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Abstract 

Study on the water removal method in catalyst 

layer and gas diffusion layer in polymer 

electrolyte membrane fuel cell 

 

Sung Il Kim 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

The water removal method in gas diffusion layer (GDL) and catalyst 

layer (CL) is one of the most important topics to improve the performance of 

fuel cell. In general, it is easier to remove the produced water inside fuel cell 

at high temperatures due to the high saturation pressure of vapor. However, 

the water removal can be difficult when the operating temperature is low, 

because of the low water viscosity and phase change of water. Moreover, it is 

also difficult to remove the water in micro porous materials such as gas 

diffusion layer and catalyst layer. The effective water removal in GDL and CL 

is directly related with not only the performance but also the life time of fuel 
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cell. Therefore, novel concepts and ideas are suggested and it is investigated 

that the methods are suitable for applying on fuel cell in order to remove the 

produced water. Water removal method is investigated in three different 

environments in this study; flooding, purge and cold start. First of all, 

hydrogen addition method is introduced to remove the water in GDL in 

flooding conditions of low temperature. In order to remove the residual water 

in porous material, some kinds of forces are required to push the liquid water, 

and the vapor expansion force is used to remove the liquid water in GDL. The 

effect of the hydrogen addition method on the mitigation of flooding in the 

cathode GDL is investigated by experiments. The performance of the 

hydrogen addition method is measured by comparing the fuel cell voltage 

before and after the hydrogen addition into the fuel cell operated in the 

flooding condition. The experimental results indicated that the hydrogen 

addition method is very useful for removing liquid water in the cathode GDL, 

especially the water near the catalyst. Therefore, this method can be 

effectively applied to a PEM fuel cell system operating in the initial stage of 

start up before it reaches its steady operating temperature because the water 

removal in GDL is difficult at low temperatures. Furthermore, the method can 

be expected to apply on the commercial system by considering the 

degradation experiment. Secondly, the effect of the hydrogen addition purge 
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method on water removal in the cathode is investigated by experiments. The 

hydrogen addition purge method is first introduced to remove the residual 

water in the cathode, and the verification of the method is conducted through 

experiments such as measuring the impedance, dew point temperature, weight 

of GDL and MEA after purge. In addition, cold start experiments are 

conducted to confirm the size of inner space in the catalyst layer after purge 

process and the ice on GDL after purge process is observed. The hydrogen 

addition purge method is expected to have a significant effect on the cold start 

at below-zero temperatures by effectively removing the residual water inside 

the fuel cell. Finally, the concept of reaction pulse method is introduced firstly 

in this study. In order to remove the produce vapor effectively, the 

concentration of the vapor near the catalyst layer is varied by changing the 

current density of fuel cell. Before conducting the experiments, numerical 

analysis is performed. By considering the concentration difference of vapor in 

catalyst layer, the total amount of vapor diffusing from the generation point is 

calculated. From the results of numerical analysis, it is found that the 

periodical generation of vapor is more beneficial for diffusing than the 

constant generation. Experiments are also performed to identify the effect of 

pulse reaction method during cold start at different temperature and current 

density. The effect of reaction pulse method is investigated by changing the 
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amplitude and period of the pulse, and it is found that large amplitude and 

short period is advantageous for cold start by increasing the diffusion rate of 

produced vapor. The method is effective for removing vapor in catalyst layer 

and the method will be expected to increase the possibility of successful cold 

start at below zero temperature. 
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Chapter 1. Introduction 

 

1.1 Background of the study 

The world’s demand for energy is increasing, each countries are trying to 

find the alternative energy sources, and there are many predicts that the global 

oil production will peak in near future. Furthermore, various alternative 

energy sources are examined, as the fossil fuel lead to serious environmental 

problems. In this situation, interest in renewable energy sources increased, a 

lot of possible energy sources are presented such as solar, wind, geothermal 

energy, and fuel cell. Among them, fuel cell is most promising energy sources 

in many field because of low noise, eco-friendly product of water after 

reaction, irrelevance of weather condition, and high efficiency. There are a lot 

of types of fuel cell, such as PEMFC, SOFC, DMFC, MCFC, PAFC, and AFC. 

Especially, polymer electrolyte membrane fuel cell (PEMFC) has many 

advantaged for auto motive fields such as high energy density, fast response.  

A PEMFC is an energy converting device from chemical energy to 

electrical energy through an electro-chemical reaction with hydrogen and 

oxygen. There are a lot of components in the fuel cell, end plate, gas flow 

channel, gas diffusion layer (GDL), micro porous layer (MPL), catalyst layer 
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(CL), polymer electrolyte membrane (PEM), electrode and so on. The electro 

chemical reactions occur in each electrode. Although the details of the electro-

chemical reaction are very complex, basic reactions are hydrogen oxidation 

and oxygen reduction. The hydrogen ionized at the anode, and divided proton 

and electron. The oxygen reacts with the proton and electron, and then 

generates water.   

2H2 à 4H+ + 4e-      (1.1) 

O2 + 4H+ + 4e- à 2H2O    (1.2) 

2H2 + O2 à H2O     (1.3) 

From the above equations, it can be advantageous that the byproduct of 

the fuel cell reaction is the only water. However, the produced water can cause 

serious problem if it is not removed properly inside the fuel cell. The 

accumulated water inside fuel cell can block the reaction area of the catalyst 

layer. Moreover, the water change its phase in below-freezing temperatures 

from liquid to ice, then the formed ice in the catalyst layer also can block the 

reaction area. In these reasons, effective water removal inside fuel cell is one 

of the most important works to continue the fuel cell reaction. However, the 

suitable amount of water in fuel cell is also necessary to accelerate the 

reaction, so the water management in PEMFC can be difficult. Lots of 

researchers try to make optimal performance of fuel cell by applying creative 
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water management method, however there is no definite answer in water 

management fields.  

In this study, creative water removal method is presented during low 

temperature operating conditions and the effects are verified by conducting 

experiments. In addition, water removal method in shut down and in below-

zero temperatures are also suggested for improving the cold start performance. 
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1.2 Literature survey 

Water management of PEMFC is classical and basic topic in research 

area, a lot of studies in water management of PEMFC are conducted. 

Especially, water flooding phenomenon in GDL and CL is analyzed by 

modeling the fuel cell and performing experiments. In order to understand the 

flooding phenomenon in GDL and CL, researchers also try to find out the 

principle of water movement in porous media and membrane. Many studies 

were conducted to clarify the origin and reason of the water movement by 

considering the effect of two-phase using computer [1-4]. Um and Wang [1] 

performed computational work to study the effect of flow arrangement, 

membrane thickness and reaction gas humidity on fuel cell performance, and 

they found out that the amount of water inside fuel cell can be different 

according to the design of the components. Water transport in PEMFC is also 

verified by using two-phase and three-dimensional modeling [2, 4]. The study 

indicated that not only the hydrophobicity of GDL but also the operating 

temperature and membrane thickness also affects a liquid water removal rate. 

Lots of researchers [5, 6] confirmed the water transport in membrane by using 

multi-dimensional modeling. The research predicted that the amount of 

accumulated water at the cathode by considering electro-osmotic drag force. 
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Shimpalee et al. [6] asserted that the pressure drop inside fuel cell can be 

reduced with using the non-humidified reaction gas in cathode. Choi et al. [7] 

also studied the water transport in membrane and the effect of humidification 

on fuel cell performance, and demonstrated that the amount of transported 

water through the membrane is changed to the operating current density 

because of the variation of the net electro-osmotic drag coefficient. Janssen 

and Overvelde [8] also investigated the net or effective drag water coefficient 

by conducting experiments, and asserted that the water transport property can 

be different according to the humidification of reaction gas, membrane 

thickness and conditions of the gas channel such as stoichiometry, 

temperature and pressure. Spernjak et al. [9] performed two-phase water 

dynamic experiments, demonstrated that the coating properties, saturated level 

of the GDL can be correlated with water management. Water balance in fuel 

cell was investigated by measuring the net drag coefficient and modeling the 

water transport model for PEMFC [10, 11]. The water transport in GDL is 

also important to analyze the water balance in PEMFC, many studies were 

performed. Zhu et al. [12] conducted numerical simulation on the dynamic 

behavior of water droplet in micro channel, Bazylak et al. [13] also studied 

the effect of GDL compression on the liquid water transport behavior in the 

microstructure GDL. In order to observe the water transport in fuel cell, Zhan 
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et al. [14] introduced the transparent fuel cell, and analyze the water transport 

in the channels under different operating conditions.   

The water generation is not evitable phenomenon in PEMFC to generate 

electricity, however, problems which is related to the water can be occurred 

when the fuel cell is not operated in improper conditions. When the produced 

water is not removed properly, the water is condensed in the porous media 

such as catalyst layer and gas diffusion layer. In this result, fuel cell reactions 

can not occurred continuously, that is flooding problem. Many researchers 

[15-17] make clear the relation between the flooding and the performance of 

fuel cell. Baschuk and Li [15] presented a one-dimensional, steady stae 

mathematical model of PEMFC, and they insisted that the performance of the 

fuel cell is caused from decreasing the concentration of oxygen in catalyst 

layer in flooding condition. Najjari et al. [16] also investigated the effects of 

GDL flooding on the performance of PEMFC by using two-dimensional 

model, they found that the properties of GDL, such as thickness, porosity, can 

affect the flooding generation. Hakenjos et al. [18] performed flooding 

experiments under various operating conditions, they also presented the 

information of current density, temperature distribution and condensed water 

in flooding condition. Many scientists [19, 20] predicted the water distribution 

in the fuel cell under different operating conditions and asserted that 
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temperature, gas pressure and humidity of the reaction gas are important 

factors on the water transport in fuel cell. They said that the anode water 

condition also affect and is affected on the cathode water conditions through 

the operating current density. Multi-dimensional fuel cell modeling in 

flooding condition is conducted by researchers [21-23]. They considered GDL 

pore size distribution, water condensation to predict the flooding.  

In order to confirm the water condition inside fuel cell, a lot of 

researchers try to observe water in fuel cell by using many different methods. 

Many researchers [24-30] introduced the transparent fuel cell to visualize the 

liquid water in the gas flow channel. They usually observe the water droplets 

developing on the surface of the gas diffusion layer for changing the operating 

conditions such as the flow rate, humidity of the reaction gas and current 

density. The water movement inside fuel cell can be understood in various 

operating conditions by using transparent cell and the researchers said that 

water is vaporized at high temperature, high flow rate of reaction gas and low 

humidity condition. Sasabe et al. [31] visualize the liquid water in through-

plane and in-plane of PEMFC by soft X-ray radiography, and suggested that 

the wettability of the channel is important on the liquid water distribution in 

GDL under the cathode rib area. To understand the water distribution in fuel 

cell, neutron imaging technique is also introduced by many scientists [32-34]. 
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Minard et al. [35] and Bedet et al [36] used the nuclear magnetic resonance to 

observe the water transport in membrane and understanding the relation 

between water management and fuel cell performance. 

It is very important to remove the condensed water in flooding 

conditions, because it is directly related with the performance of the fuel cell. 

There are many studies about the water removal in fuel cell. Jiao et al. [37] 

and Park et al. [38] studied the water removal characteristics from the gas 

diffusion layer by reactant flow with experiments and computer simulation. 

They asserted that the condensed liquid water in gas diffusion layer can be 

removed by pressure gradient caused by the flow rate of reaction gas, and the 

water removal rates is affected by the design of GDL. There are many 

methods to diagnosis the flooding condition during fuel cell operation, Ma et 

al. [39] records the pressure differences between channel inlet and outlet, and 

observe the liquid water content in the channel through a transparent fuel cell. 

Buaud et al. [40] tried to find the minimum flow rates of reaction gas when 

the no flooding occurred, and said that flooding is essentially influenced by 

the flow rate of reaction gas by considering the amount of produced water, 

removed water, and contained water in membrane. Ito et al. [41] and Liu et al. 

