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Abstract 

 

Studies on the performance improvement of PEM 

fuel cell in low temperature flooding condition 

by removing the condensed water inside GDL 

 

Nam Woo Lee 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

When a fuel cell vehicle is operated in low temperature right after 

starting up, performance drop due to flooding often occurs in the catalyst 

layers, micro porous layer(MPL), gas diffusion layers (GDL), and gas 

channels of the fuel cell. It blocks the reactant gas transfer to the catalyst layer 

and reduces power output from a fuel scell when high current is needed. So, 

flooding is a very serious problem needed to be solved. Among those 

accumulated water, the accumulated water inside GDL is very hard to remove 

unless a fuel cell is fully warmed up. So, in this study, the method of 
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removing accumulated water droplets from GDL and MPL was studied with 

numerical simulation and experiments. 

New concept of water removal method was suggested. Its main concept 

is pushing the water droplet inside GDL with increased gas pressure from 

catalyst layer side. Inside GDL water droplets are trapped among the fibers of 

GDL. To push these water droplet toward gas channel, additional force, which 

can overcome the surface tension between the fiber of GDL and water 

droplets, is needed. By lowering a cell voltage artificially, this additional force 

can be obtained. This concept was named as “voltage lowering method.” If 

the cell voltage is lowered during its operation, the additional heat generated 

at the catalyst layer heats the GDL and the gas nearby the catalyst layer. So, 

the gas pressure is increased and push the water droplets toward gas channel. 

To realize this concept in real fuel cell system, two ideas, which were “low air 

S.R. operation” and “hydrogen mixing operation”, were derived. These two 

ideas used concentration loss to lower the cell voltage. 

Before test these ideas in real fuel cell system, the concept of voltage 

lowering method was verified by numerical simulation. Generally, the gas 

pressure distribution across GDL is not considered in calculating water 

transport inside GDL. However from the simulation results, it was found that 

the gas pressure distribution across GDL should not be neglected in 
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calculating water transport inside GDL. From the simulation results including 

gas pressure across GDL, it was found that this method helped to increase 

pressure gradient across GDL and to remove accumulated water. 

Consequently, more oxygen was transferred to the catalyst layer. Therefore, it 

was concluded that this method is useful in removing accumulated water and 

recovering cell voltage in flooding condition. 

After verifying the effectiveness of the voltage lowering method using 

numerical simulation, this concept was verified by experiments. In this 

experiments, low air S.R. operation was mainly verified, and the hydrogen 

mixing operation was tested to compare the results with that of low air S.R. 

operation. The main idea of the low air S.R. operation was lowering the air 

flow rate supplied to the cathode while maintaining current output from the 

fuel cell. And the idea of hydrogen mixing operation was to supply a small 

amount of hydrogen into the air supplied to cathode while maintaining the 

current output from a fuel cell. From the test results including transparent fuel 

cell test, low air S.R. operation was more effective in removing accumulated 

water from GDL than hydrogen mixing operation. Hydrogen mixing operation 

emitted hydrogen gas which was not used during the operation. However, 

there was almost no hydrogen gas in the exhaust gas of low air S.R. operation. 

So, the low air S.R. operation is more appropriate method that is applicable to 
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a fuel cell vehicle. Additionally, a degradation test for low air S.R. operation 

was conducted. From the test results, it was concluded that the low air S.R. 

operation didn’t seriously affect the performance loss of a fuel cell.  

In conclusion, it was concluded that the low air S.R. operation is an 

effective method of removing accumulated water from GDL for a real fuel 

cell vehicles.  

 

 

Keywords: Flooding, Polymer electrolyte membrane fuel cell, Gas 

diffusion layer, Concentration, Numerical analysis, 

Degradation  
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Chapter 1. Introduction 

 

1.1 Background of the study 

Global warming problem caused by green-house gas emission is known as 

the main cause of drought, sea level rise, extinction of wildlife, etc. Because 

the gas emissions from cars are considered the main culprit of air pollution, the 

state of California enacted a law of "Low Carbon Fuel Standard" and has been 

giving credits under this rule. If the credit points that a car maker has gotten is 

under a certain level, the government will impose a fine as a penalty [1, 2]. 

Therefore, many car makers have been developing eco-friendly cars such as 

electric vehicles or fuel cell vehicles to replace the vehicles using gasoline or 

diesel as a fuel.  

Among them, fuel cell produces electricity from a hydrogen and oxygen 

reaction, and it only generates pure water. Because of this feature, the fuel cell 

has been attracted attention as an alternative energy source which can solve 

energy and environmental problems. Vehicles using fuel cell as a power source 

have been being developed for decades. Recently, Hyundai motors showed their 

first small production model in 2013 [3], and Toyota motors also started 

receiving order from December 2014 [4]. Other companies also announced 
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their plan about small production of fuel cell vehicles around 2015 [5]. Because 

of these movement, a rapid development of fuel cell technology is under way. 

However, there still remains some problems to be solved. 

One of the problems is a flooding problem. The output power of 

conventional internal combustion engines seem to be not greatly affected by the 

environmental conditions, but the situation is totally different for the fuel cell 

used in fuel cell vehicles. When a fuel cell vehicle is operated in low 

temperature right after starting up, performance drop due to flooding often 

occurs in the catalyst layers, gas diffusion layers (GDL), and gas channels of 

the fuel cell. The generated water fills up the path of gas to catalyst layer. So, 

the performance loss is often appeared when a fuel cell is operated in high 

current output mode which requires a lot of gas supply to catalyst layer. It is 

often seen in a fuel cell vehicle. Because the output power of conventional 

internal combustion engines seem to be not greatly affected by the 

environmental conditions, many driver might think that a fuel cell vehicle 

would show the same performance right after its start like convenient engine 

vehicles. However, a fuel cell in a fuel cell vehicle is operated in its full power 

output before it is fully warmed up due to sudden acceleration, there would be 

performance down due to flooding. So, the driver might think that the vehicle 

power is unstable. This situation is continued until the fuel cell is fully warmed 



3 

 

up, and the accumulated water is removed by evaporation. 

As mentioned earlier, there are two problems needed to be solved in order 

to increase the performance of a fuel cell in flooding situation. The first is 

removing the accumulated water inside gas channels. The second is removing 

the condensed and accumulated water in pores of GDL. Of the two problems, 

the latter is very hard to solve, and there are not enough studies about it. So, it 

was chose as a main topic of this thesis. 

In this studies, a new concept of removing condensed and accumulated 

water from GDL was suggested from the analysis of flooding phenomena. Then, 

the concept was evaluated and verified using numerical analysis. Lastly, two 

ideas suggested from the concept were tested under flooding condition. These 

ideas could be used for real fuel cell vehicle to improve its acceleration 

performance before it is fully warmed up in flooding condition. 
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1.2 Literature survey 

Performance loss due to flooding is a very serious problem for fuel cell 

vehicles. So, there are many researches to solve this problem. There are two 

major ways of reducing power loss from the flooding problems. One is by 

improving component design and the other is by controlling the operating 

conditions. As for the designing method, there are many ways that can improve 

the performance of a fuel cell. Xianguo et al. [6] suggested a process that could 

be used in designing bipolar plate and gas channel. PTFE coated channels had 

also effect [7]. To improve the performance of GDL, the method of controlling 

the PTFE loading inside GDL [8, 9] was used. Adding a MPL layer on the 

surface of GDL [10] was also helpful. Wilkinson et al. [11] suggested the way 

of using thin MEA to move an additional water to the anode side. It could help 

to reduce the external humidifier for a fuel cell by humidifying reactant gas 

internally. 

However, the most commonly used method to remove the condensed and 

accumulated water in channels was increasing air flow rate supplied to the 

cathode side channels [12-17]. Using pressure difference such as purging was 

also used [18]. And Choi et al. and Hwang et al. [19-21] suggested a pulsating 

method that pulsate the reactant gas. These methods are very good for removing 

the accumulated water only in channels.  
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There, however, were some studies focusing on removing the water inside 

GDL. Litster et al. [22] adopted an electro osmosis pump inside the fuel cell to 

remove water inside the GDL and channel. But it was not easy to apply this 

idea directly to real fuel cell vehicles. Kim et al [23] suggested the method of 

adding a small amount of hydrogen into the supplying air and proved it 

experimentally. If a small amount of hydrogen is supplied to the air to the 

cathode, it spreads across the catalyst layer and have chemical reaction with 

oxygen without generating electric power. Additionally, it can heat the catalyst 

layer and the gases nearby catalyst layer. It was found that this elevated gas 

pressure could be used as a driving force for pushing the condensed and 

accumulated water inside the catalyst layer and GDL. Kim and Lee found that 

this method was also helpful in a cold starting condition if condensed and 

accumulated water inside the catalyst layer and GDL was removed by this 

method [24]. However, this method needs somewhat complex equipment to mix 

hydrogen with air. Lee et al. [25] suggested the low air S.R. (Stoichiometry 

Ratio) operation. It is lowering air flow rate to be supplied to a fuel cell stack 

while maintaining its current out value. Then, the oxygen concentration at the 

surface of cathode catalyst layer is decreased. So the voltage of the fuel cell is 

decreased because of concentration loss. This method could heat the cathode 

catalyst layer, and was also effective in pushing the accumulated water inside 
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GDL. It used almost the same principal with the previous study [23, 24], but 

didn’t need additional equipment such as a hydrogen mixing valve, etc.  

Those experimental methods are very effective in verifying a suggested 

idea quickly. However, it is not easy to check the microscopic phenomena 

related to the water distribution inside GDL. The direct way to check a 

distribution of water inside GDL is using some sort of special optical 

instruments such as Neutron image [26-30] or Synchrotron X-ray [31-34]. But 

it is very cumbersome to take the image of a water distribution inside a fuel cell 

during its operation. So, in many cases, numerical analysis using various 

models and governing equations is widely used because it doesn’t need special 

instruments but computers. 

There are two types of model which can explain the transport of water that 

is generated at the cathode catalyst layer passing through the GDL to the 

cathode side channels. The first one is a pore network model that represents the 

GDL with pores and throats which connect pores. This model was firstly 

suggested to calculate the flow of fluid passing any porous medium using 

mathematical equations [35]. It was then used to calculate the flow of oil and 

water in petroleum engineering and environment engineering fields [36-38]. 

This model was also used in modeling the fluid passing a filter in the field of 

chemical engineering [39]. Because the GDL used in a fuel cell also has the 
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characteristic of a porous medium, this pore network model is widely used in 

modeling a flow of water that passes GDL or an effective diffusivity of GDL 

[40-45]. Sinha et al. [40, 41] used a pore network in describing governing 

physics of liquid water transport in a GDL for the first time. And he suggested 

that liquid water transport in a homogeneously hydrophobic GDL is governed 

by fractal capillary fingering at extremely low capillary numbers as 

encountered in the fuel cell application. He also shows the pore level liquid 

water transport mechanism in a uniformly hydrophobic GDL. This model was 

also used to calculate diffusivity properties. Rui Wu et al. [42] calculated 

oxygen effective diffusivity in GDL using a three dimensional pore network 

model. Lee et al. [43, 44], used this model in calculating the water distribution 

and movement of water inside GDL. From this study, she suggested that the 

invasion percolation process was an important transport mechanism. Recently, 

Water path network model which calculated the water movement inside GDL 

using an actual cross-sectional shape was suggested as an improvement of a 

pore network model [46]. Pore network model has the merit of using general 

equations that is used in fluid mechanics in calculating the fluid flow in 

microscopic scale. However, it is needed to perform a great amount of 

calculation to solve a problem, and it takes a long time to obtain a result. 

