two GDL samples are: (a) mean pore diameter 35 mm , 

PTFE loading 0%, contact angle 80°; (b) mean pore diameter 25 mm , PTFE loading 

5%, contact angle 130° [64]. 

 



 

 

Fig. 11. Schematic of a fuel cell with “bipolar membrane” (BPM). The water 

production and transport mechanism are given [69]. 

 



 

 

Fig. 12. Schematic of a gas bubbling humidifier. 

 



 

 

Fig. 13. Humidity measurement system used in [71]. 

 



 

 

Fig. 14. Schematic of the liquid water injection method. 

 



 

 

Fig. 15. Schematic of the nozzle spray humidifier. 

 



 

 

Fig. 16. Atomizer and air providing tube at the inlet of fuel cell cathode [85]. 

 



 

 

Fig. 17. Evaporative heat rejection rate caused by the liquid water cooling effect at 

different water injection flow rates with operating temperature of (a) 60 °C and (b) 

70 °C [85]. 

 



 

 

Fig. 18. Schematic of an air humidifier used for a 5 kW PEMFC stack [82]. 

 



 

 

Fig. 19. Schematic of an enthalpy wheel humidifier. The hygroscopic core shown in 

the figure is obtained from [89]. 

 



 

 

Fig. 20. Effect of mass flow rate on the performance of membrane humidifier and 

enthalpy wheel humidifier [90]. 

 



 

 

Fig. 21. PEMFC system scheme of a conventional configuration (a) and a new 

configuration based on enthalpy wheel humidifier (b) to reduce the pressure 

difference between the two flows [88]. 

 



 

 

Fig. 22. Schematic of gas-to-gas membrane humidifier. 

 



 

 

Fig. 23. Water vapor concentration distribution in the humidifier with (a) counter flow 

configuration and (b) parallel flow configuration [100]. 

 



 

 

Fig. 24. Molar concentration of water vapor along the flow channel for counter flow 

configuration and parallel flow configuration [100]. 

 



 

 

Fig. 25. Schematic of the cross flow humidifier used in [94]. 

 



 

 

Fig. 26. Distribution of dew point sensor along the humidifier channel [93]. 

 



 

 

Fig. 27. Molar concentration of water vapor along the flow channel in conventional 

membrane humidifier and humidifier with metal foam [108]. 

 



 

 

Fig. 28. Schematic of liquid-to-gas membrane humidifier. 



 

 

Fig. 29. Control volumes that used for a thermodynamic model [110]. 



 

 

Fig. 30. Control volumes along the flow channel of the 1D+1D liquid-to-gas 

membrane humidifier model [113]. 



 

 

Fig. 31. Control volumes along the flow channel and the membrane as described in 

[115]. 



 

 

Fig. 32. Gas recirculation system being adopted in [117]. 



 

 

Fig. 33. Schematic of alkaline anion exchange membrane fuel cells (AEMFCs). 



 

 

Fig. 34. Polarization curves of an AEMFC with different cathode inlet relative 

humidity and different amount of liquid water (volume fraction) [124]. 

 



 

Table 1 Different additives in membrane and the corresponding advantages. 

Additives Advantages Publication year and 
references 

Pt N/A 1998 [26], 2002 [30], 
2003 [29], 2005 [33] 

Pt/C N/A 2003 [31], 2005 [32] 
Pt/TiO2 Water retention 1996 [26], 1998 [27] 
Pt/SiO2 Water retention 1996 [26], 2006 [34], 

2007 [35] 
Pt/sulfated zirconia High conductivity 2007 [36] 
Pt/zeolite Hydrophilic property 2007 [37] 
Cs2.5H0.5PWO40/SiO2 Low cost; high  

conductivity 
2007 [38] 

Pt/CNTs High membrane 
mechanical strength 

2007 [39] 

SiO2/sulfated zirconia High conductivity 2008 [40] 
Pt/PDDA Simple and easy to 

process 
2009 [41] 

Pt/Cs2.5H0.5PWO40 High conductivity 2011 [42] 
P2O5–SiO2, [EMIMBF4] Thermal stability; 

excellent processing 
versatility 

2011 [43] 

PWA/graphene Improvement of water 
retention and proton 
conductivity 

2014 [44] 

Pt–graphene/SiO2 Large surface area; high 
mechanical strength; high 
conductivity. 

2015 [45] 

 



 

Table 2 Different additives in CL and the corresponding advantages. 

Supporters Advantages Publication year and 
references 

SiO2 Water retention 2007 [37], 2007 [53], 
2008 [52],  

Citric acid modified 
carbon black 

Simple and effective 2010 [54] 

SiO2/C High durability 2010 [49], 2015 [55], 
2015 [56] 

Sulfonated carbon 
nanofiber 

Good compatibility with 
Nafion; high ion-exchange 
capacity etc. 

2011 [57] 

polyvinyl alcohol (PVA) Good stability; high 
performance 

2012 [58] 

Silica aerogel High water uptake and 
proton conductivity 

2012 [59] 

SiO2- RuO2 High performance; high 
durability 

2012 [48] 

Microcrystalline cellulose High performance at low 
relative humidity; good 
stability 

2014 [60] 

HZrO2 High surface area and 
water uptake 

2017 [61] 

Pt-C/Pt-TiO2 dual catalyst Good water production and 
retention ability 

2017 [62] 

 



 

Table 3 Design and operating parameters and their influence on the performance of 
gas-to-gas membrane humidifier. 
Parameters Water 

recovery ratio 
Water 
transfer rate 

Dry side 
outlet RH 

Dry side outlet dew 
point 

Dry side inlet flow 
rate 

+ + − − 

Dry side inlet 
temperature 

+ Negligible − + 

Dry side inlet 
pressure 

− − + Negligible 

Wet side flow rate − + + + 
Wet side inlet 
pressure 

+ + + Negligible 

Wet side inlet 
temperature 

N/A − − N/A 

References [93–95,107] [94,95,101] [94,95,100] [93–95,100–102,108] 
“+” means positive correlation; “-” means negative correlation; “Negligible” means 
the relationship can be neglected; “N/A” means not available. 



 

Table 4 Comparison between the conventional membrane humidifier and the 
humidifier with metal foam [108]. 
Parameters Water molar 

concentration at 
dry side outlet 

Temperature at dry 
side outlet 

Dew point at dry 
side outlet 

Unit mol m-3 K K 
Conventional 
humidifier 

8.41 345.81 337.62 

Humidifier that 
containing porous 
metal foam on 
both sides 

8.97 347.5 339.12 

 



 

Table 5 Operating parameters and their influence on the performance of liquid-to-gas 
membrane humidifier. 
Parameters Water transfer rate Dry side outlet 

RH 
Dry side outlet 
dew point 

Dry side inlet flow rate + − − 
Dry side inlet 
temperature 

+ − + 

Dry side inlet pressure − − − 
Water flow rate + Negligible N/A 
Water channel pressure Negligible N/A N/A 
Inlet water temperature + + + 
References [110,113,115] [115,116] [113,115] 
“+” means positive correlation; “−” means negative correlation; “Negligible” means 
the relationship can be neglected; “N/A” means not available. 
 



Highlights 

Reviewed methods for the humidification of polymer electrolyte membrane fuel cells. 

Categorized into internal and external humidification methods. 

Presented advantage and drawback of each humidification method. 

Summarized suitable applications for each humidification method. 
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