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 This research concentrates on the performance analysis of a high-temperature 
proton exchange membrane fuel cell (HT-PEMFC) integrated with a glycerol 
reforming process. Firstly, the thermodynamic analysis of steam and autothermal 
reforming of pure glycerol and crude glycerol derived from a biodiesel production 
process is investigated as a basis of the development of a hydrogen production 
process from a renewable resource. The simulation results of both the glycerol steam 
and autothermal reforming show that under isothermal condition, increases in 
operating temperature and steam to crude glycerol increase hydrogen yield, whereas 
increasing oxygen to crude glycerol ratios causes a reduction of hydrogen 
concentration. An increase in the ratio of glycerol to methanol in crude glycerol can 
increase the amount of hydrogen produced. In addition, an optimal operating 
condition of glycerol autothermal reforming at a thermo-neutral condition that no 
external heat to sustain the reformer operation is required, is investigated. When 
considering the steam reforming of glycerol, it is found that to maintain the CO 
content of the reformate gas at a desired range for HT-PEMFC, the steam reformer 
can be operated at lower temperatures; however, a high steam to glycerol ratio is 
required. This requirement results in an increase in the energy consumption for steam 
generation. To determine the optimal conditions of glycerol steam reforming for HT-
PEMFC, both the product composition and energy requirement are taken into 
consideration. The operational boundary of the glycerol steam reformer is also 
explored. Secondly, the efficiency and output power density of an integrated HT-
PEMFC system and glycerol reformer is studied by using thermodynamic analysis 
and pseudo 2D model of HT-PEMFC. The theoretical analysis shows that increase in 
the anode stoichiometric ratio and steam to carbon (S/C) operation of reformer reduce 
CO poisoning effect at cell’s anode and therefore leads to enhanced cell performance. 
In addition, the optimum gas composition and flow rate is very dependent on cell 
operating current density and temperature. High S/C is essential when operating the 
HT-PEMFC at high current densities where CO has considerable impact on its 
performance. Optimal conditions that provide the maximum power density at a given 
efficiency are reported. Considering design of HT-PEMFC system for stationary 
application, the HT-PEMFC system with a water gas shift reactor in the glycerol 
processor shows the highest overall system efficiency compared to that without the 
water gas shift reactor and low-temperature proton exchange membrane fuel cell (LT-
PEMFC) system. 
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CHAPTER I 

INTRODUCTION 

1.1 Background and motivation 

An increase in power demand with an awareness of environmental problem 

stirs a need for efficient and clean generation of electrical energy. Traditionally, a 

conventional combustion process of petroleum-derived fuel, which is a limited 

resource, is applied to power generation. However, this process has low efficiency 

and releases green house gas that is a major cause of global warming. A fuel cell is a 

promising source of electricity generation, due to its high efficiency and 

environmental friendliness. Typically, a fuel cell generates electricity via an 

electrochemical reaction and produces only water and heat as by-products when 

hydrogen is used as fuel. As fuel cell provides high energy efficiency and low 

pollutant emission, it is considered to be the promising power source for the future.  

Hydrogen is considered an important energy carrier for the future since it can 

be used in fuel cells to generate electricity through electrochemical reactions without 

a release of pollution gases. Typically, most hydrogen is produced from natural gas 

containing methane as a major component. Since natural gas is a limited and 

nonrenewable resource, it is necessary to find new sustainable feedstock for 

producing hydrogen. In a long term, renewable energy sources such as biomass and 

bio-ethanol will become the most important source for production of hydrogen 

(Giunta et al., 2007; Yu et al., 2009; Toonssen et al., 2009).  

 Glycerol is another promising alternative fuel for hydrogen production as it is 

a by-product from the production of biodiesel, which uses vegetable oils or fats as 

feedstock. Presently, the consumption of biodiesel for transportation has increased, 

resulting in an increased amount of glycerol generated (Guo et al., 2012). Glycerol as 

the principal by-product of this process is also highly generated; every 9 kg of 
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biodiesel, glycerol is produced about 1 kg (Byrd et al., 2008). However, it contains a 

lot of impurities and its composition depends on type of feedstock and biodiesel 

production process used. This make crude glycerol from biodiesel process be low 

price. Besides, the purification process of glycerol is high operating cost and 

uneconomic. Alternatively, the use of glycerol from biodiesel as raw material for 

hydrogen production process is a potential method (Luo et al., 2008; Hirai et al., 

2005; Dauenhauer et al., 2006). While many researchers have been focused on pure 

glycerol reforming process, the thermodynamic analysis of hydrogen production from 

crude glycerol derived from biodiesel production process has not been reported yet. 

To develop hydrogen production process from renewable resource, reforming of 

crude glycerol from biodiesel production process should be investigated. 

In general, fuel reforming processes for hydrogen production can be classified 

into three common methods, namely steam reforming, partial oxidation, and 

autothermal reforming which combines steam reforming and partial oxidation. Steam 

reforming shows the highest hydrogen production whereas partial oxidation and 

autothermal reforming is advantageous process to reduce energy input. However, the 

required heat input due to endothermic reactions is considered as a major drawback of 

steam reforming. Ahmed and Krumpelt (2001) explained that steam reforming is well 

suited for long periods of steady state operation while partial oxidation and 

autothermal reforming processes are more attractive for the rapid start and dynamic 

response needed in automotive applications. Rabenstein and Hacker (2008) concluded 

that coke formation is limited when temperature, steam to ethanol ratio and oxygen to 

ethanol ratio increase. The coke is formed during ethanol reforming in the following 

order: partial oxidation > steam reforming > autothermal reforming. In addition, they 

discussed that steam reforming is the least energy demand process. The total energy 

demand is of the order partial oxidation > autothermal reforming > steam reforming. 

All of the literature review shows that autothermal and steam reforming are desirable 

process for fuel cell, so both reforming processes should be studied in details for 

hydrogen production from glycerol.  
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Among several types of fuel cell, the polymer electrolyte membrane or proton 

exchange membrane fuel cell (PEMFC) is regarded as an effective electrical generator 

for automobile, residential and portable applications. Due to a low temperature 

operation (60 to 80 oC), PEMFC can quickly start and provides a good response to 

change in power demand. Other advantages include low weight and volume and high 

power density. Normally, PEMFC uses a proton conductive polymer membrane as 

electrolyte. The well-known membrane material for PEMFC is NafionTM

In order to solve the problem mentioned above, a high-temperature PEMFC 

(HT-PEMFC) operated at the temperature of 100-200 

, which is 

made of perfluorocarbon-sulfonic acid ionomer. The protonic conductivity of a 

polymer membrane is strongly dependent on its water content, so fuels need to be 

saturated with steam before being fed to fuel cell on the anode side to keep the 

membrane always hydrate. 

Pure hydrogen or hydrogen-rich gas from reforming process is either used as 

fuel in PEMFC anodes. With the limitation of hydrogen storage and supporting 

infrastructure, a fuel cell integrated with a fuel processor allowing hydrogen 

generation from hydrocarbon fuels becomes an effective solution. However, to avoid 

a catalyst poisoning problem, the reformate gas must be highly purified to reduce the 

amount of carbon monoxide (CO) to be less than 10 ppm, thereby requiring a 

sophisticated CO clean up unit (Zhang et al, 2006). The purification process causes 

this system to be large size and high operational cost. Another important problem on 

PEMFC operation is a water management due to its low operating temperatures and 

the characteristics of membrane. To avoid a dry-out condition of the polymer 

membrane, fuels need to be saturated with water. However, the excess water may 

cause flooding in the cathode gas diffusion layer which blocks the transport of oxygen 

to the catalyst layer, resulting in voltage and performance losses.  

oC has been developed. Under a 

high temperature operation, the extent of CO that adsorbs on Pt catalyst in the HT-

PEMFC reduces, resulting in a high tolerance of CO. Li et al. (2003) demonstrated 

that the HT-PEMFC can tolerate CO up to 3% at the temperature of 200 oC and 

generate the electricity at 0.8 A cm-2 with the voltage losses lower than 10 mV. Das et 
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al. (2009) reported that the CO poisoning problem of the PEMFC operated at high 

temperatures is less than at low temperatures. It was found that when the PEMFC is 

operated at the temperature of 180 oC or above, the reforming gas with 2–5 %CO can 

be used with the insignificant loss of cell performance. Due to the high CO tolerance 

of HT-PEMFC, it is also possible to use the reformate gas from reformers without 

requiring CO removal processes or with simplified purification process. This could 

make a design and operating conditions of the fuel processor for HT-PEMFCs differ 

from conventional PEMFCs. Consequently, the study of HT-PEMFC directly fueled 

by reformate gas is necessary to improve its efficiency. Furthermore, when the 

reformate gas is directly used as a fuel for HT-PEMFC, the optimal operating 

condition of the reformer to provide appropriate composition of reformate gas for HT-

PEMFC should be considered.  

In addition, the higher operating temperature of PEMFCs also increases the 

electrochemical reaction rates at the anode and cathode and simplifies a water 

management within PEMFCs. When PEMFCs are operated at the temperature above 

100 oC, water only presents in the vapor phase. For this reason, the flooding problem 

is solved and the transport of water is easy to balance. Although the operation of 

PEMFC at high temperatures can eliminate the flooding problem, it leads to the 

dehydration of membrane and loss of membrane ionic conductivity. To solve such a 

difficulty, the HT-PEMFC is necessary to be operated at high pressure to keep high 

relative humidity and water content at high temperature condition. However, the 

operating pressure of Nafion is usually limited (<4 atm) and consequently it is 

difficult to use reformate gas with high relative humidity and the same membrane 

with conventional PEMFCs (Zhang et al., 2008; Yang et al., 2001). Therefore, many 

researchers pay attention to develop the new membrane that can operate at 

temperature above 100 oC and has high conductivity at low humidity. A 

polybenzimidazole (PBI) was reported to be used in HT-PEMFC because it can be 

operated at low relative humidity. However, PBI has lower proton conductivity than 

Nafion and thus it is doped with phosphoric acid or other dopants to increase the 

proton conductivity (Mamlouk et al., 2012).  
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The higher temperature operation of PEMFC also offers the efficient 

utilization of waste heat from the fuel cell to preheat fuel or to supply to reforming 

processes. HT-PEMFCs are therefore advantageous to be used in conjunction with a 

fuel reformer, compared to low-temperature PEMFCs (Jespersen et al., 2009). Jensen 

et al. (2007) reported that the excess heat from fuel cell can be used to vaporize 

methanol and water in methanol reforming process. Therefore, the performance and 

efficiency of a fuel processor and HT-PEMFC integrated system should be studied.  

Fuel cell systems’ design depends greatly on their applications and desired 

efficiency. In the case of LT-PEMFC, the reformate gas must be treated by water gas 

shift and preferential oxidation processes in order to reduce CO content below. These 

treatments will cause hydrogen and parasitic losses. For HT-PEMFC, its operation 

does not rely on water for proton transport and can be operated at dry condition and 

thus the system can be simplified further by the removal of humidifiers. For 

automotive application, weight and size of the overall system, is critical. The fast 

starting up is also preferred and thus the autothermal reforming is suitable for this 

application more than steam reforming (Sopena et al., 2007). On the other hand, 

stationary applications require high overall efficiency without specific weight or size 

restrictions (Barbir, 2005). Heat and power cogeneration is favorably suited for 

stationary application as an effective way to improve the overall system efficiency 

combined with the highly efficient steam reforming (Hubert et al., 2005). To develop 

the HT-PEMFC to the market place, its design system for each application should be 

considered. 

1.2 Research objective  

The objective of this research is focused on the performance analysis of a 

glycerol reforming process and a high temperature proton exchange membrane fuel 

cell (HT-PEMFC) as well as the efficiency of such an integrated system.  

The scopes of this study are as follows: 
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- Investigate the steam and autothermal reforming of pure and crude 

glycerol obtained from a biodiesel production process as a basis of the 

development of a hydrogen production process from renewable resources. 

- Investigate the operational possibility of HT-PEMFC running on the 

reformate gas derived from the glycerol reforming process without CO 

removal processes and with a water gas shift reactor. The optimal 

operating conditions providing suitable composition of the reformate gas 

for HT-PEMFC are identified. 

- Analyze the performance and efficiency of HT-PEMFC running on the 

reformate gas from the glycerol reforming process with respect to 

operating and design parameters. 

- Investigate the performance and efficiency of a HT-PEMFC system with 

different fuel processors for a stationary application and compare it 

performance with a LT-PEMFC system. 

1.3 Dissertation overview  

 This dissertation is divided into ten chapters as follows: 

 Chapter I describes the background and motivation of this research. The 

research objective and dissertation overview are also presented. 

 Chapter II presents literature reviews on simulation and experimental studies 

of fuel processors and PEMFCs as well as integrated reforming process and PEM fuel 

cell systems. 

 Chapter III presents general basic concepts of fuel cells and PEMFC. Detail of 

HT-PEMFC which is the fuel cell type of interest in this research is also given.  The 

fuel processing, the system integration and the auxiliary units for PEMFC systems are 

described. 
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 Chapter IV explains a mathematical model of reforming process and PEMFC 

under isothermal condition based on appropriate mass conservation and 

electrochemical model. 

 Chapter V focuses on the use of glycerol as a renewable resource to produce 

hydrogen. The hydrogen production from glycerol is analyzed and compared with that 

from methane, in terms of carbon formation boundary, amount of consumed fuel, 

product distribution and energy requirement. 

Chapter VI presents the thermodynamic analysis of the autothermal and steam 

reforming of pure and crude glycerol. Effects of operating conditions on the 

reforming process of glycerol are reported. In addition, the optimal conditions for 

crude glycerol autothermal steam reforming that maximize hydrogen production 

without the requirement of an external energy input are studied and the results are 

compared with the use of pure glycerol. The steam reforming and autothermal 

reforming processes of glycerol are also compared. 

 Chapter VII presents the theoretical study on the fuel processor of glycerol for 

HT-PEMFCs. The CO content of the produced reformate gas is considered. The fuel 

processors without CO removal processes and with a water gas shift reactor are 

compared. The suitable conditions for two fuel processors of glycerol that not only 

maximize the hydrogen yield but also provide a CO concentration that satisfies the 

operational constraints of HT-PEMFCs system are shown. 

Chapter VIII explains the performance of a fuel processor and HT-PEMFC 

integrated system. A pseudo 2D model of HT-PEMFC that takes the effect of CO 

poisoning into account is used to analyze an efficiency of the HT-PEMFC system and 

power output with respect to various key operating parameters. The optimal condition 

of the HT-PEMFC system that provides the maximum power density at a required 

efficiency is presented. 

 Chapter IX presents the theoretical study on a HT-PEMFC system for a 

stationary power generation. The efficiency of the HT-PEMFC system with different 

fuel processors is investigated and compared with a LT-PEMFC system. The HT-
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PEMFC system considered here can be divided into two cases. The first one involves 

the HT-PEMFC and a glycerol reformer without a CO removal process, whereas in 

the second one, a water gas shift reactor is included in the HT-PEMFC system to 

further improve its overall system efficiency. 

 Chapter X gives the conclusions of this dissertation and the recommendation 

for the future work. 

 



CHAPTER II 

LITERATURE REVIEW 

This chapter presents a literature review of fuel processor and PEMFC as well 

as the integrated reforming process and PEM fuel cell system.  First of all, the 

experimental and theoretical studies on the hydrogen productions from various 

processes, e.g. steam reforming, partial oxidation and autothermal reforming, and 

from glycerol are revealed.  Then, model development and performance of both LT-

PEMFC and HT-PEMFC are given. Finally, the performance and efficiency of 

PEMFC system integrated with hydrogen production processes are presented.  

2.1 Glycerol reforming process 

 Up to now, hydrogen production process has been received much more 

attention to scientific topic due to its usage in fuel cell application. Typically, many 

thermal-chemical processes and reactant can be used to produce hydrogen as shown in 

Fig. 2.1.  Ahmed and Krumpelt (2001) presented an overview of hydrogen production 

from various thermal-chemical processes. They concluded that steam reforming is 

suitable for long periods of steady-state operation because this process provide the 

highest hydrogen concentration. However, this process is strongly endothermic and 

reactor designs are typically limited by heat transfer. Due to exothermic nature of 

partial oxidation, external heat is unnecessary and it is suitable for automotive 

applications. In the case of autothermal reforming as the combined process of the 

steam reforming and partial oxidation, it is also attractive for the rapid start and 

dynamic response needed in automotive applications. There are many work studied 

reforming processes from many non renewable resources such as natural gas 

(methane), liquid petroleum Gas (LPG), diesel, gasoline, methanol (Perna et al., 2001; 

Laosiripojana et al., 2006; Lattner et al., 2004; Amphlett et al., 1998; Agrell et al., 

2002; Adachi et al., 2009; Chipitı et al., 2006; Severin et al., 2005; Castaldi et al., 
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2001; Danial et al., 2001; Chein et al., 2011; Lattner et al., 2005). Due to high H/C of 

methane, the high hydrogen concentration is obtained from natural reforming process. 

Steam reforming of methane yields the best hydrogen content of all the reforming 

processes with 75-78 vol.% (Heinzel et al., 2002).  

Apart from nonrenewable gases, diesel, gasoline and methanol are also the 

famous nonrenewable liquid fuel which is used to produce hydrogen (Amphlett et al., 

1998; Agrell et al., 2002; Severin et al., 2005; Castaldi et al., 2007; Lattner et al., 

2005). It is found that the large size molecule of diesel and gasoline is the obstacle for 

reforming process. The diesel and gasoline fuel reforming is complicated and requires 

high temperatures (Amphlett et al., 1998). On the other hand, methanol is smaller 

molecule and thus it is easily converted to hydrogen. Agrell et al. (2002) proposed 

that methanol provides a high hydrogen–carbon ratio, an absence of carbon–carbon 

bonds and a potentially high production capacity. 

Hydrogen

• Natural gas

• LPG

• Diesel

• Gasoline

• Methanol

• Ethanol

• Biomass

• Biogas 

• Glycerol

• Biodiesel

Sources

Renewable
sources

Nonrenewable
Sources

Methods
• Steam reforming

• Autothermal reforming

• Partial oxidation 

• Aqueous phase reforming

• Gasification

• Pyrolysis

• Supercritical reforming

• Dry reforming
 

Figure 2.1 Thermal-chemical processes and fuels for hydrogen production. 

Also, the renewable resources such as ethanol, biomass, bio-oil, biogas have 

been investigated from many researches (Martin et al., 2011; Schmersahl et al., 2005; 

Pandya et al., 1988). Ethanol reforming processes for hydrogen production were 
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studied by Ni et al. (2007). They concluded that the steam reforming of ethanol 

provides the highest hydrogen yield, but it requires high energy to maintain the 

operation of the reformer at isothermal condition. Alternatively, hydrogen can be 

produced by partial oxidation. However, hydrogen selectivity of ethanol partial 

oxidation is generally low. They mentioned that autothermal reforming can enhance 

hydrogen production. It not only attains self-thermally sustained operation, but also 

maximizes the hydrogen production. In addition, autothermal reforming is 

advantageous as coke formation is greatly inhibited by oxidation. Thus, long-term 

stable operation can be achieved. Later, Thermodynamic analysis of ethanol steam 

reforming, partial oxidation and autothermal reforming including the possibility of 

solid coke formation was also studied by Rabenstein and Hacker (2008). They 

concluded that coke formation is limited when temperature, steam to ethanol ratio and 

oxygen to ethanol ratio increase and coke is formed during ethanol reforming in the 

following order: partial oxidation > steam reforming > autothermal reforming.  

Considering environmental and availability aspect, biomass is one of the 

interesting fuels for hydrogen production.  Pyrolysis and gasification are the main 

method to produce hydrogen. Li et al. (2004) studied biomass gasification in a 

circulating fluidized bed and they found product gas composition and heating value 

depend heavily on the oxygen to carbon ratio and temperature. The gasifier should be 

operated at temperature of 1100-1300 K and oxygen to carbon ratio of 0.15–0.25. 

However, apart from main product gas, the tar and char, are byproduct which should 

be minimized from this process. For biomass pyrolysis process, its products are in 

mainly liquid form and some solid, and gaseous forms. The product composition 

depends on type of reactants and operating conditions (Demirbas, 2002; Demirbas and 

Arin, 2004). Generally, main product of this process is liquid product. It is called bio-

oil and can be also used to produce hydrogen in reforming process. Vagia et al. (2008) 

thermodynamically analyzed the production of hydrogen via the autothermal steam 

reforming of selected components of aqueous bio-oil fraction. They revealed that the 

autothermal steam reforming offers many advantages from a technical and economic 

point of view, as it minimizes heat load demand in the reformer. They calculated the 

optimum amount of oxygen required to achieve both zero heat requirement and high 
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process efficiency. When the required oxygen enters the system at the reforming 

temperature, the autothermal steam reforming process give the hydrogen yield of 

about 20% lower than that by the steam reforming because part of the organic feed is 

consumed by a combustion reaction. Alternatively, the use of glycerol from biodiesel 

production process as raw material for hydrogen production is an attractive approach. 

Considering reforming of glycerol, various studies have relied on experiments 

(Dauenhauer et al., 2006; Slinn et al., 2008; Swami et al., 2006; Zhang et al., 2007; 

Hirai et al., 2005; Profeti et al., 2009; Pompeo et al., 2010) or simulations (Adhikari et 

al., 2007; Luo et al., 2007; Wang et al., 2008; Wang et al., 2009; Chen et al., 2009 ) to 

investigate the effects of key operating parameters on the various reforming processes 

and to identify the optimal conditions.  

Glycerol aqueous phase reforming  

Several reports were presented on the production of hydrogen from glycerol 

using a low-temperature aqueous phase reforming (Luo et al., 2007; Wen et al., 2008). 

Luo et al. (2007) studied the aqueous reforming of glycerol for hydrogen generation 

based on thermodynamic analysis. This process operate at low temperature and thus 

eliminating the need to vaporize water and the oxygenated hydrocarbon which 

reduces the energy requirements for producing hydrogen, and facilitating the WGS 

reaction to generate hydrogen product which contains low levels of CO in a single 

catalytic reformer. Also, it was found that aqueous reforming can achieve the higher 

hydrogen yield if methanation reaction is limited kinetically during the operation.  

Luo et al. (2008) also investigested glycerol aqueous phase reforming in presence of 

Pt and reported that the optimal operating condition is temperature of 220 C and 

pressure of 2.5 MPa. Lower reaction temperature seems to decrease the conversion of 

glycerin and higher temperature leads to more side reactions. However, the 

disadvantage of such a process is a drastic decrease of hydrogen content because 

methanation reaction favors at low temperatures. Now, many works is developed 

catalysts with high selectivity of hydrogen production (Manfro et al., 2011; King et 

al., 2010; Guo et al., 2012). 
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Glycerol dry reforming  

Wang et al. (2009) investigated the possibility of glycerol dry reforming for 

hydrogen and synthesis gas production employing the total Gibbs free energy 

minimization method. Hydrogen yield increases with increasing temperature and CO2 

to glycerol ratios, while decreases with increasing pressure. CH4 decreases with the 

increase in both temperature and carbon to glycerol ratio. In addition, they observed 

that the boudard reaction is predominant reaction for carbon formation and more 

carbon is produced in glycerol dry reforming compared with the steam reforming of 

glycerol.  

Glycerol partial oxidation 

Due to low obtained hydrogen yield and required complex temperature control 

system, there are few work focusing on partial oxidation process. Wang (2010) 

studied about glycerol partial oxidation and concluded that the operating temperature 

and oxygen to glycerol should be in the range of 1000-1100 K and 0.4-0.6, 

respectively. This is because operation at higher temperature consumes more energy 

while operation at lower temperature causes carbon formation. In addition, they found 

that the operation at > 1 atm has a negative effect on the hydrogen yield. 

Glycerol supercritical reforming  

Supercritical reforming process, which is presently receives much attention 

from a lot of research (Vlieger et al., 2012; Voll et al., 2009; Gadhe et al., 2007) is 

operated at critical temperature and pressure. Thus, high temperature and high 

pressure is required. Ortiz et al. (2011) proposed that suitable operating pressure is 

about 240 atm and temperature should be in the range of 750-850 C. The glycerol 

supercritical water gas was also studied by Byrd et al. (2008). They reported that 

glycerol is complete conversion to hydrogen, carbon dioxide, methane and only slight 

carbon monoxide content. Hydrogen yields are found to increase directly with 

temperature while methane formation can be reduced by operating at low residence 

times. 
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Glycerol steam reforming 

Several studies concentrated on hydrogen production from glycerol steam 

reforming. Zhang et al. (2007) studied a glycerol steam reforming process over ceria-

supported metal catalysts and found that complete glycerol conversion is at 400 - 

450°C. Hirai et al. (2005) reported  that steam reforming of glycerol on Ru/Y2O3 

catalyst provided high hydrogen  selectivity (90%)  and complete conversion of 

glycerol at 600 °C. Also, Cui et al. (2009) revealed that at 600 °C glycerol  is 

completely  decomposed when  La1-xCexNiO3 is used as catalyst for glycerol steam 

reforming process.  