[42] also used the differential pressure in cathode to estimate the water 

saturation in GDL. Ito et al. conducted experiments with two types of GDL, 
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paper-type and cloth-type, and insisted that cloth-type GDL has higher water 

drainage performance than paper-type GDL. Liu et al. shown the variation of 

the differential pressure according to the operating temperature, current 

density, and compared the pressure drop and the rate of flooding of the 

cathode. Many practical water removal methods were suggested in flooding 

conditions. Buie et al. [43] designed electro osmotic pumps for cathode water 

removal, and the method is considered to prevent cathode flooding from the 

test results. Li et al. [44] introduced a anti flooding catalyst material with 

dimethyl silicone oil, the results shown that it helps the water removal with 

increasing hydrophobicity of the cathode catalyst layer. Anderson et al. [45] 

used anode water removal method to remove the water in cathode GDL by 

using dry hydrogen in anode, and demonstrated that the cell voltage drop in 

flooding condition can be recovered with the method. Kim et al. [46] 

suggested the flooding mitigation method by adding hydrogen into the 

cathode reaction gas. The method is not only effective for the water removal 

in GDL but also adequate for applying automobile fields through the 

experiments. Metz et al. [47] studied the passive water removal by using 

capillary force, and performed experiments and computer simulation. Najjari 

et al. [48] considered the effects of gravity force on liquid water in GDL, and 

developed a transient model including the gravity force and capillary force. 
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The water removal is also important for cold start of PEMFC in below-

zero temperatures. Usually, in order to remove the residual water in fuel cell 

for cold start, purge process is conducted. The residual water in fuel cell 

diffuses to the gas flow channel during purge process. However, the normal 

purge method can not remove all liquid water in GDL and CL. In this reason, 

the effective water removal method in fuel cell is essential for the successful 

cold start. Many scientists studied the performance of cold start with various 

operating and initial conditions [49-52]. They researched the relation between 

the initial water contents of fuel cell and cold start performance, and 

concluded that the small water contents of fuel cell is advantageous for the 

cold start in below-zero temperature due to the large ice storage space in GDL 

and CL. Tajiri et al. [53] studied the performance of purge by considering the 

internal resistance of fuel cell and Shinha and Wang [54] conducted two phase 

modeling of gas purge to understand the basic mechanism of water removal. 

From the literature survey, there existed a lot of researches to remove the 

generated and condensed water inside fuel cell, however, there is no solution 

definitely. Therefore, a novel water removal method is introduced for the 

effective water removal inside fuel cell and verified the effectiveness of the 

method through the experiments in this study.   
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1.3 Objectives and scopes 

There are a lot of researches on not only the water removal method in the 

fuel cell but also the effect of the residual water on the performance of fuel 

cell. However, the water management is the one of the difficult work up to 

now because the water condition inside fuel cell is changed according to the 

operating conditions. Moreover, there is no definite method to remove the 

residual water effectively. Therefore, several novel methods are suggested to 

increase the performance of fuel cell by removing the residual water 

effectively in this study. The objectives of present study are (1) suggest novel 

water removal methods in GDL and CL (2) verify the methods by performing 

experiments and numerical analysis (3) validate the methods in application 

case. 

In chapter two, the experimental setup and experiment conditions are 

summarized. Preparations and single fuel cells, test station, and peripheral 

devices such as electronic equipments, sensors, and data acquisition 

equipment are shown. In addition, experimental conditions in purge, cold start 

and flooding condition are indicated in this chapter. 

In chapter three, the results of flooding mitigation at low temperature are 

shown and discussed. The artificial flooding conditions are made by 



12 

 

controlling the temperature of bubbler humidifier, reaction gas and single fuel 

cell. In that condition, the effect of hydrogen addition method is confirmed by 

performing experiments. Furthermore, the justification of the method is also 

considered by conducting the degradation experiment. 

In chapter four, the effective purge method is suggested for cold start at 

below zero temperature. By adding a small amount of hydrogen into the 

cathode purge gas, the residual water near the catalyst layer can be removed 

effectively. The effects are investigated by measuring impedance, dew point 

temperature and weight of GDL, MEA. Moreover, the superiority of the 

method is verified by performing cold start experiment and observing the ice 

of freezing GDL.  

In chapter five, the produced water vapor is removed by introducing the 

reaction pulse method. The effect of reaction pulse method is analyzed by 

performing numerical analysis. The analysis is focused on the concentration 

of substance at the generation point. In addition, the effect of the method on 

vapor removal in cold start is verified by conducting experiments with the 

method. 

Finally, the concluding remarks are given along with the brief 

summarization of results and discussions. 
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Chapter 2. Experimental apparatus and method 

 

2.1 Introduction 

In order to conduct experimental research on the water removal in fuel 

cell, it is necessary to prepare the measuring equipments and sensors 

according to the purpose of the experiments. Generally, the conventional fuel 

cell system is used to operate a fuel cell in normal operating condition, and 

some part of the fuel cell setup is modified for each experiment. The 

experiments of this study are consisted of three parts; flooding experiment, 

purge experiment, cold start experiment. Schematic diagram of the flooding 

experimental setup is shown in Fig. 2.1 and the purge and cold start 

experimental setup is shown in Fig. 2.2.  

 

2.2 Single fuel cell and peripheral devices 

In order to confirm the water removal inside fuel cell, a few fuel cells are 

used to serve the purpose of experiment in this study. Single cell with coolant 

channel, visualized single cell is used in flooding experiment and normal 

single cells are used in purge and cold start experiment. The single cell with 

coolant channel had fie serpentine flow fields and area of 25 cm2, and coolant 
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Fig. 2.1 Experimental setup for testing the mitigation of flooding in PEM 

fuel cell. 
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Fig. 2.2 Experimental setup for testing the hydrogen addition purge 

method in PEM fuel cell. 
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water was circulated through the single cell to maintain the cell temperature. 

The picture of the single cell with coolant channel is shown in Fig. 2.3. In 

order to supply the coolant into the single cell with constant temperature and 

flow rate, the coolant recirculation system is necessary, as shown in Fig. 2.4. 

The temperature of the coolant can be regulated with the heater in water tank, 

and the flow rate of the coolant also can be changed with the de-ionized water 

pump. Cooling of the coolant in the water tank is performed with cooling fan 

and radiator. The coolant is bypassed to the water filter in the system when the 

conductivity of the coolant is reached on setting value. The visualized single 

cell consisted of an end plate made with an epoxy glass for visualization of 

the cathode side, and a membrane electrode assembly (MEA) with active area 

of 25 cm2, as shown in Fig. 2.5. The visualized single cell which has the 

single serpentine channel on the cathode and the five serpentine channels on 

the anode used the gold coated penetrated channel to collect the electric 

energy. Normal single cells with reaction area of 25 cm2 and 9 cm2 are use in 

purge and cold start experiments, and the single cells are shown in Fig. 2.6. 

The single cell with reaction area of 25 cm2 has five serpentine channels and 

reaction area of 9 cm2 has one serpentine channel.  

A single fuel cell used in this experiments composed of the membrane 

electrode assembly (MEA), gas diffusion layers (GDLs), bipolar plates, 
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Fig. 2.3 Photographs of a single cell with coolant channel. 
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Fig. 2.4 Pictures of coolant recirculation system. 
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Fig. 2.5 Photographs of a single cell for visualizing the cathode gas flow 

channel. 
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Fig. 2.6 Photographs of single cell with reaction area of 9 cm2 and 25 cm2. 
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gaskets and end plates is used. In the case of reaction area of 25 cm2, a 

commercially-available perfluorinated sulfonic acid MEA (Gore M815) is 

used, and the composition of the Pt/C catalysts of the anode is 0.1 mg Pt/cm2 

and the cathode is 0.4 mg Pt/cm2. Nafion 211 is used in the case of reaction 

area of 9 cm2, and the Pt loadings of the anode and cathode is both 0.3 mg Pt 

cm-2. A GDL (35BC) with thickness of 276 ± 6 mm and gaskets with thickness 

of 325 ± 25 mm is used. Rubber type O-rings and Teflon® gaskets were used 

to prevent gas leakage. A torque wrench was used for fuel cell assembly, and a 

leak testing is performed after the fuel cell assembly process. 

 

2.3 Experimental apparatus 

The picture of the fuel cell station used in this experiment is shown in 

Fig. 2.7, and the experimental setup consists of a fuel cell, mass flow 

controllers and a humidification system with controls for temperature and 

relative humidity, a coolant circulation unit, an electric load, an impedance 

meter, and pressure and humidity sensors. The flow rate of the air is 

controlled by the mass flow controller (CMQ-V, Azbil, Japan), and the flow 

rate of the hydrogen is also regulated by the mass flow controller (EL-Flow, 

Bronkhorst, Netherlands). In the bubble type humidifier, the reactant gases are 
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Fig. 2.7 Photograph of experimental setup. 
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humidified by the heated water in the tank, and the humidity of reactant gases 

was controlled by the temperatures of the water tank and the gas supply line 

(UT 150, Yokogawa, Japan). Electronic load equipment (PLZ 164WA, 

Kikusui Electronics, Japan) was used to fix the delivered current to a desired 

value to obtain a maximum voltage ranging from 0 V to 150 V and a 

maximum current ranging from 0 A to 132 A. Impedance meter (KFM2150, 

Kikusui Electronics, Japan) can measure the impedance of the fuel cell by 

using current interrupt (CI) method and electrochemical impedance 

measurement (EIS) method. Several sensors are used to identify the state of 

the cell, such as pressure transducers, K-type thermocouples with uncertainty 

of ± 0.5oC, and dew point hygrometers. Two types of pressure transducers are 

used, one is absolute pressure transducer and the other is differential pressure 

transducer which measures the pressure differences between the inlet and 

outlet of the fuel cell with an uncertainty of ± 0.1%. The pressure transducers 

used in this experiment have been calibrated before installation by using a 

dead weight tester to confirm the accuracy. In order to measure the amount of 

water vapor in the outlet gases, dew point hygrometers were used after the 

evaporation of the all the liquid water in the outlet gases by the line heater. 

For data acquisition, multi-channel data acquisition equipment (DA-100, 

Yokogawa, Japan) is used to measure the voltage and current signal, and all 
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data from the electronic equipment and sensors were transmitted to a personal 

computer, as represented in Fig. 2.8. 

There are also auxiliary equipments to help the experiment, such as a low 

temp chamber, a digital microscope, an electronic scale and scanning electron 

microscope microscope. In order to confirm the effectiveness of water 

removal method in purge process, the cold start experiments are performed by 

using a low temperature chamber (Unique Daesung, FS-240SF, South Korea). 

Furthermore, to observe the ice formed in the GDL and micro porous layer 

(MPL) after purge process, a digital microscope (AM-413ZT, Dino-Lite, 

Taiwan), which can magnify by 50 to 200 times, is used. An electronic scale 

(Ohaus Corporation, Explorer Balances, USA) is also used to measure the 

weights of the GDL and membrane electrolyte assembly (MEA) before and 

after the purge process, and the minimum weighting value and repeatability of 

the scale is 0.1 mg. A field-emission scanning electron microscope (Carl Zeiss, 

SUPRA 55VP, Germany) is used for energy dispersive spectroscopy (EDS) 

analyses to obtain the distribution of elements on the cathode MEA surface. 

 

2.4 Experiment conditions 

The experiments performed in this study can be classified into three parts; 
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Fig. 2.8 Measurement system. 
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 (1) Flooding mitigation experiment (2) Purge experiment (3) Cold start 

experiment. The experimental conditions are indicated in Table 2.1, 2.2, 2.3, 

2.4 and 2.5, respectively. In flooding mitigation experiments, the flooding 

conditions are made artificially to verify the effectiveness of the water 

removal method. As indicated in Table 2.1, the flooding mitigation 

experiments are divided into two parts according to the types of single cell, 

single cell with coolant channel and visualized single cell. As shown in Table 

2.1, flooding conditions are simulated with the temperatures of the bubbler 

humidifier and fuel cell before applying the flooding mitigation method. 

Preliminary experiments are conducted with single cell with coolant channel 

and the water conditions in gas flow channel are visualized with visualized 

single cell, then the effect of water removal method is verified by applying the 

method in various flooding conditions. The operating conditions of purge 

experiment are indicated in Table 2.1 and the conditions of cold start after 

purge process are shown in Table 2.2. Cold start experiments are conducted to 

confirm the effect of the water removal method. Experimental conditions 

during cold start with reaction pulse are indicated in Table 2.2 and Table 2.3. 

In order to conduct cold start experiment successfully, the purge process is 

inevitable, so the purge conditions are indicated in Table 2.4. The operating 

temperatures and water removal method during cold start can be changed, and 



 

27 

 

the conditions are shown in Table 2.5.  
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Table 2.1 Experimental conditions of flooding mitigation experiment. 

Conditions  
Single cell with 

coolant channel 

Visualized single 

cell  

Experiments with 

flooding condition 

H
2
 addition duration  0.5 / 1 / 3 / 5 min.  1 min.  0.5 / 1 min. 

Additional H
2
 flow rate  10 / 30 / 50 mLpm  50 mLpm  

10 / 20 / 30 / 40 / 50 

mLpm 

Cell / Bubbler 

temperature  
25 / 30

o
C  55 / 60

o
C  30 / 20, 30, 40

o
C 

Reaction gas 

stoich.(H
2
/Air)  

1.2 / 1.5  1.2 / 2.0  1.5 / 2.0 

Operating current density  1.0 A/cm
2 

 0.8 A/cm
2 

 1.0 A/cm
2
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Table 2.2 Experimental conditions of gas purge experiment. 

Conditions  
Preconditioning & 

normal purge process 

Hydrogen addition purge 

process  

Flow rate of purge gas 

(Anode / Cathode)  
1 / 1 Lpm 1 / 1 Lpm  

Species of purge gas  Hydrogen / Air Hydrogen / Air 

Purge duration 
Resistance of 1 ohm  

& 2 min. 
2 min.  