The second is a continuum model which performs calculation using 
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averaged parameters obtained from experiments, and this model is usually used 

to show the overall water distribution inside GDL. To use this method, the 

average properties which fit the scale should be obtained before. However, it is 

very fast and effective. 

There are many studies which deal with the distribution of water inside 

GDL using this method. [47-51]. Nam et al. [47] predicted the water saturation 

distribution by numerical simulation using a one-dimensional continuum model 

with the water vapor condensation kinetics, species mass diffusion, and 

capillary motion of the condensate in a hydrophobic fibrous diffusion medium. 

Pasaogullari et al. [48, 49] calculated the water saturation distribution inside 

GDL using continuum model, and the result showed very similar water 

distribution profile with that of Nam’s. However he didn’t consider the effect 

of temperature change in the calculations, and it does not reflect real 

temperature conditions of a fuel cell. Shi et al. [50] also calculated the effect of 

capillary pressure on liquid water removal from GDL. In this calculation, the 

effect of temperature was considered, but the effect of gas pressure was not 

considered. Armijo et al. [51] calculated the liquid water saturation and 

capillary pressure distributions using continuum model including the effect of 

temperature on the capillary pressure. In his study, he found that liquid water 

saturation significantly increased with increasing the operating temperature of 
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the fuel cell, and an elevated operating temperature had an undesirable 

influence on the removal of liquid water inside the GDL. In calculating the 

water distribution inside GDL, many researchers assume that the gas-phase 

pressure is constant across the porous medium [48]. However, there is 

temperature gradient inside a fuel cell [52]. So the gas pressure inside GDL 

might have pressure gradient, and it can help water removing from GDL.  

In this study, continuum model was used to calculate the water contents 

across GDL in numerical analysis, and the effect of the gas pressure on water 

removing from GDL was also investigated. 
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1.3 Objectives and scopes 

It is very important to improve the performance of a fuel cell vehicle when 

it is in a flooding condition because other vehicles using internal combustion 

engine do not have this kind of power output loss. Especially, the vapor that 

had been produced during its operation is condensed and accumulated inside 

GDL and gas channels of a fuel cell before it is fully warmed up. This 

accumulated water blocks the transfer of reactants to the catalyst layer. So, the 

voltage and power of a fuel cell are dropped when a high power is needed. In 

order to make a fuel cell vehicle more stable, this flooding problem should be 

solved. There are many studies about removing accumulated water from a full 

cell. However, most of the studies focused on the method how to remove the 

accumulated water from gas channels. So, suggesting a new method of 

removing accumulated water from GDL was chosen as the objective of this 

study. 

In chapter two, the process of developing a new concept how to remove 

accumulated water inside GDL was summarized. For this, the voltage 

fluctuation during a flooding condition was investigated, and the valence power 

acting on a water droplet inside GDL was also considered. From those analysis 

results, new concept named as “voltage lowering method” was suggested. 
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Based on the new concept, two ideas, which were “low air S.R. operation” and 

“hydrogen mixing operation”, were derived. 

In chapter three, the new concept of voltage lowering method was verified 

using a numerical analysis. As a simulation method, a continuum based model 

which performs calculation using averaged parameters obtained from 

experiments was used. In this model, heat transfer, water evaporation, gas 

transfer and water transfer models were included. The effect of using the 

concept developed in the chapter two on the distribution and transfer of the 

water inside GDL was analyzed using this model. 

In chapter four, the two proposed ideas in chapter two were tested and 

verified. To verify the water removal performance from GDL, voltage variation 

tests, transparent fuel cell tests, and gas analysis test were also conducted, and 

the results were compared. Additionally, a degradation test was conducted to 

verify the effect of the low air S.R. operation on the service life of a fuel cell. 

Finally, the concluding remarks were given with a brief summary and 

discussions about the results and further studies. 
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Chapter 2. Derivation of a new concept 

 

2.1 Introduction 

The GDLs are located between gas channels and catalyst layer in a fuel 

cell and allows direct and uniform access of the fuel and oxidant to the catalyst 

layer. A GDL is usually made of a porous carbon paper or carbon cloth and has 

100~300 μm thickness [53]. Because a GDL acts as a path for gas and 

electronics, it should have good gas permeability and electrical conductivity. 

Also, it should have good water discharge characteristics to remove the water 

generated by chemical reaction in catalyst layer [54, 55]. For this, it is generally 

treated with waterproof, and the most commonly used material is PTFE [56-

58]. 

When a fuel cell vehicle has been left for a long time after driving, the 

water vapor generated during the driving have been condensed and 

accumulated inside GDL pores and channels. And generated water during 

operation right after its starting up before it is fully warmed up is also 

condensed and accumulated inside GDL and gas channels. Especially, the water 

has been grown inside GDL pores obstruct gas transfer to catalyst layer, and the 

concentration of oxidant is decreased as a result.  
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Fig. 2.1 Time-sequenced ESEM images of smaller liquid water droplets 

agglomerating to form larger droplets in a GDL [59]. 
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This has the effect of reducing a limiting current density of a cell. As shown in 

Fig 2.1 [59], water grows inside pores among fibers of GDL is very hard to 

remove until it is vaporized by the cell temperature rise. 

To enhance the acceleration or power output performance of a fuel cell 

vehicle right after its start-up, it is very important to remove accumulated water 

from GDL as much as possible. In this chapter, a new concept of removing 

water from GDL will be suggested along with the ideas for implementing the 

concept. 

 

2.2 Flooding phenomenon 

A preliminary study was performed, to examine the flooding phenomenon 

at room temperature or low temperature before the fuel cell was yet fully 

warmed up. The fuel cell used in this experiment was a single cell with an active 

area of 25 cm2, and there was a cooling water channel in the interior of the end 

plate. The temperature of the fuel cell was to be kept constant, by supplying 

cooling water at 25°C, 1.0 L/min to the cooling water channel. Hydrogen of 0.5 

L/min and air of 1.0 L/min were supplied to the fuel cell. In order to intensify 

flooding, the hydrogen and air were supplied to the fuel cell after being 

humidified to 100 % at the temperature of 30°C using a bubbler humidifier. In 
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addition, the pipe was heated using a heater, to prevent condensation of vapor 

in the reaction gas, so the steam could be supplied to the cell with its maximum 

humidity. The output current density of the fuel cell was maintained at 1 A/cm2, 

and the cell voltage was measured every second. 

The results in Fig. 2.2 shows that the voltage gradually decreased overall 

with a constant gradient. Then, the voltage of the cell sometimes dropped 

rapidly on an irregular basis, and recovered. When it recovered, it was seen to 

rise much higher than before. This phenomenon of the cell voltage falling down 

and recovering was repeated, as time went by. If the voltage drop was greater, 

the voltage recovery became the greater too. In general, the pores inside the 

GDL are gradually filled with water in flooding condition. So, the water 

droplets filled in the GDL lowers the cell voltage by preventing oxygen that is 

delivered to the catalyst layer from the channel. This phenomenon is called as 

“concentration loss.” Concentration loss is expressed by Eq. (2.1) [60]. In this 

formula, ∗  means the mean concentration of the reactants at the catalyst layer, 

while   means the average concentration of the reaction product of the 

channel. 

 =   ∗  (2.1) 
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Fig. 2.2 Cell voltage change according to time in flooding situation. 
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When the concentration of the reaction gas in the catalyst layer is reduced, the 

voltage output is getting decreased due to concentration loss. The water vapor 

pressure at catalyst layer is increased by the heat generated from the 

concentration loss. This vapor with increased pressure will go out into the 

channel pushing the water droplets inside the GDL. By means of this process, 

the water droplets inside the GDL are transferred to the gas flow channel. After 

the process, more reaction gas can be transferred to the catalyst layer, because 

of the recovery of porosity in the GDL [61]. As a result, the cell voltage is 

increased again. As shown in Fig. 2.2, the cell voltage drop and recovery 

process is continually repeated. From this consideration, this research is 

focused on the power of pressure gradient that can push the accumulated water 

from the GDL. 

 

2.3 Concept derivation 

The water vapor generated by an electrochemical reaction is discharged to 

channels through the catalyst layer and GDL. In this process, some of the vapor 

is accumulated inside the pore of the GDL because its temperature is relatively 

lower than the catalyst layer where the reaction happens as shown in Fig. 2.3.  
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Fig. 2.3 Schematic diagram of a fuel cell in flooding condition. Water 

generated at catalyst layer accumulated inside GDL and block 
oxygen diffusion to the catalyst layer. 
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Generally, the temperature of the catalyst layer is the highest and it is getting 

lower when it goes to the channel [62-64]. Those accumulated water droplets 

grow and gradually reduce the mass transfer area to the catalyst layer. This is 

the main cause of the concentration loss [63, 65]. To remove the water droplet 

accumulated inside the channel, applying sufficient pressure or velocity 

difference across the water droplet was suggested [12], and this method is 

widely used for the fuel cell vehicle control. However, any amount of air flow 

through the channel cannot remove the water accumulated inside the catalyst 

layer and GDL. It can be removed only by capillary pressure after it is grown 

up enough or evaporation after a fuel cell is fully warmed up [10].  

Generally, Eq. (2.2) is used for explaining water transfer inside a GDL [43, 

48].   

 =  −  (2.2) 

In this equation,  means a gas pressure and   means a capillary pressure. 

A water transfer inside a GDL can be represented as follows using the Darcy’s 

law [48, 51].  

 = −    (2.3) 

In Eq. (2.3),  is a constant described by the Kozeny-Carmen formula,  is 
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a viscosity coefficient and  is relative permeability which is represented by 

the saturation of liquid water. If this formular is multiplied by the transfer area 

of a liquid water, a weter transfer rate per time can be obtained. 

Eq. (2.3) shows that if the value of   is raised, the more water can be 

transferred. Eq. (2.4) can be derived from Eq. (2.1). Generally,  is normally 

ignored when calculating  , and only   is considered. In many research 

papers, it is widely accepted that the  dosen’t have a big influence on  as  [47-51], and the gas pressure  is considered constant across the porous 

medium [48]. In this equation,   means a pressure difference of each side of 

a water droplet. 

 =  −  ≅ −   (2.4) 

However, there is a gas pressure gradient across the porous medium, and 

the gas pressure should not be ruled out. For an ordinary fuel cell, the 

temperature profile of a fuel cell shows a temperature drop as it goes down to 

the channel because of the oxygen reduction reaction at the catalyst layer [63]. 

So, according to Eq. (2.4), the total pressure at the cathode catalyst layer is the 

highest. 
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   = −2.1794 + 0.02953 − 9.1837 × 10

+ 1.4454 × 10 

(2.5) 

If it is supposed that most of the generated water at the catalyst layer is 

transferred to the GDL, a void inside the GDL can contain vapor as much as the 

vapor pressure of that point [66] and some of the excess is accumulated inside 

the void [47]. If the temperature of a fuel cell is increased with the power output, 

the vapor pressure would be also increased according to Eq (2.5). If the 

temperature of the fuel cell is finally over a certain level, the system would 

adjust balance of the water which is accumulated or evaporated. However, it is 

not easy to remove water inside the fuel cell that has not been fully warmed up. 