 Slinn et al. (2008) investigated steam reforming of glycerol and crude 

glycerol from biodiesel production. A platinum alumina catalyst was used to optimize 

the operating conditions. They described that the yield of by-product glycerol was on 

average only 70% of the yield of pure glycerol. This is because the long chain fatty 

acid impurities (40%) are harder to reform, and are likely to form more carbon 

deposition on the catalyst than pure glycerol. In addition, glycerol and crude glycerol 

can reach a yield of 85% at high temperature. Steam reforming of glycerol is the 

dominant mechanism at temperatures above 700 C, flow rates under 0.6 

mole/min kg catalyst, and the steam to carbon ratios of over 0.5. They concluded that 

glycerol steam reforming is a viable alternative use for glycerol and potentially a 

better option than purification. Later, Buffoni et al. (2009) studied glycerol steam 

reforming based on a nickel catalyst. Their results indicated that the operating 

temperature strongly influences the activity of the nickel catalyst; the minimum 

temperature that provides high hydrogen selectivity is 823 K. Adhikari et al. (2007) 

concluded from their simulation results that the optimal conditions for hydrogen 

production from glycerol are a temperature above 900 K, atmospheric pressure, and a 

steam to glycerol molar ratio of nine. Wang et al. (2008) studied steam reforming of 

glycerol and found that the optimal temperature and steam to glycerol molar ratio 

were in the range of 925-975 K and 9-12, respectively. Chen et al. (2011) reported 

that high temperature, low pressure, low feeding reactants to inert gas ratio and low 

gas flow rate are favourable for steam reforming of glycerol for hydrogen production. 



15 
 

Glycerol autothermal reforming 

The experimental study on glycerol autothermal reforming was investigated 

by Swami and Abraham (2006). They concluded that the addition of oxygen enhances 

the reaction rate at an initial period, leading to the breakdown of glycerol. Recently, 

Wang et al. (2009) investigated the glycerol autothermal reforming to generate 

hydrogen. They suggested that the heat integration of autothermal reforming makes it 

more attractive and competitive. Under optimal conditions, methane production is 

minimized and carbon formation is thermodynamically inhibited. Dauenhauer et al. 

(2006) explained that glycerol is highly oxygenated with a hydroxyl group on each 

carbon atom and an internal carbon-to-oxygen ratio (C/O) equal to 1. This presents a 

challenge for gas-phase reforming with unique chemistry and a significant 

thermodynamic limitation for synthesis gas production relative to the reforming of 

alkanes. Their research was to examine the autothermal reforming of glycerol over 

platinum- and rhodium- based catalysts supported on alumina foams. The addition of 

steam maximizes selectivity to H2 to as high as 92% near equilibrium, whereas the 

conversion decreased at high level of oxygen. In addition, all minor products exhibit 

selectivity of no more than 2% of carbon selectivity under optimum condition. 

2.2 Proton exchange membrane fuel cell (PEMFC) operated 

on reformate gas 

There are several problems occurring during operation of PEMFC, which 

should be overcome. The intrinsic problem of PEMFC is mainly water problem and 

CO poisoning problem. Pure hydrogen or hydrogen-rich gas from reforming process 

is either used as fuel in PEMFC anodes. With the limitation of hydrogen storage and 

supporting infrastructure, a fuel cell integrated with a fuel processor allowing 

hydrogen generation from hydrocarbon fuels becomes an effective solution. 
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2.2.1 Low-temperature proton exchange membrane fuel cell          

(LT-PEMFC) 

The operating conditions, i.e. temperature, relative humidity, pressure, and 

flow rate have a significant effect on the cell performance. In some point of view, the 

influence of operating condition on PEMFC at reformate gas operation differ from 

pure hydrogen operation. Indeed, an increase in temperature causes reduction of 

theoretical cell voltage (Nernst equation). However, the actual cell voltage generally 

enhance with temperature because the voltage loss tend to decrease when cell 

temperature increase. For PEMFC operated on pure hydrogen, it is observed that its 

performance is improved with increasing temperatures from 65 to 75 ◦C, unchanged 

between 75 and 80 ◦C, and begins to decrease at 85 ◦C (Cheddie et al., 2006). The 

increasing cell performance at 65 to 75 ◦C is due to the fact that gas diffusivity is 

enhanced with temperature and thus the losses from mass transfer limitation reduce. 

However, an increase in cell temperature causes low relative humidity of fuel gas. 

This results in dehydration of membrane and thus PEMFC has poor performance 

when the cell temperature is increased to 85 ◦C. 

Furthermore, the reformate gases obtained from fuel processing process 

generally contain traces of CO which strongly adsorb on the surface of Pt, occupying 

hydrogen oxidation reaction (HOR) sites. The performance of PEMFC fed by 

reformate gas typically relies on fraction of CO in feed stream, temperature and 

current density. Das et al. (2009) reported that effect of CO poisoning reduce at high 

temperature and low current density. However, the only some trace of CO can cause a 

significant loss in the cell and the CO content of the hydrogen feed generally must be 

less than 10 ppm.  Minutillo et al. (2008) studied the fuel cell performance both using 

pure hydrogen and reformate gas produced by a natural gas reforming system. They 

ignored the effect of CO and reported that the increase of performance that occurs at 

higher temperature with pure hydrogen fueling about 20% and can occur also in the 

case of reformate gas fueling. The overall stack performance of the fuel cell with 

reformate gas fueling is lower than pure hydrogen about 8–10%. 
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Apart from CO effect, the effect of other gases containing reformate gas such 

as CO2 on PEMFC performance is also studied by many researches (Janssen et al., 

2004; Smolinka et al., 2005; Tingelof et al., 2008) . Generally, carbon dioxide 

contaminate in reformate gas around 20-25% depending on type of reactant and 

operating condition (Bruijn  et al., 2002; Smolinka et al., 2005). Hedstrom et al. 

(2009) investigated possibility of running LT-PEMFC on reformate from biogas. A 5 

kW polymer electrolyte fuel stack was supplied with simulated reformate with a 

hydrogen content as low as 25%. The result showed that reformed biogas and other 

gases with high CO2 content are, from dilution and CO poisoning perspectives, 

suitable for PEMFCs. There is a small poisoning effect from carbon dioxide. The 

stack showed stable operating conditions for all experiments performed. The 

efficiency of the fuel cell stack is not significantly changed when diluted fuel streams 

are used. In addition, Giddey et al. (2005) studied study the effect of methane, carbon 

dioxide and water in the hydrogen fuel mix on the cell performance. The presence of 

methane up to 10% was found to have negligible effect on the cell voltage as expected 

due to very low equilibrium content of CO formed at this fuel composition and cell 

operating conditions. However, the presence of CO2 between1-2% was found to cause 

degradation in the cell voltage, possibly due to the reverse water gas shift reaction at 

this fuel composition and cell operating condition 

To support reformate gas as fuel for PEMFC before hydrogen transport and 

storage are readily available, several technologies, i.e. oxygen bleeding, catalyst with 

high CO tolerance and high temperature proton exchange membrane fuel cell (HT-

PEMFC) have been developed to solve CO poisoning problem (Jensen et al., 2007). 

However, HT-PEMFCs provide the highest CO tolerance compared to oxygen 

bleeding and CO tolerance catalyst approach. 

2.2.2 High-temperature proton exchange membrane fuel cell          

(HT-PEMFC) 

In case of reformate gas operation, it is found that high operating temperature 

can improve the PEMFC performance operated on reformate gas (Scott et al., 2007). 
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From a thermodynamic point of view, the adsorption of CO on the Pt surface can be 

reduced by increasing the temperature and/or decreasing the CO concentration 

(Bellows et al., 1996). Therefore, the operation of PEMFC at high temperatures can 

reduce CO poisoning problem and the PEMFC has high tolerance of CO. There have 

been many studies that have focused on HT-PEMFC. Pan et al. (2005) investigated 

performance of HT-PEMFC by using the reformed hydrogen directly from a simple 

methanol reformer without further CO removal. A significant performance loss was 

observed at a fuel cell temperature of 100 ◦C when the fuel was switched from pure 

hydrogen to the methanol reformate. In addition, they found that the performance loss 

reduced, when temperature increase.  

Table 2.1 Summary of CO tolerance 

Literature Temperature (๐C) % CO tolerance 

Li et al. (2003) 200 3% 

Korsgaard et al. (2008) 160 2% 

Das et al. (2009) 180 5% 

Mamlouk and Scott (2010) 175 10% 

Jiao et al. (2011) 190 10% 

Table 2.1 shows the summary of CO tolerance of HT-PEMFC from many 

works. Li et al. (2003) demonstrated that the HT-PEMFC can tolerate CO up to 3% at 

the temperature of 200 oC and generate the electricity at 0.8 A/cm2 with the voltage 

losses lower than 10 mV. Das et al. (2009) reported that the CO poisoning problem of 

the PEMFC operated at high temperatures is less than at low temperatures. It was 

found that when the PEMFC is operated at the temperature of 180 oC or above, the 

reforming gas with 2–5 %CO can be used with the insignificant loss of cell 

performance. Recently, Jiao et al. (2011) developed the non-isothermal model of HT-

PEMFC by considering the effect of CO on the fuel cell performance. They found that 

CO has a drastic effect on the HT-PEMFC at 190 oC when the CO faction in the 
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hydrogen feed is higher than 10%. They also reported that reformate gas from 

methanol reformer (CO  1-2%) can be fed directly to HT-PEMFC operated at 160 
oC. 

In addition, it is found from the literature that reverse water gas shift reaction 

disappear in operational range of HT-PEMFC. Apart from dilution effect, CO2 

containing in reformate gas does not have any effect on cell performance (Jiao et al. 

2011). On the other hand, some research reported that water content in hydrogen feed 

can reduce CO poisoning effect reduce and enhance cell performance (Modestov et 

al., 2010).  

2.3 PEMFC model 

The good understanding of PEMFC is required for optimization of its 

performance and efficiency. Modeling and simulation become important tools to 

understand and design the complex and multidisciplinary PEMFC system where 

electrochemical and transport processes are tightly coupled. The detail of LT-PEMFC 

and HT-PEMFC model development are given: 

2.3.1 LT-PEMFC 

 The performance of a fuel cell can be expressed by the polarization curve. It is 

necessary for optimization of fuel cell operating points, design of the power 

conditioning units, design of simulators for fuel cell stack systems, and design of 

system controllers. Therefore, it should be noted that the accurate electrochemical 

model is required to study and improve the fuel cell performance.  

The first model of LT-PEMFC running with Nafion was developed by 

Bernardi and Verbrugge (1991). This model was one-dimensional (1D), isothermal, 

and for water transport within the membrane. However, it is observed that it is hard to 

predict the water distribution and transportation in the GDL and the overestimate 

occurs at high current density because of the lacking liquid water transport. 
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In addition, Springer et al. (1991) introduced in their model an expression to 

account for the porosity and tortuosity of the electrode and showed much improved 

agreement in the mass transport limited range at high current density. The catalyst 

layers are treated as interfaces. 

The oxygen transport in cathode gas diffusion layer is investigated by Tsai et 

al. (2006). They concluded that the concentration flux of oxygen across the GDL was 

primarily dominated by the thickness and porosity of GDL. The high value of GDL 

thickness can cause an increase in diffusion resistance at high current density and thus 

low cell performance. 

Amphlett et al. (1995) developed the models which could be used to predict 

cell voltage as a function of current density. A steady-state model for the Ballard 

Mark IV fuel cell has been proposed that combines performance losses into 

parametric equations based on cell operating conditions, such as pressure and 

operating temperature these models are reduced in terms of dimensionality and 

comprehensiveness. Amphlett et al. (1996) also studied the dynamic model of a fuel 

cell stack by performing a global heat and mass balance analysis, and the details of 

electrochemical phenomena inside the cell were ignored. 

Two dimensional modeling of transport phenomena in PEMFC was presented 

by Yi and Nguyen (1999). They studied the effects of the operating conditions and 

design parameters of an air cathode on the performance of the cell with an 

interdigitated gas distributor. Fuller and Newman (1993) developed a two-

dimensional model of a membrane electrode assembly of a LT-PEMFC to study water 

and thermal management. This model includes water transport in the diffusion layer. 

In addition, Nguyen and White (1993) developed a two-dimensional model to predict 

the temperature distribution and membrane hydration conditions along the flow 

channels. 

Dutta et al. (2000) developed one of the first 3D models, which included both 

anode and cathode regions, and the control volume approach was used to solve the 

governing equations. Shimpalee et al. (2000) completed a three-dimensional straight 
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channel model by establishing governing equations for each gas component at the 

inlet. They proposed that the energy equation can predict the temperature distribution 

in the cell and can be used to analyze thermal management of the fuel cell stack.  

Um et al. (2000) also developed a three-dimensional PEM fuel cell model. The 

model is an isothermal single phase with focusing on the analysis of the reactant 

concentration distribution in a single cell. It is observed that the interdigitated flow 

field can enhance mass transport of oxygen and water elimination at reaction zone, 

thus increasing the performance as compared to convectional flow field at a high 

current density. 

Zhou and Liu (2004) developed a three-dimensional mathematical model of 

LT-PEMFC operated on reformate. They studied the effect of CO poisoning as well 

as the effect of hydrogen dilution due to the inert gases. From the simulation results, 

they concluded that near the exit, though hydrogen concentration is reduced due to 

reaction consumption, the fast oxidation of hydrogen makes the influence of reduced 

hydrogen concentration negligible. The poisoning effect of CO is predominant over 

the effect of hydrogen concentration reduction. 

2.3.2 HT-PEMFC 

Compared to Nafion based LT-PEMFCs, only a few publications have 

developed models for PBI based HT-PEMFCs. Cheddie and Munroe (2006) presented 

a one dimensional mathematical model used to predict the polarization performance 

of a HT-PEMFC using a polybenzimidazole (PBI) membrane. The scope of interest is 

on a membrane electrode assembly (MEA). Mass and energy transport in gas 

diffusion layer and electrochemical model were analyzed while the changes of 

reactant composition and temperature in gas flow channels were not considered. The 

greatest loss in the PBI fuel cell was the activation overpotential and the second 

largest was the ohmic overpotential. They suggested that the conductivity of the 

membrane and the membrane–catalyst interface should be improved. It is noted that 

the membrane conductivity was kept constant in this research. Then, the analytical 

correlation for HT-PEMFC was presented by the same author. They commented that 
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this correlation is useful to expedite calculation without depending on complex 

computational model. 

Also, a steady-state, one dimensional model of a proton exchange membrane 

fuel cell (PEMFC) with a PBI membrane was developed by Scott et al. (2007).  

However, they assumed that the cell was operated at isothermal condition. The 

Stefan–Maxwell equation and Darcy’s law were used to model the mass transport 

processes. The effects of cell temperature, pressure and gas compositions, on voltages 

and power densities were studied. They claimed that this model give a good 

agreement with experimental data and can be potentially used to optimize electrode 

structure and electrocatalyst composition in the electrode layers. 

On the other hand, there are many researches that develop a three dimensional 

model of HT-PEMFC to correctly predict its performance and behavior. The model 

describes all transport and polarization phenomena, and accounts for the effect of gas 

channel flow rates. Sinha et al. (2007) developed a three-dimensional, non-isothermal 

model to investigate the performance of PEM fuel cells using Gore-Select membrane 

at elevated temperature under various operating conditions. Numerical studies 

revealed that at 95°C operation, oxygen transport and its depletion along the flow 

direction play a critical role in cell performance, even under low humidity conditions.  

Su et al. (2009) applied a three-dimensional, non-isothermal model with PTFE 

(polytetrafluoroethylene)/Nafion/silicate (PNS) membrane. Based on simulation 

results, the localized characteristics within the HT-PEMFC can be reasonably 

predicted, which include the distributions of liquid water saturation, membrane 

conductivity, fuel gas depletion phenomenon, temperature, current density, etc. They 

also claimed that the supply of fuel gas is not insufficient to meet the requirement of 

electrochemical reaction, resulting in the decrease in the cell power generation.  

Moreover, a transient three-dimensional, single-phase and non-isothermal 

numerical model of polymer electrolyte membrane (PEM) fuel cell with high 

operating temperatures was developed by Peng et al. (2008). This model includes 

charge double-layer and thermal effects on output current. From the simulation result, 
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current is moved smoothly and there are no overshoot or undershoot with the 

influence of charge double-layer effect. The maximum temperature is located in 

cathode catalyst layer and both fuel cell average temperature and temperature 

deviation are increased with increasing of current load. 

Bergmann et al. (2010) investigated the performance of a phosphoric acid 

doped PBI membrane fuel cell based on a two-dimensional fuel cell model taking into 

account the CO poisoning effect. Recently, Jiao et al. (2011) developed the non-

isothermal model of HT-PEMFC by considering the effect of CO on the fuel cell 

performance. They found that CO has a drastic effect on the HT-PEMFC at 190 oC 

when the CO faction in the hydrogen feed is higher than 10%. 

2.4 Integration of PEMFC and reforming processes  

 Ersoz et al. (2003)  investigated the effect of the selected fuel reforming 

options, namely steam reforming (SR), partial oxidation (POX) and autothermal 

reforming (ATR) on the overall fuel cell system efficiency, which depends on the fuel 

processing, PEM fuel cell and auxiliary system efficiencies. Results indicate that fuel 

properties, fuel processing system and its operation parameters, and PEM fuel cell 

characteristics all affect the overall system efficiencies. Steam reforming and 

autothermal reforming appear as the most competitive fuel processing options in 

terms of fuel processing efficiencies. High PEMFC system efficiency levels can be 

achieved only with intensive heat integration within the PEMFC systems. Hence, heat 

integration system studies are of utmost importance along with the development of 

novel reforming catalysts, clean-up systems and PEMFC components if on-board 

hydrogen production is desired. 

 Due to the higher temperature for PEMFC the heat quality is higher and it 

seems obvious to try to make use of it for fuel processing. The possible utilization of 

the excess heat of the fuel cell is addressed by Jensen et al. (2007). The simple heat 

balances are calculated for systems with methanol and methane reformers in 

combination with a high temperature PEM fuel cell. In the methanol system at least 

11.1% of the fuel energy can be saved by using the excess heat from the fuel cell for 
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vaporization of water and methanol if the cell is operated at temperatures between 150 

and 200 ◦C. Similarly, in the methane system, 9.6% can be saved under equivalent 

conditions. However, the heat for methane reforming is significantly larger than 

methanol, and the temperature is far too high for a utilization of the excess heat even 

with a high temperature PEM fuel cell. 

 A fuel processor (FP) for the vehicle on-board hydrogen production to be fed 

to the PEMFC stack of an auxiliary power unit (APU) was investigated by Specchia et 

al. (2006), with its several units: the reformer for hydrogen production; the CO 

cleanup process; the auxiliary units for the balance of plant of the whole system 

(afterburner for the combustion of the hydrogen exhaust gas from the fuel cell, heat 

exchangers for the internal heat recoveries, water recovery radiators, air compressor, 

and water and fuel pumps); and the PEMFC. From the simulation results, the highest 

performance, in terms of efficiency, seems to belong to the SR-based APU. The 

electrical gross power obtainable from the PEMFC: the SR-based APU gives the 

higher power as compared to the ATR-based one. However, the higher SR system 

performance might be counterbalanced by a much higher plant complexity, which 

might increase cost, the impact on system controllability, and start-up time. 

 A novel heat-integrated fuel cell stack system with methanol reforming was 

presented by Wu et al (2009). Its configuration is composed of fuel processing units 

(FPUs), proton exchange membrane (PEM) fuel cell stack, and heat exchangers 

(HEXs). To ensure the heat-integrated system is compact, and to reduce its heat duty, 

the original circulating device for cooling the stack system is replaced with external 

circulating water flow. This water is used to preheat well mixed methanol and oxygen 

before entering reformer. This water also dominates the production of hydrogen at the 

exit of FPUs and influences the stack temperature. The heat exchange connections can 

enhance the utilization of energy of FPUs.  

Jannelli et al. (2007) studied the performance of a PEM fuel cell integrated 

with a hydrogen generator based on steam reforming process. The performance of the 

fuel cell has been evaluated by both varying the feeding mode and fuel composition. 

The results have pointed out that the efficiency of the PEM fuel cell system is in the 
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range of 22–31%. However, with higher stack temperature an increase in the 

performance, up to 5%, can be expected. The efficiency of the integrated system 

becomes highly competitive with the conventional power system in the same power 

range. 



CHAPTER III 

THEORY 

3.1 PEMFC 

3.1.1 Basic principle of fuel cells 

A fuel cell is an electrochemical device (a galvanic cell) which converts free 

energy of a chemical reaction into electrical energy (electricity). The fuel cell 

principle was discovered in 1839 by William R. Grove, a British physicist. Fuel cells 

have several advantages over internal combustion engines (ICE) and batteries. To 

generate mechanical energy, the ICE first converts fuel energy to thermal energy by 

combusting fuel with oxygen at high temperature. The thermal energy is then used to 

generate mechanical energy. Because thermal energy is involved, the efficiency of the 

conversion process is limited by the Carnot Cycle. Unlike ICE, fuel cells directly 

convert fuel energy to electrical energy and its maximum efficiency is not subjected 

to Carnot Cycle limitations. If hydrogen is used as fuel, the outcome of fuel cell 

reaction is water and heat. Therefore, fuel cells are considered to be a zero emission 

power generator. They do not create pollutants such as hydrocarbon or nitrogen oxide. 

A battery is also an electrochemical device that converts chemical energy directly to 

electricity. However, the reactants of battery are stored internally and when used up, 

the battery must be recharged or replaced whereas the reactants of the fuel cell are 

externally. From Table 3.1, the major types of fuel cells being developed are: proton 

exchange membrane fuel cells (PEMFC) for transportation power generation, direct 

methanol fuel cells (DMFC) for portable power generation, alkaline fuel cells (AFC) 

for space program for producing electricity and drinking water for astronaughts; 

phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC) and solid 

oxide fuel cells (SOFC) for stationary power generation applications. In addition, fuel 

cell can be classified to three groups as presented in Figure 3.1. 
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Table 3.1 Characteristics of important fuel cells (Shah, 2007) 

 
  PEMFC DMFC AFC PAFC MCFC SOFC 

 
Primary application 
 
 
 
Electrolyte 
 
 
 
 
Operating temperature range 
 
Charge carrier 
 
Prime cell components 
 
Catalyst 
 
Primary fuel 
 
Start-up time 
 
Power density (kW/m3) 
 
Combined cycle 
fuel cell efficiency 

 
Automotive 

and stationary 
power 

 
Polymer 
(plastic) 

membrane 
 
 

50-100°C 
 

H+ 
 

Carbon-based 
 

Platinum 
 

H2 
 

Sec-min 
 

3.8-6.5 
 

50-60% 

 
Portable power 

 
 
 

Polymer 
(plastic) 

membrane 
 
 

0-60°C 
 

H+ 
 

Carbon-based 
 

Pt-Pt/Ru 
 

Methanol 
 

Sec-min 
 

0.6 
 

30-40% 
(no combined  

cycle) 
 

 
Space vehicles 
and drinking 

water 
 

Concentrated 
(30-50%) 

KOH in H20 
 
 

50-200°C 
 

OH- 

 
Carbon-based 

 
Platinum 

 
H2 

 
- 
 
1 

 
50-60% 

 
Stationary power 

 
 
 

Concentrated 
100% 

phosphoric acid 
 
 

150-220°C 
 

H+ 
 

Graphite-based 
 

Platinum 
 

H2 
 

Hours 
 

0.8-1.9 
 

55% 

 
Stationary power 

 
 
 

Molten carbonate 
retained in a 

ceramic matrix 
of LiA102 

 
600-700°C 

 
CO=

3 
 

Stainless steel 
 

Nickel 
 

H2, CO, CH4 
 

Hours 
 

1.5-2.6 
 

55-65% 

 
Vehicle auxiliary 

power 
 
 

Yttrium-stabilized 
Zirkondioxide 

 
 
 

700-1000°C 
 

O= 
 

Ceramic 
 

Perovskites 
 

H2, CO 
 

Hours 
 

0.1-1.5 
 

55-65% 
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Fuel cell

Low temperature
10 to 80 °C

High temperature
650 to 1000 °C

Intermediate Temperature
120 to 200 °C

PEMFC

DMFC

AFC

PAFC

High temperature PEMFC

MCFC

SOFC

Hybrid system-MCFC/

SOFC/Gas turbine  

Figure 3.1 Classification of fuel cells into leading technologies (Srinivasan et al., 

2006). 

3.1.2 Basic principle of PEMFC 

As mentioned above, PEMFCs use a proton conductive polymer membrane as 

electrolyte. PEM stands for Polymer Electrolyte Membrane or Proton Exchange 

Membrane.  PEMFC is the most attractive for automobile, residential and portable 

applications because it operates at low temperature making it start up very quickly. In 

addition, it also has ability to meet the changing power demands. 

3.1.2.1 Components of PEMFC 

Figure 3.2 displays the structure of PEMFC. The heart of a fuel cell is a 

polymer, proton-conductive membrane. On both sides of the membrane is placed 

between an anode and a cathode backing layer, or gas diffusion layer (GDL) which is 

a porous electrode. The electrodes must be porous because the reactant gases are fed 

from the back and must reach the interface between the electrodes and the membrane, 

where the electrochemical reactions take place in the so-called catalyst layers on the 

catalyst surface. The multilayer assembly of the membrane sandwiched between the 

two electrodes is commonly called the membrane electrode assembly or MEA. The 

MEA is then sandwiched between the collector/ separator or bipolar plates because 
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they collect and conduct electrical current and "separator" because in multicell 

configuration they separate the gases in the adjacent cells. 

3.1.2.2 Operation of PEMFC 

 Hydrogen, which is fed at anode side, splits into its primary constituents – 

protons and electrons. This process is made possible when the platinum is 

used as catalyst. 

Anode:       4e4H2H2       (3.1) 

 Protons migrate through the membrane from the anode to cathode side, while 

the electrons liberate through electrically conductive electrodes, and through 

the outside circuit where they perform useful work and return to the other side 

of the membrane.  

 

 

Figure 3.2 Three-dimensional schematic diagram of a PEMFC (Yang and 

Pitchumani, 2006). 
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Figure 3.3 Basic operation of a PEMFC (Barbir, 2005). 