Flow rate & hydrogen 

addition duration 
X 40 mLpm & 20 s  

Temperature of fuel cell  60oC 60oC 
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Table 2.3 Experimental conditions of cold start experiment after 

purge process.  

Conditions Value 

Cold start temperatures -6 / -10 / -20 / -30oC 

Flow rate of reactant gases 

(Anode / Cathode) 
1 / 1 Lpm 

Operating current density 0.05 / 0.1 A/cm2 

Dew point temperature of 

reactant gases 
-30oC 
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Table 2.4 Experimental conditions of purge process. (reaction pulse) 

Conditions Anode Cathode 

Species of purge gas Hydrogen Air 

Flow rate of purge gas 2 Lpm 5 Lpm 

Temperature of purge gas 30oC 

Temperature of fuel cell  60oC 

Dew point temperature of 

reactant gases 
-30oC 

 

Table 2.5 Experimental conditions of cold start. (reaction pulse) 

Conditions Value 

Cold start temperatures -10 / -15oC 

Flow rate of reactant gases 

(Anode / Cathode) 
1 / 2 Lpm 

Operating current density 0.05 / 0.1 A/cm2 

Dew point temperature of 

reactant gases 
-30oC 
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Chapter 3. Mitigation of flooding at low 

temperature in polymer electrolyte 

membrane fuel cell 

 

3.1 Introduction  

Water flooding in the gas diffusion layer (GDL) has become critical in 

the water management of the PEMFC. Many studies have investigated 

flooding mitigation methods for the high current density condition, as well as 

the behaviors of vapor and liquid water in the GDL to understand the water 

transport process in the GDL and to find methods of water removal, because 

the water management is directly related with the performance of fuel cell. 

The flooding also occurred at low temperature and it can be more difficult to 

remove the water in GDL due to the low viscosity of water at low temperature. 

Moreover, the removal of water in micro porous material, such as GDL, is 

difficult. Specifically, the problem can be critical at high current density. 

Therefore, in this research, by injecting a small amount of hydrogen into the 

reactant air in the cathode GDL, the resulting water vapor concentration and 

vapor expansion can be used to remove the liquid water in the cathode GDL. 

 



 

33 

 

3.2 Flooding conditions 

To verify the effectiveness of the water removal method used in this 

study, it is important to make the same GDL flooding condition before 

applying the method. The amount of water in the GDL is directly related with 

the amount of generated water from the fuel cell reaction and the exhausted 

water with the residual reaction gases through the outlet port of cathode. In 

order to make the flooding condition, the rates of water removal by 

evaporation and convection are minimized. The temperature of fuel cell is 

maintained below the dew point temperature of reactant gases. The dew point 

temperature of the reactant gases are maintained at 30oC by controlling the 

water temperature of the bubble type humidifier. On the other hand, the 

temperature of the fuel cell is also maintained at 25oC by controlling the 

coolant temperature. The amount of produced water is directly related with 

the current density of fuel cell, so flooding becomes severe at higher current 

densities. In order to maximize the generated water in fuel cell, experiments 

are performed at a current density of 1.0 A/cm2. The stoichiometries of the 

reactant gases significantly affect the water movement in the GDL, as the 

flow rate of the reactant gases is larger, the amount of water vapor in the 

exhausted gases is also larger. In this reason, the experiments are conducted at 

fixed hydrogen and air stoichiometries of 1.2 and 1.5, respectively. When the 
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fuel cell operates in the flooding condition described above, liquid water 

accumulates in the GDL. This accumulation makes flooding of fuel cell, then 

the cell voltage is decreased, as shown in Fig. 3.1. This is because the 

condensed water hinders the transport of oxygen by blocking the pores in the 

GDL. The water removal experiments are performed with a single cell with 

coolant channel and visualized cell, and the operating conditions of the 

visualized cell and single cell are indicated in Table 2.1. All conditions in the 

anode are fixed during the experiments in order to observe the flooding 

mitigation in the cathode GDL. 

 

3.3 Hydrogen addition method 

Hydrogen addition method uses hydrogen to mitigate the flooding, in this 

reason this method is connected with the fuel consumption closely. The 

hydrogen used in this system can be obtained from the hydrogen recirculation 

system. In order to enhance the efficiency of an automotive fuel cell, a 

hydrogen recirculation system is generally used in the fuel process system 

with an ejector or blower. Due to the water back diffusion and nitrogen 

crossover from the cathode to anode through the membrane, the water and 

nitrogen are accumulated in the hydrogen recirculation system. Anode purge 
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Fig. 3.1 Voltage variation of a single cell operated in flooding conditions. 
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process should be conducted periodically to remove the accumulated water 

and nitrogen. However, the residual hydrogen in the recirculation system is 

also wasted during the purge process. Therefore, the mitigation of cathode 

flooding by using the wasted hydrogen is a great way to increase fuel 

efficiency. The water accumulated in the hydrogen recirculation system 

should be trapped and eliminated before using the hydrogen. In the hydrogen 

addition method, a small amount of hydrogen is directly injected into the 

cathode reactant gas to mitigate cathode flooding. The hydrogen reacts with 

the oxygen in air at the cathode catalyst layer, and reaction heat is generated 

with the help of a catalyst. When hydrogen one mole reacts with oxygen, the 

amount of generated reaction heat is greater than that of the evaporative latent 

heat of one mole water. Thus, it is expected that this amount of reaction heat 

will be enough to evaporate not only the water produced from the additional 

hydrogen oxygen reaction in the cathode but also some of the condensed 

water near the catalyst layer from the fuel cell reaction. Driven by a 

concentration gradient, the water vapor on the cathode catalyst layer can 

diffuse through the cathode GDL to the cathode gas flow channel. Moreover, 

a volume of water vapor is much larger than that of liquid water, so the 

volume expansion of the liquid water near the catalyst layer can move the 

condensed water from the catalyst layer to the cathode gas flow channel 
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through the porous GDL.  

 

3.4 Experiments 

To identify the removal of the water in the cathode GDL, important 

factors, such as the cell voltage and the dew point temperature of the cell 

outlet gases, are measured, and a visualized cell is also used in the experiment. 

The water removal in the GDL can be mainly verified by the cell voltage 

increments, because the liquid water in the GDL can block the surface of the 

catalyst or the path of the reactant gases and because it is directly related to 

the amount of concentration overvoltage. Measuring the dew point 

temperature of the cathode outlet gases of the fuel cell is another way to 

confirm water removal. In order to measure the dew point temperature of the 

outlet gases accurately, all liquid water in the outlet gases should be 

evaporated. Upon completion of the evaporation by the line heater, the dew 

point temperature is measured by a dew point hygrometer. The removed water 

droplets formed in the gas flow channel also can be identified by using a 

visualized cell. The amount of additional hydrogen in the cathode is 

controlled by using a mass flow controller, and backflow is prevented by a 

check valve. The cell voltage decreases when hydrogen is added into the 
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cathode reactant gases during the operation of the fuel cell. Although only a 

small amount of oxygen reacts with the added hydrogen, the vapor near the 

cathode catalyst layer impedes the oxygen transport to the reaction sites, 

thereby significantly decreasing cell performance, as illustrated in Fig. 3.2. 

After the supply of additional hydrogen into the cathode reactant gas is 

stopped, the vapor generation rate decreases, quickly restoring the cell voltage. 

The amount of voltage increment and the time to the return of flooding are 

important in Fig. 3.2, because these two values are directly related to the total 

amount of the removed water from the cathode GDL. The voltage increment 

is the difference in the cell voltage before and after the hydrogen addition, 

caused by the removal of water in the cathode GDL. However, the cell voltage 

decreases again gradually during the operation of the fuel cell because of the 

accumulation of liquid water in the pores of the cathode GDL. The time 

required to reach the same voltage that it was before the hydrogen addition is 

the time that elapsed as the GDL returned to flooding. The voltage increment 

and the time to the return of flooding were important criteria for analyzing the 

extent of flooding mitigation in this research. 

 

3.4.1 Preliminary experiments 
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Fig. 3.2 General cell voltage property when hydrogen is added into the 

reaction gas of cathode in flooding condition. 
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Before verifying the effect of the hydrogen addition on water removal in 

GDL, preliminary experiments are conducted to find out the effect on rising 

temperature of fuel cell and vapor concentration near the catalyst layer in no 

flooding condition, and the results are shown in Fig. 3.3 and Fig. 3.4. In the 

experimental result of Fig. 3.3, both single cells are operated at current 

density of 1.0 A/cm2, and one is operated with hydrogen addition of 20 mLpm, 

the other is operated without hydrogen addition. The electrochemical fuel cell 

reaction is accompanied with reaction heat, and the heat increases the 

temperature of fuel cell. When hydrogen of 20 mLpm added into the cathode 

reaction gas, the slope of temperature rising of fuel cell is two times larger 

than the value without hydrogen addition. The hydrogen addition into the 

cathode reactant gas is effective for increasing temperature of fuel cell due to 

the hydrogen-oxygen catalytic reaction heat at the cathode catalyst layer. The 

reaction heat not only increases the cell temperature but also evaporates the 

some portion of the liquid water into the vapor, and the effect can be 

identified with the result in Fig. 3.4. The cell voltage without hydrogen 

addition is measured, and the cell voltage is also measured with hydrogen 

addition of 20 mLpm. The cell voltage is also detected after increasing the 

amount of additional hydrogen. It is expected that the cell voltage decreases 

as the amount of additional hydrogen is increased due to the consumption of 
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Fig. 3.3 Cell temperature variation with and without hydrogen addition. 

(current density = 1.0 A/cm2, hydrogen addition = 20 mLpm) 
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Fig. 3.4 Cell voltage according to the amount of additional hydrogen. 
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(a) Fuel cell reaction (current density of 0.6 A/cm2) 

 

(b) Fuel cell reaction with catalytic reaction 

 (current density of 0.6 A/cm2 and additional hydrogen of 40 mLpm) 

Fig. 3.5 Temperature distribution in gas flow channel during hydrogen 

addition. 
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Fig. 3.6 Temperature distribution in gas flow channel with and without 

hydrogen addition. 

Time (s)

C
e
ll

te
m

p
e
ra

tu
re

(o
C

)

0 100 200 300 400
30

35

40

45

50

55

60
Average temperature (0.6 A/cm

2
)

Average temperature (0.6 A/cm
2

+ 40 mLpm of H2)



 

45 

 

the oxygen in reactant gases of the cathode. However, the size of voltage 

decrement after the hydrogen addition is much larger than the calculated 

voltage decrement considering the consumed oxygen. It means that the reason 

of the voltage decrement is not from the oxygen shortage, but from the 

insufficient oxygen concentration due to the high concentration of water vapor 

near the catalyst layer. The effect of cell temperature increment is also verified 

by using the infrared camera (Thermocam p25, FLIR, Sweden) and 

transparent cell. The cathode gas flow channel can be visualized with epoxy 

glass. Although the camera measures the surface temperature of the epoxy 

glass, the temperature of the gas flow channel can be inferred from the 

measured temperature. The images of gas flow channel with and without 

hydrogen addition purge are shown in Fig. 3.5, and the temperature of the 

representative tetragonal region is indicated in Fig. 3.6. The images in Fig. 

3.5(a) are obtained during fuel cell reaction in current density of 0.6 A/cm2. 

During obtaining the images in Fig. 3.5(b), the fuel cell reaction and hydrogen 

oxygen catalytic reaction occurred in the same time. From the images in Fig. 

3.5, it is known that the temperature of cathode gas flow channel is increased 

due to the hydrogen oxygen catalytic reaction. In addition, the result of the 

temperature in the representative tetragonal region also showed the same 

tendency. From this experiment, it is known that the hydrogen-oxygen 
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catalytic reaction heat evaporates the residual liquid water and increases the 

concentration of vapor near the catalyst layer. 

In order to confirm the amount of reacted hydrogen from the added 

hydrogen, the amount of hydrogen in the outlet of cathode is measured by 

using mass spectrometry. The amount of hydrogen is regulated by using mass 

flow controller. The experimental result is indicated in Table 3.1. The 

hydrogen of 20 mLpm added into the cathode reaction gases of 500 mLpm in 

normal operating condition, and the partial pressure of each gas is measured 

in outlet gases of cathode; Hydrogen: 1.38x10-7 Torr, Nitrogen: 3.99x10-6 Torr, 

Oxygen: 1.41x10-6 Torr. The calculated flow rate of hydrogen in outlet gases 

is about 12.5 mLpm, in other words over a half of the added hydrogen is 

wasted through the outlet gases. In the case of flooding condition, the amount 

of wasted hydrogen will be increased because the liquid water in pore of GDL 

will block the approach of the hydrogen to the catalyst layer.
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Table 3.1 The amount of hydrogen between inlet and outlet of cathode using mass spectroscopy. 