In this case, increasing the gas pressure difference   could be a realistic 

option in order to push the accumulated water. It can be achieved by heating 

the catalyst layer directly to increase the temperature gradient of the fuel cell as 

shown in Fig. 2.4. If the force of total gas pressure including vapor pressure of 

catalyst layer side is bigger than the sum of the force of surface tension that acts 

on the water droplet and the vapor pressure from the channel side, the droplet 

will move toward the channel. The concept of this idea is illustrated in Fig. 2.5.  
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Fig. 2.4 Temperature distribution and gradient inside a fuel cell. 
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Fig. 2.5 The basic concept of using a pressure difference. 
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So, we called this method as “ voltage lowering method.” 

To increase the temperature gradient, raising the current output of the fuel 

cell can be the first option and it apparently works [63]. However, in real fuel 

vehicles, it is not easy to apply this method directly because there is a certain 

limit to the current output that can be drawn. The second option is inserting a 

small amount of hydrogen into the air that is supplied to cathode [23, 24]. In a 

broad sense, it is an alternative way of using internal leak. If we add up some 

hydrogen to the air supplied to cathode, it will diffuse to the catalyst layer and 

have a chemical reaction with air. With this reaction, additional heat will be 

generated at the cathode catalyst. 

The last option that to cause a concentration loss artificially. Concentration 

loss can be expressed as Eq. (2.1) and ∗  means the concentration of reactants 

at the catalyst layer [34]. In other words, if the amount of air flow rate to the 

channel is decrease below a certain level, the amount of oxygen that reach the 

cathode catalyst will decreased and the voltage output of the fuel cell will 

decrease by the concentration loss. By this reaction, additional heat is generated 

at catalyst layer and heat the gas nearby catalyst layer. So, it can increase the 

pressure gradient inside the fuel cell. Detailed descriptions about these two 

methods will be prepared from following sections 

For convenience' sake, the method of lowering air supplying rate was 
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named as ‘low air S.R. (Stoichiometry Ratio) operation and that of inserting a 

small amount of hydrogen was named as ‘Hydrogen mixing operation’ from 

next section. 

 

2.4 Hydrogen mixing operation 

As explained in the previous section, “hydrogn mixing operation” means 

inserting a relatively small amount of hydrogen into the air supplied to cathode 

of a fuel cell. This hydrogen diffuses into GDL and reaches cathode catalyst 

layer. Then, there are chamical reactions that produces water using hydrogen 

and oxygen at the surface of cathode catalyst layer. In this case, the voltage 

output of a fuel cell is decreased by this reaction. It can be explained in two 

ways. 

The first way to explain this is “internal current leakage”. They are the 

internal current leakage that flows through the coolant passing through a fuel 

cell stack, the gas cross over of hydrogen gas and unintended side reactions 

inside a fuel cell [60]. When these internal current leakage occurres, the cell 

voltage is decreased. This is because a fuel cell regards the internal current 

leakage as additionally consumed current over the output curent.  

  



26 

 

 

 

 

 

 

  

 

(a) Voltage loss from internal current leakage 

 

(b) Additional heat generation from internal current leakage 
Fig. 2.6 Additional heat generation from internal current leakage. 



27 

 

Therefore, the real I-V curve shows as if it shifted left side as much as the value 

of the internal current leakage as shown in Fig. 2.6. And the limit current 

density shows the same tendency. Because the voltage is further reduced when 

interal current leakage is occurred, more heat is generated with the same current 

density. If the cell is operated in the vecinity of limit current density, there is a 

great reduction in output voltage. 

The second way to explain this is by the change of oxygen concentration 

at cathode catalyst layer. Concentration gradient across GDL can be explained 

using Fick’s law [67].  

 =   (2.6) 

In Eq. (2.6),  means diffusion flux (mol/cm2 s),  implies cross sectional 

area (cm2),  is coefficient of diffusion (cm2/s),  represents length (cm), 

and  means concentration of a reactant (mol/cm3). Generally,  does not 

change and remain constant in the same system.  

From the Fick’s law, the concentration of oxygen at catalyst layer which 

passes through GDL from gas channels is appeared as Fig. 2.7. Hydrogen is 

also supplied to cathode catalyst and used up by chamical reactions with oxygen 

there. Then, the concentration of oxygen at the catalyst layer decreased as much 

as the amount of oxygen used.  
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Fig. 2.7 Oxygen concentration change at catalyst layer due to hydrogen mixing 

operation. 
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So, the oxygen concentration profile is changed to dashed line as shown in Fig. 

2.7. If the amount of hydrogen that is mixed with the air is increased, the 

hydrogen concentration at the catalyst layer is increased, and the oxygen 

concentration at the catalyst layer is more decreased because of chamical 

reactions at the catalyst layer.  

When it is reconsidered using Eq. (2.1), the denominator value ∗  is 

decreased if the amount of hydrogen that is supplied to cathod is increased. 

Therefore, the concentration loss is increased, and output cell voltage is 

decreased. Kim et al. [23, 24] used this idea in reducing the cell voltage 

artificially to remove the accumulated water inside GDL. However, this method 

needs additional equipments to insert hydrogen into air supply line, and it can 

make fuel cell system in a fuel cell vehicle become complexed. 

 

2.5 Low air S.R. operation. 

The second method which can lower the cell voltage is lowering the 

oxygen concentration at the cathode catalyst layer. This is the method of 

increasing ∗  value in Eq. (2.1) by lowering the air flow rate which is supplied 

to cathode channel while maintaing the current output from the fuel cell. Fig. 

2.8 shows the basic idea of low air S.R. operation. 
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(a) Voltage loss from concentration loss 

 

(b) Additional heat generation from concentration loss 
Fig. 2.8 Additional heat generation from concentration loss. 
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Fig. 2.9 Oxygen concentration change at catalyst layer due to low air S.R. 

operation. 
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In Fig. 2.9, two cases of oxygen concentration plots are represented. 

Because current output from a fuel cell and diffusion coefficient are the same 

for these two cases, the two plots show the same gradient of concentration 

distribution across GDL. So, if the same current is collected with those two 

cases, the oxygen concentration at the catalyst layer with the case of low air 

S.R. operation would fall to zero much earlier than normal operation. However, 

even in this situation, that of normal operation is not zero yet. The amount of 

current at which the oxygen concentration is fall to zero is called as “limit 

current density”, and the cell voltage is sharply decreased when it is used around 

this current limit. Therefore, decreasing the air flow rate which is supplied to 

cathode channel leads to the effect of reducing oxygen concentration at cathode 

catalyst layer. So, it produces the effect of reducing the limit current density, 

and the cell voltage is decreased. Benziger et al. [68] performed the almost same 

concept of experiments. In his study, he observed the change of a cell voltage 

with different oxygen concentrations. As shown in Fig 2.10, when the oxygen 

concentration that is feed to cathode channels is decreased, then the 

concentration at the cathode catalyst layer goes down. It also shows the effect 

of decreasing the value of limiting current density. 
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Fig. 2.10 IV curves for the STR PEM fuel cell as a function of the cathode feed 

composition [68]. 



34 

 

The low air S.R. operation does not need additional equipment when it is 

compared to the hydrogen mixing operation. So, it can easily be applied to a 

fuel cell vehicle only by changing the logic of air supply control. 

 

2.6 Summary 

In this chapter, the basic concept and specific ideas for removing the 

accumulated water from GDL were derived from the basic consideration of 

flooding phenomena. In a flooding condition, the cell voltage fluctuates 

precariously and shows somewhat lower value than that of a normal operating 

condition. The voltage loss is due to concentration loss. It is because the water 

generated at cathode catalyst layer is accumulated inside pore of GDL and 

blocks the reactant gas transfer to cathode catalyst layer. To remove the 

accumulated water from GDL, voltage lowering method was suggested. It was 

to lower the cell voltage while maintaining the current output from the fuel cell 

constant. By doing this, the temperature of the cathode catalyst layer is 

increased, and the pressure of gas nearby the catalyst layer is increased. This 

increased gas pressure pushes water droplets inside pores of GDL toward gas 

channels. From this basic concept, two ideas were derived. The first was 

hydrogen mixing operation. It was a method of inserting a small amount of 

hydrogen into the air flow to the cathode. This inserted hydrogen goes through 
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GDL, reaches cathode catalyst layer and has a chemical reaction with oxygen 

which is around the catalyst layer. Then the oxygen concentration falls, and the 

cell voltage decreased. Therefore, heat is generated at the catalyst layer. The 

second was low air S.R. operation. It was a method of lowering the air flow rate 

to cathode channels. Then, oxygen concentration at the channels is decreased. 

In this situation, it cannot afford to supply enough oxygen to catalyst layer, and 

the limiting current density value is decreased. Therefore the cell voltage is 

decreased below than that of normal flooding condition at the same current 

value. The main concept, voltage lowering method, is going to be analyzed 

additionally using numerical analysis. 

  



36 

 

Chapter 3. Numerical analysis of the voltage 

lowering methods 

 

3.1 Introduction 

In chapter 2, the new idea using pressure gradient to remove the 

accumulated water from GDL and MPL was developed. It could be achieved 

by increasing the temperature of cathode catalyst layer by lowering the output 

voltage of a fuel cell. Generally, this concept might be verified by doing 

experiments. However, It is not easy to check if the water droplet is pushed by 

the total gas pressure increased by the voltage lowering method or not. So, 

verification of the concept before it is tested or adopted to a real system is highly 

recommended. 

In this chapter, a numerical simulation method is used to verify the effect 

of voltage change on the temperature distribution across GDL, the change of 

gas pressure and the water transfer rate. To minimize those effects of other 

parameters, only the cell voltage of a fuel cell will be changed during numerical 

simulation, and the other conditions will be remained the same. 

 

3.2 Model development 
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3.2.1 Water transport in cathode GDL and MPL 

The water produced at the cathode catalyst layer is moved to the channels 

through GDL and MPL. Generally the temperature of a cathode side GDL and 

MPL is somewhat lower than that of a catalyst layer, thus, some of the produced 

water is condensed and accumulated inside the GDL and MPL while passing 

through it. As the temperature of GDL and MPL inside a fuel cell becomes 

lower, more water is accumulated inside. It often occurs when the fuel cell is 

not fully warmed up before being operated for enough time. The water is 

generated as a form of liquid at the catalyst layer and transferred to MPL and 

GDL. So the water droplet inside GDL and MPL becomes bigger as time goes 

by. 

The amount of water generated at the cathode catalyst layer is calculated 

using Eq. (3.1). In this equation, A is the active area of a fuel cell. 

̇ = 2  (3.1) 

Generally, the movement of water inside GDL and MPL is explained using 

two phase transfer model, and it can be expressed using Eq. (3.2) [48]. 

 =  − ,     ∆ = ∆ − ∆ (3.2) 

In Eq. (3.2),  represents capillary pressure,  implies gas pressure, and  
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means the pressure of water. Usually, the Leverette function () is used to 

calculate the capillary pressure from liquid saturation,  [48]. 

 =   ()    () (3.3) 

The commonly used GDL for fuel cell has the hydrophobic characteristic, so 

the contact angle of the water on the GDL and MPL () has the value of 90º

~180º. In this case, () can be expressed by Eq. (3.4). 