 At the cathode, electrons meet with the protons from the anode side and 

oxygen fed on that side of the membrane. Water is produced by the 

electrochemical reaction, and then pushed out of the cell with an excess flow 

of oxygen. 

 Cathode: O2H4e4HO 22       (3.2) 

 Figure 3.3 shows the basic operation of a PEMFC. The net result of these 

simultaneous reactions, as expressed in Eq. (3.3), is current of electrons 

through an external circuit – direct electrical current. By products are only 

water and heat and thus, no pollution is released.  

 Overall: O2HO2H 222       (3.3) 
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3.1.2.3 Problem in conventional PEMFC  

In spite of this large expectation of PEMFC, its commercialization has not 

been spread out. The reason is that the cost and the durability of PEMFC are worse 

than that of conventional engines competing with PEMFC (Ito, 2007). In addition, 

there are several problems occurring during operation of PEMFC, which should be 

overcome. However, the intrinsic problem of PEMFC is mainly water problem and 

CO poisoning problem. 

Water problem 

The water problem in PEMFC is caused by its low-temperature operation and 

by the characteristics of polymer electrolyte membrane used. The main two water 

problems of PEMFC are flooding occurred in gas diffusion layer (GDL) and flow 

channel, and drying polymer electrolyte membrane. The schematic of flooding and 

drying in PEMFC is presented in Figure 3.4. 

 

Figure 3.4 Schematic of flooding and drying in PEMFC (Ito, 2007). 

The flooding is caused by the following mechanics: water or vapor generates 

at catalyst layer in proportion to load current, and a portion of vapor condenses in 
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GDL and flow channel when vapor pressure is larger than the saturated vapor 

pressure. If the condensation progress, flooding occurs, and then the flooding blocks 

the supplied gases resulting in the decrease of cell voltage and stopping electricity 

generation at worse. The drying is caused by the so-called electro-osmotic flow. As 

mentioned before, the proton conductivity mechanism of membrane electrolyte of 

PEMFC relies on water content and the water molecules immigrate in PEM with the 

proton conduction from anode to cathode resulting in decreasing water content 

especially near anode. Once PEM dries up, the ionic resistance increases and the cell 

voltage decreases. To solve water problem, the water management within the cell is 

studied by many researches. There are several solutions to solve flooding problem as 

follows (Li et al., 2008): 

- Add hydrophobic material: the hydrophobic material will be added in GDL to 

remove water from cell easily. 

- Add micro porous layer (MPL): the MPL will be placed between GDL and 

catalyst layer to enhance the distribution of gas from GDL to catalyst layer 

and the removal excess water from catalyst layer.  

- Design flow field: the suitable type of flow field such as interdigitated flow 

field or serpentine flow field will be used instead of conventional flow field. 

CO poisoning problem 

The reformate gases generally contain traces of CO which strongly adsorb on 

the surface of Pt, occupying hydrogen oxidation reaction (HOR) sites. Trace CO 

dramatically reduces the activity of Pt or Pt-alloys in the anode, resulting in the 

deterioration of cell performance. The adsorption of CO and H2 on the Pt surface can 

be described by Langmuir adsorption isotherms, as shown in Eqs. (3.4) and (3.5). The 

CO molecule adsorbs associatively on Pt below 500 K, whereas H2 is dissociatively 

adsorbed (Zhang et al., 2006). 

 COPtPtCO(g)        (3.4) 
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2H (g) 2Pt 2Pt H         (3.5) 

Therefore, LT-PEMFCs operate at low temperatures and require hydrogen fuel 

with low CO content to avoid catalyst poisoning. The content of CO in the hydrogen 

feed for a LT-PEMFC must be less than 10-50 ppm. However, the CO contamination 

in hydrogen-rich reformate gas exceeds this limit. To reduce CO to the required level, 

it is necessary to add water gas shift (WGS) and some CO removal unit such as 

preferential oxidation (PROX) processes to the fuel reforming process. 

3.1.3 HT-PEMFC 

 Although PEMFC operating at low temperature has several advantages, it has 

many limitations hindering its widespread commercialization for transportation and 

stationary application. The main problems are CO poisoning on Pt catalyst and water 

management both in gas diffusion layer and membrane. To solve these problems, 

PEMFC operated at higher temperature around 100 ◦C has been developed. This is 

referred to ‘High-temperature PEMFC (HT-PEMFC)’.  

3.1.3.1 Advantages of high temperature operation  

 There are a lot of reasons for operating at high temperature as follows: 

Improved CO tolerance  

 Higher temperature operation of fuel cells has been shown to increase the 

tolerance of fuel cells to CO poisoning. This increased tolerance is related to the 

thermodynamics of adsorption of CO and H2 on the Pt electrocatalyst. Because 

hydrogen adsorption is less exothermic than CO and hydrogen adsorption requires 

two adsorption sites, increased temperature leads to a beneficial shift towards lower 

CO coverage and higher H coverage. Therefore, the operation at higher temperatures 

increases the ability of the fuel cell anode to perform in the presence of small amounts 

of CO by decreasing the coverage of CO on the catalyst surface. It also makes 
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PEMFC able to use hydrogen directly from a simple reformer without CO removal 

unit. 

Simplified water management  

In the conventional PEMFC operating below 100oC, water produced is 

presented both vapor and liquid phase. When the humidification is too high, water is 

condensed and thus, the electrodes are flooded. This results in the restriction of 

oxygen transport through the porous gas diffusion electrode. On the other hand, for 

HT-PEMFC running at atmospheric pressure, only water vapor phase exists in 

PEMFC. So the transport of water in membrane, catalyst layers and diffusion layers 

will be easier to balance. Transport of reactants (H2 and O2) in the electrode layers is 

also expected to be enhanced, and there is no flooding problem in cathode.  

Enhanced electrode reaction kinetic 

The overall electrochemical kinetics of a PEMFC is determined by the slow 

oxygen reduction reaction (ORR). Due to the sluggish ORR kinetics, the over-

potential at the cathode (ORR electrode) accounts for the major voltage loss of 

PEMFC and remains a major focus of PEMFC research. The reaction kinetics of 

hydrogen oxidation and ORR will be both enhanced at high temperature, especially 

for ORR. 

Improved heat management  

Even though PEMFC is a very efficient system, there is still 40–50% of the 

energy produced as heat. The produced heat in a working PEMFC stack must be 

removed quickly from fuel cells; otherwise the fuel cell system will overheat. For 

conventional PEMFC, the small temperature differences between cell and 

environment in the chamber environment may cause difficultly heat rejection from 

fuel cell reactions. For a HT-PEMFC, the waste heat can be rejected more quickly 

because of the larger temperature difference between the fuel cell component and the 

ambient surroundings. This can eliminate the requirement of sophisticated cooling 

system. 
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3.1.3.2 Limitation and recent progress of HT-PEMFC 

Although HT-PEMFC has many attractive features as mentioned above, there 

are several major challenges. 

Dehydration of membrane  

Perfluorosulfonic acid (PFSA) membranes such as Nafion are the most widely 

used membrane for PEMFCs. In general, the proton conductivity of this membrane 

depends strongly upon water content. Therefore, PEMFC will have poor performance 

if membrane dehydrates. The water content in polymer membranes depends on the 

relative humidity given by the ratio of the vapor pressure to the saturation vapor 

pressure multiplied by 100. The saturated water vapor pressure increases 

exponentially with temperature. If the same gas relative humidity is kept at high 

operation temperature, the operating pressure will increase. The typical pressure 

limitation for conventional PEMFC is usually <4 atm. So at high temperature 

operation, it is difficult to provide wet gases with high relative humidity in a 

traditional fuel cell control system. To provide good performance in HT-PEMFC, 

polymer membranes capable of retaining high proton conductivity in anhydrous 

environments have been developed, in addition to possessing chemical and 

electrochemical stability at high temperature. Membrane developments can be 

classified into three groups as follows: 

- Modified PFSA membranes, which incorporate hydroscopic oxides and 

solid inorganic proton conductors 

- Sulfonated polyaromtaic polymers and composite membranes, such as 

polyether ether ketones (PEEK), Sulfonated aromatic polyether ether 

ketones (SPEEK), Sulfonated polysulfone (SPSF), and polybenzimidazole 

(PBI) 

- Acid–base polymer membranes, such as phosphoric acid-doped PBI 

In recent years, PBI membrane has been shown promise for HT-PEMFC due 

to its high thermal stability. Although the proton conductivity of pure PBI is very low, 
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after it has been doped by some acids such as phosphoric acid, high proton 

conductivity can be remarkable achieved even in an anhydrous state. Phosphoric acid-

doped PBI (PA-PBI) membranes exhibit not only good proton conductivity and low 

gas permeability but also almost zero electro-osmotic drag as well as excellent 

oxidative and thermal stability. 

Degradation of gas diffusion electrode 

At elevated temperature, these may react with the carbon substrate and/or 

water to generate gaseous products such as CO and CO2. This may destroy the carbon 

support over time, leading to a reduction in carbon content within the catalyst layer 

and thus, the cell life time decreases. 

Mass transfer resistance  

Mass transfer in fuel cell catalyst layers includes two primary parts: the 

diffusion of oxygen to the cathode Pt active surface and the diffusion of hydrogen to 

the anode Pt active surface in the catalyst layers. Temperature can significantly affect 

the mass transfer in a fuel cell catalyst layer.  Increasing temperature can effectively 

increase the gas diffusivity but reduce the solubility (or gas concentration in the 

diffusion medium). The increased diffusivity will result in a reduced gas diffusion 

resistance. However, the reduced gas solubility will result in an increase in gas 

diffusion resistance. 

3.1.4 PEMFC applications  

Fuel cells can generate power from a fraction of a watt to hundreds of 

kilowatts. Because of this, they may be used in almost every application where local 

electricity generation is needed. Applications such as automobiles, buses, utility 

vehicles, scooters, bicycles, submarines have been already demonstrated. Fuel cells 

are ideal for distributed power generation, at a level of individual homes, buildings or 

a community, offering tremendous flexibility in power supply. In some cases both 

power and heat produced by a fuel cell may be utilized, resulting in very high overall 

efficiency. Fuel cell and fuel cell system design are not necessarily the same for each 
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of these applications. On the contrary, each application, besides power output, has its 

own specific requirements, such as efficiency, water balance, heat utilization, quick 

startup, long dormancy, size, weight, fuel supply, etc (Barbir, 2006). The summary of 

fuel cell market requirement for automotive and stationary application is shown in 

Table 3.2. 

3.1.4.1 Automotive Applications  

All major car manufacturers have demonstrated prototype fuel cell vehicles 

and announced plans for production and commercialization. The major drivers for 

development of automotive fuel cell technology are their efficiency, low or zero 

emissions, and fuel that could be produced from indigenous sources rather than being 

imported. The main obstacles for fuel cell commercialization in automobiles are the 

cost of fuel cells and the cost and availability of hydrogen. 

The fuel cell may be connected to the propulsion motor in several ways, 

namely: 

- Fuel cell is sized to provide all the power needed to run the vehicle. A battery 

may be present but only for startup (such as a 12V battery). This configuration 

is typically possible only with direct hydrogen fuel cell systems. A system 

with a fuel processor would not have as good dynamic response. Also, a small 

battery would not be sufficient to start up a system with a fuel processor.  

- Fuel cell is sized to provide only the base load, but the peak power for 

acceleration of the vehicle is provided by the batteries or similar peaking 

devices (such as ultracapacitors). This may be considered as a parallel hybrid 

configuration since the fuel cell and the battery operate in parallel. The vehicle 

can be started without preheating of the fuel cell system, particularly the fuel 

processor, and operated as a purely battery-electric vehicle until the fuel cell 

system becomes operational. A battery allows for recapturing of the braking 

energy, resulting in a more efficient system. The disadvantages of having the 

battery are extra cost, weight and volume.  
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Table 3.2 Summary of market requirements for fuel cell systems (Barbir, 2005) 

 Automotive Stationary 

(Primary Power) 

Stationary 

(Backup Power)

Power output 

Fuel 

Life (operational) 

High efficiency 

Instant start 

Output mode 

Operation 

Preferred voltage 

Heat recovery 

Water balance 

Size and weight 

Extreme conditions 

Cost 

50-100 kW 

Reformate/H2 

5000 hours 

Critical 

Very important 

Highly variable 

Intermittent 

>300 V 

Not needed 

Very important 

Critical 

Critical 

< $100/kW 

1-10 kW & 200 kW 

Reformate 

> 40000 hours 

Critical 

Not important 

Variable 

Constant 

> 110 V 

Very important 

Very important 

Not Critical 

Not Critical 

< $1000/kW 

1-10 kW 

Hydrogen 

< 2000 hours 

Critical 

Very important 

Constant 

Intermittent 

24 V or 48 V 

Not needed 

Not critical 

Not critical 

Important 

$1000-$3000/kW 

- Fuel cell is sized only to re-charge the batteries. The batteries provide all the 

power needed to run the vehicle. This may be considered as serial hybrid 

configuration (fuel cell charges the battery and battery drives the electric 

motor). The same advantages and disadvantages of having a battery apply as 

for the parallel hybrid configuration. The fuel cell nominal power output 
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depends on how fast the batteries would have to be recharged. A smaller 

battery would have to be recharged faster and would result in a larger fuel cell.  

- Fuel cell serves only as an auxiliary power unit, i.e. another engine is used for 

propulsion, but the fuel cell is used to run the entire or a part of the vehicle 

electrical system. This may be particularly attractive for trucks, since it would 

allow operation of an air-conditioning or refrigeration unit while the vehicle is 

not moving without the need to run the main engine.  

In general, a fuel cell propulsion engine is more efficient that a comparable 

internal combustion engine. However, the efficiency of fuel cells vs. internal 

combustion engine should not be compared at their most favorable operating point. 

These two technologies are intrinsically different and have very different efficiency-

power characteristics. The hydrogen fuel cell system efficiency in a driving schedule 

can be in the upper 40s and above 50%. The efficiency of a fuel cell propulsion 

system with an onboard fuel processor is lower than the efficiency of a hydrogen fuel 

cell system, but still higher than the efficiency of an internal combustion engine. 

3.1.4.2 Stationary Power Applications  

Although development and demonstrations of fuel cells in automobiles usually 

draws more attention, applications for stationary power generation offer even greater 

market opportunity. The drivers for both market sectors are similar – higher efficiency 

and lower emissions. The system design for both applications is also similar in 

principle. The main differences are in the choice of fuel, power conditioning, and heat 

rejection. There are also some differences in requirements for automotive and 

stationary fuel cell systems. For example, size and weight requirements are very 

important in automotive applications, but not so significant in stationary applications. 

The acceptable noise level is lower for stationary applications, especially if the unit is 

to be installed indoors. The fuel cell itself of course does not generate any noise, noise 

may be coming from air and fluid handling devices. Automobile systems are expected 

to have a very short start-up time (fraction of a minute), while the startup of a 

stationary system is not time limited, unless operated as a backup or emergency power 

generator. Both automotive and stationary systems are expected to survive and 
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operate in extreme ambient conditions, although some stationary units may be 

designed for indoor installation only. And finally, the automotive systems for 

passenger vehicles are expected to have a lifetime of 3000 to 5000 operational hours, 

systems for buses and trucks somewhat longer, but the stationary fuel cell power 

systems are expected to operate for 40000 to 800000 hours (five to ten years). 

Stationary fuel cell power systems will enable the concept of distributed 

generation, allowing the utility companies to increase their installed capacity 

following the increase in demand more closely, rather than anticipating the demand in 

huge increments by adding gigantic power plants. Presently, obtaining the 

permissions and building a conventional power plant have become very difficult 

tasks. Fuel cells, on the other hand, do not need special permitting and may be 

installed virtually everywhere – inside the residential areas, even inside the residential 

dwellings. To the end users the fuel cells offer reliability, energy independence, 

“green” power, and, ultimately, lower cost of energy. 

Commercialization of stationary fuel cells greatly depends on their economics, 

which besides the selling price includes their annual (not maximum) efficiency, 

capacity factor (depending on application), lifetime, maintenance, but most of all on a 

ratio between the prices of electricity and fuel. The economics of stationary fuel cells 

may be improved if the waste heat is utilized in a cogeneration manner. Some 

residential fuel cells are being developed to operate in a heat load following mode. 

3.1.4.3 Portable Power Applications  

A portable power system is a small grid-independent electric power unit 

ranging from a few watts to roughly one kilowatt, which serves mainly the purpose of 

convenience rather than being a primarily a result of environmental or energy-saving 

considerations. These devices may be divided into two main categories: 

- battery replacements, typically well under 100 W 

- portable power generators, up to 1 kW 
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The key feature of small fuel cells to be used as battery replacements is the 

running time without recharging. Obviously, by definition, the size and weight are 

also important. Power units with either significantly higher power densities or larger 

energy storage capacities than those of existing secondary batteries may find 

applications in portable computers, communication and transmission devices, power 

tools, remote meteorological or other observation systems, and in military gadgets. 

Besides the size of the fuel cell itself, the critical issue is the fuel and its storage. 

Hydrogen, although being a preferred fuel for PEM fuel cells is rarely used because of 

the bulkiness or weight of its storage, even in the small quantities required by those 

small devices. Hydrogen may be stored in room temperature metal hydride storage 

tanks. Some chemical hydrides offer higher energy density, however, they must be 

equipped with suitable reactors where hydrogen is released in a controlled chemical 

reaction. Most of portable fuel cells use methanol as fuel, or more precisely aqueous 

methanol solutions, either directly (so called direct methanol fuel cells) or via 

microreformers. 

3.2 Fuel processing for PEMFC 

Energy carriers are a convenient form of stored energy. Electricity is one type 

of carrier that can be produced from various sources, transported over large distances, 

and distributed to the end user. Hydrogen is another type of energy carrier. But 

because hydrogen is not readily available, it is necessary to produce it from other 

sources through reforming process. However, the hydrogen-rich gas obtaining from 

the process comprise of several components, e.g. CO, CO2, CH4, and H2. Therefore, 

several other processes may be included to purify hydrogen enough before feeding to 

the PEMFCs. 

3.2.1 Hydrogen production process 

Although hydrogen is the most plentiful element in the universe, making up 

about three quarters of all matter, free hydrogen is scarce. Fuel reformer is the unit 

that converts hydrocarbon fuels into hydrogen and carbon monoxide or carbon 
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dioxide. Fuel reforming is the main step in the fuel processing train. The ideal 

reforming reaction in which the H in the hydrocarbons and H2O are completely 

converted into H2; the C are completely converted into CO2; and neither CO nor any 

other low-carbon hydrocarbon is formed. There are several thermochemical methods 

to produce hydrogen from gas and liquid hydrocarbon such as steam reforming, 

partial oxidation, autothermal reforming, dry reforming and aqueous phase reforming 

as well as supercritical water reforming. They are explained individually below. 

Carbon formation, one of the important problems in reforming process, is also 

described. 

3.2.1.1 Hydrogen production methods 

Steam reforming (SR) 

Steam reforming refers to the catalytic conversion of hydrocarbons in the 

presence of steam. It is widely used in industry to produce H2 and syngas. Steam 

reforming is an endothermic reaction of steam with the fuel in the presence of a 

catalyst to produce H2. These reformers are well suited for long periods of steady-

state operation and can deliver relatively high concentrations of hydrogen. Because 

the process is largely endothermic, it will consume a lot of heat. Pressure, based on Le 

Chatelier’s principle, requires the process to operate at higher temperatures to 

maintain the steam reforming reaction. In practice, to increase the hydrogen yield of 

an endothermic steam reforming reaction, high-temperature operation, low pressure 

and excess steam usage are required to shift the equilibrium toward the product side. 

Due to the high temperature operation, the CO cannot be totally converted to CO2 by 

the water gas shift reaction in reformer. This is explanation that why water gas shift 

reactor is required to reduce CO content for PEMFC. 

For steam reforming process, the reactor designs are typically limited by heat 

transfer, rather than by reaction kinetics. Therefore, the reactors are designed to 

promote heat exchange and tend to be large and heavy. This is a major drawback for 

the rapid start and dynamic response needed in automotive applications. However, the 

required external heat to maintain reactions of steam reforming may be obtained by a 
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combination of heat recovery, combustion of anode waste gas that contains unreacted 

hydrogen and methane, and/or use of primary fuel. H2 can be produced by steam 

reforming of natural gas (methane), LPG, propane, and oxygenated hydrocarbons 

fuels (glycerol or ethylene glycol). The following chemical equation illustrates the 

steam reforming of oxygenated hydrocarbons:  

    222n2n H2nnCOO1)H-n(HOHC      (3.6) 

222 nHnCOOnHnCO       (3.7) 

Net reaction:   

    2222n2n H12nnCOOnHHOHC     (3.8) 

Typically, the catalyst used for steam reforming is nickel-based catalysts. 

Excess water is used (normally on a 3:1 ratio to methane) to prevent carbon formation 

and to enhance hydrogen production. The nickel-based catalysts are sensitive to sulfur 

and chlorine. Caution is needed on water quality and chlorine levels given the 

significant mass of water that is used in steam reforming (Yang and Pitchumani, 

2006). 

Partial oxidation (POX) 

The second option for fuel reforming is partial oxidation, which is an 

exothermic reaction and occurs when the feed reacts directly with air or pure oxygen 

at carefully balanced oxygen to fuel ratios. The major advantage of this process is to 

be able to reform heavy hydrocarbon without the use of catalyst. Typically, the POX 

reaction is carried out on an industrial basis in an empty (without catalyst) refractory-

lined vessel at high temperature 2370-2730°F (1300-1500°C) and without water 

(Yang and Pitchumani, 2006). The heat for the reaction is supplied by oxidation of the 

fuel within the reactor (in-situ). 

POX can be described as fuel oxidation with less than the stoichiometric 

amount of oxygen needed for complete fuel combustion to water and carbon dioxide. 

In addition to its exothermic nature make the partial oxidation suitable for 
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applications that require rapid start-ups and dynamic response to changes in demand. 

Another advantage arises from the fact that water is not a reactant in this process; 

therefore steam generators are not required, leading to a simpler system. However, 

this can also be a disadvantage since water is a source of H2 too. Comparison of Eq. 

(3.8) and (3.9) shows that less H2 is produced per mole of oxygenated hydrocarbons 

in partial oxidation than in steam reforming which results in lower H2 partial pressure 

in the reformate stream. In addition, the hydrogen is diluted compared to steam 

reforming due to the high levels of nitrogen. 

POX: 
  

    2222n2n H1nnCOO
2
nHOHC 





    (3.9) 

  Furthermore, the non-catalytic partial oxidation has problem about the scale 

down and control of the reaction.  Since the partial oxidation is exothermic, controls 

are needed to prevent the reaction temperature from increasing due off-design 

operation (e.g., a high oxygen ratio, x). This could cause the reactor temperature to 

rise quickly and potentially lead to catalyst damage or other negative side effects.  

Autothermal reforming (ATR) 

Autothermal reforming is a combination of partial oxidation and steam 

reforming. In order to achieve the desired conversion and product selectivity, an 

appropriate catalyst is essential. Most of catalysts used for ATR reactors are Ni-based. 

ATR is widely used in the fuel cell systems for automotive application. In autothermal 

reformer, the fuel is mixed with steam and substoichiometric amounts of oxygen or 

air where the ratios of oxygen to carbon (O/C) and steam to carbon (S/C) are properly 

adjusted so that the partial combustion supplies the necessary heat for endothermic 

steam reforming. Increasing oxygen to crude glycerol molar ratio decreases an 

external heat requirement. As a result, it is possible to operate the autothermal 

reformer without supplying external heat input. This condition is referred as to a 

thermoneutral condition. The heat integration of autothermal reforming makes it more 

attractive and competitive. 
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In order to operate the fuel processor in a steady condition, the ATR must be 

controlled in a thermally neutral or under slightly exothermic condition. Thus, it is 

important to study the design parameters of the processor, such as fed oxygen to 

carbon ratio, hydrogen yield, and efficiency to keep the reaction enthalpy 0 .  

ATR: 
  

  22222n2n H1n
2
3nCOO

4
nOH

2
nHOHC 






     (3.10) 

Another advantage of ATR is that the ATR reaction is more selective to CO2 

than CO, which will cause a CO poisoning problem in fuel cell operation, especially a 

low-temperature fuel cell like a proton exchange membrane fuel cell (PEMFC). 

Aqueous phase reforming (APR) 

This process is developed by Cortright et al. (2002). The hydrocarbon reactant 

of the process reacts with water in liquid form. This process has been studied for 

methanol, polyols, and sugar with C:O ratio of 1:1 in the molecules and the 

oxygenated hydrocarbons that have high value of equilibrium constant (Eq.(3.11)) at 

low temperature. The aqueous phase reforming process operates at low temperature. 

This result in the APR process can lead to low levels of CO (100 ppm) in a single-step 

catalytic process, because the reforming of oxygenated hydrocarbons and the water-

gas shift reaction are both thermodynamically favorable at the same low temperatures. 

In addition, this process is energy saving because the vaporization of reactant is not 

required. 

APR:       )(gH12n(g)nCOO(l)nH(g)HOHC 2222n2n   (3.11) 

 However, the disadvantage of such a process is a drastic decrease of hydrogen 

content because methanation and Fischer-Tropsch reaction favors at low 

temperatures. The hydrogen selectivity is dependent on the type of metal catalyst, the 

nature support, the feed molecules, and the reaction condition. The low acidity of both 

the catalyst support and feed solution favors hydrogen selectivity. In addition, it 

deceases with increasing carbon atom in the feed molecules. Platinum is usually used 

in aqueous phase reforming because it provides much higher hydrogen selectivity 
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than Nickel. However, the lower conversion is observed and thus catalysts providing 

high selectivity of hydrogen production and conversion should be further developed. 