 
Inlet Measured value Outlet (calculation) 

Hydrogen  20 mLpm H2: 1.38x10-7 Torr  12.5 mLpm 

Air 500 mLpm 

N2: 3.99x10-6 Torr 

O2: 1.41x10-6 Torr 
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3.4.2 Flooding mitigation experiment 

The generated heat from the hydrogen-oxygen catalytic reaction in the 

cathode not only evaporates the liquid water near the catalyst layer but also 

increases the temperature of the fuel cell. A fuel cell’s operation temperature 

is one of the most important factors determining the water saturation level in 

the GDL and catalyst layer. Water removal inside fuel cell at higher 

temperatures is easier because of the high saturation vapor pressure. The 

effect of cell temperature increment on flooding mitigation should be 

eliminated to observe the effect of vaporized water on the water removal from 

the GDL. A single cell with a coolant channel is employed to remove the 

generated catalytic reaction heat in this experiment. The coolant, flowing at 1 

Lpm, maintained the cell temperature at 25oC by eliminating the heat due to 

the hydrogen-oxygen catalytic reaction from the fuel cell. 

The experimental results shown in Fig. 3.7 demonstrate the effect of 

additional hydrogen on flooding mitigation according to the hydrogen 

addition duration and increasing hydrogen flow rate. The operating conditions 

were as mentioned above: cell temperature of 25oC, bubbler humidifier water 

temperature of 30oC, and current density of 1.0 A/cm2. Experiments were 
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(a) Hydrogen addition duration: 30 s 

 

Fig. 3.7 Voltage variation of a single cell in flooding conditions for 

various flow rates of additional hydrogen. 
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(b) Hydrogen addition duration: 1 min 

 

Fig. 3.7 Voltage variation of a single cell in flooding conditions for 

various flow rates of additional hydrogen.  
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(c) Hydrogen addition duration: 3 min 

 

Fig. 3.7 Voltage variation of a single cell in flooding conditions for 

various flow rates of additional hydrogen.  

Time (s)

C
e
ll

V
o
lt
a
g

e
(V

)

0 100 200 300 400 500 600 700 800
0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60
Flooding without hydrogen addition
With hydrogen addition (3 min, 10 mLpm)
With hydrogen addition (3 min, 30 mLpm)
With hydrogen addition (3 min, 50 mLpm)



 

52 

 

 

 

 

 

 

(d) Hydrogen addition duration: 5 min 

 

Fig. 3.7 Voltage variation of a single cell in flooding conditions for 

various flow rates of additional hydrogen.  
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carried out for four hydrogen addition durations of 30 s, 1 min, 3 min, and 5 

min and for three hydrogen flow rates of 10, 30, and 50 mLpm.  

Two major criteria identify the degree of flooding mitigation, namely the 

voltage increment and the time to return of flooding. Voltage increments are 

studied mostly in Fig. 3.7. As shown, as the flow rate of additional hydrogen 

increases, the cell voltage increases after the hydrogen addition is cut off. 

Moreover, the cell voltage also increases as the duration of hydrogen addition 

increases. Another interesting feature is the decrease in cell voltage during 

supply of hydrogen in the cathode, as shown in Fig. 3.7. The cell voltage 

decreases because the generated water vapor hinders the approach of the 

oxygen to the catalyst layer, even when this oxygen that is consumed in 

reaction with the injected hydrogen is too small to reduce the cell voltage 

drastically. Thus, the increased vapor concentration near the catalyst layer is 

considered the main cause of the rapid voltage decrease, indicating that the 

reaction heat generated from the catalytic hydrogen-oxygen reaction in the 

cathode evaporates the liquid water near the catalyst layer. However, this 

water vapor plays a crucial role in flooding mitigation, and the cell voltage 

increment after interruption of the hydrogen addition is an important factor in 

evaluating the effect of the additional hydrogen method. The amount of cell 

voltage increment is regarded as the amount of removed water in the cathode 
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GDL. Generally, as the flow rate of additional hydrogen increases, the total 

amount of removed water also increases, as shown in Fig. 3.7. This is because 

the water near the catalyst layer can change its phase from liquid water to 

vapor due to the reaction heat generated from the catalytic hydrogen-oxygen 

reaction. The experiments also provided notable results about the hydrogen 

addition duration. The voltage increment in Fig. 3.7(b) is larger than that of 

Fig. 3.7(a); this is because more water is removed from the cathode GDL due 

to the reaction heat during a longer period of reaction. However, the 

comparison of the results between Fig. 3.7(c) and Fig. 3.7(d) shows no great 

change in the voltage increment. Although the hydrogen addition duration 

increases, the amount of reacted hydrogen is almost unchanged due to the 

same flow rate of additional hydrogen. The vapor density near the catalyst 

layer is too large to interrupt the approach of the additional hydrogen when 

the flow rate of the additional hydrogen is over the threshold value. For this 

reason, the amount of removed water in the GDL reaches a limit if the 

hydrogen addition duration reaches a threshold value. Another interesting 

result is that the time to return of flooding is affected by the hydrogen addition 

duration. From the experimental results, the time to return of flooding is 

longer in the case of the longer hydrogen addition duration. The reaction heat 

from the catalytic hydrogen-oxygen reaction maintains the catalyst layer at a 
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higher temperature for long time, preventing flooding in the GDL. The data 

on voltage increment according to hydrogen addition duration are presented in 

Fig. 3.8. From Fig. 3.8, it is clear that the flow rate of additional hydrogen is a 

dominant factor for removing water in the cathode GDL. On the other hand, 

the hydrogen addition duration becomes a less important factor when the 

duration reaches a threshold value. As shown in Fig. 3.8, the voltage 

increments remain almost unchanged in the case of hydrogen addition 

duration of over 1 minute. This is because the amount of reacted hydrogen 

will be almost the same even when the hydrogen addition duration increases 

at a fixed additional hydrogen flow rate when the amount of the additional 

hydrogen is greater than a certain saturation value. However, the total amount 

of generated heat in the fuel cell is increased due to the increase of the 

hydrogen addition duration, and the generated heat can maintain the catalyst 

layer at a the high temperature for a while. Therefore, the time to return of 

flooding is affected by the hydrogen addition duration. The result of the time 

to return of flooding according to the hydrogen addition duration is indicated 

in Fig. 3.9. It is shown that the time to return of flooding increases with 

increasing hydrogen addition duration, although the slope of the increase 

during the time to return of flooding decreases with increasing hydrogen 

addition duration. The time to return of flooding is directly related to the time 
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Fig. 3.8 Voltage increment of a single cell for various hydrogen flow rates 

and hydrogen addition durations. (current density = 1.0 A/cm2) 
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Fig. 3.9 Time to return of flooding according to the hydrogen addition 

duration. (hydrogen flow rate = 30 mLpm) 
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it takes for the cathode GDL to fill with condensed water. Longer hydrogen 

addition duration maintains the catalyst at a higher temperature. However, the 

effect does not last long, so the rate of increase of the time to return of 

flooding decreases, as shown in Fig. 3.9. From the result in Fig. 3.8, the flow 

rate of additional hydrogen should be greater than a threshold value for water 

removal, and the hydrogen addition duration should be minimized to extract 

the optimal efficiency from the hydrogen fuel. From the results of the time to 

return of flooding in Fig. 3.9, the hydrogen duration may be optimized by 

considering the degree of flooding.  

 

3.4.3 Dew point temperature measurement 

Water removal in the cathode GDL is verified by measuring the dew 

point temperature of the outlet gases in the cathode. The results of the cell 

voltage and dew point temperature for additional hydrogen flow rates of 10 

mLpm and 30 mLpm are indicated in Fig. 3.10. Fig. 3.10(a) demonstrates that 

the cell voltage is not changed before and after the hydrogen addition in the 

10 mLpm case, but that it is increased in the 30 mLpm case. At the same time, 

the dew point temperature in the 30 mLpm case is increased sharply 

immediately after the addition of the hydrogen into the cathode reaction gases, 
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(a) Voltage 

 

Fig. 3.10 Comparison of the cell voltage and dew point temperature for 

hydrogen flow rates of 10 mLpm and 30 mLpm (hydrogen 

addition duration: 30 s, current density: 1.0 A/cm2)  
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(b) Dew point temperature 

 

Fig. 3.10 Comparison of the cell voltage and dew point temperature for 

hydrogen flow rates of 10 mLpm and 30 mLpm. (hydrogen 

addition duration: 30 s, current density: 1.0 A/cm2)  
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as shown in Fig. 3.10(b). The reason for the discrepancy in both cell voltage 

and dew point temperature between the 10 mLpm and 30 mLpm cases is that 

the amount of vapor in the cathode outlet gas of the 30 mLpm case is greater 

than that of 10 mLpm case. In order to confirm the effect of additional 

hydrogen, the operating current density and the humidity of the reaction gases 

are maintained constant. Although water is also generated from the additional 

hydrogen oxygen reaction, its amount is small compared with the amount of 

generated water from the fuel cell reaction. The amount of generated water 

from the fuel cell reaction can be calculated by considering the operating 

current. The amount of generated water from the additional hydrogen also can 

be calculated, under the assumption that all the additional hydrogen reacts 

with the oxygen in the cathode. Moreover, the amount of hydrogen in the 

cathode outlet gas is also measured by mass spectroscopy, and the result 

shows that about half of the additional hydrogen participated in the reaction at 

the cathode catalyst layer. Moreover, the amount of vapor generated from the 

additional hydrogen - oxygen reaction in the cathode catalyst was not enough 

to increase the dew point temperature of the outlet gas. Therefore, it is clear 

that the vapor in the outlet gas is coming from the cathode GDL. 

 

3.4.4 Visualized single cell experiment 
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In order to observe the water coming from the GDL to the cathode gas 

flow channel, experiments were performed using a visualized cell. The 

operating conditions were cell temperature of 55oC, bubbler humidifier water 

temperature of 60oC, current density of 0.8 A/cm2, and hydrogen and oxygen 

stoichiometries of 1.2 and 2.0, respectively. The water droplet in the cathode 

flow channel was compared between the cases with and without hydrogen 

addition at the same current density. Images were taken every 10 seconds as 

indicated in Fig. 3.11, and the images in Fig. 3.12 show the cathode gas flow 

channel after 20 and 30 seconds. Fig. 3.12(a) is the cathode channel image in 

the normal operating condition without hydrogen addition and Fig. 3.12(b) is 

the cathode channel with hydrogen addition. The cathode gas flow channel in 

Fig. 3.12(b) contains more water droplet than that in Fig. 3.12(a). The water 

droplet in the cathode channel must have come from the cathode GDL 

because the experiments were conducted under the same operating condition. 

It is easier to remove the water droplet in the flow channel than that in the 

GDL; therefore, it is verified that the hydrogen addition method is effective in 

removing water in the cathode GDL. 

 

3.4.5 Effect of flooding degree 
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(a) Without hydrogen addition 

 

 

(b) With hydrogen addition 

 

Fig. 3.11 Comparison of the amount of liquid water in gas flow channel of 

cathode.  
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(a) Without hydrogen addition 

 

(b) With hydrogen addition 

 

Fig. 3.12 Pictures of the cathode channel.  
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In order to examine the effect of the hydrogen addition method on water 

removal in GDL according to the degree of flooding, water removal 

experiments are conducted in various flooding conditions. The experimental 

results are indicated in Table 3.2 and 3.3, and the total graphs are shown in 

Fig. 3.13 and 3.14. The hydrogen addition water removal method is effective 

for all cases in this experiment, and the effect increases as the degree of 

flooding is not harsh. However, in serious flooding conditions, the effect of 

the method can not be large, because the total amount of hydrogen reacts with 

oxygen in the cathode catalyst layer is not large. In this case, the effect can be 

increased by increasing the flow rate of hydrogen and the duration of 

hydrogen addition, as shown in Fig. 3.13. 

 

3.5 Degradation 

In order to apply the hydrogen addition method for flood mitigation, the 

degradation rate of the cathode catalyst layer also should be considered. The 

current voltage curve (IV curve) and electrochemical impedance spectroscopy 

(EIS) were used in the measurement of the degradation rate at the initial state 

and after hydrogen addition, and the results are indicated in Figs. 3.15. As 

shown in Fig. 3.15(a), the maximum power decreased from 14.1W to 11.2 W. 
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Table 3.2 Experiment data with hydrogen addition duration of 30 s. 

Hydrogen 

addition 

flow rate 

 Voltage increment (V) Duration time (s) 

Cell 

temperature 
30oC 30oC 

Bubbler 

temperature 
20oC 30oC 40oC 20oC 30oC 40oC 

10  0 0 0 0 0 0 

20  0.005 0.005 0.001 95 65 20 

30  0.015 0.015 0.005 295 270 29 

40  0.028 0.030 0.028 505 400 130 

50  0.040 0.046 0.042 645 550 490 
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Table 3.3 Experiment data with hydrogen addition duration of 1 min. 