() = 1.417 − 2.120 + 1.263 (3.4) 

In Eq. (3.4),  means the saturation of liquid water and is defined as Eq. (3.5) 

 =   (3.5) 

The water transfer inside GDL and MPL can be obtained from Darcy’s law 

that uses relative permeability [51] using Eq. (3.2). 

 = −   = −   −   (3.6) 

In Eq. (3.6),  represents the velocity of water transfer.  means the 

absolute permeability of GDL and MPL, and is expressed using Eq. (3.7) [49, 

50]. 
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 = 16 (1 − ) (3.7) 

In Eq. (3.7),   represents the porosity of GDL and MPL,   implies the 

diameter of GDL or MPL fiber, and  means the Kozney constant [47]. In 

this study, we used the value  of 6 which was the same with Nam et al. [47].   means the relative permeability of liquid phase, and is expressed as Eq. 

(3.8) assuming the isotropic GDL and MPL [48, 49]. 

 =  (3.8) 

In many studies, the effect of gas pressure gradient ( ) on calculating 

water transfer was neglected by assuming the constant gas pressure across GDL 

[47-51]. So, they simplified Eq. (3.6) as a function of only capillary pressure 

gradient ( ). However in this study, these two cases were calculated, and the 

results were compared to consider the effect of the gas pressure gradient ( ) 

on water transfer in section 3.3.1. 

In calculating gas pressure difference, the concentration distribution and 

the partial pressure of water vapor, oxygen, and nitrogen according to the 

temperature of each point of the GDL and MPL were considered. In this process, 

the evaporation and condensation of water were also considered. 
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3.2.2 Heat transfer 

In calculating the temperature at each point of MPL and GDL, the thermal 

model was considered as an electric circuit as shown in Fig. 3.1. In this model, 

MPL was represented as slice number 1, and GDL was divided into 15 equal 

parts. The equation used to calculate the temperature was expressed in Eq. (3.9). 

, + , =  −   (3.9) 

In Eq. (3.9), R represents the thermal resistance and could be expressed as Eq. 

(3.10) when it is used for calculation for GDL slice considering heat conduction. 

 =  ∙  =  15 ∙  (3.10) 

In Eq. (3.9), ,  is the heat transferred to the nth MPL or GDL slice, and ,  is the heat generated by evaporation or condensation of water at 

the nth MPL or GDL slice. 

At the cathode catalyst layer, the heat (, ) transferred to the MPL slice 

was calculated by Eq. (3.11). In calculating , , it was assumed that only the 

half of the generated heat at cathode catalyst layer is transferred to cathode side 

MPL and GDL and the remainder is transferred to anode side. 
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Fig. 3.1 Schematic diagram of model used in calculating the temperature 

distribution. 
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, = (∆ − ∆)2  (3.11) 

In Eq. (3.11), ∆  means the maximum reversible voltage and was set to 

1.481 V at 25℃ under the assumption that the water is generated as a form of 

liquid at the cathode catalyst layer for simplicity of calculation. Of course, ∆  can be calculated from the calculation of enthalpy of reaction [60]. The ∆ represents the output voltage of the fuel cell. To see the impact of change 

of cell voltage on the water removal performance of the stack, this value was 

set to a certain value of 0.5, 0.4, 0.3, 0.2, and 0.1 V. In this numerical analysis, 

the fuel cell was assumed to be a single cell with end plates having coolant 

channels on both sides. As a boundary condition, the coolant water temperature 

was assumed to be kept at 25℃ [25]. 

The heat from the latent heat of water by condensation or evaporation was 

calculated by Eq. (3.12) [47]. 

, = ∆ℎ ̇ (3.12) 

In Eq. (3.12), ̇  represents the amount of water that is condensed or 

evaporated per unit time in each GDL and MPL slice. 

In the GDL and MPL, the water is usually condensed or evaporated at or 

from the hydrophilic surface of the fibers. The volumetric condensation or 
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evaporation rate was calculated by Eq. (3.13) [47, 69]. 

̇, = 14   , − ,()  (3.13) 

In this equation, ,() is the saturated vapor pressure at temperature T.  is the mean molecular speed of the vapor and can be obtained using Eq. 

(3.14). 

 = 8  
 (3.14) 

In Eq. (3.13),  implies the uptake coefficient and is calculated by Eq. (3.15). 

1 = 1 + 34 1 (3.15) 

In this equation,  means the Knudsen number defined as  ⁄ , where  is 

the mean free path of vapor,  is a characteristic length for diffusion, and  

is a mass accommodation coefficient. Usually,  is measured between 0.01 

and 0.07. In this study, the values of  and  are selected as 10μm and 

0.04 as Nam et al. [47].  ⁄  is the liquid/gas specific interfacial area [70] 

and usually affected by the water saturation. The value of 100 m2/m3 was used 

based on the assumption that the water droplets are distributed uniformly 

throughout the whole diffusion medium as in Nam et al. [47]. Typically, it is 

known that the amount of evaporation or condensation of water vapor is 
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different from each other [69], however, Eq. (3.13) was used for evaporation or 

condensation calculations for simplicity. 

The saturation vapor pressure of water droplet ,()  was 

calculated using Eq. (3.16) [66].   ,() =  −2.1794 + 0.022953 − 9.1837 ∙ 10
+ 1.4454 ∙ 10 

(3.16) 

For ease of calculation, it was assumed that the temperature of the gas at 

each point inside GDL and MPL, and those of GDL and MPL itself were the 

same. The temperature that was used to calculate the saturation vapor pressure 

was obtained from the mean value of each side of node temperature of a GDL 

slice. 

 

3.2.3 Gas Transfer 

The air consists of 78.03% of nitrogen, 20.95% of oxygen, 0.94% of 

argon and so on. However in this simulation, it was assumed that the air consists 

of 80% of nitrogen and 20% of oxygen. So In calculating gas pressure, only 

nitrogen, oxygen and water vapor were considered. Among these gas 

components, the concentration of nitrogen inside the fuel cell was assumed to 

remain constant because the nitrogen dose not participate in chemical reactions 

[47]. 



45 

 

There are two main factors should be considered when calculating the gas 

transfer inside GDL. The first one is the effect of gas pressure difference, and 

the second is the effect of gas concentration difference.  

Fig. 3.2 shows the model that was used in calculating the gas transfer in 

MPL and GDL. The equation used to calculate the gas transfer was as follows. 

̇, = ̇,, + ̇,,  (3.17)  

In Eq. (3.17), ̇,  means the flow rate of gas component  that passes the 

slice  . ̇,,  is the flow rate of gas component   due to 

concentration difference, and ̇,,  represent the flow rate of gas 

component  due to pressure difference. 

̇,,  was calculated from Fick’s law [71] and is represented 

as follows.  

̇,,  = , × , − ,∆  ×  (3.18) 

In Eq. (3.17), , means mole concentration of species  at node , and   

represents the depth of slice .  is the area that gas passes through. In order 

to reflect the gas transfer in a porous medium, Bruggemann correction was also 

used to calculate the effective diffusivity [60]. 
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Fig. 3.2 Schematic diagram of model used in calculating gas transfer. 
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, =  D,  ×  ( × (1 − )). (3.19) 

The equation used to calculate the gas pressure distribution was as follows. 

Darcy’s law was also used [51]. 

̇,, =  × , − ,∆  ×  (3.20) 

In this equation, ̇,,  means volume flow rate of species  at node .  represents the absolute permeability of GDL and is the same with the Eq. 

(3.7).   is the relative permeability and is expressed as Eq. (3.20) [51]. 

 = (1 − ) (3.21) 

,  represents the pressure of species   at node  . From the ideal gas 

equation [72], ̇,,  is converted into ̇,,  by multiplying  

as Eq. (3.22). 

̇,, =  × , − ,∆  ×  × ,, (3.22) 

So, ̇,  is calculated from Eq. (3.18) and (3.22). 
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̇, = , × , − ,∆  ×  +  × , − ,∆ 
×  × ,, 

(3.23) 

, has the relationship with , as shown in Eq. (3.24) from the ideal gas 

equation. 

, = ,, (3.24) 

To simplify the Eq. (3.23), new variables  and  were used. 

 =  ×  (3.25) 

 = , ×  (3.26) 

Then, the Eq. (3.23) was simplified as Eq. (3.27). 

̇, =  × , − ,∆  + 
× ,, − ,,∆  × , (3.27) 

In calculating the nitrogen concentration distribution, it was assumed that 

there is no nitrogen gas flow during the operation. So, the value of ̇,  was 
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set to 0. In case of oxygen, the value of ̇,  was calculated from the current 

density and active area. After calculating the concentration distributions of each 

gas, the gas pressure distributions were calculated using the ideal gas equation.  

 

3.2.4 Simulation Conditions 

The parameters and properties used in this numerical analysis are listed 

in Table 1 and 2. Usually, the voltage of a fuel cell at the currnt densiy of 1 

A/cm2 is usually 0.6~0.7 V [73]. However, this value is reduced as the mass 

transfer loss increases [61].  

In this study, the base voltage that represents the voltage of flooding 

situation was selected as 0.5 V from the test result of chapter 2.2 and Kim et al. 

[23]. From this voltage, the effects of voltage change were analyzed when the 

voltage was changed from 0.5 V to any of selected voltages, which were 0.4 V, 

0.3 V, 0.2 V and 0.1 V as listed in Table 3, to see the effect of voltage only on 

water transport inside GDL and MPL. It was also assumed that fully humidified 

air was supplied with the condition of 100% humidity at 30℃ and pressure of 

1 bar and flow rate of 1 L/min. This condition was maintained to see the only 

effect of voltage changes. The coolant water, that cooled the end plates, was 

assumed to be supplied sufficiently at the temperature of 25℃ [23, 25]. 
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Table 3.1 Parameters and properties of a fuel cell components. 

Parameters Unit Values 

Active area cm2 25 

Thickness of GDL μm 315 

Thermal conductivity of GDL W/m∙K 0.15 

Specific heat of GDL kJ/kg∙K 0.357 

Density of GDL kg/m3 338.5 

Porosity of GDL - 0.7 

Thickness of MPL μm 10 

Thermal conductivity of MPL W/m∙K 0.2 

Specific heat of MPL kJ/kg∙K 0.685 

Density of MPL kg/m3 2045 

Porosity of MPL - 0.5 

Thickness of cathode catalyst μm 10 

Thermal conductivity of cathode 

catalyst 
W/m∙K 0.2 

Specific heat of cathode catalyst kJ/kg∙K 0.685 

Density of cathode catalyst kg/m3 2045 
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Table 3.1 Parameters and properties of a fuel cell components. (Continue) 

Parameters Unit Values 

Thickness of end plate mm 10 

Thermal conductivity of end plate W/m∙K 52 

Specific heat of end plate kJ/kg∙K 0.71 

Density of End plate kg/m3 2000 
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Table 3.2 Parameters and properties of the model. 

Parameters Description Unit Values , diffusivity of oxygen mm2/s 30.3 

, diffusivity of vapor mm2/s 34.5 

, diffusivity of nitrogen mm2/s 30.0 

, GDL fiber diameter μm 7 

,  MPL fiber diameter μm 1 

ℎ  heat of vaporization kJ/kg 2,334 

  maximum reversible voltage V 1.481 

 / liquid/gas specific interfacial area  m2/m3 100 

 mass accommodation coefficient - 0.4 

 characteristic length for diffusion μm 10 

 contact angle of water on GDL  ◦ 120 

 exchange current density A/cm2 0.5 

 gas constant m3 Pa/K mol 8.314 
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Table 3.3 Simulation conditions and parameters. 