Super critical water reforming (SCW) 

Supercritical water reforming process is operated at critical temperature and 

pressure. SCW has properties entirely different from those of liquid water or steam. 

The dielectric constant of SCW is much lower, and the number of hydrogen bonds is 

much lower and their strength is weaker. In supercritical state, water has been found 

like a dense gas and has solvation properties resembling that of non-polar fluids (Byrd 

et al., 2008). This in turn leads to an increase of solubility of hydrocarbons and light 

gases in supercritical water and so the reacting system maybe assumed to be a single 

homogeneous fluid when it reaches equilibrium. 

In addition, the density of SCW is higher than that of steam resulting in a 

higher space time yield, and higher thermal conductivity and specific heat, which are 

helpful in carrying out the endothermic reforming reactions. Transport properties, too, 

are unique in that SCW has both low viscosity and high diffusivity. The formation of 

char and tar is also minimized because of the solubility of hydrocarbons in SCW. 

Importantly, hydrogen produced from SCW reforming is produced at high pressure, 

which can be stored directly, thus avoiding large expenses associated with 

compression. 

3.2.1.2 Hydrogen production problem: Carbon formation 

Carbon formation is a significant problem in fuel reforming processes because 

it causes deactivation of the catalyst. Many studies have proposed various methods to 

prevent the formation of carbon during the reforming process, including variations in 

the operating conditions, the development of new catalysts resisting on carbon, and 

the addition of oxygen and other promoters to inhibit carbon formation (Pedernera et 

al., 2005; Parmar et al., 2009; Laosiripojana et al., 2005; Medrano et al., 2008; 

Parizotto et al., 2007). The main potential reactions for the formation of carbon are 

shown as follows:  
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Boudouard:    CCO2CO 2      (3.12) 

Methane cracking:  C2HCH 24               (3.13) 

CO reduction:   COHHCO 22      (3.14) 

These reactions are in equilibrium and the carbon formation via Eq. (3.13) and 

(3.14) becomes less favored when the temperature increases. However, coke-

formation in Eq. (3.12) is more pronounced at high temperature. The molar triangular 

diagram of carbon–hydrogen–oxygen equilibrium phase for reforming system is show 

in Figure 3.5. It is found that to avoid carbon formation, additional oxygen or 

hydrogen is needed to shift the equilibrium point to shaded section below the carbon 

decomposition boundary (dashed line), where carbon is present as CO,CO2 and CH4. 

Ideally, oxygenated hydrocarbon with C/O ratio of 1 does not require additional 

oxygen to break it down to CO and H2. 

3.2.2 Hydrogen purification processes 

Due to low temperature operation and require hydrogen fuel with low CO 

content to avoid catalyst poisoning of PEMFC, it is necessary to add  WGS reactor to 

the fuel processing process in order to reduce CO and enhance hydrogen content at 

the same time. However, the effluent gas of the WGS process still has a CO level that 

exceeds the acceptable level for conventional PEMFC. Therefore, the reformate gas is 

treated by further CO removal process, e.g. preferential oxidation, methanation and 

membrane separation, to reduce the concentration of CO to a satisfactory level. The 

descriptions of hydrogen purification process are explained below: 
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Figure 3.5 Molar triangular diagram of carbon–hydrogen–oxygen equilibrium phase 

(Slinn et al., 2008). 

3.2.2.1 Water gas shift reaction 

The CO concentration in the reformate gas varies with the reforming type and 

feedstock used. While high-temperature fuel cells (MCFC and SOFC) are capable of 

processing CH4 and CO in the anode by internal reforming, a substantial amount of 

CO is considered to be poisonous in the low-temperature fuel cells (PEMFC and 

PAFC). At low temperatures and high concentrations, the Pt in the anode-catalyst in 

fuel cells preferentially adsorbs CO, consequently blocking access of H2 to the 

catalytic sites and resulting in significant decreased performance of the fuel cell stack. 

A WGS reaction, in a separate stage(s), is the primary means for reducing the CO 

concentration in the fuel gas. Through WGS, the CO formed from reforming reactions 

further reacts with excess steam to form carbon dioxide and H2. Thus, the H2 yield is 

increased, and poisonous CO is decreased. As mentioned in the reforming section, the 

WGS reaction is: 

222 HCOOHCO        (3.15) 
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 WGS is a reversible and exothermic reaction. Therefore, whereas the 

hydrogen yield from reforming is increased at higher temperatures, WGS conversion 

is limited at high temperatures by thermodynamic equilibrium. Consequently, the 

WSGR should be run at temperatures much lower than that of the reformers.  

3.2.2.2 Carbon monoxide removal 

PEMFC anode catalyst is comprised of Pt and its alloys and operates under 

low temperature. Especially at concentrations greater than 10 ppm, CO strongly 

adsorbs onto Pt preventing the H2 adsorption, therefore deactivating the catalyst and 

reducing the fuel cell efficiency. It is very difficult for the water-gas shift reactors to 

reach such low CO concentration. Further CO removal is achieved by one of the 

following three methods. 

3.2.2.3 Preferential oxidation 

The term preferential oxidation (PROX) refers to selective oxidation of CO 

(Eq. (3.16)) over H2 (Eq. (3.17)) in spite of the high concentration of H2 in the stream: 

22 COO
2
1CO         (3.16) 

OHO
2
1H 222          (3.17) 

PROX process is operated to reduce the concentration of CO to a satisfactory 

level of PEMFC. However, the oxygen fed into the PROX process not only reacts 

with CO (Eq. (12)) but also consumes hydrogen, as described by Eq. (3.17). The 

selectivity of CO oxidation in the PROX process is about 0.4-0.9 and is dependent on 

the catalyst and operating parameters (Ahluwalia et al., 2005; Cipiti et al., 2009; 

Marino et al., 2005). It should be noted that when the effluent gas of the WGS process 

contains more CO, a higher amount of oxygen must be fed to the PROX process, 

resulting in a greater hydrogen loss due to the oxidation of hydrogen (Eq. (3.17)). 
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3.2.2.4 Methanation 

The methanation reaction is the reverse of the steam reforming of methane: 

OHCH3HCO 242                      (3.18) 

Obviously, this process is a convenience approach to eliminate CO as no extra 

reactant has to be added to the fuel stream, hence reducing the system complexity. In 

addition, there is no concern for formation of an explosive mixture, as is the case in 

PROX. The major disadvantage of the methanation process is H2 consumption, 

especially if the CO concentration is as high as a few percent. 

3.2.2.5 Membrane separation 

A mature technology for H2 purification is permeation through metal 

membranes, namely palladium. The membrane is only permeable to H2 allowing 

separation of H2 from the other fuel constituents. This method not only removes the 

poisonous CO but also eliminates other inert gases such CO2, N2, and other trace 

impurities causing an increase of the H2 partial pressure in the anode feed. However, 

the disadvantages of this method are the cost of the noble-metal membrane, its 

durability. Also, the required high differential pressure across the membrane result in 

high parasitic loss from this process. 

3.3 PEMFC system integration  

Generally, the fuel for PEM fuel cells is hydrogen. Hydrogen is the lightest and 

most abundant element in the universe; however, on Earth it is not present in its 

molecular form, but in many chemical compounds, such as water or hydrocarbons. 

Hydrogen is therefore not an energy source but a synthetic fuel that must be produced. 

Typically, the design of PEMFC system depends on the available or chosen fuel. Pure 

hydrogen or hydrogen-rich gas from reforming process is either used as fuel in 

PEMFC anodes. The PEMFC system of hydrogen-rich gas operation will be more 

complicate than pure hydrogen operation because the fuel processing will be added to 

the system for producing hydrogen to supply to PEMFC. For pure hydrogen 
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operation, hydrogen may be produced elsewhere and then stored as a part of the 

system. Therefore, the system consists of only, storage tank, fuel cell and some 

auxiliary unit. 

3.3.1 Pure hydrogen operation 

For fuel cell systems, hydrogen may be produced elsewhere and then stored as 

a part of the system. The most common way of storing hydrogen is in high-pressure 

cylinders. Another option is to store hydrogen in a Liquid form. Hydrogen is Liquid at 

20.3 K. This is a common way to store relatively large quantities of hydrogen. 

Smaller tanks for use in automobiles have been developed and demonstrated by 

BMW. They can reach storage efficiency of 14.2% hydrogen by weight and require 

about 22 liters to store 1 kg of hydrogen. These tanks must be specially constructed 

and heavily insulated to minimize hydrogen boil-off. A relatively simple evaporator is 

sufficient to produce gaseous hydrogen needed for fuel cell applications. Yet another 

way of storing hydrogen is in metal hydrides. Some metals (such as various alloys of 

magnesium, titanium, iron, manganese, nickel, chromium, and others) form metal 

hydrides when exposed to hydrogen. Hydrogen atoms are packed inside the metal 

lattice structure, and because of that, higher storage densities may be achieved than 

with compressed hydrogen (1kg hydrogen can be stored in 35-50 liters). The problem 

with this storage is that the metals are intrinsically heavy; storage efficiency of 1.0% 

to 1.4% hydrogen by weight can be achieved. Higher storage efficiencies have been 

reported with some metal hydrides, but those are typically high-temperature metal 

hydrides (above 100°C) and thus not practical with low-temperature PEM fuel cells. 

To release hydrogen from metal hydrides, heat is required. Waste heat from the fuel 

cell, in both water cooled and air-cooled systems, is sufficient to release hydrogen 

from low temperature metal hydrides. Because hydrogen is stored in basically solid 

form, this is considered one of the safest hydrogen storage methods. Several chemical 

ways of storing hydrogen have been proposed and some practically demonstrated, 

such as hydrazine, ammonia, methanol, ethanol, lithium hydride, sodium hydride, 

sodium borohydride, lithium borohydride, diborane, calcium hydride, and so forth. 

Although attractive because most of them are in liquid form and offer relatively high 
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hydrogen storage efficiencies (up to 21% by weight for diborane), they require some 

kind of a reactor to release hydrogen. In addition, some of them are toxic and some 

can cause severe corrosion problems.  

Once hydrogen is released from the storage tank, the simplest way to supply 

hydrogen to a fuel cell is in the dead-end mode (Figure 3.6 (a)). Such a system would 

only require a preset pressure regulator to reduce the pressure from the stack to the 

fuel cell operating pressure. The long-term operation in a dead-end mode may be 

possible only with extremely pure gases, both hydrogen and oxygen. Any impurities 

present in hydrogen will eventually accumulate in the fuel cell anode. This also 

includes water vapor that may remain (when the back diffusion is higher than the 

electroosmotic drag), which may be the case with very thin membranes and when 

operating at low current densities. In addition, inerts and impurities may diffuse from 

the air side until an equilibrium concentration is established. To eliminate this 

accumulation of inerts and impurities, purging of the hydrogen compartment may be 

required (Figure 3.6 (b)). This may be programmed either as a function of cell voltage 

or as a function of time. If purging of hydrogen is not possible or preferred because of 

safety, mass balance, or system efficiency reasons, excess hydrogen may be flown 

through the stack (S > 1) and unused hydrogen returned to the inlet, either by a 

passive (ejector) or an active (pump or compressor) device (Figure 3.7).  
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Figure 3.6 Hydrogen supply: a) dead-end; b) dead-end with intermittent purging 

(Barbir, 2006). 

 

 

Figure 3.7 Closed-loop hydrogen supply system with pump (above) and ejector 

(below) (Barbir, 2006). 
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The systems with hydrogen storage are typically much simpler and more 

efficient, but hydrogen storage requires a lot of space even when hydrogen is 

compressed to very high pressures or even liquefied (Barbir, 2005). 

3.3.2 Reformate gas operation  

With the limitation of hydrogen storage and supporting infrastructure, a fuel 

cell integrated with a fuel processor allowing hydrogen generation from hydrocarbon 

fuels becomes an effective solution. Consequently, the fuel processor needs to be fully 

integrated with the fuel cell system. It not only provides fuel to the fuel cell, and uses 

the heat from the fuel cell exhaust gases, but it also shares air, water, coolant, and 

control subsystems. Figure 3.8 represents conventional PEMFC system. The 

reformate coming out of the fuel processor is hot and oversaturated with water. This 

eliminates the need for anode humidifier, but it requires a cooler to bring the anode 

gas to the fuel cell operating temperature. Condensed water is separated before 

entering the fuel cell stack. However, the humidification is unnecessary for both 

anode and cathode site of HT-PEMFC because this fuel cell can be operated at dry 

condition. 

Furthermore, the fuel processor and the fuel cell typically operate at the same 

pressure, so they may share the same air supply. It is important to distribute the air 

flow to where it is needed, namely, fuel cell stack and fuel processor reactor 

(including preferential oxidation reactors in case of conventional PEMFC system). 

Water is needed by the fuel processor to generate steam for the fuel processor and 

shift reactors, and by the fuel cell for humidification of the cathode inlet. Typically, 

high-pressure water is required for both steam generation and injection in the 

humidifier. Fuel cell systems, regardless of application, may be designed to operate 

without need for makeup water. Water enters the system with ambient air and leaves 

the system with exhaust. Water is created as a product in the fuel cell, in the tail gas 

burner, and small quantities are produced in the preferential oxidation (as a result of 

unwanted hydrogen oxidation). At the same time, water is consumed in the fuel 

processor (both in steam reforming and in gas shift reactions). 
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Figure 3.8 A complete PEMFC system integrated with fuel processor (Barbir, 2005). 

As mentioned before, most fuel processor for PEMFC consists of a reforming 

reactor, one or two water shift reactors and CO purification unit. Moreover, the 

system also comprises the auxiliary equipment such as pumps, compressors, heaters, 

coolers, heat exchangers and pipes. Intensive heat integration between the PEMFC 

and fuel processor is necessary to achieve acceptable net efficiency. In general, a 

design task for fuel processor integrated with PEMFC systems depends on their 

applications and desired efficiency. 

To develop the fuel cell to the market place, its design for each application 

should be considered. For automotive application, it requires the low weight and size 

of the overall system. The fast starting up is also preferred and thus the autothermal 

reforming is suitable for this application more than steam reforming (Sopena et al., 

2007). At the same time, the high efficiency is needed for stationary application but 

the weight and size is not specified for this application. Therefore, the cogeneration 

system of heat and power with other process is effective way to improve the system 

efficiency. Because of a sharp increase of the anodic contribution of cell activation 

overvoltage when there is a lack of hydrogen near the membrane, a stack fed with 

reformate gas cannot use H2 at 100%. As it can reach 100% with pure hydrogen, 80–
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85% with reformate from steam reforming, it seems that it is not higher than 70% 

with a reformate gas from autothermal reforming. Therefore, the steam reforming is 

mostly chosen for stationary application (Hubert et al., 2006). 

3.4 Auxiliary units 

Apart from reformer, purification unit and fuel cell, the supporting equipment 

is one of the important units, which makes the integrated system work efficiently. 

Both fuel processor and fuel cell need water, air and thermal management to deliver 

the gases and control the reactors with proper temperature, humidity, flow rate and 

pressure. The main auxiliary in terms of power consumption is the air compressor. 

Then, a device to humidify and preheat this inlet air is necessary. The fuel processor 

and the fuel cell sub-systems interact strongly, not only in the direction from fuel 

processor to fuel cell, but also in the other way, like anode off-gas (sent to the burner), 

water produced by the cells (sent to the reaction chamber) and cooling circuit which 

crosses the two subsystems. Typically, auxiliary units for fuel processor/PEMFC 

integrated system comprise of fuel supply and heat transfer units which are explained 

as follows: 

3.4.1 Fuel supply units 

To supply reactant to fuel processor and fuel cell, the compressor and pump is 

needed for the integrated system. Compressors are used to compress air or oxygen for 

fuel cell and reformer (in case of autothermal reforming). Also, the other gas such as 

hydrogen, reformate gas, and reactant gas for reformer need compressor to increase 

pressure at desired level. However, for low temperature system, the reactant and 

oxidant gases are supplied by fans or blowers.  On the other hand, the pump is the unit 

that is used to deliver liquid reactant to reactor and is important factor in the system 

efficiency. It should be noted that the fuel supply units is driven by electric motor, 

which requires power from the fuel cell or other sources to run. For the LT-PEMFC, 

the reactant fed to the cell need to be saturated with water due to nature of the 

membrane electrolyte required water for proton conducting mechanism. Therefore, 
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the humidification unit is necessary to prevent the cell from dehydration. The gas can 

be humidified by bubbling the gas through water, water or steam injection, flash 

evaporation, or through a water/heat exchanger device. Commercial humidifiers 

usually use heating coils and warm water spray to bring the gas to the desired 

temperature and humidity. In addition, the condenser is needed to condense and save 

the water in the exhaust to maintain a neutral water balance in the system. 

3.4.2 Heat management units 

Due to the different temperature of each unit of the fuel processor and 

PEMFC, the heat exchanger to recovery waste heat from hot gas is necessary in order 

to obtain the highest possible overall efficiency. For example, the reformate gas 

coming out of the fuel processor is hot and oversaturated with water. This eliminates 

the need for anode humidifier but it requires to be cooled before being fed to fuel cell. 

Therefore, the heat exchanger is the equipment to transfer these heats to preheat and 

vaporize the reactant of reformer. In addition, the burner unit is needed to supply heat 

to the reformer to keep the temperature of reformer at desired level in the case of 

steam reforming. However, it is unnecessary for partial oxidation and autothermal 

reforming but the cooling system is required to control temperature of reactor.  



CHAPTER IV 

MATHEMATICAL MODEL 

A mathematical model is essential tool in the design and optimization of 

PEMFC system. In this research, the thermodynamic model by using direct 

minimization of Gibb free energy is applied for glycerol reforming process. The mass 

transport in flow channel and gas diffusion model and electrochemical model of 

PEMFC is also described.  

4.1 Fuel processor model: Thermodynamic analysis 

4.1.1 Reforming process model 

 The thermodynamic analysis is used to study the effect of operating parameter 

and find optimal condition of glycerol reforming process in this work because of the 

lack of kinetic rate data of this process. The equilibrium conversion of a reaction 

provides a goal by which to measure improvements in a process. At equilibrium, the 

total Gibbs free energy of a close reactive system at constant temperature and pressure 

decreases during reaction proceeding and the equilibrium condition is reached when 

the total Gibbs free energy attains its minimum value. From thermodynamic analysis 

point of view, the composition of reaction products from a reformer at 

thermodynamic equilibrium condition can be calculated in two ways, namely 

stoichiometric and non-stoichiometric thermodynamic approaches. In the former, a set 

of stoichiometrically independent reactions typically chosen from a set of possible 

reactions is first specified and then the equilibrium composition of each substance is 

computed from the reaction equilibrium constants at the fixed temperature and 

pressure. In the latter approach, for a given set of substances, the equilibrium 

composition is directly determined by solving the minimization problem of the Gibbs 

free energy.  
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Here, the method of the direct minimization of Gibbs free energy was used to 

predict equilibrium composition since a selection of the possible set of reactions is not 

necessary (Smith et al., 2005). The total Gibbs free energy of a close reactive system 

at constant temperature and pressure decreases during reaction proceeding and the 

equilibrium condition is reached when the total Gibbs free energy attains its minimum 

value. Therefore, the equilibrium composition can be determined by solving the 

minimization problem as given below (Smith et al., 20005): 
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where C is the total number of components in the reaction system, ni is a amount of 

each gaseous component. Resulting from the conservation of atomic species, ni have 

to satisfy the element balance in Eq. (2). 
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where aik is the number of atoms of element k in component i, bk is the total number 

of atoms of element k in the reaction mixture, and M is the total number of elements. 

 The problem is to find the set of ni which minimizes Gt for specified T and P, 

subjected to the constant of the material balances. To solve optimization problem 

Lagrange’s undetermined method is applied and its procedure is shown as follows: 

1) The Lagrange multiplier ( k ), one for each element, by multiplying each 

element balance by its k . 
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These equations are summed over k, giving: 
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Then a new function F is formed by addition of this last sum to Gt.  
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This new function is identical with Gt, because the summation term is zero. 

However, the partial derivatives of F and Gt with respect to ni are different, because 

the function F incorporates the constraints of the material balances. 

2) The minimum value F (and Gt) occurs when all of the partial 

derivatives  
inPTinF ,,/ are zero.  
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From Eq. (4.1), the first term on the right of Eq. (4.6) can be written: 
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For the ideal gas operation, the Eq. (4.7) becomes: 
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Eq. (4.8) represents the N equilibrium equations for each chemical species, 

and Eq. (4.2) represents w material balance for each element. The unknowns in these 

equations are the ni’s (note that yi = 
i

ii nn / ), of which there are N, and the k ’s, of 

which there are wa total of N+w unknowns. Thus, the number of equations is 

sufficient for the determination of all unknowns. 
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For glycerol steam reforming process, the six equilibrium equations for six species are: 

C3H8O3:  0lnln H,OHCHO,OHCOC,OHCC
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The three atom balance equations and the equation for 1
i

y are: 

C:     
0)(/ CCO,COC,COCOC,CHCHC,OHCOHCgtotal,C 2244383383

 ayayayaynA      (4.15) 

H:   
0)(/ HO,HOHH,HHH,CHCHH,OHCOHCgtotal,H 222244383383

 ayayayaynA
     

(4.16) 

O:     0)(,/ OO,HOHOCO,COO,COCOO,OHCOHCtotalO 2222383383
 ayayayaygnA      (4.17) 

01 OHHCOCOCHOHC 2224383
 yyyyyy         (4.18) 

For glycerol autothermal reforming process, the equilibrium equation for oxygen in Eq. (4.19) is added in the system. 
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Also, the atom balance equation of oxygen and equation for 1
i

y  in Eq. (4.17) and Eq. (4.18) are changed to Eq. (4.20) and 

Eq. (4.21). 

O:     0)(/ O,OOOO,HOHOCO,COO,COCOO,OHCOHCgtotal,O 222222383383
 ayayayayaynA     (4.20) 

01
22224383 OOHHCOCOCHOHC  yyyyyyy         (4.21) 62
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In the case of considering the carbon formation, the equilibrium equation for solid carbon in Eq. (4.22) is added in the system. 

C:  0CC,C 
RT

a
             (4.22) 

Also, the atom balance equation of carbon in Eq. (4.17) is changed to Eq. (4.23) to include the carbon atom of solid carbon. 

C:     
0))/((/ CC,gtotal,CCCO,COC,COCOC,CHCHC,OHCOHCgtotal,C 2244383383

 annayayayaynA    (4.23) 
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4.1.2 Fuel processor efficiency  

The efficiency of a fuel processing process (  FPη ) can be determined by the 

following expression: 
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   (4.24) 

where 
2Hm is the molar flow rate of H2 and fuelm  is the molar flow rate of fuel used for 

producing hydrogen. The external heat used to maintain the glycerol reformer at 

isothermal condition and to preheat reactant is determined from difference between 

overall heat required for glycerol steam reforming process and recovery heat from hot 

reformate gas. 

4.2 PEMFC model 

The PEMFC model considered here consists of mass transport in flow channel 

and gas diffusion layer as well as electrochemical model. The mass transport in the 

flow channel is taken account to investigate CO poisoning effect along the direction 

of channel length while the mass transport in gas diffusion layer and thin film 

electrolyte considers only the diffusion flux direction. The model schematic of HT-

PEMFC is shown in Figure 4.1. The following assumptions are made in the 

development of the model.  

• Steady state and isothermal operation 

• Only gas phases present 

• Ideal gas mixtures 

• Zero gas permeability through membrane 

• Catalyst layer treated as interface 

• Pressure drop is negligible 

• The operating voltage is constant along the cell coordinate 
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Figure 4.1 Schematic diagram of HT-PEMFC. 

4.2.1Flow channel  

In the flow channel, the molar flow of each gas will be changed by the 

electrochemical reactions as given in Eqs. (4.25)-(4.27). At the anode side, the 

hydrogen molar flow decreases when the reactions take place. This generally causes 

an increase in the CO mole fraction and therefore, the CO poisoning effect on the 

PEMFC performance is more pronounced, especially at the end of the flow channel. 

For HT-PEMFC, the specie balance in flow channel is shown as following equation: 

At anode 

2H

2
dM i

h
dx F
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       (4.25) 

At cathode 
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For LT-PEMFC, transport properties of the electrolyte for Nafion membranes 

are considered and the water vapor flux transport across the membrane by electro-

osmosis drag force (nd) and back diffusion (Dw,mem) will be added in the model and 

flow channel model is describe as follows:  

At anode 
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At cathode 
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 In the case of LT-PEMFC, nd is electro-osmosis drag force and Dw,mem is back 

diffusion. These two parameters can be calculated from the following equation 

(Springer et al., 1991): 
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The set of ordinary differential equations explaining the distribution of 

gaseous components along the flow channel of PEMFC is used to calculate the mole 

fraction of reactants at the flow channel/gas diffusion layer interface. 

4.2.2 Diffusion layer 

 To reach catalyst surface, the reactant gas from anode and cathode flow 

channel need to diffuse through gas diffusion layer and  film electrolyte layer. The 

model used to represent gas transport is shown as follows: 

4.2.2.1 Gas diffusion layer  

Diffusion of multi-component gas streams through the porous carbon 

electrode like gas diffusion layer (GDL) can be described using the Stefan-Maxwell 

equation: 
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In the case of reformate gas operation, the components at the anode consist of 

H2, CO, CO2, H2O and CH4 while the cathode components compose of O2, N2 and 

H2O.  
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H2:  

4222 CHCOOHCOH 1 XXXXX       (4.40) 

At cathode:  

N2:  
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O2: 

OHNO 222
1 XXX         (4.43) 

where eff
ijD is calculated by using the Slattery-Bird correlation  (Slattery et al., 1958) 

and corrected to account for the porosity/tortuosity effects using the Bruggeman 

correlation (Scott et al., 2007). 
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where Tc and Pc are the gas critical temperature and pressure, respectively. M is the as 

molecular weight.  and   is the porosity and the tortuosity. a is 0.0002745 for di-

atomic gases and 0.000364 for water vapor and b is 1.832 for di-atomic gases and 

2.334 for water vapor.  