Hydrogen 

addition 

flow rate 

 Voltage increment (V) Duration time (s) 

Cell 

temperature 
30oC 30oC 

Bubbler 

temperature 
20oC 30oC 40oC 20oC 30oC 40oC 

10  0 0 0 0 0 0 

30  0.021 0.024 0.020 390 280 265 

50  0.049 0.054 0.050 820 670 500 
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Fig. 3.13 Voltage increment and time to return of flooding with hydrogen 

flow rate variation. (hydrogen addition duration: 30 s) 



 

69 

 

 

 

 

 

 

 

 

 

Fig. 3.14 Voltage increment and time to return of flooding with hydrogen 

flow rate variation. (hydrogen addition duration: 1 min) 
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From the IV curve, most of the voltage loss must have been the 

activation overvoltage because the slope of the IV curve barely changes and 

the voltage decreases at a low current density area. Furthermore, the diameter 

of the semicircle in Fig. 3.15(b) provides information about the size of the 

activation overvoltage. The activation overvoltage increased after adding the 

hydrogen for 45 hours. When the catalytic hydrogen-oxygen reaction occurred 

at the cathode catalyst layer, the generated reaction heat was larger than the 

reaction heat of the fuel cell. This is because the enthalpy difference between 

products and reactants was only generated in the form of heat without 

electricity. The heat of the additional hydrogen-oxygen reaction can be large 

enough to damage the catalyst layer. However, the extent of the damage to the 

cathode catalyst layer was not serious, considering the hydrogen addition 

duration. This is because the hydrogen addition method was only carried out 

at the flooding conditions of low temperatures, and the duration of hydrogen 

addition was about 1 minute at these conditions. Therefore, 45 hours were 

enough to guarantee the safe operation of the fuel cell without degradation of 

the catalyst layer. Furthermore, the voltage loss due to the degradation of the 

catalyst layer may not be large based on the comparison of Fig. 3.1 and Fig. 

3.15(a). Voltage loss occurred in the flooding condition, although the amount 

of voltage loss depended on the flooding condition. The general voltage 
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(a) Current-voltage curve and power curve 

 

(b) Electrochemical impedance spectroscopy (EIS) 

Fig. 3.15 Fuel cell voltage and impedance measurement after application 

of the hydrogen addition method.  
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property in the flooding condition is indicated in Fig. 3.1, and the amount of 

voltage loss is about 0.07 V. The voltage loss after the addition of hydrogen 

for 22 hours in Fig. 3.15(a) is about 0.06 V, nearly the same as the voltage loss 

value in Fig. 3.1. From the point of view of the stability of fuel cell car power 

density, the hydrogen addition method is an effective way to remove the 

excess water in the cathode GDL. 

 

3.6 Summary 

In this chapter, the effect of the hydrogen addition method on the 

mitigation of flooding in the cathode GDL was investigated by experiments. 

The performance of the hydrogen addition method was measured by 

comparing the fuel cell voltage before and after the hydrogen addition into the 

fuel cell operated in the flooding condition. The hydrogen addition duration 

and the additional hydrogen flow rate were the main factors of the hydrogen 

addition method, and the optimal amount of hydrogen addition and duration 

existed. The experimental results indicated that the hydrogen addition method 

was very useful for removing liquid water in the cathode GDL, especially the 

water near the catalyst. Therefore, this method can be effectively applied to a 

PEM fuel cell system operating in the initial stage of start up before it reaches 
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its steady operating temperature because the water removal in GDL is difficult 

at low temperatures. A weak point of the hydrogen addition method concerns 

the voltage drop due to the high vapor concentration near the catalyst layer. 

However, the voltage drop can be minimized depending on the degree of 

flooding by controlling the amount of hydrogen addition. In order to verify 

the effect of additional hydrogen on the water removal in the cathode GDL, 

the dew point temperature of the cathode outlet gas was measured. The results 

indicated that the additional hydrogen oxygen reaction eliminated most of the 

water in the cathode GDL. Moreover, the water droplet coming from the 

cathode GDL was identified through an experiment using a visualized fuel 

cell. In order to investigate the performance change of the fuel cell, fuel cell 

voltage and impedance were measured after the hydrogen addition. From the 

degradation test results, it was found that although the performance degraded 

because of the increase in activation loss, the degradation rate was not high 

considering the hydrogen addition duration. In conclusion, the hydrogen 

addition method was first introduced in this study to mitigate flooding, and 

the performance of the method was clearly evident in the experiments 

conducted in this study. Because of the advantages of this method, such as the 

fast response, low cost and simple mechanism, it can be applied to fuel cells. 

The hydrogen addition method is expected to have a significant effect on the 
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mitigation of flooding in a cathode GDL at low temperatures. 
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Chapter 4. Effective purge method on the 

cathode side for cold start 

 

4.1 Introduction 

PEMFCs are considered particularly promising for automotive 

applications because of their high energy density at low operating 

temperatures, fast response, and low toxic emissions. Generally, automobiles 

can endure harsh climatic conditions. Particularly, water-related problems 

can become worse at below-zero temperature because the by-product of the 

fuel cell reaction is water. The product water freezes when the temperature 

inside the PEMFC is lower than the freezing point, and it produces a cold 

start problem such that the ice inside the fuel cell disturbs the 

electrochemical reaction. Many studies have researched to increase the 

efficiency of water removal during purge process for cold start. It is clear, 

from the research studies conducted thus far, that the hydrogen-oxygen 

catalytic reaction has a favorable impact on the heat generation in the 

catalyst and water removal inside the fuel cell. Therefore, the hydrogen-

oxygen catalytic reaction can be used to remove the water inside the catalyst 

layer. Accordingly, in this study, the hydrogen-oxygen reaction is applied to 
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the purge process, which is essential for a successful cold start. 

 

4.2 Hydrogen addition purge method 

For a successful start-up of the PEM fuel cell at below-zero 

temperatures, the gas purge process occurring before shutdown plays a very 

important role. The gas purge process minimizes the residual water in the 

PEM fuel cell after shutdown, because reducing the residual water in the 

GDL and MEA is advantageous for cold start-up. Many researchers verified 

that high flow rate of the purge gas and high temperature of the fuel cell and 

purge gases are beneficial for removing the water inside the fuel cell. 

However, it is very difficult to completely remove the water inside the fuel 

cell through the normal gas purge process. The residual water changes its 

phase from liquid to solid at below-zero temperatures, and the ice hinders 

successful cold start. Moreover, minimizing the purge time is beneficial in 

decreasing the power consumption of the blower. Therefore, a hydrogen 

addition purge method is introduced to increase the purge efficiency. 

Generally, air is used for cathode purge, and a small amount of hydrogen is 

added into the cathode purge gas when applying the hydrogen addition purge 

method. The additional hydrogen reacts with the oxygen by the aid of the 
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cathode catalyst, and the amount of catalytic reaction heat is greater than that 

of the latent heat from water evaporation. Thus, the reaction heat evaporates 

not only the water produced from the hydrogen-oxygen catalytic reaction but 

also the residual water near the catalyst layer. Driven by a concentration 

gradient, the vapor in the catalyst layer can diffuse into the gas flow channel 

through the GDL in the cathode. Moreover, the force from the volume 

expansion of the liquid water near the catalyst layer also influences the 

movement of the residual water inside the fuel cell. The schematics of the 

water movement in the hydrogen addition purge method are shown in Fig. 

4.1. For supplying a small amount of hydrogen into the cathode purge gases, 

a mass flow controller is used, and a check valve is also employed to prevent 

the backflow. 

 

4.3 Experiments 

The amount of water inside the fuel cell must be maintained the same 

before conducting the different purge experiments in order to confirm the 

advantage of the hydrogen addition purge method. For maintaining the same 

water conditions in the fuel cell, a preconditioning process is required before 

performing the purge experiments. The preconditioning process consists of 
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Fig. 4.1 Schematics of the water movement in the hydrogen addition purge 

method. 
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three stages. First, the fuel cell is operated for 20 min at a current density of 

1.0 A/cm2. Second, normal gas purge is performed until the internal 

resistance reaches 1 ohm by using the current interrupt (CI) method. Third, 

the fuel cell is operated again for 30 min at a current density of 1.0 A/cm2. 

The purge experiment conditions during the preconditioning process, normal 

purge, and hydrogen addition purge experiments are summarized in Table 

2.2. Purge gas flow rates of 1 Lpm are maintained during the purge process, 

and the elements of the purge gases in the anode and cathode are hydrogen 

and air, respectively. The purge duration of the normal purge and hydrogen 

addition purge processes is maintained constant to 2 min, and the duration is 

changed according to the internal resistance of the fuel cell in the 

preconditioning purge process. Hydrogen flow rates of 40 mLpm and 

hydrogen addition duration of 20 s are maintained in the hydrogen addition 

purge method. The cell temperature is maintained at 60°C. 

The ohmic resistance and the amount of water inside the fuel cell are 

closely related; the resistance decreases as the amount of water in the fuel 

cell increases because of the high conductivity of the deionized water. 

Electrochemical impedance spectroscopy (EIS) and CI methods are 

employed to measure the impedance and internal resistance of the fuel cell. 

A Nyquist plot is obtained from the EIS method to show the ohmic loss in 
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this experiment. The CI method separates the loss of the fuel cell into Ohmic 

overvoltage and nonohmic overvoltage, and therefore, the Ohmic 

overvoltage can be measured directly [55]. For monitoring the amount of 

water inside the fuel cell, the CI method is used during the purge process and 

the EIS method is also used after the purge process. Measurement of the dew 

point temperature of the cathode outlet gases during the purge process is 

another method to confirm the water removal. For accurately measuring the 

amount of vapor in the outlet gases with the dew point hygrometer, liquid 

water in the outlet purge gases is completely vaporized with the line heater 

before measuring the dew point temperature. For detecting the existence of 

the residual water in the GDL and MEA after the purge process, a digital 

microscope, an electronic scale and a low-temperature chamber are 

employed. The fuel cell is placed inside the low-temperature chamber at -

20°C for 15 h after the purge process, and the residual water droplet changes 

its phase from liquid water to ice. After 15 h, the cathode GDL and MEA are 

obtained by disassembling the fuel cell in the low-temperature chamber. The 

existence of the residual ice in the GDL and MEA can be detected by using a 

digital microscope and an electronic scale. For verifying the effectiveness of 

the hydrogen addition purge method, cold start experiments are conducted at 

different operating temperatures, and the conditions of the cold start 
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experiments are summarized in Table 2.3. The cold start experiments are 

performed at -6, -10, -20, and -30°C with a current density of 0.05 and 0.1 

A/cm2. The flow rates of the reaction gases are maintained at 1 Lpm of 

hydrogen and air.  

 

4.3.1 Impedance measurement 

The internal resistance of a single cell during the purge process is 

measured by the CI method. The CI method is implemented in parallel with 

the current-voltage (IV) measurement, and the operating current is set at 0.2 

A. The operating current is proportional to the amount of water generated in 

the fuel cell, and therefore, the fuel cell is operated with the smallest amount 

of available current to verify the water removal effect of the purge method. 

The pulse width and pulse depth are set to 1 ms and 90% of the operating 

current in the CI method. The results of the CI experiment are shown in Fig. 

4.2. As shown in Fig. 4.2, the internal resistance is generally increased as the 

purge time increases owing to the water removal inside the fuel cell. A small 

amount of hydrogen is added into the cathode purge gas in the middle of the 

purge process, and the flow rate of the additional hydrogen is set to 40 

mLpm, which is 4% of the air flow rate by considering the explosion range 
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(a) Internal resistance at 35oC 

 

(b) Internal resistance at 60oC 

Fig. 4.2 Internal resistance measurement of fuel cell during purge process 

by using current interrupt method.  
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of hydrogen [56]. The hydrogen addition duration is set to 20 s. The added 

hydrogen reacts with the oxygen at the cathode catalyst layer, and the 

hydrogen-oxygen catalytic reaction heat increases the temperature of the 

catalyst and evaporates the residual water near the catalyst layer. The 

reaction heat is sufficient to evaporate some portion of the residual water 

near the catalyst layer. As a result of the volume expansion of the vapor, the 

residual water near the catalyst layer is transported to the gas flow channel 

through the GDL. After the hydrogen supply to the cathode purge gas is 

stopped, the internal resistance of the fuel cell rapidly increases. This implies 

that a large amount of water is removed through the hydrogen addition purge 

method. The internal resistance is decreased when the additional hydrogen 

reacts with the oxygen in the purge gases owing to the water vapor 

generation near the catalyst layer; however, the slope of the internal 

resistance curve increases with the cutting off of the hydrogen supply, and 

therefore, the final internal resistance of the fuel cell increases after 

performing the hydrogen addition purge. The results of the experiments 

conducted at temperatures of 35°C and 60°C, as shown in Fig. 4.2(a) and (b), 

respectively, show that the hydrogen addition method is not only effective at 

low temperatures but also at high temperatures. Moreover, the hydrogen 

addition duration affects the water removal. As shown in Fig. 4.2(b), the 
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hydrogen addition duration is estimated from the value of the internal 

resistance when the internal resistance of the fuel cell reaches 200 mW and 

600 mW. As hydrogen is added to the cathode purge gases later, the internal 

resistance of the fuel cell after the purge process is larger. For more water 

removal inside the fuel cell, the additional hydrogen should react with the 

oxygen in the catalyst layer. The GDL and MEA contain more water at the 

initial stage of the purge process when compared with the final period of the 

purge process, and therefore, more hydrogen can reach the cathode catalyst 

layer at the later part of the purge process. For this reason, the resistance 

rapidly increases as shown in Fig. 4.2(b).  