Parameters Description Unit Values 

Coolant 
temperature °C 25 

flow rate L/min 1 

Air 

temperature °C 30 

flow rate L/min 1 

relative humidity % 100 

Cell voltage 

condition 

base voltage V 0.5 

operation voltage V 0.4/0.3/0.2/0.1 

hold time seconds 
30/60/120/240 

500/750/1000 
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Because the main interest was the water transport inside cathode side GDL and 

MPL, the numerical analysis was only focused on cathode side GDL and MPL. 

To perform a numerical analysis, GDL was divided in 15 slices of equal volume, 

and one slice of MPL was also used. It was also assumed that the fuel cell was 

considered as a single cell. The current density pulled out from the fuel cell was 

unchanged at a value of 0.5 A/cm2 in every analysis. Finally, all the gases was 

assumed to be transferred from catalyst layer to channel side and vice versa for 

simplicity. Water flow from anode side through membrane was not considered 

with the assumption of balance of electro osmosis and back diffusion. 

  

3.3 Simulation results 

3.3.1 The effect of gas pressure () on water transport in GDL 

Fig. 3.3 shows the temperature distribution across GDL with different 

cell voltages. It is because heat is generated by electrochemical reaction at the 

catalyst layer and the gas channel is cooled by coolant water [63, 74, 75]. So, 

there is a temperature gradient inside GDL. As the cell voltage is low, more 

heat is generated at the catalyst layer, so the temperature gradient inside GDL 

goes stiffer.  
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Fig. 3.3 Temperature distribution of GDL and MPL with different cell voltages. 



56 

 

 

 

 

 
  

 

Fig. 3.4 Liquid water saturation distribution across GDL and MPL with different 

cell voltages when gas pressure is not considered. 
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There are many studies that calculates the distribution of liquid water 

saturation inside GDL [47-51]. In these studies, the total gas pressure was 

assumed to be constant across GDL and was not considered when calculating 

liquid water saturation. Fig. 3.4 shows the distributions of liquid water 

saturation () inside GDL according to various cell voltages. In this case, the 

total gas pressure was assumed constant, and it has the shape similar to the 

previous studies [47-51]. As the location is closer to the catalyst layer, the liquid 

water saturation () becomes high because all the water, which were generated 

at the catalyst layer and transferred to the slice 1, and large amounts of water is 

accumulated inside the slice 1. This water grows bigger and distorted when it 

is larger than the void can afford. Then the water moves to the next slice where 

water saturation is still lower. Fig. 3.4 also shows 5 different cases of liquid 

water saturation with different cell voltages. There are almost no difference 

among these 5 cases. It is because calculating water transfer velocity inside 

GDL and MPL () depends only on the capillary pressure gradient of water 

( ), which is the function of the liquid water saturation () in Eq. (3.2). So 

from the simulation results, it was concluded that the voltage change of a fuel 

cell did not affect distribution and removal of the water in GDL when the gas 

pressure was assumed to be constant across GDL. However, there still remained 

a question about the gas pressure which is assumed to remain constant across 
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GDL as the basic assumption of this simulation. 

Fig. 3.5 shows the total gas pressure distribution across GDL before and 

after changing the cell voltage from 0.5 V to 0.3 V. As shown in Fig. 3.5, the 

total gas pressure was not constant across GDL in a real operating condition. It 

is because there is a temperature gradient across GDL as shown in Fig. 3.3. The 

gas inside GDL was heated by GDL fibers, and the total gas pressure was also 

changed with the temperature change of GDL as cell voltage changes.  

In Fig. 3.6, three cases of gas pressure distribution across GDL with the 

cell voltage of 0.5V. Nitrogen shows almost no pressure difference throughout 

GDL and MPL. It is because nitrogen is not used during operation. In case of 

oxygen, there is small pressure gradient from channel to MPL. It is because 

oxygen is consumed constantly during operation at catalyst layer. So, it is the 

catalyst layer where the oxygen pressure is the lowest. Unlike the cases of 

nitrogen and oxygen, water vapor shows somewhat stiff pressure gradient from 

catalyst layer to gas channel. It is because of water vapor pressure distribution. 

So from those simulation result of Fig. 3.6, it was concluded that the total gas 

pressure is not constant because of water vapor pressure distribution. The 

evaporated water vapor was played an important role. This pressure gradient 

could act as another driving force of removing the accumulated water inside 

GDL and MPL. 
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Fig. 3.5 Total gas pressure distribution and its change across GDL and MPL. 
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(a) Nitrogen                   (b) Oxygen 

 
(c) Water vapor 

 
Fig. 3.6 Gas pressure distribution across GDL and MPL of nitrogen, oxygen 

and vapor. 
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Fig. 3.7 shows two cases of water pressure distribution from Eq. (3.6) 

while the cell voltage remains 0.5 V. The first case is the result of considering 

the total gas pressure distribution, and the second case is that of not considering 

the total gas pressure in calculating water pressure distribution. The first case 

shows more stiff pressure gradient than the second one. It is because the gas 

pressure was additionally added over the capillary pressure. And the water 

pressure values of MPL show much higher than that of GDL. It is because the 

fiber diameter and porosity of MPL is smaller than GDL. From this new water 

pressure distribution, it was predicted that the liquid water saturation 

distribution would show a different shape of the curve. 

In Fig. 3.8, two cases of liquid water saturation distribution are plotted 

when the cell voltage was 0.5 V. In this graph, the case of considering the total 

gas pressure along with the capillary pressure shows lower liquid water 

saturation than the case of considering only capillary pressure. It is because the 

additionally considered total gas pressure pushed the accumulated water inside 

GDL. As shown in Fig. 3.7, the pressure difference between two cases is bigger 

when it goes closer to the catalyst layer, and the difference gradually reduced 

as it goes to channel. That is the additional force from total gas pressure to push 

the accumulated water is bigger as it goes to the catalyst layer.  
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Fig. 3.7 Water pressure distribution across GDL and MPL. 
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Fig. 3.8 Water distribution in GDL and MPL with the cases of considering and not 

considering total gas pressure. 
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So in Fig. 3.8, the slice 2 where the water pressure is the highest in GDL shows 

the maximum liquid water saturation difference in GDL, and the difference 

between two cases gradually reduced as it goes to the slice 16. 

In Fig. 3.9, the liquid water distributions of different cell voltages 

considering the gas pressure distribution are plotted. As shown in this graph, as 

the voltage is lowered, the difference between   values of the same slice 

becomes bigger. Therefore, the more water could be removed from GDL merely 

by lowering the voltage of a fuel cell. Based on this consideration, it was 

concluded that the total gas pressure should not be neglected when calculating 

water transport in GDL. 
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Fig. 3.9 Water distribution in GDL and MPL with the cases of considering total 

gas pressure with different voltages. 
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3.3.2. The effect of the voltage change on removing water from GDL 

When voltage is lowered in a flooding condition, the temperature of a fuel 

cell rises. In this situation, the gas is heated inside a fuel cell, and the total 

pressure of the gas is also raised. Because of the change of total gas pressure, 

the water in a slice is pushed to the next slice. Fig. 3.10 shows the total gas 

pressure gradient change with time between node 2 and 3, which are the first 

and second node of GDL. As shown in Fig. 3.10, the total gas pressure gradient 

rose sharply when the cell voltage was lowered. However, as times goes by, the 

total gas pressure gradient went down and converged to a certain value during 

operation. At the beginning of the voltage lowering operation, the total gas 

pressure gradient were increased with the cell temperature rise. However, as the 

water inside GDL was removed, they gradually converged to a certain value. 

Fig. 3.11 shows the change of the water flow rate from slice 2 to slice 3, 

which are the first and second slices of GDL. In this case, the voltage is changed 

from 0.5V to 0.3V initially. Accordingly the water flow rate is changed 

dramatically after the voltage change and gradually goes down below the initial 

value.  
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Fig. 3.10 Change of total gas pressure gradient between slice 2 and 3with respect 

to time. 

6.5

7.0

7.5

8.0

8.5

9.0

9.5

-100 0 100 200 300 400 500

Ga
s p

re
ss

ur
e 

gr
ad

ien
t (

M
pa

/m
)

Time (s)



68 

 

 
 
 

 

 

Fig. 3.11 Water flow rate change from slice 2 to slice 3 when total gas 
pressure is considered. 
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When the voltage is changed, the water which has been generated and already 

accumulated in slice 2 is pushed out to slice 3 because of the gas pressure 

change. As the accumulated water inside GDL gradually reduced owing to 

water removal, the water flow rate was gradually converged to a constant value 

which was smaller than its beginning. 

Fig. 3.12 is another view of the distribution of the water flow rate across 

GDL and MPL over time. At the beginning of voltage change, the water flow 

rate nearby catalyst layer increased suddenly. However, as times goes by, it got 

smaller than before as the accumulated water in each slice was reduced than 

before. At this time, the water flow rate nearby channel was getting increased. 

So, this is another proof of the discharge of water over time. 

As shown in Fig. 3.9, the liquid water saturation varies with different cell 

voltages. The changes of volume of the removed water according to time are 

calculated and plotted in Fig. 3.13. As mentioned before, the liquid water 

saturation with the case of 0.5 V was selected as the base value. From this, the 

change of volume of the removed water according time was calculated. As 

shown in Fig. 3.13, more water was discharged from GDL when the cell voltage 

was getting lower, and there was a limit in the volume of removed water. It was 

because the additional heat generation and total gas pressure increase were 

directly related to the voltage difference. 
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Fig. 3.12 Water flow rate distribution according to time when total gas pressure is 

considered (when the cell voltage was changed from 0.5 V to 0.3V). 
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Fig. 3.13 Water removal from GDL and MPL according to time. 
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From the simulation results, the accumulated water was discharged into gas 

channel up to 23.4 mm3, which is about 6.3 % of total water inside GDL of the 

case of 0.5 V, when the voltage of the 25 cm2 cell that had been maintained at 

0.5 V was artificially lowered to 0.1 V for 1000 seconds. 

Fig. 3.14 shows the change of average value of liquid water saturation  

with the change of voltages from 0.5 V to each value. As expected, when the 

voltage change is bigger, the average water distribution liquid water saturation  becomes smaller. What is interesting is that it takes a long time to remove 

water from GDL and converges to a new value. So to achieve a better water 

removing performance, a fuel cell should be operated at lower voltage for 

longer time possible. 

Because the cell voltage change, lowering from its initial voltage, helps to 

remove water from GDL, this method can also help more oxygen to be supplied 

the catalyst. Fig. 3.15 shows the oxygen concentration distribution across GDL 

immediately after the end of voltage lowering operation according to each 

voltage level. Right after the cell voltage lowering operation was over, the 

concentration at catalyst layer was increased. It was because the water inside 

GDL had been removed from the cell voltage lowering process, so the area 

oxygen could pass was widened.  
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Fig. 3.14 Change of an average value of liquid water saturation in GDL and MPL 

according to time with different cell voltages. 
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Fig. 3.15 Oxygen concentration distribution in GDL and MPL right after stopping 

the voltage lowering operation with different cell voltages. 
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So the oxygen concentration at cathode catalyst layer was increased up to 1.95 % 

than before when the cell voltage was lowered from 0.5 V to 0.1 V. 