 The molar flux of each component at anode and cathode side of HT-PEMFC 

and LT-PEMFC are shown in Table 4.1 and 4.2, respectively.  

Table 4.1 Molar flux of each component at anode  

HT-PEMFC LT-PEMFC 
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Table 4.2 Molar flux of each component at cathode 

HT-PEMFC LT-PEMFC 
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4.2.2.1 Film electrolyte layer 

In this research, the PBI doped phosphoric acid membrane is used as 

electrolyte for HT-PEMFC whereas electrolyte of LT-PEMFC is Nafion. To find H2 

and O2 concentrations at the catalyst intersurface, Fick’s law for diffusion is applied 

(Eqs. (4.45)-(4.46)). Reactant gases need to diffuse through electrolyte film layer 

covering before arriving at the catalyst active surface (Mamlouk et al., 2011). 

 
cathode

(dissolve)OptO

cathodePt

O 2222


CCD

S

N O 
 



    (4.45) 

 
anode

(dissolve)HptHH

anodePt

H 2222


CCD

S

N 
 



     (4.46) 

where N is the molar flux, CPt is the reactant concentration on the catalyst surface, 

Cdissolve is the equilibrium reactant concentration in the acid film at the studied 

temperature. SPt is the real platinum surface area and   is the film thickness. 

The concentration of H2 and O2 dissolving at film electrolyte layer boundary 

can be calculated from their solubility ( dissolved
iC ) as follows: 

PXCC 
222 H

dissolved
H(dissolve)H       (4.47) 

PXCC 
222 O

dissolved
O(dissolve)O       (4.48) 

where 
2HX and 

2OX are the mole fraction of H2 and O2 at GDL/electrolyte film 

interface.  

It is noted that the solubility ( dissolved
iC ) and diffusion coefficient (Di) can be 

calculated from the correlation reported by Mamlouk et al. (2011) and shown in 

Appendix A.  
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4.2.3 Electrochemical model 

4.2.3.1 Actual cell voltage 

Typically, the fuel cell performance is represented by the relation of a fuel cell 

voltage and current density. Actual cell potentials or operating voltage of fuel cell        

( cellE ) is always smaller than the reversible cell potential ( rE ) due to irreversible 

losses. The proportion of these losses is shown in polarization curve (Figure 4.2). cellE  

can be calculated by subtracting rE , the maximum voltage that can be achieved by a 

fuel cell at specific operating condition, by various voltage losses. 

 cell act,a act,c ohmicrE E η η η          (4.49) 

where aact,η  is the activation loss at the anode, cact,η  is the activation loss at the 

cathode and ohmicη  is the ohmic loss. 

The reversible cell potential is described by Nernst equation (Eq. (4.50)):  

2 2

2

1.5 0.5
H Pt O Pt

H O
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RT C CH T S RT
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nF nF nF a
          

    
   (4.50) 

where 
OH2

a is the water activity defined by the ratio of water partial pressure to its 

saturation pressure ( sat
OHP

2
)  which is given in Eq. (2). PtH2

C and PtO2
C  are the 

hydrogen and oxygen concentration at the catalyst surface. 
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Figure 4.2 Various voltage losses and resulting polarization curve of fuel cell (Barbir, 

2005).  

4.2.3.2 Voltage losses 

 As mentioned before, there are some voltage losses occurring in fuel cell 

during the electrochemical reaction.  Voltage losses in an operational fuel cell are 

described as follows: 

Activation losses 

Some voltage difference from equilibrium is needed to get the electrochemical 

reaction going. This is called activation polarization. These losses happen at both 

anode and cathode; however, oxygen reduction requires much higher overpotentials, 

that is, it is a much slower reaction than hydrogen oxidation. Activation losses are 

governed by the Butler-Volmer equation: 
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where i is current density and  is transfer coefficient. 0i  is exchange current 

density which can be calculated from Eq. (4.54). 
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refi0 is the exchange current density measured at a reference temperature            

( refT ) and reference dissolved reactant concentration ( ref
PtC ). PtC  is the reactant 

concentration on the catalyst surface calculated from Eq. (4.45) for oxygen and Eq. 

(4.46) for hydrogen. ca  is the catalyst specific accessible electrochemical surface 

area. cL  is the catalyst loading is the pressure coefficient or the reaction order. cE  is 

the activation energy. 

Assuming Rd = Ox  =  , the hyperbolic sine function can be substituted in 

Eq. (4.55) yielding the following relationship. 
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        (4.55) 

If the fuel used at the anode is a reformate gas from the fuel processor section, 

the effect of CO poisoning is included in the anode activation loss model of both the 

HT-PEMFC and LT-PEMFC. The CO poisoning model of LT-PEMFC, which is 

proposed by Bhatia et al. (2004), is used in this work. The anode activation loss of 

LT-PEMFC can be calculated by Eq. (4.56). 
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where H is the hydrogen coverage which can be calculated from Eq. (4.57) and 

(4.58).  
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  01
2

 ikbPxk HfhfhCOHHfh      (4.57) 

  01  COfcfcCOHCOfc kbPxk       (4.58) 

For HT-PEMFC, the exchange current density of hydrogen oxidation in the 

presence of CO is CO
0i  instead of 0i (for pure hydrogen). The CO

0i  can be calculated 

from CO coverage ( CO ) assuming the bridge model of CO adsorption on Pt and the 

anode activation loss of HT-PEMFC is represented by Eq. (4.59). 
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The CO coverage in Eq. (4.60) is developed from experimental data reported 

by Li et al. (2003) to explain a CO poisoning effect on HT-PEMFC in case of the 

reformate gas containing high CO content (3-10%) and can be described as follows: 

 
CO

2 2

[CO] [CO]ln ln ( ) ln
[H ] [H ]

θ a* b* i * c  

          
   (4.60) 

2 -0.00012784*  0.11717499*  - 26.62908873a T T   

  
2 0.0001416* - 0.12813608*   28.852463626b T T   

       2-0.00034886*   0.31596903*  - 70.11693333c T T   

The CO poisoning model for HT-PEMFC was validated against experimental 

data (Li et al., 2003) at different fractions of CO in hydrogen-rich gas and operating 

temperatures as shown in Figure 4.3. In their experiment, the anode fuel is dry 

hydrogen containing CO while pure oxygen is fed at the cathode side. The membrane 

thickness and catalyst loading is 65 µm and 0.5 mg cm-2, respectively. It can be seen 

from Figure 4.3, the model prediction is in agreement with experimental data. From 

other experimental results, the CO2 containing in hydrogen feed has the same 

provides the same performance with nitrogen at the same level of concentration and 

thus CO2 is considered to have only the dilution effect on HT-PEMFC in this work 
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(Li et al., 2003). In addition, the voltage loss from methane is very low (< 50 mV at 

high current density of 1.5 A cm−2) and thus it has a small effect on anode kinetic 

(Sustersic et al., 1980). 
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Figure 4.3 Validation of model and experimental (Li et al., 2003) at different %CO. 



76 
 

Ohmic loss 

Ohmic losses occur because of resistance to the flow of ions in the electrolyte 

and resistance to the flow of electrons through the electrically conductive fuel cell 

components.  

iRohmic               (4.61) 

where R  is total cell internal resistance (which includes ionic, electronic, and contact 

resistance,  cm2) 

The considered ohmic losses are resistance of ions in the electrolyte through 

membrane ( memR ). For LT-PEMFC, ohmic loss is described as follows (Springer et 

al., 1991): 

i
l

K
iR 










m

mem
memohmic

      
(4.62)

 

 The proton conductivity ( memK ) are correlated with the water content of the 

membrane ( ) in Eq. (4.63).   can be calculated from Eq. (4.64) and is  a function of 

the water activity (a) which is represented in Eq. (4.65). 
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For HT-PEMFC, ohmic loss is described as follows:
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The proton conductivity as a function of temperature and relative humidity 

obtained from Mamlouk et al. (2011) is represented in Eq.(4.67)-(4.69). 
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where RH is the relative humidity at given temperature. The values of constants ka and 

kb are given in the Appendix A.   

4.2.4 Power and efficiency of fuel cell 

The power output of the fuel cell (PFC) can be calculated from the current 

density (i) and Ecell as follows: 

cellFC EnAiP                    (4.70) 

where A is the cell active area and n is the number of cells. 

The fuel cell efficiency, defined as a ratio between the electricity produced 

and hydrogen consumed.  

2H

el

W

W
                    (4.71) 

Electricity produced is simply a product between voltage and current. 

IEW  cellel                    (4.72) 

where I is the current (A) and V is the cell voltage (V). Hydrogen consumed is 

directly proportional to current: 
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nF

I
N 

2H                    (4.73) 

nF

I
HW 

2H         (4.74) 

where 
2HW is the energy value of hydrogen consumed (W) and H is the hydrogen’s 

higher heating value (286 kJ/mol). 

By combining Equations (4.70) through (4.74), the fuel cell efficiency is 

simply directly proportional to cell potential: 

482.1
V

         (4.75) 

where 1.482 is the thermoneutral potential corresponding to hydrogen’s higher 

heating value. Sometimes, the efficiency is expressed in terms of the lower heating 

value (LHV): 

254.1
V

LHV          (4.76) 

If hydrogen is supplied to the cell in excess of that required for the reaction 

stoichiometry, this excess will leave the fuel cell unused. In case of pure hydrogen, 

this excess may be recirculated back into the stack so it does not change the fuel cell 

efficiency (not accounting for the power needed for hydrogen recirculation pump), but 

if hydrogen is not pure (such as in reformate gas feed) unused hydrogen leaves the 

fuel cell and does not participate in the electrochemical reaction. The fuel cell 

efficiency is then: 

S

VV
fu

1
482.1482.1

        (4.77) 

where fu  is fuel utilization and S  is the stoichiometric ratio, i.e., the ratio between 

the amount of hydrogen actually supplied to the fuel cell and that consumed in the 

electrochemical reaction. 
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4.3 Auxiliary units 

 To supply fuel for fuel processor and PEMFC, a pump and a compressor are 

used as auxiliary units. Therefore, the required power from a pump and a compressor 

is taken into account for calculating the system efficiency. 

 The power needed for compressor of air and pump from pressure P1 to P2 are 

shown in Eq.(4.80) and (4.81). 
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       (4.81) 

where m is mass flow rate, Cp is specific heat, T is temperature before compression, k 

is ratio of specific heat (for diatomic gases k = 1.4),  is density and   is efficiency. 

Furthermore, the heat management in the integrated systems is carried out by 

using a heat exchanger and a burner. The heat from product streams of the reformer 

and the anode and cathode off gases are recovered by using the heat exchanger. The 

amount of energy recovered from the heat exchanger is calculated from the enthalpy 

change between the inlet and outlet of hot and cold streams as follows: 

The heat recovery from heat exchanger is calculated from enthalpy change 

between inlet and outlet of hot and cold stream as follows:  

coldhot QQ          (4.82) 
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)()( hotout,hotout,hotin,hotin,hot THMTHMQ      (4.83) 

)()( coldout,coldout,coldin,coldin,cold THMTHMQ      (4.84) 

where M is molar flow rate and H is the enthalpy. 

 The total heat recovered from hot stream is not actual value because there are 

some heat losses occurring in heat exchanger. Therefore, the heat exchanger 

efficiency at 0.85 will be added to consider heat loss in the model. 

To keep cell temperature at desired level, water is used as a cooling medium to 

remove the excess heat from PEMFC. The heat recovery from the release heat from 

the fuel cell can be calculated by Eq. (4.85).  

 FCoutc,outc,outa,outa,inc,inc,ina,ina,FC PHmHmHmHmQ    (4.85) 

For the LT-PEMFC system, a humidifier is needed to produce a humidified air 

for the cathode and the amount of heat required for this unit is determined by: 

inO,HinO,Hinair,inair,outair,outair,hum 22
HmHmHmQ     (4.86) 

4.4 System efficiency  

Considering the heat integration of PEMFC and reforming processes in this 

study, the required energy for the reforming process is partially supplied by the heat 

recovered from the anode and cathode off gases. The system efficiency is calculated 

by Eq. (4.87). 

recrefglycerolglycerol

parasiticFC
sys  QQLHVm

PP







             (4.87) 

where glycerolm  is the molar flow rate of glycerol used for producing hydrogen. 

glycerolLHV  is the lower heating value of glycerol. refQ is the energy required for the 

steam reforming process accounting for the heat of vaporization, specific heat to heat 
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up the reactants to the desired temperature and the heat needed for maintaining the 

reformer at an isothermal operation level. recQ is the recovered heat from the anode 

and cathode off gases as well as from the high temperature product gas of the glycerol 

reformer. parasiticP is the required power used in auxiliary units, namely compressor and 

pump. When the heat integration is not considered, the recovered heat ( recQ ) accounts 

for only the heat that recovered from the high temperature product gas of the 

reformer. 

For the power and heat cogeneration of the PEMFC system, both the electrical 

and thermal output are included in the calculation of the cogeneration system 

efficiency, as defined by Eq. (4.88). The thermal output is the heat released from the 

fuel cell, which is used for a boiler heating system. 

recrefglycerolglycerol

thermalparasiticFC
cosys,  QQLHVm

QPP







      (4.88) 



CHAPTER V 

GLYCEROL: AN ALTERNATIVE FUEL 

FOR HYDROGEN PRODUCTION 

5.1 Introduction 

Increasing energy demand and environmental awareness stimulate a number 

of researchers to explore alternative fuels which are environmental friendly and 

readily available. Biodiesel is a promising alternative fuel because it can be produced 

from renewable resources such as vegetable oils or fats. While the production of 

biodiesel increases, glycerol as a major by-product is also highly generated about 

10%wt (Silva et al., 2009). Generally, crude glycerol always contains impurities and 

thus this make crude glycerol from biodiesel production process be low price. Its 

composition depends on type of feedstock and biodiesel production process as well as 

separation process of biodiesel and glycerol. Figure 5.1 represents price of pure and 

crude glycerol at Europe. We can see that selling price of both pure and crude 

glycerol tend to diminish. Therefore, many works attempt to find useful application of 

glycerol and find the methods that transform glycerol to new valuable product. In 

addition, the growing up of biodiesel production for many years ago cause quantity of 

crude glycerol increase over marketing demand (Fernand et al., 2007). The utilization 

of glycerol not only reduces waste but also decreases cost of biodiesel production 

process. Crude glycerol from biodiesel production process can be used in several 

ways and we can classified in main two approach, namely purification of crude 

glycerol before using in any application and direct use of crude glycerol to produce a 

valuable product such as hydrogen, ethanol, 1,3-Propandiol and Docosahexenoic acid 

(DHA).  
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Figure 5.1 Cost of pure and crude glycerol at Europe (Singhabhandhu and Tezuka, 

2010). 

 Currently, most hydrogen is produced from reforming processes of natural gas 

and the ratio of hydrogen production around the world from each reactant is shown in 

Figure 5.2. Although natural gas is a cost-effective feedstock, it is also a limited and 

nonrenewable resource (Halabi et al., 2008; Levent et al., 2003). It is necessary to find 

new feedstock for producing hydrogen. In the long term, renewable energy sources 

such as biomass, biodiesel and bio-ethanol will become the most important source for 

the production of hydrogen because it consumes CO2 in life cycle making it 

environmentally friendly and has ability to produce hydrogen as same as natural gas 

(Douvartzides et al., 2004; Vagia et al, 2007) .  Therefore, the use of glycerol from 

biodiesel as raw material for hydrogen production process is a potential method  not 

only to exploit waste from biodiesel production process but also to develop hydrogen 

production from renewable source (Dauenhauer et al., 2006; Hirai et al., 2005; Slinn 

et al., 2008;  Valliyappan et al., 2008). In this study, glycerol as a representative of 

renewable resource is compared with methane in order to find differences and 

advantages of each fuel in term of carbon formation boundary, amount of consumed 
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fuel and product distribution. The steam reforming process is chosen as hydrogen 

production process and a thermodynamic analysis is performed by using HYSYS 

simulator. 

5.2 Glycerol property 

Glycerol or glycerin (C3H8O3) is polyhydric alcohol which has three hydroxyl 

groups in its molecule. In addition, it is non-toxic liquid substance that has high 

viscosity and high solubility in water and alcohol as well as sweet taste but it is 

insolubility in hydrocarbon. The outer carbon atom of glycerol is higher reactivity 

than the center carbon atom in neutral and base condition. At room temperature, 

glycerol can immediately adsorb water and easily oxidize (Othmer, 1997). The 

physical property of glycerol is also presented in Table 5.1. Furthermore, glycerol is a 

famous material that is used in many industries such as cosmetic, pharmaceutical, 

chemical and food. Glycerol can be produced from many processes such as propene 

production process, soup process, sugar fermentation process and biodiesel 

production process etc.  

natural gas
48%

petroluem
30%

coal 
18%

water  
(electrolysis)

4%

 

Figure 5.2 Ratio of worldwide hydrogen production from different resources (Yang 

and Pitchumani, 2006). 
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Table 5.1 Physical property of glycerol (Barbara et al., 1994) 

Property Value 

Molecular weight 92.09 

Melting point 18 ̊C 

Boiling point (101.3 kPa) 290 ̊C 

Density (20 ̊C) 1.261 g/cm3 

Dynamic viscosity (20 ̊C) 1.410 

Surface tension (20 ̊C) 63.4 mN/m 

Heat of formation 669 kJ/mol 

Heat of combustion 1662 kJ/mol 

Heat of vaporization (55 ̊C) 

Heat of vaporization (195 ̊C) 

88.2 kJ/mol 

76.1 kJ/mol 

Heat of fusion (18 ̊C) 18.3 kJ/mol 

Heat of solution (infinite dilution) 5.8 kJ/mol 

Heat capacity (26 ̊C) 2.41 kJ/ kg·K 

Thermal conductivity (0 ̊C) 0.29 W/m·K 

Diffusion coefficient of water into glycerol 

(20 ̊C) 

1.336 x 10-11 m2/s 

Specific electrical conductivity (20 ̊C) 0.1 μs /cm 

Relative dielectric constant (25 ̊C) 42.48 

Flash point 177 ̊C 

Fire point 204 ̊C 

Autoignition temperature 429 ̊C 
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Glycerol obtaining from transesterification of vegetable oil or waste cooking 

oil always contains impurities. It is brown color, high pH and low density and 

viscosity.  The purity of glycerol depends on type of feedstock and biodiesel 

production process as well as separation process of biodiesel and glycerol. Apart from 

glycerol, crude glycerol consists of unreacted methanol, fatty acid, catalyst, and water 

as well as some trace of vitamin and pigment that contain in vegetable oil. It should 

be noted that methanol and water containing in crude glycerol can be used as reactant 

in hydrogen production process. Table 5.2 shows composition of glycerol that 

containing in crude glycerol from several oils used as reactant in transesterification 

process. Furthermore, the different production and separation processes of biodiesel 

also make crude glycerol have different compositions of impurities. 

Table 5.2 Composition of glycerol and other components in crude glycerol from 

different types of oil (Thompson et al., 2006) 

Type of oil Glycerol (%wt) 

IdaGold 

PacGold 

Rapeseed 

Canola 

Soy 

Crambe 

Waste vegetable oil 

62.9 

62.9 

65.7 

67.8 

67.8 

62.5 

76.6 
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5.3 Application of crude glycerol 

Crude glycerol from biodiesel production process can be used in several ways 

and we can classified in main two approach, namely purification of crude glycerol 

before using in any application and direct use of crude glycerol without removal of 

other impurities. For purification of crude glycerol, the several units need to be added 

in glycerol purification process and the sophistication of glycerol purification process 

depends on %purity of glycerol. If high purity is required, glycerol purification 

process is highly complicated. The purified glycerol can be utilized as reactant in 

cosmetic, pharmaceutical, chemical and food industries. The general purification 

process of glycerol has procedure as follows: 

- Neutralization unit: crude glycerol will be added with acid to eliminate 

base catalyst (NaOH or KOH) from biodiesel production process. 

- Evaporation unit: unreacted methanol will be evaporated in this unit. 

- Distillation unit: glycerol will be distillated from other components  

However, sophistication of glycerol purification process depends on %purity 

of glycerol. If high purity is required, glycerol purification process is highly 

complicated. The sophistication of glycerol purification process also indicates 

operating cost of system. Some work concluded that glycerol purification process has 

high operating cost and uneconomic (Yoon et al., 2010). At the same time, some of 

researchers have continuously studied about this process (Hajek et al., 2010). On the 

other hand, many works have continuously found out the application of crude glycerol 

as shown in Figure2. The investigated approach of directly converting crude glycerol 

to be high value product is described as follows: 

- 1,3-Propandiol : To produce 1,3-Propandiol, crude glycerol is supplied for 

fermentation process by using bacteria. 1,3-Propandiol can be utilized as monomer in 

production of polyester such as polytrimethylene terephthalate (PTT) and 

polyethylene terephthalate (PET). 
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 - Docosahexenoic acid (DHA): DHA is unsaturated fatty acid which is several 

benefit for human in term of anti-cancer and anti-cardiovascular. Crude glycerol is 

used as food for algae for producing DHA.  

 - Ethanol: Crude glycerol is fermented by using enzyme as catalyst to produce 

ethanol. It can be used in various applications such as beverage industry, fuel cell and 

gasohol etc.  

 - Hydrogen: Hydrogen production from crude glycerol was studied in many 

ways that are reforming process, gasification and fermentation. Hydrogen obtaining 

will be supplied in chemical industry and fuel cell application.  

Using glycerol from biodiesel as raw material for hydrogen production process 

is one of the attractive application of crude glycerol and it is the way to support 

hydrogen production from renewable resource. Several reports were presented on the 

production of hydrogen from glycerol using thermal-chemical processes e.g. steam 

reforming, autothermal reforming, partial oxidation, supercritical water reforming and 

aqueous-phase reforming. Further, the reaction pathway to produce hydrogen is 

shown in Figure 5.3. 

 

Figure 5.3 Possible reaction pathways of glycerol reforming to hydrogen                    

(Luo et al., 2011). 
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5.4 Description of hydrogen production process 

The hydrogen production process considered in this research is steam 

reforming process and the heat requirement for the system are heat to vaporize and 

preheat reactant, and heat to maintain reactor at reaction temperature. The illustration 

of steam reforming process is shown in Figure 5.4.  

 

Figure 5.4 The illustration of steam reforming process. 

 In the case of using glycerol and methane for hydrogen production, the overall 

steam reforming reactions is represented by Eq. (5.1) and Eq. (5.2), respectively. For 

a water gas shift (WGS) unit, the reaction occurred is given in Eq. (5.3).  

3 8 3 2 2 2C H O 3H O 3CO 7H        (5.1) 

4 2 2 2CH 2H O 3H +CO        (5.2) 

222 HCOOHCO        (5.3) 

OHCH3HCO 242        (5.4) 

CCO2CO 2         (5.5) 

C2HCH 24                  (5.6) 

 COHHCO 22                  (5.7) 

The possible side reactions of the steam reforming are water gas shift (Eq. 

(5.3)), methanation reactions (Eq. (5.4)) and carbon formation (Eqs. (5.5)-(5.7)), and 

thus the gaseous components appeared in the steam reforming system are C3H8O3, 
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CH4, H2, CO, CO2, C and H2O. The equilibrium composition of the reformate gas 

obtained from the steam reforming of glycerol is calculated from the direct 

minimization of Gibbs free energy as given below: 

 
,

1 1
min ( ) ln

C C
t i

iT P i i i
i i iin

f
G n G n G RT

f



 

 
   

 
     (5.8) 

where C is the total number of components in the reaction system, ni is a amount of 

each gaseous component. Resulting from the conservation of atomic species, ni have 

to satisfy the following relation: 

 1
,    for 1

C

ji i j
i

a n b  j M


         (5.9) 

where aji is the number of atoms of element j in component i, bj is the total number of 

atoms of element j in the reaction mixture, and M is the total number of elements.The 

detail of this method is provided in Chapter IV. 

 The prediction results were compared with the experiment data reported by 

Profeti et al. (Profeti et al., 2009).It was observed from Figure 5.5 that the product 

distribution obtained from the HYSYS simulator and the experimental data were in 

agreement.  
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Figure 5.5 Validation of glycerol steam reforming process (steam to crude glycerol 

ratio = 3 and T = 950 K). 

5.5 Results and discussion 

In this study, glycerol is used as a green and renewable fuel for hydrogen 

production via a steam reforming process. This work will compare between methane 

and glycerol in order to explore difference and advantage of each fuel in term of 

carbon formation, amount of consumed fuel and product distribution. Carbon 

formation is a significant problem in a reforming process and thus many studies have 

proposed various methods to prevent the formation of carbon during the reforming 

process, including variations in the operating conditions, the development of new 

catalysts resisting on carbon, and the addition of oxygen and other promoters to 

inhibit carbon formation (Pedernera et al., 2007; Parmar et al., 2009; Laosiripojana et 

al., 2005; Medrano et a., 2008; Parizotto et al., 2007). The simple method to avoid 

carbon formation is the selection of suitable operating condition, e.g. temperature and 

steam to carbon (S/C) ratio feed ratio. For glycerol, oxygen containing in its molecule 

cause possibility of carbon formation lower than hydrocarbon without oxygen in 

molecule (Slinn et al., 2008). Figure 5.6 shows the boundary of carbon formation 
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when glycerol and methane are reformed to hydrogen. The region above the boundary 

line is the area where the formation of carbon is possible. The results show that at a 

lower reforming temperature, glycerol requires more steam than methane to inhibit 

the formation of carbon; however, the opposite trend is observed when the steam 

reformer is operated under high temperatures (TR > 730 K). 