The EIS method is also introduced to the fuel cell after the purge 

process, and the results are shown in Fig. 4.3. The advantage of the EIS 

method in comparison to the CI method is that water is not generated during 

the purge process, and thus, the effect of water generation in the CI method 

can be eliminated. The operating current density is set to 0.2 A to reduce the 

water generation, and the range of the applied frequency is changed from 4 

kHz to 1 Hz. The diameter of the semicircle provides information about the 

size of the activation overvoltage of a fuel cell, and the ohmic overvoltage is 

a single point on the real axis. In this experiment, the ohmic overvoltage is 

highlighted in order to observe the amount of water inside the fuel cell. The 
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Fig. 4.3 Nyquist plot of fuel cell after conducting a different purge process 

by using electrochemical impedance spectroscopy method. 
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total purge time is 2 min and the hydrogen addition duration is 20 s, as 

summarized in Table 2.2. As shown in Fig. 4.3, the ohmic overvoltage after 

the hydrogen addition purge is greater than that after the normal purge, and 

the resistance of the fuel cell after conducting the normal purge and 

hydrogen addition purge is approximately 7 mW and 13 mW, respectively. 

Although water is generated during EIS measurement, the ohmic resistance 

of the fuel cell after the hydrogen addition purge is nearly twice the 

resistance after the normal purge. The result shows a trend similar to that 

shown by the results of the CI measurement, and it also shows that the 

amount of water inside the fuel cell can be reduced by using the hydrogen 

addition purge method. 

 

4.3.2 Dew point temperature measurement 

For confirming the effect of the hydrogen addition purge method on the 

water removal in the fuel cell, the dew point temperature of the outlet purge 

gases in the cathode is measured. Before conducting the dew point 

temperature measurement experiments, a preconditioning process is 

performed to ensure same water conditions in the fuel cell. The results of the 

dew point temperature measurement and accumulated mole fraction of water 
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for the normal and hydrogen addition purge methods are shown in Fig. 4.4. 

In this experiment, hydrogen is continuously added into the purge gas at a 

rate of 4% in the purge air flow using the hydrogen addition purge method. It 

is illustrated in Fig. 4.4(a) that the dew point temperature of the outlet purge 

gases in the hydrogen addition purge method is higher than that in normal 

purge method at the initial stage of the purge process. This implies that the 

amount of removed water can be maximized by applying the hydrogen 

addition purge method when the purge time is short. Recently many 

researchers attempted to reduce the purge time because of the energy 

consumption and noise problem, and the total purge time can be reduced 

through the hydrogen addition purge method. The accumulated mole fraction 

of water in the outlet purge gases can be measured from the dew point 

temperature and outlet pressure of purge gas, as shown in Fig. 4.4(b), and the 

accumulated mole fraction of water denote the total amount of water 

removed from the fuel cell. Although the accumulated mole fraction of water 

in the hydrogen addition purge method is always larger than the quantity in 

the normal purge method; however, the rate of water removal is not the same 

throughout the purge process. The slope of the accumulated mole fraction of 

water rapidly increases at the initial stage of the purge process and gradually 

decreases at the middle stage of the purge process, in the hydrogen addition 
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(a) Dew point temperature 

 

(b) Accumulated mole fraction of water 

Fig. 4.4 Comparison of the dew point temperature and accumulated partial 

vapor pressure of outlet purge gases.  
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purge method. It is verified from the result shown Fig. 4.4(b) that the 

hydrogen addition purge method is effective in removing the water in the 

cathode GDL in a short time. 

 

4.3.3 Observation of ice existence 

For comparing the amount of residual water in the cathode GDL, the 

freezing image of the GDL is employed by using the digital microscope. It is 

impossible to completely remove water inside the fuel cell through the 

normal purge process, and therefore, a small amount of water exists in the 

GDL and MEA after the purge process. At below-zero temperatures, the 

residual water changes its phase from liquid to ice and the ice still exists in 

the GDL and MEA. Further, the effectiveness of the purge method can be 

validated by observing the image of the frozen GDL after the purge process. 

A preconditioning process is conducted before performing the purge 

experiments, and the observation process is illustrated in Fig. 4.5. For 

comparing the images of the frozen GDL, the imaging points are positioned 

as shown in Fig. 4.6. The microscope can only observe the external surface 

of the GDL, considering the characteristics of the digital microscope, and 

therefore, the two sides of the GDL, which are the channel side and the MEA 
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Fig. 4.5 Experimental procedure to measure the weight and capture the 

images of MEA and GDL. (a) Preconditioning process and purge 

of fuel cell (b) Storage at -20°C for 15 h (c) Disassembly of fuel 

cell to obtain MEA and cathode GDL (d) Weight measurement (e) 

Image capturing 
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Fig. 4.6 Imaging points of GDL to compare the amount of ice after 

different purge method. 
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side, are considered. There is no remarkable difference noted, from the 

observation with the digital microscope, in the channel-side GDL after 

conducting the two different purge methods, the hydrogen addition purge 

method and normal purge method. When the purge gas flows in the gas flow 

channel, the water in direct contact with the channel-side GDL is removed 

first, and therefore, both the purge methods are effective in water removal in 

the channel-side GDL. For this reason, the image of the MEA-side GDL, 

that is, the MPL, is captured. The MPL images captured after the normal 

purge are shown in Fig. 4.7, and the images captured after the hydrogen 

addition purge are shown in Fig. 4.8. The images are magnified by a factor 

of 60. The existence of ice can be verified by observing the white section in 

the images. Although ice exists, as observed from both the images, the 

amount of residual ice in the MPL after the hydrogen addition purge is 

apparently less than that after the normal purge. For comparing the amount 

of ice from the two images, the images shown in Figs. 4.7(a) and 4.8(a) are 

adjusted by using image processing software, and the results are shown in 

Figs. 4.7(b) and 4.8(b). The amount of ice in the MPL can be determined 

after image processing, which is approximately 1.4% as shown in Fig. 4.7(b) 

and 1.2% as shown in Fig. 4.8(b). The residual water near the catalyst layer 

is removed almost at the end of gas purge, and it is difficult to remove the 
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Fig. 4.7 MPL image after normal purge process. (a) Normal picture and (b) 

Picture after image processing 

 

 

 

 

Fig. 4.8 MPL image after hydrogen addition purge process. (a) Normal 

picture and (b) Picture after image processing 
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residual water near the catalyst layer and MPL through the normal purge 

method. Nevertheless, it is ascertained that the residual water near the MPL 

can be effectively removed by applying the hydrogen addition purge. 

 

4.3.4 Weight measurement of GDL and MEA 

For confirming the influence of the additional hydrogen on the water 

contents in the GDL and MEA after the purge process, the weights of the 

GDL and MEA are measured by using an electronic scale. The preparation 

procedure for measuring the weights of the GDL and MEA is similar to that 

for capturing the images, and the procedure is illustrated in Fig. 4.5. After 

the purge process, the single cell is maintained in the low-temperature 

chamber for 15 h, at -20°C. The MEA and GDL are separated by 

disassembling the single cell in the low-temperature chamber, and the weight 

of each component is measured by using the electronic scale. The difference 

in the weights between the drying and the freezing state is caused by the 

existence of ice. The experiment is performed by using a single cell with an 

active area of 25 cm2. The weights of the dry MEA and GDL are 0.996 g and 

0.341 g, respectively. After the fuel cell reaction and purge process, the 

weights of the MEA and GDL are increased owing to the residual ice, and 
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the experimental results are summarized in Table 4.1. The quantity of the 

removed water is one of the criteria to validate the effectiveness of the purge 

method. As summarized in Table 4.1, the weight increment of the MEA and 

GDL after the hydrogen addition purge is less than that after the normal 

purge. The weights of MEA and cathode GDL are increased from 0.996 g to 

1.003 g and from 0.341 g to 0.348 g, respectively, after the hydrogen 

addition purge. However, the weights are increased from 0.996 g to 1.019 g 

and from 0.341 g to 0.354 g, respectively, after the normal purge. The results 

show that the additional hydrogen is effective in removing the residual water 

not only in the cathode GDL but also in the MEA. The additional hydrogen 

reacts with the oxygen in the catalyst layer in the MEA, and therefore, the 

water content is reduced after the hydrogen addition purge owing to pushing 

by the evaporation of the residual water in the MEA. 

 

4.3.5 Cold start experiment 

The cold start experiments are performed at -6, -10, -20, and -30°C to 

investigate the effect of the hydrogen addition purge method on the cold start 

performance. Creating space inside the GDL and catalyst layer pores is the 

main objective of the purge process by removing water in the fuel cell. The
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Table 4.1 Weight difference between drying and freezing GDL, MEA after normal purge and hydrogen addition purge. 

25 cm2 single cell Normal purge process 
Hydrogen addition purge 

process 

Dry 
GDL 0.341 g 

MEA 0.996 g 

Freezing 
GDL 0.354 g 0.348 g 

MEA 1.019 g 1.003 g 
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space inside the fuel cell is directly related to the cold start performance at 

below-zero temperatures, because the fuel cell reaction is stopped until the 

inner space of the fuel cell is filled with the generated ice during the cold 

start. Therefore, the time until the electrochemical reaction is stopped during 

the cold start has a close relationship with the space inside the fuel cell. A 

different purge method is applied to the single cell after the preconditioning 

process, and the single cell is stored in the low-temperature chamber for 6 h 

before conducting the cold start experiment. The results of the cold start 

experiment are shown in Fig. 4.9. The experiment, as shown in Fig. 4.9(a), is 

conducted at a current density of 0.1 A/cm2, and the results of the experiment 

conducted at a current density of 0.05 A/cm2 are shown in Figs. 4.9(b)–(d). 

All the cases show that the reaction time until the fuel cell reaction is 

interrupted after the hydrogen addition purge is longer than that after the 

normal purge. This implies that the space inside the fuel cell after the 

hydrogen addition purge is greater than that which can accommodate the 

initially formed ice after the normal purge. However, the difference in the 

reaction times between and after the hydrogen addition purge and the normal 

purge decreases as the cold start temperature decreases. The ice generated 

from the fuel cell reaction is gradually accumulated near the catalyst layer as 

the cold start temperature decreases because it is difficult to transfer the 
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(a) Current density, operating temperature: 0.1 A/cm2, -5°C 

 

(b) Current density, operating temperature: 0.05 A/cm2, -10°C 

Fig. 4.9 Characteristics of cold start with different purge method.  
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(c) Current density, operating temperature: 0.05 A/cm2, -20°C 

 

(d) Current density, operating temperature: 0.05 A/cm2, -30°C 

Fig. 4.9 Characteristics of cold start with different purge method.  
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generated water from the catalyst layer to the gas flow channel through the 

GDL at low temperatures. Although the hydrogen addition purge method is 

less effective at approximately -30°C, it is certain that the hydrogen addition 

purge method is a very effective method to remove the residual water inside 

the fuel cell. 

 

4.4 Degradation 

For employing the hydrogen addition purge method, the degradation 

rate of the cathode catalyst layer also should be considered. The additional 

hydrogen reacts with the oxygen in the cathode catalyst layer, and the 

condition of the catalyst layer can be deteriorated by the reaction heat. The 

IV curve and EIS measurement are used in the measurement of the 

degradation rate at the initial state and after 1000, 2000, and 3000 cycles. 

One cycle is determined by considering the real purge situation, and the 

cycle is only applied to the cathode. One cycle consists of three stages: air 

blowing for 1 min, air blowing with added hydrogen for 20 s, and air 

blowing for 40 s. The conditions such as flow rate and humidity of the 

blowing gases are maintained the same as the real purge conditions to 

simulate an actual situation. The results of the degradation test are shown in 
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Fig. 4.10. As shown in Fig. 4.10(a), the performance of the fuel cell 

decreases when compared with the initial performance; however, the 

performance decrement is very small. The rate of power loss after 3000 

cycles, as shown in Fig. 4.10(a), is approximately 5%. Moreover, the 

increment in the activation overvoltage after 3000 cycles, as shown in Fig. 

4.10(b), is approximately 9.3%, and the activation overvoltage does not pose 

any particular problem, considering the lifetime of the fuel cell. Moreover, a 

field-emission scanning electron microscope (Carl Zeiss, SUPRA 55VP, 

Germany) is used for energy dispersive spectroscopy (EDS) analyses to 

obtain the distribution of elements on the cathode MEA surface, and the 

results are shown in Fig. 4.11. The picture in Fig. 4.11(a) indicates the 

composition of the initial MEA, and the result of the degradation test of 

3000 cycles is shown in Fig. 4.11(b). It is observed from the results of the 

EDS analysis that there is slight decrease in the amount of platinum and 

carbon owing to carbon corrosion of the catalyst layer. However, the amount 

of loss is not severe, considering the lifetime of the fuel cell and frequency 

of the hydrogen addition purge method. 