Fig. 3.16 shows the change of the oxygen concentration at the boundary 

of catalyst layer and MPL immediately after the end of voltage lowering 

operation. As time goes by, the oxygen concentration falls to the previous value. 

It is because liquid water from catalyst layer accumulates in each slices and 

blocks the oxygen transport to the catalyst layer as time goes by. 

The holding time of the voltage lowering operation also affects the oxygen 

concentration recovery. Fig. 3.17 shows the recovered oxygen concentration 

right after the end of the voltage lowering operation with various holding times. 

The recovered oxygen concentration value goes up as the holding time becomes 

longer with its saturated behavior. As shown in Fig. 3.17, the slope of recovered 

oxygen concentration is bigger at the early stage of holding time since the large 

amount of water is discharged right after voltage lowering operations. However, 

the increase trend of oxygen concentration goes flat about the 2000 seconds 

because the water discharge rates from each slice are saturated. The voltage 

lowering operation help to remove water accumulated in GDL and MPL and to 

enlarge the area oxygen passes as well. That is the reason why oxygen 

concentration at the catalyst layer is increased right after voltage lowering 

operation. 
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Fig. 3.16 Oxygen concentration changes according to time after stopping voltage 

lowering operation. 
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Fig. 3.17 Change of oxygen concentration at catalyst layer right after stopping the 

voltage lowering operation according to variable holding times. 
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From these results above, it was found that the voltage lowering 

operation could remove the accumulated water inside GDL and help more 

oxygen could be supplied to the catalyst layer. Because the concentration 

overvoltage is the function of oxygen concentration at catalyst layer and 

channels, the total cell voltage will be increased if the voltage lowering 

operation is used. Therefore, the voltage lowering operation is a helpful method 

for water removal from GDL and voltage recovery in a flooding condition. 

 

3.4 Summary 

In this chapter, the effect of lowering the voltage of a fuel cell artificially 

on removing the accumulated water inside GDL in flooding condition was 

studied using a numerical analysis. There are many studies which assume gas 

pressure throughout GDL is the same in calculating water transfer inside GDL. 

However, from the simulation results, it was found that the gas pressure was 

not the same throughout GDL and played an important role in water removal 

from GDL. When we performed the calculation taking into account the gas 

pressure, the water distribution inside GDL showed somewhat different shapes 

from the results of not considering the gas pressure inside GDL and MPL, and 

it showed a clear difference in the amount of the water inside GDL with various 
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cell voltages. The water flow rate was increased dramatically with the 

momentarily gas pressure rising when the cell voltage was lowered. So, it was 

able to confirm that the assumption, that the accumulated water inside GDL 

could be removed by the increased gas pressure if the cell voltage was lowered, 

was correct. And it was also verified that the amount of removed water from 

GDL was increased if the voltage variation width was widened. From the 

simulation results, it was found that the accumulated water was discharged into 

gas channel up to 23.4 mm3, which is about 6.3 % of total water inside GDL at 

the case of 0.5 V, when the voltage of the 25 cm2 cell that had been maintained 

at 0.5 V is artificially lowered to 0.1 V for 1000 seconds. And it was also found 

that the oxygen concentration at cathode catalyst layer was also increased up to 

1.95 % than before as an effect of water removal from GDL. So, the cell voltage 

could be increased. From these simulation result above, it was concluded that 

the voltage lowering operation is a proper method in removing the accumulated 

water inside GDL and recovering cell voltage in flooding condition. 
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Chapter 4. Verification of the effect of voltage 

lowering methods by experiments 

 

4.1 Introduction 

    In previous chapter, it was verified that lowering a fuel cell voltage helps 

removing accumulated water from GDL and MPL by numerical simulation. To 

realize voltage lowering method in a real fuel cell vehicle, two ideas were 

suggested in chapter 2. 

In this chapter, it will be verified that these suggested ideas helps removing 

water from GDL by experiments. However, Kim et al. [23] already verified that 

hydrogen mixing operation was good for removing accumulated water from 

GDL by an experimental method. Hence in this study, it will be focus on to 

demonstrate the effect of low air S.R. operation on removing accumulated water 

from GDL by experiments. However, hydrogen mixing operation will be tested 

in order to compare this test results with the performance of low air S.R. 

operation. Finally, to verify the degradation effect on the service life of the fuel 

cell installed in a fuel cell vehicle, a simple degradation test mode will be 

suggested and tested whether the low air S.R. operation could affect the service 

life of a fuel cell. 
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4.2 Low air S.R. operation test 

4.2.1 Experimental setup 

Configuration of the test apparatus for the “low air S.R. operation” is 

indicated in Fig. 4.1. The fuel cell used in this test is a single cell with an active 

area of 25 cm2 as shown in Fig. 4.2. The channels for supplying hydrogen and 

oxygen to the anode and cathode each have 5-row serpentine grooves. Cooling 

water was used to maintain a constant temperature of the fuel cell, and there are 

channels for cooling water at both end plates of the fuel cell. A cooling water 

supply device was used to supply the cooling water, and adjust the flow rate of 

the cooling water. The temperature of the cooling water supplied to the fuel cell 

was controlled to be constant, by using a PID controller incorporated in the 

cooling water supply device. To control the flow rate of the feed gas, hydrogen 

and air, a mass flow controller was used for the anode and cathode. Both of the 

gases were supplied to the cell, after passing through a bubble-type humidifier. 

The feed gases were humidified to 100% relative humidity at a predetermined 

temperature, by controlling the temperature of the water tank inside the 

humidifier. A line heater was used to prevent condensation of the humidified 

gas before entering the fuel cell. 
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Fig. 4.1 Experimental setup for low air S.R. operation 
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Fig. 4.2 The single cell used for low air S.R. operation 
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An electric load was used to pull out the output from the cell, with the capacity 

of the current up to 132 A, and the voltage up to 150 V. In addition, we used 

temperature sensors, pressure sensors, and differential pressure sensors to 

measure the temperature and pressure at each point. The exhaust gas of the 

cathode was measured in real time using a mass spectrometer, to verify its 

composition. All experimental data were recorded in real time, using a personal 

computer equipped with data acquisition equipment. 

 

4.2.2. Experimental conditions 

In the case of a sudden acceleration right after start-up of the fuel cell 

vehicle that has been left outside for a long time, water produced in the fuel cell 

cannot be rapidly removed to the gas flow channel, and is condensed and 

accumulated as a water droplet inside the catalyst layer and GDL. As a result, 

it becomes a flooding condition, so the reaction gas cannot be properly supplied, 

and the cell voltage drops. Thus, the fuel cell cannot provide the proper power 

output that the driver wants, and there is no choice but to operate the fuel cell 

with the limited power until it is fully warmed up. To simulate the real operation 

condition, the operating temperature condition was chosen to be 25°C. In order 

to realize the operating condition, the temperature of the coolant water was 
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maintained at 25°C, and the flow rate of coolant water is kept to 1 L/min. The 

reactant air and hydrogen were humidified to 100% at a temperature of 30°C, 

and fed to the fuel cell to accelerate flooding condition. The flooding conditions 

were maintained for a predetermined time before performing the experiments. 

The output current from the fuel cell was maintained at 1 A/cm2 to replicate the 

rapid acceleration of the fuel cell vehicle at low temperature. This driving 

condition can be seen when the vehicle is driven on a highway right after start-

up. For operation, the flow rates of the reactant hydrogen and air were 

maintained at 0.5 L/min and 1.0 L/min respectively. When these values are 

converted in terms of the stoichiometric ratio (S.R.), the hydrogen is about 2.6, 

and the air is about 2.16. The S.R. number of hydrogen may be considered to 

be high. However, Hasegawa et al. [76] suggested that the hydrogen of S.R. 

number of 2.0 ~ 3.0 showed the best performance in their fuel cell vehicles. So, 

the S.R. number for the hydrogen was selected to 2.6. In order to focus on the 

main interest of this study, air S.R. value was selected as 2.16 instead of the 

normally used value of 2.0 to remove accumulated water in the channel more 

easily. 

 For the low air S.R. operation, air with flow rates of 0.65 and 0.95 L/min 

were supplied to the cathode. Each flow rates were S.R. number of 1.41 and 

2.05 respectively. Test conditions are listed in Table. 4.1. 
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Table 4.1 Experimental conditions of low air S.R. operation 

Conditions Unit Values 

Reaction gas flow rate (H2 / Air) for 

normal flooding condition 
L/min 0.5 / 1.0 

Air flow rate for low air S.R. operation L/min 0.65 / 0.95 

Low air S.R. holding time second 30 / 60 / 120 

Cell / Bubbler temperature ℃ 25 / 30 

Coolant water temperature ℃ 25 

Coolant water flow rate L/min 1.0 

Operating current density A/cm2 1.0 
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4.2.3. Experimental results 

In Fig. 4.3, there are three cases of graphs which are the results of reducing 

the air flow rate from 1.0 to 0.95 L/min with 3 different holding times during 

the test. The low air S.R. operation holding times of each test are 30, 60 and 

120 seconds each. As seen from the test results, there was almost no change in 

voltage value before and after the operation. So, there was a little change in 

voltage after the operation. It is because the air S.R. used in this operation was 

2.05. This value is almost same with the base air flow rate of 1.0 L/min. 

Fig 4.4 shows the results of reducing the air flow rate during the operation 

from 1.0 to 0.65 L/min with 3 different holding times. This air flow rate is 

correspond to S.R 1.41. When air flow rate was reduced, there was a sharp 

voltage drop, and the voltage was fluctuated quickly. The voltage difference 

between its initial voltage before the operation and the highest voltage after the 

operation became bigger when the holding time was longer. As could be seen 

from the test results, when we reduced the air flow rate that is supplied to the 

cathode, the cell voltage was lowered. The cell voltage was recovered beyond 

its initial level, when the air flow rate was recovered. When the flow rate of air 

supplied to the cathode was reduced, the concentration of oxygen in the channel 

was decreased. In addition, the amount of oxygen transferred to the catalyst 

layer was also reduced.  
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(a) 30s                       (b) 60s 

 
(c) 120s 

 
Fig. 4.3 Voltage variation of the low air S.R. operation with 0.95 L/min of 

air (air S.R. = 2.05) 
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(a) 30s                       (b) 60s 

 
(c) 120s 

 
Fig. 4.4 Voltage variation of the low air S.R. operation with 0.65 L/min of 

air (air S.R. = 1.41) 
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At this time, the amount of oxygen consumed at the unit area of the catalyst 

was not changed, because the operating current also was not changed. Therefore, 

in this case, the concentration of oxygen at the catalyst layer decreased. This is 

because sufficient oxygen needed to maintain a certain level of voltage output 

was not supplied to the channel.  

In Fig. 4.5, these test results are summarized, and Fig. 4.5 (a) is the case 

of 0.95 L/min. The average voltages during the operation were somewhat lower 

than the average voltages before the operation, and the maximum voltages after 

the operation rose than those of before operation. It is because there were 

voltage drop during low air S.R. operation although it was a little bit. So, there 

was increase in the temperature at cathode catalyst layer during the operation 

although it was small. Fig 4.5 (b) is the result of 0.65 L/min. As shown in Fig. 