 Next, the performance of the steam reformer for hydrogen production from 

glycerol is evaluated and compared with methane. Figure 5.7 shows that at the same 

hydrogen production rate, the amount of glycerol fed to the steam reformer is lower 

than that of methane. This can be explained by a higher hydrogen atom in the glycerol 

molecule. When the steam reformer is operated at a higher temperature, an amount of 

glycerol or methane fed to the reformer is less required. For the glycerol steam 

reforming, the optimal operating temperature (providing maximum hydrogen content) 

is 950 K, whereas it is 1000 K for the methane steam reforming. It is also found that 

the amount of CO produced from the glycerol reforming is higher than that from 

methane, especially at high temperatures. However, under the optimal operating 

temperature, the content of CO produced from the steam reforming of glycerol and 

methane is approximately the same. In general, CO has a direct impact on the activity 

of Pt catalyst in PEMFC. For a low-temperature PEMFC operated at a temperature 

range of 60-80 oC, a purification unit such as a preferential oxidation process, is 

further needed to remove CO from the reformate gas. If the reformate gas has a higher 

fraction of CO, the loss of hydrogen through the oxidation reaction of hydrogen in the 

preferential oxidation process may be occurred. Therefore, the CO content has an 

indirect effect on the amount of hydrogen containing in the reformate gas.  
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Figure 5.6 Carbon formation boundaries of glycerol and methane. 
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Figure 5.7 Fuel consumption and CO generation for 1 mole H2 production (S/C = 2). 
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Figure 5.8 Product distribution of glycerol and methane steam reforming at optimal 

conditions. 

Figure 5.8 shows the comparison of glycerol and methane steam reforming 

processes in terms of the product distribution and the fuel consumption when the 

steam reformer is operated at the steam-to-carbon ration of 2 and optimal operating 

temperature. The result indicates that the consumption of glycerol is less than that of 

methane at the same level of hydrogen production. It is noted that the amount of CO2 

generated should also be taken into consideration because it decreases the fraction of 

hydrogen in the reformate gas.  

 

 

 

 

 



95 
 

Table 5.3 Total net energy of glycerol and methane reforming process 

 Glycerol Methane 

Condition 

     TR (K) 950 1000 

     S/C  2 2 

Energy (kW) 

     Latent heat 

         - Glycerol 

         - Water 

 

15.37 

43.86 

 

- 

25.65 

     Sensible heat 118.48 64.32 

     Required heat for reformer 35.70 68.56 

     Total heat requirement 213.41 158.53 

The total energy requirement for operation of the steam reformer running on 

glycerol and methane is investigated and the results are shown in Table 5.3. The 

energy required for the steam reforming process accounts for the heat of vaporization, 

the sensible heat to heat up reactants to the desired temperature and the heat needed 

for maintaining the reformer at an isothermal operation. It is observed that the 

glycerol processor requires a higher external energy for hydrogen production. The 

main energy consumption of glycerol reformer is heat to vaporize and preheat 

reactant. 
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From the simulation results mentioned above, glycerol shows the potential of 

fuel for hydrogen production in terms of low possibility to carbon formation and high 

hydrogen yield as well as it is the renewable resource. Consequently, it becomes the 

competitive fuel when compared with methane. In addition, the use of glycerol to 

produce a high-value added product could reduce a biodiesel production cost. 

5.6 Conclusions 

In this study, glycerol as a representative of renewable resource is compared 

with methane in term of carbon formation boundary, amount of consumed fuel, 

product distribution and energy requirement. Because a glycerol molecule have high 

oxygen atom, the possibility to carbon formation from the steam reforming of 

glycerol is less than that of methane. The consumption of glycerol to produce 

hydrogen is lower than methane at the same hydrogen production rate. When 

comparing with methane, the reforming of glycerol generates more CO2 that will 

decrease the fraction of hydrogen in the reformate gas and requires a higher energy to 

vaporize and preheat reactants. 

 



GLYCEROL REFORMING PROCESS 

CHAPTER VI 

6.1 Introduction 

As mentioned earlier, biodiesel is a promising alternative fuel because it can 

be produced from renewable resources such as vegetable oils or fats. While the 

production of biodiesel increases, glycerol as a major by-product is also highly 

generated. Generally, crude glycerol always contains impurities and its composition 

depends on type of feedstock and biodiesel production process as well as separation 

process of biodiesel and glycerol. This makes crude glycerol from biodiesel 

production process be low price and the purification process of crude glycerol 

requires high operating cost and is uneconomic. Valliyappan et al. (2008) reported 

that crude glycerol consists of mostly glycerol (60 wt.%) and methanol (31 wt.%) and 

slightly water and KOH. At present, a number of researches have been being explored 

to find useful applications for glycerol, especially in cosmetic, pharmaceutical, and 

food industries. Producing hydrogen from glycerol is also a promising alternative 

option (Adhikari et al., 2009; Byrd et al., 2008; Chen et al., 2009; Dou at al., 2009). 

Alternatively, the use of glycerol from biodiesel production process as raw material 

for hydrogen production is an attractive approach (Dauenhauer et al., 2006; Hirai et al., 

2005; Slinn et al., 2006; Valliyappan et al., 2009). 

There are several thermochemical methods to produce hydrogen from gas and 

liquid hydrocarbon such as steam reforming, partial oxidation, autothermal reforming, 

dry reforming and aqueous phase reforming as well as supercritical water reforming. 

For a low-temperature aqueous phase reforming (Luo et al., 2007; Luo et al., 2007; 

Wen et al., 2008), the disadvantage of such a process is a drastic decrease of hydrogen 

content because methanation reaction favors at low temperatures. Thus, catalysts with 

high selectivity of hydrogen production should be further developed. On the other 

hand, steam reforming shows the highest hydrogen production whereas partial 
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oxidation and autothermal reforming is advantageous process to reduce energy input. 

However, the required heat input due to endothermic reactions is considered as a 

major drawback of steam reforming. Ahmed and Krumpelt (2001) explained that 

steam reforming is well suited for long periods of steady state operation while partial 

oxidation and autothermal reforming processes are more attractive for the rapid start 

and dynamic response needed in automotive applications. Rabenstein and Hacker 

(2008) concluded that coke formation is limited when temperature, steam to ethanol 

ratio and oxygen to ethanol ratio increase. The coke is formed during ethanol 

reforming in the following order: partial oxidation > steam reforming > autothermal 

reforming. In addition, they discussed that steam reforming is the least energy demand 

process. The total energy demand is of the order partial oxidation > autothermal 

reforming > steam reforming. All of the literature review shows that autothermal and 

steam reforming are desirable process for fuel cell, so both reforming processes 

should be studied in detail for hydrogen production from glycerol. Furthermore, while 

many researchers have been focused on pure glycerol reforming process (Swami, and 

Abraham, 2006; Wang et al., 2009; Adhikari et al., 2007; Iriondo et al., 2008), the 

detailed analysis of the synthesis of hydrogen from crude glycerol is limited. Since 

crude glycerol contains unreacted methanol from biodiesel production process, an 

understanding of the characteristics of crude glycerol reforming process is necessary.  

Therefore, in this study, a thermodynamic analysis of autothermal and steam 

reforming of both pure and crude glycerol is investigated as a basic tool of process 

development for hydrogen production from a renewable resource. The direct 

minimization of the Gibbs free energy is used to compute the equilibrium composition 

of synthesis gas. Effects of operating condition, i.e., temperature, steam to crude 

glycerol ratio, and oxygen to crude glycerol ratio is investigated.  Also, effects of 

operating condition on the reforming of crude glycerol at various methanol to glycerol 

ratios are reported. In addition, optimal conditions for crude glycerol autothermal 

steam reforming that maximize hydrogen production at no external energy input are 

studied and the results are compared with the use of pure glycerol. Finally, the 

glycerol steam reforming and glycerol autothermal reforming process are compared. 
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6.2 Methodology 

The thermodynamic analysis of pure and crude glycerol reforming process 

was performed by using commercial software HYSYS to study the effect of key 

operating parameters such as reformer temperature, steam to glycerol ratio and 

oxygen to glycerol ratio on hydrogen production under the atmospheric pressure. 

These parameters are defined as follows: 

glycerol of rate flowmolar 
steam of rate flowmolar   ratio glycerol  toSteam =    (6.1) 

glycerol of rate flowmolar 
oxygen of rate flowmolar   ratio glycerol Oxygen to =   (6.2) 

In general, crude glycerol obtained from the production of biodiesel 

constitutes various kinds of impurities such as methanol, soap, catalyst, and organic 

matter, depending on raw materials and process technologies applied. However, the 

main compositions of crude glycerol are glycerol and methanol (Valliyappan et al., 

2008), which were considered in this study as a fuel for hydrogen production. 

Therefore, the fraction of glycerol in crude glycerol was varied to investigate its effect 

on hydrogen production. The standard conditions of the steam and autothermal 

reforming and their operational ranges examined in this study are shown in Table 6.1. 

Table 6.1 Operating conditions for reforming of glycerol 

Parameters Standard condition Operational range 

Reformer temperature (K) 

Pressure (atm) 

Steam to glycerol ratio 

Oxygen to glycerol ratio 

% glycerol in crude glycerol 

1000 

1 

3 

0.6 

100 

600-1200 

- 

1-9 

0.1-0.8 

40-100 
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Table 6.2 Possible reactions of glycerol reforming process 

 

Possible reaction 

 

Steam reforming 
Autothermal 

reforming 

pure 

glycerol 

crude 

glycerol 

pure 

glycerol 

crude 

glycerol 

222383 3CO7HO3HOHC +↔+   (1) / / / / 

2223 CO3HOHOHCH +↔+         (2) - / - / 

3 8 3 2 2 2
3C H O O 3CO 4H
2

+ ↔ +      (3) - - / / 

          2HCOO
2
1OHCH 2223 +↔+   (4) - - - / 

222 HCOOHCO +↔+                  (5) / / / / 

OHCH3HCO 242 +↔+                (6) / / / / 

2CO2HCHCO 242 +↔+             (7) / / / / 

The equilibrium compositions of synthesis gas obtained from the reformer 

were determined by solving the minimization problem of the Gibbs free energy. The 

equation of state used in the calculation was based on the Peng-Robinson Stryjek-

Vera (PRSV) method. From the set of the reactions, the components involved the 

steam reforming system are C3H8O3, H2O, CO, CO2, H2, CH4, and CH3OH (in case 

of crude glycerol). For autothermal reforming system, O2

tG

 will be added to set of 

component. During reaction proceeding, the total Gibbs free energy decreases and the 

equilibrium condition is reached when the total Gibbs free energy ( ) attains its 

minimum value. Therefore, the equilibrium composition can be determined by solving 

the minimization problem as follows: 



101 
 

 
,

1 1

min min( ) min ln
i i i

C C
t i

i i i iT Pn n n
i i i

fG n G n G RT
f 

           
  



  (6.3)  

where 

iG  is the Gibb free energy of species at standard condition, C is the total 

number of components in the reaction system, ni is an amount of each gaseous 

component. According to the conservation of atomic species, ni

Mjbna
C

i
jiji ≤≤=∑

=

1for      ,
1

 have to satisfy the 

following relation:  

      (6.4)  

where aji is the number of atoms of element j in component i, bj

The possible reaction which can occur in glycerol steam and autothermal 

reforming are shown in Table 6.2. These compose of steam reforming (Eq. (1)-(2)) 

and oxidation (Eq. (3)-(4)) as major reactions, and water gas shift (Eq. (5)), 

methanation (Eq. (6)), dry reforming (Eq. (7)) as side reactions. It is noted that in this 

study, the products of glycerol reforming are predicted based on a thermodynamic 

analysis without considering the effects of catalyst used. There are a number of 

researches concerning about the synthesis and study of catalysts for glycerol 

reforming (Adhikari et al., 2007; Iriondo et al., 2008; Zhang et al., 2007). In this 

work, the system of reforming process is represented in Figure 6.1. The heat 

requirement for the system is heat of vaporization, heat for preheating, heat to 

maintain reformer whereas some heat can be recovered from hat reformate gas before 

being fed to water gas shift reactor.  The total energy used is calculated from Eq. 

(6.5). 

 is the total number of 

atoms of element j in the reaction mixture and M is the total number of elements. 

coolingreformingpreheatingtotal EEE  )(Eenergy  Total −+=    (6.5) 
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O2 (In the case of ATR)
Heat for reaction
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Heat recovery
Heat 

for vaporization 
Heat 

for preheating 

 

Figure 6.1 The heat requirement for the reforming system. 

6.3 Results and discussion 

The effect of operating parameter on product composition of pure glycerol 

steam reforming and autothermal reforming is presented in this work. In addition, the 

fraction of glycerol in crude glycerol was varied to investigate its effect on hydrogen 

production and the results were also compared with the use of pure glycerol. 

Depending on types of feedstock and technologies, the mole fraction of glycerol in 

crude glycerol is varied in range of 40-80% (Onwudili et al., 2010; Dou et al., 2009; 

Hazimah et al., 2003) to investigate its impact on hydrogen production. The 

prediction results were compared with the experiment data reported by Profeti et al. 

(Profeti et al., 2009) and the product distribution obtained from the HYSYS simulator 

and the experimental data were in agreement.  

 6.3.1 Glycerol steam reforming 

In this section, the performance of a steam reforming of glycerol for hydrogen 

production is thermodynamically analyzed under atmospheric pressure. A mixture of 

glycerol and methanol, major components in crude glycerol, at different ratios was 

used to investigate its effect on the steam reforming process. 

6.3.1.1 Effect of temperature and steam to glycerol ratio  

Figure 6.2 shows the effect of operating temperature on the product 

composition. It is found that increasing the reforming temperature increases the molar 

flow of H2 and CO but decreases CH4 and CO2. An increase in CO is because the 

reverse reaction of water gas shift is favored while the methanation is unfavored at 
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high temperatures. These effects result in the reduction of CO2 and CH4. It is noted 

that the conversion of glycerol is completed at all operating temperatures. The effect 

of the molar ratio of steam to glycerol on the production of hydrogen is also shown in 

Figure 6.2. Increasing the amount of steam in the feed stream can shift the chemical 

equilibrium toward the product side and causes an increase in the molar flow of 

hydrogen produced. However, the change in CO and CH4 shows a decrease trend 

when feed steam is increased since more steam promotes the water gas shift and 

suppresses the methanation. It is noted that although the operation of the steam 

reformer at high steam to glycerol ratio maximizes H2 yield and minimizes CO 

content, a large amount of the unreacted steam can dilute the concentration of H2
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Figure 6.2 Product distribution of pure glycerol reforming: (a) H2, (b) CO, (c) CO2 

and (d) CH4

6.3.1.2 Effect of methanol contaminating in crude glycerol 

. 

This section is intended to explore the effect of methanol contaminating in 

crude glycerol for steam reforming process. The fraction of glycerol in crude glycerol 

considered here is varied from 40 to 100% when the crude glycerol consists of only 

glycerol and methanol. The results from Figure 6.3(a) show that the amount of CO, 

CO2 and H2 increases with increasing the fraction of glycerol in crude glycerol. This 

is because the more H2 and CO can be produced from glycerol steam reforming than 

methanol steam reforming (see Eq. (1)-(2)). At the same time, the higher remaining 

water is observed at lower glycerol content in crude glycerol because the methanol 

required water to produce H2 lower than glycerol. However, it should be noted that 

the hydrogen fraction and CO2

 

 fraction (dry basis) decline but CO fraction increases 

with respect to the fraction of glycerol in crude glycerol (see Figure 6.3(b)).  
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Figure 6.3 Product distribution of glycerol reforming process at standard condition: 

(a) Molar flow rate and (b) Mole fraction. 
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6.3.2 Glycerol autothermal reforming 

For autothermal reforming, equilibrium compositions of reforming gas 

obtained were determined as a function of temperature, steam to crude glycerol ratio, 

and oxygen to crude glycerol ratio. An optimal operating condition of glycerol 

autothermal reforming at a thermoneutral condition that no external heat to sustain the 

reformer operation is required, was investigated. At the standard condition, the 

equilibrium product distribution of crude and pure glycerol autothermal reforming 

including water is reported in Table 6.3. It is observed that the amount of CO, CO2, 

CH4 and H2 increases with increasing the fraction of glycerol in crude glycerol 

whereas H2

Table 6.3 Product distribution at standard condition 

O is more produced at lower glycerol content in crude glycerol. Table 6.3 

also presents the product compositions in dry basis.   

%  

glycerol 

Molar flow rate (kgmole/h) Mole fraction (dry basis) 

H CO 2 CO CH2 H4 2 HO CO 2 CO CH2 4 

100 4.202 1.527 1.455 0.018 2.762 0.583 0.212 0.202 0.002 

80 3.727 1.228 1.361 0.011 2.850 0.589 0.194 0.215 0.002 

60 3.231 0.943 1.251 0.007 2.956 0.595 0.174 0.230 0.001 

40 2.709 0.678 1.119 0.003 3.084 0.601 0.150 0.248 0.001 

6.3.2.1 Effect of operating temperature 

Figure 6.4(a) shows the mole fraction and molar flow profile of hydrogen as a 

function of temperatures at different crude glycerol compositions. Raising the 

operating temperatures increases both the molar fraction and the molar flow of 

hydrogen. A similar trend is also observed when other fuels such as methane, 

methanol, and ethanol are utilized for hydrogen production (Seo et al., 2002; 

Faungnawakij et al., 2006; Liu et al., 2008). At equilibrium condition, crude glycerol 

is completely consumed in all the temperature ranges considered. This implies that an 
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increase in hydrogen is due to the increased reverse methanation reaction; the 

reduction of methane is also observed. The results also indicate that when comparing 

to case of using pure glycerol (100% glycerol), the concentration of hydrogen 

obtained from crude glycerol reforming is lower. This can be explained by the 

presence of methanol contained in crude glycerol; hydrogen produced from the steam 

reforming and oxidation of methanol is less than that obtained from glycerol (Eqs. 

(3)-(4)). Therefore, the amount of hydrogen decreases when methanol containing in 

crude glycerol increases.  

Figure 6.4(b) illustrates an increased CO concentration at high temperature 

operation. This results from the reverse water gas shift which is the endothermic 

reaction and favored at high temperatures. Further, the methanation is also less 

pronounced due to its exothermicity. It is observed that at the specified operating 

temperature, the autothermal reforming of glycerol with less methanol generates a 

higher CO concentration. It is noted here that an increase in reforming temperatures 

has an advantage to achieve high hydrogen concentration, which would enhance fuel 

cell performance; however, more CO formation will cause a CO poisoning problem in 

fuel cell operation, especially a low-temperature fuel cell like a proton exchange 

membrane fuel cell (PEMFC). For this case, additional purification processes such as 

water gas shift reaction, preferential oxidation or membrane separation process should 

be added in the fuel processing process to reduce CO content to acceptable level. In 

addition, the developments of CO tolerant catalyst, air bleeding technique, and high 

temperature proton exchange membrane would be alternative options to overcome the 

CO poisoning problem in PEMFC. 
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Figure 6.4 Effect of operating temperature on equilibrium compositions and molar 

flow rate of reforming gas: (a) H2 

 

and (b) CO (steam to crude glycerol ratio = 3 and 

oxygen to crude glycerol ratio = 0.6). 
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6.3.2.2 Effect of steam to crude glycerol ratio 

A steam to crude glycerol ratio is a critical parameter to design the production 

and purification processes of hydrogen used for fuel cells. Typically, an excess steam 

is used to overcome the equilibrium limitation of steam reforming reaction, enhancing 

the extent of hydrogen produced (Ashrafi et al., 2008). From the simulation results 

(Figure 6.5(a)), although the flow rate of hydrogen increases with increasing steam to 

crude glycerol ratio, the fraction of hydrogen in the reforming product stream shows 

an opposite trend because the unreacted steam dilutes hydrogen product. If the 

reforming gas with dilute hydrogen concentration is directly fed to fuel cells, its 

electrical performance would diminish and thus a hydrogen separation process is 

needed. Figure 6.5(b) shows the effect of the steam to crude glycerol ratio on the 

fraction and molar flow of CO in the reforming gas. The change in CO concentration 

shows a decreased trend when feed steam is increased since more steam promotes the 

water gas shift reaction. Similar results are observed when using crude glycerol with 

different methanol contents. An increase of methanol fraction in crude glycerol makes 

the concentration of hydrogen and CO decrease.  
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Figure 6.5 Effect of steam to crude glycerol ratio on equilibrium compositions and 

molar flow rate of reforming gas: (a) H2 

 

and (b) CO (oxygen to crude glycerol ratio = 

0.6 and T = 1000 K). 

6.3.2.3 Effect of oxygen to crude glycerol ratio 

Figure 6.6(a) and 6.6(b) show that increasing oxygen to crude glycerol not 

only reduces the fraction of hydrogen but also decreases CO in the reforming gas. The 

increased amount of oxygen favors the oxidation reaction and suppresses the steam 

reforming, resulting in the depleted fraction of hydrogen. The content of CO is 

reduced since the increased oxidation causes more unreacted feed steam and thus the 

water gas shift reaction is more pronounced. When the ratio of glycerol in crude 

glycerol increases, both the mole fractions of hydrogen and CO in the reforming gas 

also increase. From the simulation results, no oxygen exists in the reforming gas at all 

operating conditions. This indicates that oxygen reacts with glycerol via the oxidation 

reaction and then the remaining glycerol reacts with steam in the reforming reaction. 

In general, the addition of oxygen to the reformer is an important factor having the 

direct impact on a heat requirement to sustain the process. In an autothermal 

reforming, the system can be operated without requiring an external heat input by 

adjusting oxygen feed. To maximize hydrogen concentration at no external energy 
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input, an optimal condition for operating the autothermal reformer should be 

determined. 
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Figure 6.6 Effect of oxygen to crude glycerol ratio on equilibrium compositions and 

molar flow rate of reforming gas: (a) H2 and (b) CO (steam to crude glycerol ratio = 3 

and T = 1000 K). 
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6.3.2.4 Thermoneutral condition 

In an autothermal steam reforming process, oxygen supplies the necessary 

heat via oxidation reaction for endothermic steam reforming; increasing oxygen to 

crude glycerol molar ratio decreases an external heat requirement. As a result, it is 

possible to operate the autothermal reformer without supplying external heat input by 

controlling oxygen feed ratio. This condition is referred as to a thermoneutral 

condition. The operating temperature at which the external heat flow equals to zero is 

also known as an adiabatic temperature. Figure 6.7 shows the relation of adiabatic 

temperature and oxygen to pure glycerol ratio at different steam to pure glycerol (S/F) 

ratios when the inlet temperature is fixed at 550 K. The adiabatic temperature 

increases with increasing the extent of oxygen. In contrast, the adiabatic temperature 

decreases when the steam to pure glycerol ratio increases. Similar trend is observed 

when crude glycerol is used. These results imply that the net energy required from the 

reactions enlarges when the excess steam is fed to the autothermal process.  
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Figure 6.7 Relation of oxygen to pure glycerol ratio and adiabatic temperature at 

different steam to pure glycerol ratios. 
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Apart from the operating temperatures, steam to glycerol ratio, and oxygen to 

glycerol ratio, an inlet feed temperature is one of the most key parameters for 

achieving the thermoneutral condition of the autothermal process. Figure 6.8 shows 

the effect of feed inlet temperatures on the fraction of hydrogen and CO in the 

reforming product stream and on the oxygen to pure glycerol ratio required to achieve 

the thermoneutral condition when the autothermal reformer is operated at the 

temperature of 1000 K and the steam to glycerol ratio of 3. Increasing the inlet feed 

temperature causes a reduction of the amount of oxygen needed to maintain heat for 

the autothermal reformer at the desired reformer temperature. The reduced oxygen 

results in the increased hydrogen concentration in the product stream as the glycerol 

consumed by the oxidation reaction diminishes and thus more glycerol can react with 

steam via steam reforming that provides a higher hydrogen product. However, an 

increase in the inlet feed temperature also make more CO produced. 
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Figure 6.8 Effect of inlet feed temperature on product fraction and oxygen to pure 

glycerol ratio (steam to glycerol ratio = 3 and T = 1000 K). 
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Figure 6.9 demonstrates the amount of hydrogen produced from the 

autothermal reforming of pure and crude glycerol as a function of the oxygen to 

glycerol and the steam to glycerol ratios under the thermoneutral condition. At the 

thermoneutral condition, the performance of the autothermal reformer in term of 

hydrogen production is enhanced when the oxygen to crude glycerol ratio increases. 