 

4.5 Summary 
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(a) Current-voltage curve and power curve 

 

Fig. 4.10 Fuel cell voltage and impedance measurement after applying the 

hydrogen addition purge method.  
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(b) Electrochemical impedance spectroscopy (EIS) 

 

Fig. 4.10 Fuel cell voltage and impedance measurement after applying the 

hydrogen addition purge method.  
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(a) Composition of the initial MEA 

 

Fig. 4.11 Energy dispersive spectroscopy analysis with SEM image of 

MEA.  
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(b) Composition of the deteriorated MEA after degradation test of 3000 

cycles 

 

Fig. 4.11 Energy dispersive spectroscopy analysis with SEM image of 

MEA.  
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The effect of the hydrogen addition purge method on water removal in 

the cathode is investigated by experiments. The internal resistance is 

measured during and after the purge process by using the CI method and EIS, 

respectively. From the results of not only the impedance experiments but 

also the dew point temperature measurement experiments, it is found that the 

purge performance is increased by adding a small amount of hydrogen into 

the purge gas in the cathode. Furthermore, the effect of the additional 

hydrogen on the water removal near the catalyst layer is also identified by 

determining the weights of the GDL and MEA and image of the MPL after 

the purge process. Finally, the cold start experiments have verified that the 

hydrogen addition purge method is very effective in removing the water in 

the cathode, particularly the residual water near the catalyst layer. One of the 

major concerns regarding the hydrogen addition purge method is the 

degradation of the catalyst layer in the cathode. It is found from the results of 

the degradation test that although the performance is degraded because of the 

increase in the activation loss, the degradation rate is not high considering 

the lifetime of the fuel cell.  

     In this chapter, a hydrogen addition purge method is first 

introduced to remove the residual water in the cathode, and the verification 

of the method is conducted through experiments. The hydrogen addition 
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purge method is expected to have a significant effect on the cold start at 

below-zero temperatures by effectively removing the residual water inside 

the fuel cell. 
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Chapter 5. Water removal method during cold 

start with reaction pulse 

 

5.1 Introduction 

Water is produced inside the fuel cell as a result of the electrochemical 

reaction and the produced water changes its phase into ice in below-zero 

temperature. During cold start of fuel cell, the ice is developed on the 

catalyst layer and in the gas diffusion layer. The ice can cover the reaction 

area of the catalyst or block the gas flow channel entirely, and then there is 

no more reaction. This is the fundamental problem of cold start. Many 

researchers studied to success the cold start in low temperatures, and tried to 

remove the produced water inside fuel cell. However, there is no definite 

solution to remove the produced water during cold start. Therefore, the 

concept of reaction pulse is newly introduced in this study, and the effect is 

proved by conducting numerical analysis and experiments. The performance 

of reaction pulse can be different according to the amplitude and period of 

the pulse. Therefore, it is necessary to find the optimal period and amplitude 

of the pulse in order to make cold start up successfully. 

 



 

109 

 

5.2 Reaction pulse method 

Usually, fuel cell is operated at constant current or constant voltage 

because the produced electricity is easy to apply lots of electrical appliance. 

In this case, the amount of produced water vapor inside fuel cell is also 

uniform. The produced water vapor diffuses from catalyst layer to gas flow 

channel, and the vapor sometimes changes their phase into liquid or solid 

depends on the temperature of materials in the fuel cell. Specifically, in the 

case of cold start in below zero temperatures, the amount of produced water 

vapor inside fuel cell is important. The saturation vapor pressure is very low 

at low temperatures, so the vapor which can not be contained in the air 

changes their phase into ice. The amount of ice near the catalyst layer is 

directly related to the performance of fuel cell. In this study, reaction pulse 

method is introduced to remove the residual water effectively in the catalyst 

layer. The operating current density is changed periodically in the reaction 

pulse method. The purpose of this action is getting thrust force of diffusion 

to remove the dense water vapor into the gas flow channel through the GDL. 

In the case of constant current mode, the concentration of water vapor is 

maintained continuously. In the other hand, the concentration of water vapor 

is varied periodically in the reaction pulse method, so the water vapor can 

diffuse into the channel direction due to the concentration difference. The 
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concept of the reaction pulse method is indicated in Fig. 5.1. Two conditions 

can be changed, amplitude ratio and period. The amplitude ratio means that 

the percentage of lowest current density to normal operating current density, 

and the period of pulse mean that the length of time on lowest current 

density before changing the current density. 

 

 

5.3 Numerical analysis 

Most important role of the reaction pulse method is increasing diffusion 

rate of the produced vapor. The vapor which is not diffused into the channel 

through the GDL changes its phase into ice in below zero temperatures. 

Before performing experiments, numerical analysis is conducted to verify 

the effect of the reaction pulse method on increasing the rate of diffusion. 

The rate of diffusion is proportional to the concentration gradient, as 

indicated in Eq. 5.1 [57]. 

F = 	−D
  

  
                  (5.1) 

F is the rate of transfer per unit area of section, C is the concentration of 

diffusing substance, x is the distance to the section, and D is the diffusion 

coefficient. If the diffusion coefficient is constant, diffusion equations can be 
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Fig. 5.1 Comparison of normal operating mode and reaction pulse mode. 
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Fig. 5.2 Control volume element. 
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Fig. 5.3 Initial distribution and generation of substance. 
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acquired from the Fig. 5.2. The concentration of substance in control volume 

can be obtained from Eq. 5.2, and the equation can be simplified to Eq. 5.3.  

  

  
= D(

   

   
+

   

   
+

   

   
)                  (5.2) 

  

  
= D(

   

   
)                         (5.3) 

In order to confirm the amount of substance diffusing from the origin, 

calculations are conducted. The analytical solution of partial differential 

equation in Eq. 5.3 is obtained.  

C =
 

 
 
 

exp	(−
  

   
)                                (5.4) 

Total amount of substance, M, diffusing in unit cross-section is 

M = ∫ C
 

  
dx                                    (5.5) 

  

   
= ξ , dx = 2(Dt)

 

 dξ                        (5.6) 

By using Eq. 5.6, total amount of substance is simplified. 

M = 2AD
 

 ∫ exp(−ξ ) dξ = 2A(πD)
 

 
 

  
              (5.7) 

By applying the value of A into Eq. 5.4, C is specified. 

C =
 

 (   )
 
 

exp	(−
  

   
)                       (5.8) 

By considering the catalyst layer in the membrane, the diffusion should 

occur into one direction. 
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C =
 

(   )
 
 

exp	(−
  

   
)                        (5.9) 

Specially, the equation is revised in order to obtain the concentration in 

infinitesimal area, as shown in Fig. 5.3. 

C =
    

(   )
 
 

exp	(−
  

   
)     (5.10) 

The general concentration distribution equation in Fig. 5.3 can be 

acquired by summing over successive elements of Eq. 5.10. 

C(x, t) =
  

(   )
 
 

∫ exp  −
  

   
 

 

 
dξ  

	=
   

√ 
∫ exp(−η ) dη,			η =

 

 √  

 

 
   (5.11) 

erf 	η =
 

√ 
∫ exp(−η ) dη
 

 
  (5.12) 

By using error function, the concentration distribution equation is 

simplified. 

C(x, t) = C erf(
 

 √  
)     (5.13) 

When the surface concentration, C1, is given, the equation is modified. 

    

     
= erf 	

 

 √  
      (5.14) 

The equation is also modified, when the concentration of the throughout 

location is zero, C0=0. 

C = C (1 − erf 	
 

 √  
)     (5.15) 
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The concentration can be different according to the surface 

concentration. 

(1) The surface is maintained at a constant concentration. 

C1 = k, (k=constant) 

D
  

  
)   =

  

√   
      (5.16) 

M     = ∫ D
  

  
)   = 2k(

  

 
)
 

 
 

 
    (5.17) 

The rate of diffusing substance from the surface is indicated in Fig. 5.4 

(a) and the total amount of diffusing substance in Fig. 5.4 (b). As the surface 

concentration increases, more amount of substance diffuse from surface. The 

total amount of diffusing substance is increased linearly as the diffusion time 

increases. The concentration of substance is not changed with time in this 

case.   

 

(2) The surface concentration is increased linearly with time. 

C1 = kt (k=constant) 

D
  

  
)   =

   

√   
= k(

  

 
)
 

      (5.18) 

M     = ∫ D
  

  
)   =

 

 
kt(

  

 
)
 

 
 

 
    (5.19) 

The rate of diffusing substance from the surface and the total amount of 

diffusing substance are shown in Fig. 5.5. The case of increasing current 



 

117 

 

 

(a) Rate of loss of diffusing substance 

 

(b) Total amount of diffusing substance 

Fig. 5.4 Diffusion properties when surface concentration is constant.  
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(a) Rate of loss of diffusing substance 

 

(b) Total amount of diffusing substance 

Fig. 5.5 Diffusion properties when surface concentration is increased 

linearly with time.  
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Fig. 5.6 Rate of loss of diffusing substance when surface concentration is 

changed to sinusoidal motion with time. 
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density is simulated in this result. As increasing the amount of substance in 

surface, the amount of substance should be diffused.  

 

(3) The surface concentration is sinusoidal with time. 

C1 = k abs(sin wt) (k=constant, w=frequency) 

D
  

  
)   =

   

√   
= ksin(wt)(

 

  
)
 

     (5.20) 

The rate of diffusing substance from the surface is indicated in Fig. 5.6. 

The results are indicated with changing of initial concentration, and it 

simulates the variation of current density in the experiment condition. More 

substances are diffused when the concentration at the surface is large. As 

shown in Fig. 5.7, the amount of diffusing substance is increased at high 

frequency. The concentration difference occurred more repeatedly as the 

frequency increases, so the substance can be diffused effectively. On the 

same principle, the reaction pulse method is more effective than the normal 

operating method, as shown in Fig. 5.8. 

 

5.4 Experiments 

In order to confirm the effect of reaction pulse method on vapor 

diffusing rate in catalyst layer, cell voltage is measured during applying the 
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Fig. 5.7 Rate of loss of diffusing substance when surface concentration is 

changed to sinusoidal motion according to the frequency. 
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Fig. 5.8 Comparison of rate of diffusing substance between constant and 

pulse surface concentration. 
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reaction pulse method. As mentioned above, the operating condition of 

reaction pulse is regulated by changing the period and amplitude ratio.  

 

5.4.1 Cold start experiment at temperature of -15oC 

Cold start experiments are conducted at the temperature of -15oC. The 

period of pulse is varied from 1 to 4 seconds, and amplitude ratio is changed 

from 10 to 100%. The experiments are performed with two operating current 

densities, 0.05 and 0.1 A/cm2. Experimental results with current density of 

0.05 A/cm2 are indicated in Fig. 5.9 and current density of 0.1 A/cm2 are 

indicated in Fig. 5.10. In general, the cold start of single cell with active area 

of 9 cm2 is failed in normal operating condition at temperature of -15oC with 

current density of 0.05, 0.1 A/cm2. In this experiment, all cases of cold start 

are failed in current density of 0.1 A/cm2. However, some cases are 

succeeded in cold start up at temperature of -15oC with reaction pulse 

method in current density of 0.05 A/cm2. Successful cases are indicated in 

Fig. 5.9 (a), (c) and (d). The results show that short period of pulse and high 

amplitude ratio is advantageous for vapor removal in catalyst layer, and it 

increases the reaction time of cold start. On the other hand, cold start is 

failed in Fig. 5.9 (b) and (e). When the period of pulse is long and amplitude 
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(a) Amplitude ratio, period, current density: 50%, 2 s, 0.05 A/cm2 

 

(b) Amplitude ratio, period, current density: 50%, 4 s, 0.05 A/cm2 

Fig. 5.9 Voltage characteristic during cold start with reaction pulse 

method.  
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(c) Amplitude ratio, period, current density: 50%, 1 s, 0.05 A/cm2 

 

(d) Amplitude ratio, period, current density: 100%, 2 s, 0.05 A/cm2 

Fig. 5.9 Voltage characteristic during cold start with reaction pulse 

method.  
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 (e) Amplitude ratio, period, current density: 10%, 2 s, 0.05 A/cm2 

Fig. 5.9 Voltage characteristic during cold start with reaction pulse 

method.  
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ratio is small, the characteristics of fuel cell reaction are closed to the 

characteristics of constant reaction mode. In these cases, the generated vapor 

is not removed properly by reaction pulse method, so the produced ice 

blocks the reaction area of catalyst.  

In the case of current density of 0.1 A/cm2, all experiments are failed in 

cold start in spite of applying reaction pulse method, as shown in Fig. 5.10. 