4.4, the average voltages during the operation were much lower than those of 

Fig. 4.5 (a), and the maximum voltages after the operation were much higher 

than those of the case of 0.95 L/min. One more thing can be found from Fig. 

4.5 (b) is that the holding time of the operation affected the maximum voltage 

after the operation. If the holding time of the operation is longer, then the 

voltage after the operation goes higher. 

Fig 4.6 shows the maximum voltage of each operation after low S.R. 

operation.  
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(a) 0.95 L/min 

 

(b) 0.65 L/min 
 

Fig. 4.5 Comparison of average voltages before and during operation and 
maximum voltage after the operation.  
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Fig. 4.6 Maximum recovered voltage right after the low air S.R. operation with 

different holding time. 
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As expected from test results above, the case of 0.65 L/min shows higher 

maximum recovered voltage than the other. And the maximum recovered 

voltage with the case of 120 s showed much higher voltage than that of the case 

of 30 s. The reason why voltage was increased more higher with 120 s of 

holding time is because more water inside GDL was removed with longer 

holding time, and more oxygen was transferred to the cathode catalyst layer. So, 

it was concluded that low air S.R. operation was and effective method to 

remove accumulated water from GDL and to increase the cell performance in 

flooding condition. 

 

4.3 Hydrogen mixing operation test 

4.3.1 Experimental setup for hydrogen mixing test and test 

conditions 

Configuration of the test apparatus for the “hydrogen mixing operation” is 

shown in Fig. 4.7. Almost every test apparatus remained the same with the case 

of “low air S.R. operation” except for the equipment for inserting hydrogen into 

the air flow to cathode. An experimental system for the hydrogen mixing 

operation was configured as Kim et al. [24]. This was equipped with additional 

pipe and valves to insert hydrogen gas into the air to cathode channels.  
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Fig. 4.7 Experimental setup for the hydrogen mixing operation 
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Table 4.2 Experimental conditions of hydrogen mixing operation 

Conditions Unit Values 

Reaction gas flow rate (H2 / Air) L/min 0.5 / 1.0 

Additional H2 flow rate mL/min 10 / 30 / 50 

H2 addition holding time second 30 / 60 / 120 

Cell / Bubbler temperature ℃ 25 / 30 

Coolant water temperature ℃ 25 

Coolant water flow rate L/min 1.0 

Operating current density A/cm2 1.0 
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To control the flow rate of the hydrogen into air, an additional mass flow 

controller was used. 

The reason why the hydrogen mixing operation was performed was to 

compare the result with that of low air S.R. operations. So from the test methods 

proposed by Kim et al. [23], the cases of adding 10 mL/min, 30 mL/min and 50 

mL/min of hydrogen were selected and tested because they show similar 

voltage variation with the low air S.R. operation which I did in previous section. 

The holding time for each operation were selected 30, 60, 120 seconds the same 

with the case of low air S.R. operation in previous section. The test conditions 

for hydrogen mixing operation are listed in Table 4.2. 

 

4.3.2. Experimental results 

Fig. 4.8 shows the test results of three cases of hydrogen mixing operations 

with the case of 10 mL/min of hydrogen with three different holding times. 

Similar to the results of low air S.R. with 0.95 L/min of air, it shows almost no 

change in voltage value during operation. It is because the hydrogen 

concentration transferred to cathode catalyst was not much. However it worked 

with 10 mL/min of hydrogen. As the holding time became longer, the voltage 

was fallen little by little, and it was rose right after the operation a little bit.  
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(a) 30s                       (b) 60s 

 
(c) 120s 

 
Fig. 4.8 Voltage variation of the hydrogen mixing operation with 10 mL/min 

of hydrogen. 
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(a) 30s                       (b) 60s 

 
(c) 120s 

 
Fig. 4.9 Voltage variation of the hydrogen mixing operation with 30 mL/min 

of hydrogen. 
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Fig. 4.9 shows the test results with the case of 30 mL/min. Because much 

more hydrogen was supplied to the air than the case of 10 mL/min, the cell 

voltage during the operation was much lower, and the maximum recovered 

voltage were also much higher than that of the case of 10 mL/min. 

    In Fig. 4.10, three cases of test results with the case of 50 mL/min of 

hydrogen. As was expected from the test result above, it showed much lower 

cell voltage and much higher maximum recovered cell voltage than the case of 

10 mL/min or 30 mL/min. From those test results from Fig. 4.8 to Fig. 4.10, the 

cell voltage during the hydrogen mixing operation went unstable and was 

fluctuating. It is because the hydrogen transferred to catalyst layer was 

increased as the hydrogen supplied to the cathode channel was increased. As a 

result, the chemical reaction between hydrogen and oxygen was increased and 

the concentration at cathode catalyst layer was gradually decreased. 

    In Fig. 4.11, there are summaries of the test results of hydrogen mixing 

operation. As shown from the test results above, the cell voltage during the 

operation went lower, and the maximum recovered voltage also went bigger 

with higher hydrogen injection rates. 

    Fig. 4.12 shows the maximum recovered voltage right after hydrogen 

mixing operation with different holding time. 
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(a) 30s                       (b) 60s 

 
(c) 120s 

 
Fig. 4.10 Voltage variation of the hydrogen mixing operation with 50 

mL/min of hydrogen. 
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(a) 10 mL/min                 (b) 30 mL/min 

 
(c) 50 mL/min 

 
Fig. 4.11 Comparison of average voltages before and during operation and 

maximum voltage after the hydrogen mixing operation. 
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Fig. 4.12 Maximum recovered voltage right after the hydrogen mixing operation 

with different holding time. 

0.35

0.40

0.45

0.50

0.55

20 40 60 80 100 120 140

Hydrogen mixing (10 mL/min)
Hydrogen mixing (30 mL/min)
Hydrogen mixing (50 mL/min)

Vo
lta

ge
 (V

)

Time (s)

Recovered voltage after operation



103 

 

As shown in the results, the maximum recovered voltages went higher with 

more hydrogen injection and longer holding time. The results of low air S.R. 

and hydrogen mixing will be compared in the next section in order to find out 

which method is more effective and proper for a fuel cell vehicle. 

 

4.4 Comparison of the two methods 

4.4.1 Voltage recovery and water removal performance 

Fig. 4.13 shows the average voltages during each operations for predefined 

time intervals which were 30, 60 and120 seconds. From the results of hydrogen 

mixing operation that inserted 50mlpm of hydrogen, the average voltages were 

lower than that of low air S.R. operation. It seems that the more heat might be 

generated for the hydrogen mixing operation with 50mlpm of hydrogen than 

low air S.R. operation. However, Fig. 4.14 shows almost the same level of 

maximum recovered voltage for those two methods. The average voltages of 

the hydrogen mixing operation with 30mlpm of hydrogen was similar to that of 

the low air S.R. operation, but the maximum recovered voltage of the hydrogen 

mixing operation with 30mlpm showed lower level than that of the low air S.R. 

operation.  
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Fig. 4.13 Average voltages during each operations and holding times. 
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Fig. 4.14 Maximum recovered voltage right after each operations and holding 

times. 
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From the test results, it was found that the low air S.R. operation was more 

effective in removing the accumulated water inside the catalyst layer, MPL, and 

GDL than the hydrogen mixing operation because the same performance with 

somewhat higher voltage level could be obtained for low air S.R. operation. 

The reason was that the hydrogen mixing operation had produced extra water 

during the operation than the low air S.R. operation because of the additional 

electrochemical reaction at the catalyst layer. So, the additional water should be 

also removed with hydrogen mixing operation, whereas the low air S.R. 

operation had not generated any additional water. From those results above, it 

was concluded that the low air S.R. operation shows much better performance 

in removing the accumulated water than the hydrogen mixing operation with 

the same operating voltage condition. 

 

4.4.2 Transparent fuel cell test 

To verify the performance of removing accumulated water from catalyst 

layer and GDL, a transparent fuel cell test was performed [77-80]. In this test, 

all the test conditions were remain the same, but air feed rate was controlled to 

slightly more higher level to keep the same voltage level with the above test 

using normal fuel cell. 



107 

 

 

 

 

 

  

Table 4.3 Experimental conditions of transparent fuel cell test 

Conditions Unit Values 

Reaction gas flow rate (H2 / Air) for 

normal flooding condition 
L/min 0.5 / 2.0 

Air flow rate for low air S.R. operation L/min 1.2 

Additional H2 flow rate mL/min 50 

Cell / Bubbler temperature ℃ 25 / 30 

Coolant water temperature ℃ 25 

Coolant water flow rate L/min 1.0 

Operating current density A/cm2 0.5 

 



108 

 

 

 

 

 

 

  

 
Fig. 4.15 Transparent fuel cell used in this test. 



109 

 

 

 

  

 

    
(a) Normal flooding condition        (b) Hydrogen mixing 

 
(c) Low air S.R. 

 
Fig. 4.16 Comparison of the water removal characteristics. 
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It is because transparent fuel cell showed lower voltage output than the normal 

cell [81]. Because the cell voltage was very important parameter, the test 

condition that could make the same voltage output with the normal test 

condition was chosen. Test conditions are listed in Table 4.3. 

Fig. 4.13 is a photograph of the transparent fuel cell with enlarged epoxy 

gloss for the cathode side visualization. For the sake of comparison, pictures of 

the three cases of test results were taken; normal operation, hydrogen mixing 

operation, and low air S.R. operation. As shown in Fig. 4.14, the two suggested 

ideas were effective in removing the accumulated water from GDL to the 

channel, but low air S.R. operation showed slight excellent performance than 

hydrogen mixing operation. The discharged water droplets were combined 

together, and emitted from the channel with the air flow. This test results 

showed that the low air S.R. operation using temperature gradient were 

effective in removing accumulated water from the catalyst layer and GDL. 

 

4.4.3 Exhaust gas component analysis 

During the experiments of the two methods, the composition of the 

exhaust gas from the cathode outlet was analyzed and the results are indicated 

in Fig. 4.15. It was expected that the hydrogen that had not been consumed in 
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the reaction might be emitted together with the exhaust air of hydrogen mixing 

operation, and the test results were consistent with the expectation. On the other 

hand, there was no difference in the concentration of hydrogen in the air 

discharged from the cathode outlet, before and after the test with low air S.R. 

operation.  

There is a trend to restrict the concentration of hydrogen in the exhaust gas 

from fuel cell vehicles, because of its explosiveness. UNCEC (United Nations 

Economic Commission for Europe) established a GTR (Global Technical 

Regulation) for fuel cell electric vehicles in 2013. It says that the hydrogen 

concentration from an exhaust system of a fuel cell vehicle should not exceed 

4% when averaged for 4 seconds and 8% at any time [82]. Some countries such 

as South Korea have already adopted this restriction to their regulation, and 

restricted the concentration of hydrogen in the exhaust gas below a predefined 

level to minimize hazard from the explosion of hydrogen gas. So, the low air 

S.R. operation might be more appropriate to meet the regulation. 

 

4.5 Degradation test for low air S.R. operation 

It is very important to check the effect on degradation of the suggest idea. 

So, a degradation test for the low air S.R. operation was conducted.  
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(a) Hydrogen mixing operation 

 

(b) Low air S.R. operation 
Fig. 4.17 Hydrogen concentration at the air outlet with two cases of 

operations 
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The test cycle for this test was the same as Kim et al. [24]. This test condition 

was total 2 minutes and composed of normal flooding operation for 60 seconds, 

low air S.R. operation with 0.65 L/min of air flow rate for 20 seconds, and 

normal flooding operation for 40 seconds. This test cycle was conducted for 

3000 times. 