This result shows an opposite trend when the autothermal reformer is operated at an 

isothermal condition. For thermoneutral operation, oxygen affects not only the 

oxidation reaction but also the reformer temperature. When increasing the oxygen to 

glycerol ratio, the oxidation is more pronounced and at the same time, the temperature 

of the autothermal reformer is also elevated until its optimal condition where 

hydrogen content reaches the maximum value. Considering the condition at which 

hydrogen is maximum produced, the oxygen required for the autothermal reforming 

of pure glycerol is higher than that of crude glycerol. It can be concluded that pure 

glycerol reforming requires more heat to maintain the reformer than crude glycerol 

reforming. Figure 6 also shows that at the thermoneutral condition, an increase in the 

steam to crude glycerol ratio improves the production of hydrogen and the hydrogen 

produced from pure glycerol is still more than that from crude glycerol.  
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Figure 6.9 Molar flow of H2 

Table 6.4 shows the optimal operating conditions of crude glycerol 

autothermal reforming process at the thermoneutral condition and the amount of 

hydrogen produced. The suitable ratio of oxygen to crude glycerol to achieve an 

optimum hydrogen yield is around 0.4-0.7 depending on the fraction of glycerol 

containing in crude glycerol. The corresponding adiabatic temperatures are in the 

range of 850-1000 K. 

from pure and crude glycerol autothermal reforming 

process at thermoneutral condition: (a) pure glycerol, (b) 80% glycerol, (c) 60% 

glycerol, and (d) 40% glycerol.  
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Table 6.4 Optimal operating condition of crude glycerol autothermal reforming at thermoneutral condition 

Glycerol 

content (%) 

Steam to crude 

glycerol ratio 

Oxygen to crude 

glycerol ratio 

Adiabatic  

temperature (K) 

Molar flow of H2
Mole fraction of H 

(kgmole/h) 

2 

wet basis dry basis 

100 1 0.7 1002 3.543 0.447 0.542 

3 0.7 962 4.089 0.412 0.577 

6 0.7 910 4.576 0.355 0.604 

9 0.7 867 4.820 0.304 0.616 

80 1 0.6 987 3.219 0.453 0.553 

3 0.6 943 3.734 0.410 0.589 

6 0.6 888 4.147 0.344 0.615 

9 0.6 844 4.317 0.287 0.624 

60 1 0.5 969 2.881 0.459 0.567 

3 0.5 922 3.355 0.401 0.604 

6 0.5 864 3.677 0.327 0.626 

9 0.55 842 3.834 0.268 0.635 

40 1 0.4 950 2.527 0.464 0.584 

3 0.4 896 2.940 0.395 0.620 

6 0.45 863 3.227 0.307 0.642 

9 0.5 842 3.311 0.244 0.648 118 
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6.3.3 Comparison between glycerol steam reforming and autothermal 

reforming 

 The performance of glycerol steam reforming and autothermal reforming (at 

adiabatic condition) is compared and shown in Figure 6.10. It is observed that the 

adiabatic condition of autothermal reforming occur firstly at reformer temperature of 

750 K when steam to glycerol ratio and inlet feed temperature are 3 and 550 K, 

respectively. At this condition, there is no oxygen added to the system. As mentioned 

before, the reformer temperature will increase with increasing oxygen/glycerol ratio. 

From Figure 6.10, it shows that product distribution of steam and autothermal 

reforming is the similar trend. However, the hydrogen content obtaining from steam 

reforming is higher than autothermal reforming at reformer temperature > 850 K. At 

below this temperature, the equal hydrogen content is gained from both of the two 

processes. On the other hand, amount of CO product from autothermal reforming is 

lower than steam reforming because of higher remaining steam of autothermal 

reforming to react with CO through water gas shift reaction. 
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Figure 6.10 Molar flow of product gas from glycerol reforming process at different 

temperatures: ATR (solid line) and SR (dash line). 
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Figure 6.11 Energy requirement of glycerol reforming process: ATR (solid line) and 

SR (dash line). 
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Figure 6.12 Total energy requirement of glycerol reforming process: ATR (solid line) 

and SR (dash line). 
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In this section, the required energy of glycerol autothermal and steam 

reforming is studied. The heat is consumed to preheat and vaporized reactant in the 

first step and then it is used to maintain the reformer to reaction temperature. In 

addition, the hot product gas is reduced temperature to 473 K because it is the 

operating temperature of water gas shift reactor which is need to be connect with 

reformer in case of PEMFC system. The heat release from hot gas is considered the 

recovered heat that can be used to preheat or vaporize reactant in the system. Figure 

6.11 shows the required heat to produced 1 mol of hydrogen in the autothermal and 

steam reforming. It is found that the autothermal reforming process needs heat to 

preheat and vaporize reactant for producing equivalent mole of hydrogen higher than 

steam reforming process. This is because the steam reforming provides the high 

hydrogen yield. On the other hand, the heat to maintain reactor increase respect to 

temperature for steam reforming but it is unnecessary for autothermal reforming. The 

higher recovery heat can be obtained from autothermal reforming process. The total 

energy required of those two processes is shown in Figure 6.12. It is found that the 

autothermal reforming required lower energy at high reformer temperature and the 

heat requirement reduce with temperature. The contradiction trend is observed for 

steam reforming because heat requirement increase with temperature. 

6.4 Conclusions 

The steam and autothermal reforming of both pure and crude glycerol were 

investigated by thermodynamic analysis approach. Equilibrium compositions of 

reforming gas obtained were determined as a function of temperature, steam to crude 

glycerol ratio, and oxygen to crude glycerol ratio (in case of autothermal reforming).  

The results show that hydrogen production of steam and autothermal process enhance 

with increasing temperature and steam to glycerol ratio. Although adding more steam 

in glycerol causes an increase in hydrogen product, the fraction of hydrogen depletes 

due to the dilution effect of steam. For the oxygen to glycerol effect of autothermal 

reforming process, causes a reduction of hydrogen concentration. The results also 

show that CO formation, which cause a poisoning problem in low-temperature fuel 

cells, increases with increasing the reformer temperature but decreases with 
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increasing the steam to glycerol ratio. Methane dose not present in the system at high 

temperature operation (> 1000 K). Compared to pure glycerol, the use of crude 

glycerol to produce hydrogen gives lower hydrogen content but higher hydrogen 

fraction (dry basis). Considering the crude glycerol autothermal reforming at a 

thermoneutral condition where no external heat input is required, the maximum 

hydrogen yield can be achieved at the condition having sufficient oxygen to sustain 

energy for system. It is found that the appropriate oxygen to crude glycerol ratio is 

around 0.4-0.7 depending on the purity of crude glycerol. The amount of oxygen 

needed to sustain the autothermal reformer operation is higher when excess steam is 

applied and crude glycerol containing less methanol is used for hydrogen production.  

Although the hydrogen content obtained from steam reforming is higher than 

autothermal reforming, the energy requirement of autothermal reforming is lower 

compared to steam reforming. However, the selection of reforming process also 

depends on specification and limitation of application. 



CHAPTER VII 

OPTIMAL CONDITIONS OF GLYCEROL 

REFORMING FOR HT-PEMFC 

7.1 Introduction 

To date, glycerol is considered an alternative fuel for hydrogen production 

because it is a by-product of the production of biodiesel, which uses vegetable oils or 

fats as feedstock. Therefore, glycerol is a promising, renewable source of hydrogen 

production (Byrd et al., 2008). Typically, the main goal of hydrogen production is to 

maximize hydrogen yield, and thus, most of the previous investigations have 

identified the favourable conditions and methods to achieve this goal. It is found that 

low-temperature operation and a high steam to glycerol molar ratio are required to 

minimize CO formation (Wang et al., 2008). While high-temperature operation is 

preferable for hydrogen production, CO removal is desired for applications in fuel 

cells. 

Among the different types of fuel cell, the polymer electrolyte membrane, or 

proton exchange membrane, fuel cell (PEMFC) is one of the most attractive fuel cells 

for automobile, residential and portable applications because it operates at low 

temperatures (allowing it to start up and shut down very quickly) and provides a high 

current density (Lin et al., 2007; Dawes et al., 2009). Currently, PEMFCs can be 

divided into two types depending on the operating temperatures, low-temperature 

(LT-PEMFCs) and high-temperature (HT-PEMFCs) proton exchange membrane fuel 

cells. LT-PEMFCs can be operated at temperatures of approximately 333-353 K and 

are limited to sources of high hydrogen purity. The content of CO in the hydrogen 

feed for a LT-PEMFC can be no greater than 10 ppm to avoid catalyst poisoning 

(Zhang et al., 2006). Therefore, the obtained reformate gas needs to be treated using 

water gas shift and preferential oxidation processes before being fed to the LT-
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PEMFC. The HT-PEMFC was developed from a LT-PEMFC and operates at 

temperatures around 373-473 K. At higher temperatures, the extent of CO that 

adsorbs on Pt in a HT-PEMFC is reduced, resulting in a high tolerance for CO (Li et 

al., 2003). In fact, a HT-PEMFC can tolerate CO up to 2-5% at 453 K with a 

insignificant degradation in the cell performance (Das et al., 2009); thus, it is possible 

to use the reformate gas for a HT-PEMFC directly without purification processes or 

with only water gas shift reactor. There have been few studies that have focused on 

determining the optimal conditions for the glycerol reforming process of LT-PEMFC, 

and based on our knowledge, no research has reported the optimal conditions of 

reforming processes for HT-PEMFC. It should be noted that the generation of 

hydrogen for each type of PEMFC has different requirements and limitations. 

Therefore, apart from maximizing the hydrogen yield, it is necessary to take these 

aspects into consideration in the production of hydrogen for PEMFC applications.  

In this study, a steam reforming of glycerol to generate hydrogen for HT-

PEMFCs is considered by taking into account requirement for the CO content of the 

reformate gas. A thermodynamic analysis is performed to find suitable conditions for 

the glycerol steam reforming process that not only maximize the hydrogen yield but 

also provide a CO concentration that satisfies the operational constraints of HT-

PEMFCs system. This study aims to explore the possibility of using the reformate gas 

directly from the glycerol steam reforming with and without CO removal process. The 

operational boundary of the glycerol steam reforming for HT-PEMFCs system 

without CO purification process is also examined. Another case, a water gas shift 

reactor is included in the reforming process to remove CO and enhance hydrogen 

concentration. The optimal conditions of the glycerol steam reforming for both HT-

PEMFCs systems are examined.  

7.2 Fuel processing for HT-PEMFC 

From a thermodynamic point of view, the adsorption of CO on the Pt surface 

can be reduced by increasing the temperature and/or decreasing the CO concentration 

(Bellows et al., 1996). As a result of the high operating temperature (in the range of 
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373-473 K), HT-PEMFCs can tolerate up to 5% CO, compared to LT-PEMFCs in 

which the CO content of the hydrogen feed must be less than 10-50 ppm. In general, 

CO coverage on Pt decreases at higher temperatures; because the adsorption of CO is 

an exothermic process, the Pt active sites for hydrogen adsorption increase. This result 

means that the possibility of hydrogen adsorption, which is less exothermic than CO 

adsorption, increases at high temperatures. The relative activity of a Pt catalyst for 

hydrogen oxidation as a function of temperature at different CO concentrations and 

found that the oxidation of hydrogen can be promoted at high-temperature operation 

(Li et al., 2003). Other advantages of the high-temperature operation of PEMFCs 

(apart from the enhanced CO tolerance) include an increase in the electrochemical 

reaction rates, simplified water management, and improved heat management (Pan et 

al., 2005; Shao et al., 2007; Yang et al., 2001).  

In order to circumvent the issue of hydrogen availability and infrastructure, a 

fuel cell may be integrated with a fuel processor allowing hydrogen generation from 

hydrocarbon fuels. The main reaction that occurs in the steam reformer is glycerol 

steam reforming (Eq. (7.1)), whereas the side reactions are water gas shift (Eq. (7.2)), 

methanation (Eq. (7.3)), and methane dry reforming (Eq. (7.4)).  

222383 3CO7HO3HOHC        (7.1) 

 222 COHOHCO        (7.2) 

 OHCH3HCO 242        (7.3) 

 2CO2HCHCO 242        (7.4) 

Furthermore, the main potential reactions for the formation of carbon are 

shown as follows:  

Boudouard: 

CCO2CO 2         (7.5) 
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Methane cracking:   

C2HCH 24                  (7.6) 

CO reduction: 

 COHHCO 22                  (7.7) 

 To avoid carbon formation, an appropriate temperature and steam to glycerol 

ratio should be determined. In this work, the boundaries of carbon formation during 

glycerol steam reforming is also presented to describe a carbon free region and a 

carbon formation region.  

Due to the increased CO tolerance of HT-PEMFCs at high temperatures, it is 

possible to use the reformate gas directly from reformers without the use of CO 

removal processes. Generally, to increase hydrogen yield in endothermic steam 

reforming process, high temperature and excess steam are required. However, CO 

formation pronounce at high temperature so water gas shift unit may be included to 

maximize hydrogen content and eliminate CO before feeding to the PEMFCs. Owing 

to high CO tolerance of HT-PEMFCs, preferential oxidation process is unnecessary 

for this fuel cell. Therefore, the glycerol reforming process with and without water 

gas shift process are analyzed to determine optimal condition and efficiency. The 

studied system of the fuel processing for a HT-PEMFC is illustrated in Figure 7.1. For 

the system without water gas shift process, the operational boundary that provides an 

appropriate reformate product to supply to the HT-PEMFC is explored. The 

simulation results are presented while considering the constraint on CO content in the 

reformate gas. 
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Reformer HT-PEMFC
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H2 rich-gas

Fuel
Water

 

b) 

 

Figure 7.1 Fuel processor for HT-PEMFC: a) without water gas shift reactor and b) 

with water gas shift reactor. 

In this work, the equilibrium composition of the reformate gas obtained from 

the steam reforming system of glycerol mentioned earlier was calculated using direct 

minimization of the Gibbs free energy. The primary components were C3H8O3, H2O, 

CO, CO2, H2, CH4, and C. The other intermediate compounds of the glycerol steam 

reforming, such as ethane, propane, methanol and ethanol, can be neglected (Dou et 

al., 2010; Chen et al., 2011). As the reaction proceeds, the total Gibbs free energy 

decreases; the equilibrium condition is reached when the total Gibbs free energy 

( Gt ) attains its minimum value. Therefore, the equilibrium composition can be 

determined by solving the minimization problem as follows:  

   SS

C

i

C

i i

i
iiiiPT

t

n
Gn

f

f
RTGnGnG

i









 

 1 1
, lnmin



   (7.8) 



128 

where Gi
°

 is the Gibbs free energy of the species in standard conditions, C is the total 

number of components in the reaction system, ni is the amount of each gaseous 

component, ns is the number of carbon molecules involved in the carbon formation, 

and Gs is the Gibbs free energy of solid carbon.  

According to the conservation of atomic species, ni has to satisfy the following 

relationship:  

Mjbna
C

i
jiji 



1for      ,
1

                (7.9) 

where aji is the number of atoms of element j in component i, bj is the total number of 

atoms of element j in the reaction mixture, and M is the total number of elements.  

The solid component is also considered for element balances in Eq. (7.9). The 

thermodynamic characteristics of glycerol and the other products can be obtained 

from HYSYS’s pure component library database. The thermodynamic analysis of a 

steam reformer was performed by using the HYSYS simulator. Based on a Gibbs 

reactor module coupled with the Peng-Robinson Stryjek-Vera (PRSV) method for 

computing thermodynamic properties, the minimization problem of Gibbs free energy 

(as stated above) was solved to find the equilibrium composition of the reactive 

system. The prediction results were compared with the experiment data reported by 

Profeti et al. (2009). It was observed that the product distribution obtained from the 

HYSYS simulator and the experimental data were in agreement.  

7.3 Results and discussion 

To analyze the performance of a glycerol steam reforming process, it was 

assumed that the inlet temperature of the reactant feeds was 25 C and that a steam 

reformer is operated under isothermal conditions. As carbon formation is one of the 

most critical problems that can affect the catalyst activity in reforming processes, the 

operating conditions of the steam reformer should be carefully selected. Figure 7.2 

illustrates the effects of the steam to glycerol ratio (S/G) and the reformer temperature 
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on carbon formation. It indicates the boundary of carbon formation for glycerol steam 

reforming, which is helpful for determining feasible conditions to avoid carbon 

formation. It is observed that carbon formation is thermodynamically inhibited at high 

temperatures and high steam to glycerol ratios. 
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Figure 7.2 Boundary of carbon formation for a glycerol steam reformer at 

atmospheric pressure. 

7.3.1 Glycerol reforming process for HT-PEMFCs without water gas 

shift reactor  

As mentioned above, the high CO tolerance of HT-PEMFCs makes it possible 

to use the reformate gas directly from the steam reformer. This type of PEMFC can 

withstand CO up to 5% with no significant loss of performance. For HT-PEMFC, the 

concentration of CO in the reformate gas from the steam reformer was taken into 

consideration. To control the fraction of CO to an acceptable level, the reformer needs 

to operate at low temperatures and high steam to glycerol ratios. However, the low-

temperature operation of the reformer causes a reduction in hydrogen content, which 
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has a considerable effect on the fuel cell performance. To directly use the reformate 

gas obtained for HT-PEMFC, this study aims at finding optimal conditions that favor 

hydrogen yield while avoiding CO contamination levels in the reformate gas that 

surpass the tolerable level of HT-PEMFC. 
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Figure 7.3 Relation of steam to glycerol molar ratio and reformer temperature at 

different %CO tolerances of HT-PEMFC. 

Figure 7.3 shows the relationship between the steam to glycerol ratio and the 

reformer temperature at different %CO tolerances of the HT-PEMFC. The results 

reveal that the reformer can be operated at higher temperatures when the steam to 

glycerol ratio is increased, at all %CO tolerances considered. In addition, the 

operating reformer temperature also increases with an increased CO tolerance level of 

HT-PEMFC. Several investigations have shown that temperature has a direct effect on 

hydrogen yield (Faungnawakij et al., 2006; Liu et al., 2008). Therefore, the hydrogen 

yield increases with respect to the CO tolerance level and the steam glycerol ratio, as 

shown in Figure 7.4. For a 5% CO tolerance, hydrogen yield becomes constant when 

the steam to glycerol ratio is over 18.  
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Figure 7.5 shows the compositions of hydrogen, methane and CO2 at different 

%CO tolerances of a HT-PEMFC when the steam to glycerol ratio is fixed at 12. The 

reformer temperature is adjusted according to the %CO tolerance, and the relation of 

the steam to glycerol ratio and the reformer temperature for each %CO tolerance is 

shown in Figure 7.3. The simulation results indicate that the hydrogen composition 

obtained from the steam reformer is higher when a high CO fraction in the reformate 

gas is allowed, compared to cases in which only a low CO fraction is allowed. Carbon 

dioxide and methane gradually decrease when increasing the content of CO in the 

reformate gas. Therefore, the hydrogen fraction (a key parameter affecting the fuel 

cell performance) is increased if the HT-PEMFC can tolerate more CO. It can be 

concluded from Figs. 7.4 and 7.5 that high steam to glycerol ratios and CO tolerance 

in the HT-PEMFC improves the performance of the reformer in terms of hydrogen 

content and concentration. 

The extent of CO has a significant influence on the performance of the 

PEMFC when reformate gas is used as the reactant feed. Therefore, the appropriate 

reforming conditions need to be determined. Figure 7.6 shows the boundary of the 

operating conditions for glycerol steam reforming that generate CO levels below 5%. 

The region above the solid line indicates the operating conditions in which the content 

of CO produced is in the acceptable level for HT-PEMFCs. If the glycerol steam 

reformer is operated at conditions far away from the CO boundary line, the 

concentration of CO will decrease. However, the fraction of hydrogen, which has a 

direct effect on the PEMFC performance, also decreases. Figure 7.6 also indicates the 

boundary of carbon formation (dashed line). At conditions above this boundary line, 

carbon formation is thermodynamically inhibited. As a result, the optimal condition of 

glycerol steam reforming for a HT-PEMFC is shown in the gray region. Within this 

region, there is no carbon formation and the CO level contaminating the hydrogen-

rich reformate gas is lower than 5%.  
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Figure 7.4 Effect of steam to glycerol molar ratio on hydrogen molar flow at different 

%CO tolerances of HT-PEMFC. 
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Figure 7.5 Product distributions of glycerol steam reforming (steam to glycerol ratio 

= 12) at different %CO tolerances of HT-PEMFC. 
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The extent of CO has a significant influence on the performance of the 

PEMFC when reformate gas is used as the reactant feed. Therefore, the appropriate 

reforming conditions need to be determined. Figure 7.6 shows the boundary of the 

operating conditions for glycerol steam reforming that generate CO levels below 5%. 

The region above the solid line indicates the operating conditions in which the content 

of CO produced is in the acceptable level for HT-PEMFCs. If the glycerol steam 

reformer is operated at conditions far away from the CO boundary line, the 

concentration of CO will decrease. However, the fraction of hydrogen, which has a 

direct effect on the PEMFC performance, also decreases. Figure 7.6 also indicates the 

boundary of carbon formation (dashed line). At conditions above this boundary line, 

carbon formation is thermodynamically inhibited. As a result, the optimal condition of 

glycerol steam reforming for a HT-PEMFC is shown in the gray region. Within this 

region, there is no carbon formation and the CO level contaminating the hydrogen-

rich reformate gas is lower than 5%.  
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Figure 7.6 Operational boundary of glycerol steam reforming for HT-PEMFC. 
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Figure 7.7 shows the relation between the energy requirement for the glycerol 

steam reforming process and the operating temperature at different steam to glycerol 

ratios. Although increases in the temperature and steam to glycerol ratio enhance the 

hydrogen yield, the energy needed for reformer operation increases. To identify the 

actual optimal conditions of glycerol reforming for HT-PEMFCs, the efficiency of the 

reformer, taking into account the energy consumption as shown in Eq. (7.10), was 

used as the parameter to indicate performance.  

 
  100

process reformingfor  usedenergy  m glycerol of LHV
mhydrogen  of LHV

  (%) efficiency
glycerol

H2 







          
(7.10) 

where LHV is the lower heating value. It should be noted that the energy required for 

the steam reforming process accounts for the heat of vaporization, sensible heat to 

heat up the reactants to the desired temperature and the heat needed for maintaining 

the reformer at an isothermal operation level. 
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Figure 7.7 Heat flow of glycerol steam reforming at different steam to glycerol molar 

ratios. 
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Figure 7.8 indicates that the efficiency of the reformer increases as the 

reformate gas is allowed to contain more CO. This effect is due to increased hydrogen 

production. In addition, the results reveal that increasing the steam to glycerol ratio 

also enhances the reformer process efficiency. Apart from the increased hydrogen 

yield, operation at a high steam to glycerol ratio also causes the reformer to operate at 

a high temperature until reaching the limiting level of CO. Moreover, the external 

heat required for vaporization is reduced because the waste heat in the product stream 

can be recovered to preheat the reactant feeds. This reduction enhances the total 

efficiency of the reforming process. From Figure 7.8, the maximum efficiency of the 

reformer producing reformate gas with 5%CO is reached at a steam to glycerol ratio 

of 11-14. At this ratio, the operating temperature of the glycerol steam reformer is 

around 830-860 K (see Figure 7.3). When more steam is added, the reformer 

efficiency decreases because the external heat required to sustain the reformer is 

higher than the energy obtained from the hydrogen produced. In the case of a 1% CO 

tolerance, the reformer can reach its maximum efficiency if it is operated at a higher 

steam to glycerol molar ratio. 
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Figure 7.8 Efficiency of the glycerol steam reforming process at different %CO 

tolerances of HT-PEMFC. 
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7.3.2 Glycerol reforming process for HT-PEMFCs with water gas 

shift reactor 

 The quality of the reformate gas used in HT-PEMFCs differs from that used in 

LT-PEMFCs, and consequently, the optimal operating conditions of the reforming 

process would also be different. The sophisticate CO purification such as preferential 

oxidation, methanation or membrane separation can be eliminated in the fuel 

processor for HT-PEMFC. Therefore, glycerol reforming process comprising of 

reformer and water gas shift unit (GRP) is examined in this work. Water gas shift is 

added to the system in order to reduce CO fraction and increase hydrogen 

concentration. Figure 7.9 shows the amount of hydrogen obtained from the GRP 

operated under different temperatures (TR) and steam to glycerol (S/G) ratios. The 

results indicate that the reformer temperature is the key factor to improve the 

hydrogen production, whereas the S/G ratio has a slight effect. When the GRP is 

operated under the S/G ratio of higher than 6 and the temperature of higher than 1000 

K, the production of hydrogen is kept constant. It is found that the highest amount of 

hydrogen obtained from the GRP is very close to the maximum mole of hydrogen (7 

moles) based on the reaction stoichiometry in Eq. (7.1). 

Figure 7.10 shows the content of CO in the reformate gas when the reformer is 

operated at different temperatures and S/G ratios. It is found that at S/G > 6, the CO 

flowing out from the water gas shift unit in the GRP is lower than 0.5% for all 

operating reformer temperatures. An increase in the S/G ratio and the reformer 

temperature over such the conditions have an insignificant effect on the CO content. 

At S/G < 6, the operating temperature of the reformer affects the presence of CO; 

however, its concentration satisfies the desired specification of the reformate gas for 

HT-PEMFC. As a result, the reformate gas obtained from the GRP can be directly fed 

to the HT-PEMFC without further purification.  
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Figure 7.9 Hydrogen molar flow at different temperatures and steam to glycerol 

ratios. 
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Figure 7.10 %CO in dry reformate gas at different temperatures and steam to glycerol 

ratios. 
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Figure 7.11 Efficiency of glycerol reforming process integrated with water gas shift 

reactor at different temperatures and steam to glycerol ratios. 

The thermal efficiency of the GRP is demonstrated in Figure 7.11. The 

reformer operating temperature and S/G are the critical factor in achieving a high 

efficiency of the GRP. Although operation of the reformer with high S/G ratio 

provides more hydrogen content, it leads to a large energy consumption and thus 

decreases the efficiency of the GRP. The highest efficiency is about 80% at the S/G of 

3-6 and the temperature of 1000-1200 K.  