The amount of produced vapor is increased to double when the current 

density is increased from 0.05 A/cm2 to 0.1 A/cm2. The amount of produced 

vapor is too much to remove by using reaction pulse method, however, the 

reaction duration is longest at amplitude ratio of 100% as shown in Fig. 5.10 

(d). From the results, it is inferred that the large amplitude ratio is 

advantageous for vapor removal in catalyst layer. Furthermore, it can be 

possible that the cold start is successful at the amplitude ratio of 100% as the 

period of pulse is shorter. 

 

5.4.2 Cold start experiment at temperature of -10oC 

Cold start experiments are conducted at the temperature of -10oC. The 

period of pulse and the amplitude ratio is changed with the same conditions 

as mentioned above. The experiments are performed with current density of 
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(a) Amplitude ratio, period, current density: 50%, 2 s, 0.1 A/cm2 

 

(b) Amplitude ratio, period, current density: 50%, 4 s, 0.1 A/cm2 

Fig. 5.10 Voltage characteristic during cold start with reaction pulse 

method. 
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 (c) Amplitude ratio, period, current density: 50%, 1 s, 0.1 A/cm2 

 

(d) Amplitude ratio, period, current density: 100%, 2 s, 0.1 A/cm2 

Fig. 5.10 Voltage characteristic during cold start with reaction pulse 

method.  
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(e) Amplitude ratio, period, current density: 10%, 2 s, 0.1 A/cm2 

Fig. 5.10 Voltage characteristic during cold start with reaction pulse 

method. 
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0.1 A/cm2. Experimental results are indicated in Fig. 5.11. Although all cases 

of cold start are failed at temperature of -15oC with current density of 0.1 

A/cm2, some cases conduct a successful cold start with the same current 

density at temperature of -10oC. The difference between -10oC and -15oC is 

the amount of saturation vapor pressure, more vapor can be contained in the 

cell at temperature of -10oC, so the possibility of successful cold start is 

increased at higher temperatures. The experimental results show that short 

period and large amplitude ratio of pulse is beneficial to remove the 

produced vapor in the catalyst layer, as shown in Fig. 5.11 (b) and (c). The 

experimental results demonstrate that the short period and large amplitude is 

important to remove the water vapor inside fuel cell by increasing the vapor 

diffusion rate, and the operating conditions of reaction pulse can be varied 

according to the conditions of cold start, such as current density and 

temperature. 

 

5.5 Summary 

The concept of reaction pulse method is introduced firstly in this study, 

and the effect of the method is verified by conducting numerical simulation 

and cold start experiments. In the analytical study, the concentration of 
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 (a) Amplitude ratio, period, current density: 50%, 1 s, 0.1 A/cm2 

 

(b) Amplitude ratio, period, current density: 100%, 2 s, 0.1 A/cm2 

Fig. 5.11 Voltage characteristic during cold start with reaction pulse 

method.  
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 (c) Amplitude ratio, period, current density: 100%, 1 s, 0.1 A/cm2 

 

(d) Amplitude ratio, period, current density: 50%, 4 s, 0.1 A/cm2 

Fig. 5.11 Voltage characteristic during cold start with reaction pulse 

method.  
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(e) Amplitude ratio, period, current density: 50%, 2 s, 0.1 A/cm2 

Fig. 5.11 Voltage characteristic during cold start with reaction pulse 

method.  
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substance is researched between constant and pulse generation. The study 

demonstrated that the diffusion rate increases when pulse generation is 

applied. This is because that the pulse generation makes the concentration 

differences and the differences increase the diffusion rate in the space. 

Moreover, cold start experiments are also conducted and the cell voltage is 

measured with applying the reaction pulse method. The experiments are 

performed in various environmental operating conditions, temperatures of -

10, -15oC, current density of 0.05, 0.1 A/cm2, period of 1, 2, 4 s, and 

amplitude ratio of 10, 50, 100%. It is shown that the reaction pulse method is 

effective for vapor removal in catalyst layer when the pulse period is short 

and amplitude ratio is large.  

In this chapter, a concept of reaction pulse method is introduced firstly. 

In order to remove the produced vapor in the catalyst layer, concentration 

difference of vapor is produced artificially. From the experimental results, 

the method is effective for removing vapor in catalyst layer and the method 

will be expected to perform the successful cold start at below zero 

temperature. 
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Chapter 6. Concluding remarks 

 

The water removal in gas diffusion layer and catalyst layer is one of the 

most important problems to improve the performance of fuel cell. 

Specifically, the operating temperature is low, the problem can be critical 

because of the phase change of water. It is also difficult to remove the 

residual water in porous material, thus effective water removal method in 

catalyst layer and gas diffusion layer is researched in this study. Hydrogen 

addition method and reaction pulse method are suggested and the effects are 

verified on water removal by conducting experiments and numerical analysis.  

First of all, the effect of the hydrogen addition method on the mitigation 

of flooding in the cathode GDL is investigated by experiments. The 

performance of the hydrogen addition method is measured by comparing the 

fuel cell voltage before and after the hydrogen addition into the fuel cell 

operated in the flooding condition. The hydrogen addition duration and the 

additional hydrogen flow rate are the main factors of the hydrogen addition 

method, and the optimal amount of hydrogen addition and duration existed. 

The experimental results indicated that the hydrogen addition method is very 

useful for removing liquid water in the cathode GDL, especially the water 

near the catalyst. Therefore, this method can be effectively applied to a PEM 
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fuel cell system operating in the initial stage of start up before it reaches its 

steady operating temperature because the water removal in GDL is difficult 

at low temperatures. A weak point of the hydrogen addition method concerns 

the voltage drop due to the high vapor concentration near the catalyst layer. 

However, the voltage drop can be minimized depending on the degree of 

flooding by controlling the amount of hydrogen addition. In order to verify 

the effect of additional hydrogen on the water removal in the cathode GDL, 

the dew point temperature of the cathode outlet gas was measured. The 

results indicated that the additional hydrogen oxygen reaction eliminated 

most of the water in the cathode GDL. Moreover, the water droplet coming 

from the cathode GDL is identified through an experiment using a visualized 

fuel cell. In order to investigate the performance change of the fuel cell, fuel 

cell voltage and impedance are measured after the hydrogen addition. From 

the degradation test results, it was found that although the performance 

degraded because of the increase in activation loss, the degradation rate is 

not high considering the hydrogen addition duration. In conclusion, the 

hydrogen addition method was first introduced in this study to mitigate 

flooding, and the performance of the method was clearly evident in the 

experiments conducted in this study. Because of the advantages of this 

method, such as the fast response, low cost and simple mechanism, it can be 
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applied to fuel cells. The hydrogen addition method is expected to have a 

significant effect on the mitigation of flooding in a cathode GDL at low 

temperatures. 

Secondly, the effect of the hydrogen addition purge method on water 

removal in the cathode is investigated by experiments. The internal 

resistance is measured during and after the purge process by using the CI 

method and EIS, respectively. From the results of not only the impedance 

experiments but also the dew point temperature measurement experiments, it 

is found that the purge performance is increased by adding a small amount of 

hydrogen into the purge gas in the cathode. Furthermore, the effect of the 

additional hydrogen on the water removal near the catalyst layer is also 

identified by determining the weights of the GDL and MEA and image of the 

MPL after the purge process. Finally, the cold start experiments have verified 

that the hydrogen addition purge method is very effective in removing the 

water in the cathode, particularly the residual water near the catalyst layer. 

One of the major concerns regarding the hydrogen addition purge method is 

the degradation of the catalyst layer in the cathode. It is found from the 

results of the degradation test that although the performance is degraded 

because of the increase in the activation loss, the degradation rate is not high 

considering the lifetime of the fuel cell. In this study, a hydrogen addition 



 

139 

 

purge method is first introduced to remove the residual water in the cathode, 

and the verification of the method is conducted through experiments. The 

hydrogen addition purge method is expected to have a significant effect on 

the cold start at below-zero temperatures by effectively removing the 

residual water inside the fuel cell. 

Finally, the concept of reaction pulse method is introduced firstly in this 

study, and the effect of the method is verified by conducting numerical 

simulation and cold start experiments. By using the diffusion equation in one 

dimension when the diffusion coefficient is constant, numerical analysis is 

performed. In order to simulate the vapor generation in the catalyst layer, 

different conditions are applied to the initial condition; (1) constant 

generation (2) increased generation (3) sinusoidal generation. By comparing 

the concentration of substance near the initial point between constant and 

pulse generation, the superiority of the reaction pulse method is 

demonstrated. The study indicated that the diffusion rate increases when the 

substance is generated periodically. This is because that the pulse generation 

makes the concentration differences artificially and the differences increase 

the diffusion rate in the space. Experiments are also conducted to confirm 

the effect of reaction pulse method. The experiments are performed in 

various environmental operating conditions, temperatures of -10, -15oC, 
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current density of 0.05, 0.1 A/cm2, period of 1, 2, 4 s, and amplitude ratio of 

10, 50, 100%. By considering the experimental results, the reaction pulse 

method is effective for vapor removal in the catalyst layer. Moreover, short 

period of pulse and large amplitude ratio is advantageous for vapor removal. 

In this study, a concept of reaction pulse method is introduced firstly. In 

order to remove the produced vapor in the catalyst layer, concentration 

difference of vapor is produced artificially. From the experimental results, 

the method is effective for removing vapor in catalyst layer and the method 

will be expected to perform the successful cold start at below zero 

temperature. 
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 문 초  

본 연 에 는 고 자 전해  막 연 전 의 능을 향상시키  

위하여 촉매층과 체 산층에  물 제거 에 한 연 를 

수행하 다. 일 적으  높은 작동 에 는 낮은 작동 보다 

높은 포 수 압 문에 물 제거가  쉽다. 하 만 작동 가 

낮을 에는 물의 점 가 가하고 하의 에 는 물이 

상 를 하  문에 그 문제는  심각해  수 있다. 또한 

촉매층이나 가스 산층 같은 다공  매 에 있는 물은  

제거하 가 쉽  않다. 라  과적인 물 제거는 연 전 의 

능뿐만 아니라 연 전 의 수 과  접적으  이 있다고 

할 수 있다. 그러므 , 본 연 에 는 과적으  물을 제거하  

위한 새  아이 어를 제시하 고, 실험을 통하여 그 과를 

검 하 다. 또한 실제 시스템에 적  가능한 를 내  실험을 

통하여 판단하 다. 물 제거 안의 과는 크게  가  조건에  

인하 다; 플러 , 체퍼 , 냉시동. 첫째, 수  주입 이 

낮은  작동 에  플러 을 해 하  위하여 처음으  

입 었다. 다공  매 에 응축  물을 제거하  위해 는 응축  

물을 제거하  위한 힘이 필 하고, 그 힘을 제공하  위하여 

수 의 피팽창 힘을 이 하 다. 수  주입 이 플러  

해 에 미치는 향은 실험을 통하여 검 하 다. 실험 결과, 

연 전  내 에 응축  물을 제거하는  수  주입 이 매  

과적이었고, 특히 촉매층 주 의 물을 제거하는  과적이었다. 

라  연 전  자동차의 초  시동시 플러 이 생하 을  

수  주입 을 입하여 플러 을 과적으  해결할 수 

있을것으  상 다.  째  냉시동을 위한 체 퍼 시에 

수  주입 을 사 하 고 그 과를 검 하 다. 수  주입 

은 체 퍼 시에 물을 제거하  위해 처음으  입하 고, 

다양한 검  실험을 수행하 다. 임피 스, 노점 측정 실험을 
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수행하 고, 퍼   체 산층과 브 인의 무게를 측정하 다. 

또한 퍼   체 산층 을 미경으  살펴보아 얼음의 

포를 인하 다. 최종적으  냉시동을 실제  수행하  그 

특 을 통하여 수  주입 퍼  의 과를 인하 다. 실험 

결과 수  주입 은 냉시동을 위한 체 퍼 시에 물 제거 

과를 극  함을 인하 다. 마 막으 , 연 전  응 

전류의 주 적인 를 통하여 냉시동시에 수  제거  

아이 어를 제시하 고, 해 과 실험을 통하여 그 과를 

검 하 다. 촉매층에  생 는 수 의 양은 작동 전류 의 

크 에 비 하  문에 응 전류 를 주 적으  

시키  촉매층 근처에  수 의 농 차를 만들었다. 수치 

해 을 통하여 주 적으  생하는 수 가  산이 잘 고, 

절 적인 수  양이 적  문에 연 전  내에  제거  

률이 높음을 인하 다. 또한 냉시동 실험을 하 15 , 

10 에  수행하 다. 실험 결과 주 적인 응을 하  않았을  

실패하  냉시동 실험이 주 적으  응하 을  공하는 

것을 인하 다. 이  응 주 가 짧을수  전류 폭 비가 

클수  그 과가 커 을 인하 다. 위 은 저 의 경에  

생 는 수 를 과적으  제거함으 , 냉시동의 공 

가능 을 높 다는  의의가 있다. 본 연 를 통하여 연 전  

저  플러 시 능을 향상시 고, 과적인 퍼 를 통하여 

냉시동의 공 가능 이 가하 다.  
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