Test conditions were maintained as listed in Table 4.1. In order to exclude 

a carbon corrosion effect of catalyst of each sides before starting and after the 

test, nitrogen purging to the anode and cathode channel was performed before 

and after the test. To check the degradation effect on its performance, I-V curve 

and nyquist plot were recorded at every 1000 cycles including the beginning 

point. 

The Fig. 4.16 represents I-V and current-power curves of this durability 

test result. The results at 1000 cycles showed somewhat considerable 

performance loss than the starting point. However, it was found that there was 

almost no further degradation after 1000 cycles. And the nyquist plot results 

showed the same trend as shown in Fig. 4.17. That is, there was also no 

noticeable increase of resistance after 1000 cycles. From the test results, it was 

found that there would be no further noticeable performance loss after 1000 

cycles although additional durability cycles would be performed. If this cycle 

is performed every day, it needs almost 9 years to finish the 3000 cycles.  
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(a) I-V curve 

 

(b) Current-Power curve 
Fig. 4.18 Performance change during the degradation cycles. 
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Fig. 4.19 Resistance change the catalyst during the degradation cycles. 
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And what’s more, because this method would be only used in flooding 

condition, it could be said that the number of using this method would be 

decreased in normal condition. Therefore, the number of 3000 cycles could be 

enough throughout the life cycle of a vehicles. So, it is concluded that the low 

air S.R. operation doesn’t affect the performance degradation of a fuel cell. 

However, more detailed study of degradation from initial point to 1000cycles 

needs to be studied further. 

 

4.6 Summary 

In this chapter, the ideas derived in chapter 2 using pressure gradient were 

verified experimentally. The main idea was using concentration loss, termed 

“low air S.R. (stoichiometry ratio) operation”, and realized by reducing the 

amount of air supply while maintaining the current output from the cell at a 

constant level. For comparison, some cases were tested using hydrogen mixing 

operation suggested in our previous study. It was found that low air S.R. 

operation was also effective in removing water droplets from the catalyst layer 

and GDL to the channel. Concerning the performance of removing water from 

the GDL, the low air S.R. operation shows much better performance than the 

hydrogen mixing operation. The effect of removing water from the catalyst 
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layer and GDL was also verified by the transparent fuel cell test. In the case of 

the hydrogen mixing operation, the hydrogen that did not participate in the 

reaction was discharged together with the exhaust air. However, it was not 

detected for the low air S.R. operation. In view of the trend of international 

regulations which restrict the hydrogen concentration in the exhaust gas of the 

fuel cell vehicle during its operation, the concentration of hydrogen in the 

exhaust gas should be controlled below certain level, and some countries 

already adopted this into their regulations.  

From the degradation test results, it was found that there was major 

performance degradation from the beginning point to the 1000 cycles. However, 

additional performance loss was practically not found after the 1000 cycles. So, 

it was concluded that the low air S.R. operation didn’t seriously affect the 

performance loss of a fuel cell. It, however, seems that more detailed studies 

for the performance losses from the initial to 1000 cycles are needed 

additionally. 
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Chapter 5. Concluding remarks 

If a fuel cell is operated at a high current output before it is fully warmed 

up, the produced water is condensed and accumulated inside catalyst layer, 

MPL, GDL, and gas channels and blocks the gas transfer to the catalyst layer. 

So, the performance of a fuel cell is degraded in high current operation. 

Therefore, it is necessary to find out the proper method to remove water. 

Generally, it is not easy to remove water from GDL because of the surface 

tension between fibers and water. 

In order to push the accumulated water which is trapped inside GDL 

toward the gas channel, addition force from cathode catalyst side is needed. So, 

the new concept of voltage lowering method was derived. The main concept of 

the voltage lowering method was to increase the temperature of catalyst and the 

total gas pressure of catalyst layer side. This increased gas pressure would be 

the additional force to push the water droplet inside GDL. Two ideas which 

could lower the cell voltage by intensifying concentration loss was suggested. 

The first was hydrogen mixing operation. It was inserting a small amount of 

hydrogen into the air flow to cathode while maintaining the current output from 

a fuel cell. The second one was low air S.R. operation. It was lowering the air 

flow rate which was needed to produce power from a fuel cell while 

maintaining the current output from a cell. 
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The voltage lowering method was verified using numerical analysis before 

performing experiments. There are many studies which assume gas pressure 

throughout GDL is the same in calculating water transfer inside GDL. However, 

from the simulation results, it was found that the gas pressure was not the same 

throughout GDL and played an important role in water removal from GDL. So, 

in this study, gas pressure distribution was considered in calculating water 

transfer inside GDL, and more realistic liquid water distribution data was 

obtained. From the simulation results, it was verified that the amount of 

removed water from GDL was increased as the operating voltage is lowered 

than the base voltage, and the accumulated water was discharged into gas 

channel up to 23.4 mm3, which is about 6.3 % of total water inside GDL at the 

case of 0.5 V, when the voltage of the 25 cm2 cell that had been maintained at 

0.5 V is artificially lowered to 0.1 V for 1000 seconds. And it was also found 

that the oxygen concentration at cathode catalyst layer was also increased up to 

1.95 % than before as an effect of water removal from GDL. So, the cell voltage 

could be increased before the operation. Therefore, it was concluded that the 

voltage lowering method was a proper tool in removing the accumulated water 

from GDL and recovering cell voltage in flooding condition. 

To verify the effect of voltage lowering method in real flooding condition, 

the two ideas which can lower the cell voltage artificially were tested. From the 
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test results, it was verified that “low air S.R. operation” and “hydrogen mixing 

operation” were effective in removing the accumulated water. It was found that 

the cell voltage recovered was much higher than its base flooding voltage if the 

cell voltage was much lowered during its operation. It was because more water 

was removed, and more oxygen was transferred to catalyst layer by lowering 

the cell voltage using those two operations. 

Comparative performance evaluations of the two methods were conducted 

to find out which was the more effective method of removing accumulated 

water from GDL. From the test results, it was found that the low air S.R. 

operation was more effective than hydrogen mixing operation when the 

voltages during the operation and maximum recovered voltage were compared. 

Transparent fuel cell test showed that those two ideas were also effective in 

removing water from GDL, but low air S.R. operation showed slight excellent 

performance than hydrogen mixing operation. Finally, the concentration of 

hydrogen in exhaust gas during each operations was analyzed. From the test 

results, the case of hydrogen mixing operation emitted hydrogen gas which was 

not used during operation. However, there was no hydrogen concentration in 

the exhaust gas of low air S.R. operation. In recent years, many countries have 

been made a law of restricting the concentration of hydrogen in its exhaust gas. 

Therefore, it was concluded that the low air S.R. operation was more 
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appropriate for a fuel cell vehicle. 

Degradation test of low air S.R. operation was performed to see its effect 

on the performance loss of a fuel cell. From the test results, it was found that 

low air S.R. operation did not affect the performance loss of a fuel cell. 

For real fuel cell vehicles, low air S.R. operation is easy to adopt because 

this operation can be adopted without any change of system parts. So, this 

method can be used to improve the performance of a fuel cell vehicle by 

removing the accumulated water inside GDL when it is in flooding condition. 

To adopt this operation to real fuel cell vehicles, additional works should be 

continued with the optimization. 
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국 문 초 록 

연료전지 차량이 밤새 방치된 후 시동을 건 직후에는 아직 

연료전지가 충분히 워밍업이 되기 전이므로 cathode 촉매층에서 

만들어진 물은 가스채널, GDL, MPL, 촉매층의 내부에 쌓이게 된다. 

이 쌓인 물은 반응물이 촉매로 전달되는 것을 막아 차량의 시동 후, 

고출력이 필요한 상황에서 차량의 출력을 떨어뜨리는 주요한 

원인으로 작용한다. 따라서 Flooding은 심각한 문제이며 연료전지 

차량의 저온 출력 향상을 위해서 반드시 해결되어야 한다. 이 중, 

GDL내부의 물은 연료전지의 온도 상승으로 기화되어 제거되기 

전까지는 제거가 매우 어려우며 이에 대한 연구가 많이 진행되지 

않았다. 따라서 본 연구에서는 GDL내부의 물방울을 제거하여 

연료전지의 출력을 높이는 방법에 대해 연구를 수행하였다. 본 

연구에서는 운전중인 셀의 전압을 인위적으로 낮춰 촉매층 부근의 

가스의 압력을 높여서 GDL에서 물을 제거하는 방법을 제안했으며 

이를 voltage lowering method로 명명하였다. 이를 실제로 

적용하는 방안으로 concentration loss를 이용하는 low air S.R. 

operation과 hydrogen mixing operation의 두 가지 방법을 

제안하였다. Voltage lowering method가 실제 효과가 있는지를 

실험을 통해 검증함에 앞서, 시뮬레이션을 이용하여 검증해 보았다. 

일반적으로 GDL내부의 물 이동을 계산하는 경우 GDL내부의 

가스의 압력은 일정하다는 가정을 바탕으로 계산을 수행한다. 

그러나 해석결과 GDL내부의 가스의 압력은 일정하지 않으며, 

가스의 압력이 GDL내부의 물 이동에 중요한 역할을 함을 

확인하였다. 이를 반영하여 해석을 수행한 결과, voltage 

lowering method를 이용하면 GDL내부의 물 제거에 효과가 

있으며 결과적으로 보다 많은 산소가 촉매로 전달되도록 하여 셀 

전압을 상승시키는 효과가 있음을 확인하였다. 이런 해석결과를 

바탕으로 실제 연료전지를 이용하여 평가를 수행하였다. 본 
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평가에서는 low air S.R. operation을 주로 하고, hydrogen 

mixing operation은 추가적으로 평가하여 두 결과를 비교하였다. 

여기서 Hydrogen mixing operation은 수소를 공기에 주입하기 

위한 추가적인 장치가 필요한 반면, low air S.R. operation은 

공기 량 만을 제어하는 간단한 방법이라는 차이가 있다. 평가결과 

두 가지 방법 모두 GDL에서 물방울을 제거하는 데 효과가 

있었으며, low air S.R.의 경우가 조금 더 물 제거효율이 좋았다. 

두 방법에 대해 배출가스 분석을 실시한 결과 hydrogen mixing 

operation의 경우 operation중 반응하지 않은 수소가 

배기가스에 함께 나오는 것을 확인할 수 있었으나, low air S.R. 

operation의 경우 배기가스에서 수소를 확인할 수 없었다. 현재 

많은 나라에서 배기가스의 수소배출량을 제한하고 있는 추세로 

보면 low air S.R. operation이 연료전지 차량에 적용하기에 더 

유리한 방법임을 확인할 수 있었다. Low air S.R. operation에 

대한 내구평가 결과에서 low air S.R. operation은 연료전지의 

내구성능에 영향을 주지 않는 것으로 확인되었다. 결론적으로 

연료전지 자동차의 저온성능 향상을 위해서 GDL에서 물을 

제거하는 방법으로서 low air S.R. operation이 아주 효과적인 

방법임을 확인할 수 있었다. 

 

주요어: 플러딩, 고분자 전해질막 연료전지, 기체확산층, 농도, 

수치해석, 내구 
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