7.4 Conclusions 

Hydrogen production from a glycerol steam reforming process without water 

gas shift unit for HT-PEMFCs was investigated in this study with the aim of 

determining the optimal hydrogen production conditions. At different %CO tolerances 

of HT-PEMFC, it was found that the glycerol steam reformer without water gas shift 

reactor can be operated at higher temperatures when a higher CO tolerance in the HT-

PEMFC is allowed. An increase in the steam to glycerol ratio also enhances hydrogen 

production, but requires more energy. Considering the performance of the glycerol 
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steam reformer in terms of energy efficiency, the operation of the reformer at a steam 

to glycerol ratio of 11-14 produces the highest reformer efficiency when reformate 

gas containing 5%CO is considered. In addition, glycerol reformer integrated with 

water gas shift unit, which is operated at a temperature of 473 K, to maximize 

hydrogen yield and minimize CO for HT-PEMFC is also investigated to find optimal 

condition providing high efficiency.  The simulation results showed that the glycerol 

reforming process is independent of the S/G ratio and the reformer temperature (TR) 

when operated at S/G > 6 and TR > 1000 K. The content of CO in all studied 

operational range satisfies the desired specification of the reformate gas for HT-

PEMFC.  



CHAPTER VIII 

EFFICIENCY OF HT-PEMFC SYSTEM 

INTEGRATED WITH GLYCEROL REFORMER 

8.1 Introduction 

A proton exchange membrane fuel cell (PEMFC) offers one of the highest 

energy densities in comparison to the other type of fuel cells. Pure hydrogen or 

hydrogen-rich gas from reforming process is either used as fuel in PEMFC anodes. 

With the limitation of hydrogen storage and supporting infrastructure, a fuel cell 

integrated with a fuel processor allowing hydrogen generation from hydrocarbon fuels 

becomes an effective solution. However, the hydrogen-rich gas fed to PEMFC has to 

be highly purified in order to remove any traces of carbon monoxide (CO), which has 

a poisoning effect on the anode electro-catalyst, platinum, reducing its activity and 

consequently power output.  

To date, a high temperature proton exchange membrane fuel cell (HT-

PEMFC) operated at temperatures around 100-200 oC has been developed. At higher 

temperature operation, the amount of CO that adsorbs on Pt in a HT-PEMFC reduces. 

With elevated temperatures, the electrochemical reaction rates at the anode and 

cathode are increased and water management within PEMFC is also simplified (Pan et 

al., 2005; Yang et al., 2001). When the PEMFC is operated at the temperature above 

100 ◦C, water is only present in the vapor phase and for this reason, the flooding 

problem is solved and the transport of water becomes easy to balance (Shao et al., 

2007). Although the operation of PEMFC at high temperatures can eliminate the 

flooding problem, it leads to the dehydration of membrane and loss of membrane 

ionic conductivity. Therefore, many researchers pay attention to develop the new 

membrane that can operate at temperature above 100 oC and has high conductivity at 

low humidity. A polybenzimidazole (PBI) was reported to be used in HT-PEMFC 
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because it can be operated at low relative humidity. However, PBI has lower proton 

conductivity than Nafion and thus it is doped with phosphoric acid or other dopants to 

increase the proton conductivity (Asensio et al., 2005; Li et al., 2009). 

The higher temperature operation of PEMFC also offers the efficient 

utilization of waste heat from the fuel cell to preheat the fuel used or to supply to 

reforming processes. HT-PEMFCs are therefore advantageous to be used in 

conjunction with a fuel reformer, compared to low-temperature PEMFCs (Jespersen 

et al., 2009). As a consequence, the improvement of thermal management and the 

design of heat recovery for a HT-PEMFC system is an alternative option to enhance 

its efficiency. The theoretical analysis of a glycerol reformer and LT-PEMFC 

combined system without considering CO poisoning effect was investigated by Oliva 

et al. (2010). The maximum system efficiency is around 37.79% at cell pressure of 3 

atm and power of 1 kW. Recently, Martin and Worner (2011) studied the efficiency of 

HT-PEMFC integrated with biodiesel and bioethanol reforming when the fuel cell 

efficiency of 40% was specified and the CO poisoning effect was not considered. 

They found that the system efficiency of biodiesel and bioethanol achieved were 

30.2% and 30.5%, respectively. 

Due to a high CO tolerance of HT-PEMFC, it is possible to directly use the 

reformate gas for HT-PEMFC without the requirement of complicate purification 

processes. In this study, the performance of a fuel processor and HT-PEMFC 

integrated system is examined. Glycerol, a by-product from biodiesel production, is 

considered a renewable fuel for hydrogen production via a steam reforming process 

(Martin and Worner, 2011). Since CO still has some effect on HT-PEMFC 

performance, a pseudo 2D model of HT-PEMFC that takes the effect of CO poisoning 

into account was used to analyze an efficiency of the HT-PEMFC system and power 

output with respect to various key operating parameters such as reformer temperature, 

steam to carbon ratio, fuel cell temperature and anode stoichiometric ratio. Finally, 

the optimal condition of the HT-PEMFC system that provides the maximum power 

density at a required efficiency is investigated. 
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8.2 A fuel processor and HT-PEMFC integrated system  

The HT-PEMFC system considered here mainly consists of a glycerol steam 

reformer and a HT-PEMFC as shown in Figure 8.1. In general, to increase hydrogen 

yield in an endothermic steam reforming process, high operating temperature and 

excess steam are required. However, from our previous study (Authayanun et al., 

2010), increasing the reformer temperature also increases the content of CO in the 

reformate gas obtained. With the aim to use the reformate gas directly from the 

glycerol steam reformer, the reformer temperature should be reduced to keep CO 

content in the acceptable level for HT-PEMFC. Excess steam is required to shift the 

equilibrium of the steam reforming reaction toward the hydrogen product side and 

will lead to lower CO content in the reformate gas. Although the performance losses 

from purification process can be eliminated from this system, the amount of energy to 

preheat excess steam, required to enhance hydrogen yield at low temperatures, also 

increases. 
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Figure 8.1 A fuel processor and HT-PEMFCs integrated system. 

The improvement of thermal management within the HT-PEMFC system is an 

alternative option to enhance the system efficiency. To enhance efficiency of the 

integrated system, heat from hot reformate gas is recovered by preheating and 

vaporizing water and glycerol feeds. A portion of the glycerol is burnt to supply heat 
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to the steam reformer. Since the higher operating temperature of PEMFC offers the 

efficient utilization of waste heat from fuel cell, the anode off gas and the exhaust gas 

from the fuel cell are also used to preheat a water stream. The remaining fuel in the 

anode off gas is combusted in a burner in order to supply heat to the steam reformer. 

8.3 Model of a HT-PEMFC system  

8.3.1 Reformer  

The main reaction that occurs in the steam reformer is glycerol steam 

reforming, whereas the side reactions are water gas shift, methanation and methane 

dry reforming. The equilibrium composition of the reformate gas obtained from the 

steam reforming system of glycerol is calculated from the direct minimization of the 

Gibbs free energy. Due to no coke formation occurring at all operational range of this 

study, the primary components consist of C3H8O3, H2O, CO, CO2, H2 and CH4

8.3.2 HT-PEMFC  

.  

In this study, the pseudo 2D model is applied for HT-PEMFC in which the 

PBI doped phosphoric acid membrane is used as an electrolyte. The mass transport in 

the flow channel is taken into account to investigate CO and hydrogen distributions 

along the flow direction while the mass transport in a gas diffusion layer and thin film 

electrolyte is considered only in the diffusion flux direction. As explained in Chapter 

IV, the following assumptions have been made: HT-PEMFC is operated at steady 

state and isothermal operations, ideal gas law is assumed, all gases cannot permeate 

through the membrane electrolyte, pressure drop is negligible and operating cell 

voltage is constant along the cell coordinate.  
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8.3.2.1 Flow channel 

In the flow channel, the molar flow of each gas will be changed by the 

electrochemical reactions as given in Eqs. (8.1)-(8.3). At the anode side, the hydrogen 

molar flow decreases when the reactions take place. This generally causes an increase 

in the CO mole fraction and therefore, the CO poisoning effect on the HT-PEMFC 

performance is more pronounced, especially at the end of the flow channel.   

2H

2
dM ih

dx F
    

       (8.1) 

2O

4
dM ih

dx F
    

       (8.2) 

2H O

2
dM ih

dx F
            

(8.3) 

The set of ordinary differential equations explaining the distribution of 

gaseous components along the flow channel of HT-PEMFC is solved and used to 

calculate the mole fraction of reactants at the flow channel/gas diffusion layer 

interface. 

8.3.2.2 Gas diffusion layer  

The Stefan Maxwell is used to calculate the molar fraction of gaseous 

reactants in the gas diffusion layer (GDL) of the porous electrodes as:  

∑
−

= eff
ij

ijjii

D
NXNX

P
RT

dz
dX       (8.4) 

The components at the anode consist of H2, CO, CO2 and CH4 while the 

cathode components compose of O2, N2 and H2

At anode: 

O. The boundary conditions are as 

follows: 

2CO , 0gN   ,
2CO , 0gN  , 

2H , 2g
jN
F

 , 
4CH , 0gN  , 

2H O, 0gN   
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At cathode: 
2N , 0gN   , 

2O , 4g
jN
F

 , 
2H O, 2g

jN
F


   

The set of equations (Eq. (8.4)) can be integrated to determine the composition 

of gaseous reactants at the interface between electrode and electrolyte film. 

8.3.2.3 Film electrolyte model 

The PBI doped phosphoric acid membrane is used as electrolyte in this model. 

To find H2 and O2

( )3 4

2 2 22

H PO
H H Pt H (dissolve)H

Pt anode anode

D C CN
S δ

−

−

− −
=

 concentrations at the catalyst intersurface, Fick’s law for diffusion 

is applied (Eqs. (8.5)-(8.6)). Reactant gases need to diffuse through electrolyte film 

layer covering before arriving at the catalyst active surface (Mamlouk et al., 2011). 

     (8.5) 

( )3 4

2 2 22

H PO
O O Pt O (dissolve)O

Pt cathode cathode

D C CN
S δ

−

−

− −
=      (8.6) 

 The concentration of H2 and O2

dissolved
iC

 dissolving at film electrolyte layer boundary 

can be calculated from their solubility ( ) as follows: 

PXCC ⋅⋅=
222 H

dissolved
H(dissolve)H       (8.7) 

PXCC ⋅⋅=
222 O

dissolved
O(dissolve)O       (8.8) 

where 
2HX and 

2OX are the mole fraction of H2 and O2 

It is noted that the oxygen solubility can be calculated from the correlation 

reported by Mamlouk et al. (2011) whereas the hydrogen solubility is assumed to be 

the same value with the oxygen solubility.  

at GDL/electrolyte film 

interface. 
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8.3.2.4 Electrochemical model  

Cell voltage ( cellV ) can be calculated by starting with the cell reversible 

potential ( revE ), the maximum voltage that can be achieved by fuel cells at specific 

operating condition, and then subtracting by the various voltage losses as: 

cell act, act, ohmicr c aE E η η η= − − −       (8.9) 

The reversible cell potential is described by Nernst equation in Eq. (8.10)  

2 2

2

1.5 0.5
H Pt O Pt

H O

( )
lnT T

r

RT C CH T S RTE
nF nF nF a

− − ∆ ∆ = − − +   
    

   (8.10) 

where 2

2

2

H O
H O *

H O

% .
100

P RHa
P

= =  

The activation loss is calculated from Butler Volmer equation (Eqs. (8.11)-

(8.12)). 

( ) ( )Rd, Ox,
0, act, act,exp expa a

a a a a

F F
i i

RT RT
α α

η η
− −    = −    

    
  (8.11) 

( ) ( )Rd, Ox,
0, act, act,exp expc c

c c c c

F F
i i

RT RT
α α

η η
− −    = −    

    
  (8.12) 

where  ref Pt
0 0 ref

Pt ref

exp 1c
c c

C E Ti i a L
C RT T

γ
    

= − −    
    

 

If the fuel used at the anode is not pure hydrogen and have some CO 

contamination, it is necessary to take in account CO poisoning effect by using CO
0i (the 

exchange current density of hydrogen oxidation in the presence of CO) instead of 0i at 

the anode. The CO
0i can be calculated from CO coverage ( COθ ) assuming bridge model 

of CO adsorption on Pt as follows: 
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( )2CO
0 0 CO1i i θ= −        (8.13) 

The CO coverage in Eq. (16) is developed from experimental data reported by 

Li et al. [11] to explain a CO poisoning effect on HT-PEMFC in case of the reformate 

gas containing high CO content (3-10%) and can be described as follows: 

cbaθCO +⋅⋅+⋅=
][H

[CO]ln(i)ln
][H

[CO]ln
22     (8.14) 

326.6290887 - T0.11717499 T4-0.0001278a  2 ⋅+⋅=  

2628.8524636  T0.12813608 -T0.0001416b  2 +⋅⋅=  

370.1169333 - T0.31596903  T6-0.0003488c 2 ⋅+⋅=  

The CO poisoning model for HT-PEMFC was validated against experimental 

data (Li et al., 2003) at different fractions of CO in hydrogen-rich gas and operating 

temperatures. Due to low performance loss from CO2

The ohmic loss is caused by a resistance of ions in the electrolyte through 

membrane. This loss can be expressed as: 

 and methane, they effect on 

anode kinetic of HT-PEMFC can be neglected (Li et al., 2003; Sustersic et al., 1980). 

ohmic
m

m

i
l
ση
 

=  
 

        (8.15) 

The proton conductivity as a function of temperature and relative humidity 

obtained from Mamlouk et al. (2011) is represented by Eqs. (8.16)-(8.18). 

( )





 −
=

TR
B

T
A

m expσ        (8.16) 

( ) ( ) ( )( )aaaa kRHkRHkRHkA 03
2

2
3

1exp +++=     (8.17) 

( ) ( ) ( ) bbbb kRHkRHkRHkB 03
2

2
3

1 +++=     (8.18) 
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8.3.2.5 Numerical solution of HT-PEMFC 

The numerical solution of pseudo 2D model of HT-PEMFC model is shown in 

flow diagram in Figure 8.2. To study the performance of cell and gas distribution 

along the flow channel, the desired value of cell voltage (Vcell

 

) and stoichiometric 

ratio (S) is defined and input into the program. The gas compositions at flow channel, 

gas diffusion layer, film electrolyte and catalyst surface are calculated and then the 

electrochemical model which represents relation of voltage, individual loss and 

current density is solved. 

Guess inlet molar flow rate of reactant gas 

calculate molar flow at the flow channel

Solve ODE by using ode15s

Calculate mole fraction at porous electrode

Calculate concentration at thin film electrolyte

Calculate concentration at catalyst

Calculate Erev , ohmic loss

Calculate Vcell,calculate

Repeat until convergence

Repeat until convergence
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Figure 8.2 Flow diagram of numerical solution for two-dimensional analysis of HT-

PEMFC. 
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8.3.3 Efficiency of HT-PEMFC system 

To improve system efficiency, the heat from product stream of reformer, 

anode and cathode exhaust gases are recovered by using heat exchangers. Typically, 

the outlet temperature of reformer is about 800-1000 K; however, operating 

temperature of HT-PEMFC is 373-473 K. Therefore, the reformate gas needs to be 

cooled before entering the fuel cell. The heat recovery will be utilized to preheat and 

vaporize reactant of reformer and water. Similarly, heat from the anode and the 

cathode exhaust gases is also recovered to preheat reactants. Due to some heat losses 

occurring in the heat transfer process, the efficiency of heat exchanger is specified at 

85%. Energy balance based on enthalpy changes in inlet and outlet of hot and cold 

streams is performed. Also, the remaining un-spent fuel in the anode exhaust gas 

(stoichiometic ratio > 1) is utilized by combusting in a burner in order to sustain heat 

for the reformer. 

The efficiency of the fuel processing process ( FPη ) can be calculated by the 

ratio of the heating value of hydrogen produced and the total energy used for steam 

reforming process as follows:  

( )
( ) 10022 ×

−+⋅

⋅
=

recreffuelfuel

H H
FP Q QM LHV 

MLHV
 η                (8.19) 

where 
2HM is the molar flow rate of H2 fuelM and  is the molar flow rate of fuel used 

for producing hydrogen, refQ is the energy required for the steam reforming process 

accounting for the heat of vaporization, sensible heat to heat up the reactants to the 

desired temperature and the heat needed for maintaining the reformer at an isothermal 

operation level and recQ is the recovered heat from anode and cathode off gas as well 

as high temperature product gas coming out of the glycerol reformer. 

The thermal efficiency of fuel cell is evaluated by considering the electric 

power density and the lower heating value of H2 2HLHV ( ) as:  
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2 2H H

FC
FC

P
M LHV

η =
⋅

        (8.20) 

For a fuel processor and fuel cell integrated system, the system efficiency can 

be calculated as follows: 

FCFPsys ηηη =          (8.21) 

8.4 Results and discussion 

The mathematical models of a HT-PEMFC system integrated with a glycerol 

steam reforming process were programmed using Matlab. The fsolve function was 

employed to solve the set of non-linear thermodynamic equations of the glycerol 

reforming process. The ordinary differential equations explaining reactant 

distributions along the flow channel length of the HT-PEMFC were solved by using 

the ODE45 function. Stefan Maxwell equation was integrated and changed from 

ordinary differential equation to algebraic equation, which is solved to give the gas 

composition at the interface between electrode and electrolyte film. The parameters 

used in this simulation are described in Table 8.1. Performance of the fuel cell system 

is analyzed with respect to key operating parameters such as reformer temperature, 

steam to carbon ratio (S/C), fuel cell temperature, and anode stoichiometric ratio. The 

cell voltage and system efficiency at different conditions are investigated.  

In the case of HT-PEMFC integrated with glycerol reforming, the anode fuels 

not only consist of H2 and CO but also contain some amount of CO2 and CH4. The 

composition of glycerol reformate gas varies depending on the operational condition 

of glycerol reforming process. This composition will have considerable effect on the 

HT-PEMFC performance. The hydrogen and CO fractions at different reformer 

temperatures and S/C ratios from glycerol reforming process are shown in Table 8.2 

and Table 8.3, respectively. The hydrogen fraction increase with increasing the 

temperature and the S/C ratio, whereas the CO fraction decreases when the S/C ratio 

increases and the temperature falls. The CO fraction in the synthesis gas obtained 
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from of the steam reforming of glycerol in the operational range considered is about 

2-9% while the hydrogen fraction is 59-68%. 

Table 8.1 Model parameters used in the simulation of the HT-PEMFC system 

(Mamlouk et al., 2011) 

Parameters Value Unit 

Operating pressure at anode, aP  1 atm 

Operating pressure at anode, cP  1 atm 

Faraday constant, F 96485 C mol

Gas constant, R 

-1 

8.314 m 

Channel height, h 0.01 m 

Channel length, x 0.1 m 

GDL thickness, z 0.0002 m 

Membrane thickness, ml  4×10 m -5 

Anode film thickness , anodeδ   2.5×10 m -9 

Cathode film thickness , cathodeδ   1.48×10 m -9 

Anode reference exchange current density, ref
0,ai  1440 A m

Cathode reference exchange current density, 

-2 

ref
0,ci  0.0004 A m

Anode catalyst surface area, 

-2 

aca ,  64 m2 g

Cathode catalyst surface area, 

-1 

cca ,   32.25 m2 g-1 
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Parameters Value Unit 

Anode catalyst loading, acL ,  0.2 mg cm-2 

Cathode catalyst loading, ccL ,  0.4 mg cm

Transfer coefficient at anode, 

-2 

aα  0.5 - 

Transfer coefficient at cathode, cα  0.75 - 

Reaction order, γ  1.375 - 

Anode reference concentration, ref ,ac  0.0002 mol cm

Cathode reference concentration, 

-3 

ref ,cc  0.0004 mol cm

Anode activation energy, 

-3 

acE ,   16900 J mole-1 K

Cathode activation energy, 

-1 

ccE ,   72400 J mole-1 K

Anode reference cell temperature, 

-1 

ref ,aT  433.15 K 

Cathode reference cell temperature, ref ,cT  373.15 K 

Lower heating value of glycerol glycerolLHV,  1564.9 kJ mol-1 
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Table 8.2 Hydrogen fraction in the synthesis gas obtained from glycerol reforming 

process 

Reformer 

temperature (K) 

Steam to carbon ratio (S/C) 

3 4 5 6 7 

800 0.5963 0.6305 0.6524 0.6666 0.6759 

900 0.6624 0.6735 0.6797 0.6835 0.6860 

 

Table 8.3 Carbon monoxide fraction in the synthesis gas obtained from glycerol 

reforming process 

Reformer 

temperature (K) 

Steam to carbon ratio (S/C) 

3 4 5 6 7 

800 0.0424 0.0360 0.0311 0.0273 0.0241 

900 0.0917 0.0726 0.0597 0.0506 0.0438 

The reformate gases obtained from the glycerol reformer will be fed to the 

HT-PEMFC after cooling (heat transfer) by reformer reactants. The H2 and CO 

distribution along the flow channel at different operating condition of glycerol 

reforming is shown in Figures 8.3 and 8.4. Hydrogen in the anode flow channel is 

consumed and its molar fraction decreased and consequently, CO molar ratio will 

increase along the channel length, especially at the end of channel. The hydrogen and 

CO fraction at the anode’s exhaust of HT-PEMFC is shown in Table 8.4. It was found 

that the CO fraction at the end of anode’s flow channel can become very high up to 

17% (from ca. 9% at the inlet) at high reformer temperature and low stoichiometric 

ratio. 
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Figure 8.3 Hydrogen fraction along the channel length of HT-PEMFC at different 

steam to carbon ratios (S/C).   
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Figure 8.4 CO fraction along the channel length of HT-PEMFC at different steam to 

carbon ratios (S/C).   
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The performance of HT-PEMFC at different %CO is shown in Figure 8.5. It is 

found that at cell temperature of 448.15 K, the CO<5% has insignificant loss on HT-

PEMFC at studied voltage range. For cell temperature of 423.15 K, the significant 

loss is observed at voltage less than 0.6.  For the integrated system of glycerol 

reforming and HT-PEMFC, the performance of HT-PEMFC is evaluated by varying 

the H2 and CO concentrations, which depend on reformer temperature and steam to 

glycerol ratio. For a cell temperature of 423.15 K and reformer temperature of 800 K 

(Figure 8.6(a)), it is observed that CO has a small effect on HT-PEMFC performance 

at low current densities. The CO poisoning effect becomes more pronouced at high 

current densities (above 500 A m-2

 

). However, when the reformer is operated at 

temperature of 900 K (Figure 8.6(b)), CO has dramatic effect on cell performance at 

all range of current density. This is because of the large CO fraction up to 10% in 

hydrogen-rich gas at this reformer operation. Similar cell performance is obtained at 

low current densities (typical operating condition above 0.6 V) when the cell 

temperature is increased to 448.15 K (Figure 8.7). This is due to the increased CO 

tolerance of HT-PEMFCs at high temperatures. On the other hand, the cell voltage 

drop still appear at high current densities when steam to carbon ratio decreases or 

reformer temperature increases. A minimum limit of S/C of 4 should be set for this 

system to stop the irreversible loss of cell performance. A S/C ratio of 3 and reformer 

temperature of 900 K have a strong effect on the cell polarization curve, not only 

when the cell is operating at 423.15 K but also at 448.15 K. This is caused by very 

high CO ratio of 17% at the end of anode’s channel. 
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Figure 8.5 The influence of CO on the HT-PEMFC performance.
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Table 8.4 Hydrogen and carbon monoxide fractions at the outlet of the HT-PEMFC  

Reformer 

temperature 

(K) 

Sa S = 1.2 a S = 1.3 a = 1.4 

Steam to carbon ratio (S/C) Steam to carbon ratio (S/C) Steam to carbon ratio (S/C) 

4 5 6 7 4 5 6 7 3 4 5 6 

Hydrogen             

800 0.2215 0.2383 0.2499 0.2579 0.2826 0.3022 0.3157 0.3249 0.2968 0.3278 0.3490 0.3636 

900 0.2559 0.2613 0.2647 0.2670 0.3226 0.3287 0.3326 0.3352 0.3592 0.3709 0.3774 0.3816 

CO             

800 0.0759 0.0683 0.0614 0.0552 0.0699 0.0625 0.0560 0.0502 0.0738 0.0655 0.0583 0.0520 

900 0.1655 0.1377 0.1175 0.1023 0.1494 0.1252 0.1066 0.0927 0.1741 0.1399 0.1161 0.0988 
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Figure 8.6 Polarization curve of HT-PEMFC at different operating steam to glycerol 

ratios of glycerol reforming process (HT-PEMFC temperature = 423.15 K). 
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Figure 8.7 Polarization curve of HT-PEMFC at different operating steam to glycerol 

ratios of glycerol reforming process (HT-PEMFC temperature = 448.15 K). 
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The efficiency of integrated system is shown in Figure 8.8 and Figure 8.9.  To 

enhance the overall efficiency, the heat recovery from anode and cathode exhaust 

gases is taken into account. At cell temperature of 423.15 and reformer temperature of 

800 K (Figure 8.8(a)), the system efficiency remains similar at low current densities 

(up to 1000 A m2) when the S/C ratio changed from 4 to 6. At high current densities, 

increasing S/C ratio provides enhancement in the overall system efficiency despite the 

energy loss to vaporize more steam. On the other hand, when the reformer 

temperature raised to 900 K, lower S/C gave higher system efficiency at low current 

densities (less than 500 A m2) (Figure 8.8(b)), while high S/C operation provided 

higher efficiency at high current densities. The high amount of S/C required more 

energy to preheat and generate steam, however, higher steam content will lead to 

lower CO content in the anode feed leading to lower anode losses, particularly at high 

current densities. Therefore, an increase in S/C improves the integrated system 

efficiency at high current densities. For cell temperature of 448.15  K (Figure 8.9),  

the increase of CO tolerance at the anode led to an insignificant effect of S/C ratio in 

the range of 3 to 6 on system efficiency at current densities up to 4000 A m2

 

 when the 

reformer temperature was 800 K. With reformer temperature at 900 K, the low steam 

to carbon ratio provided higher overall system efficiency at low current densities in 

comparison to high S/C ratio, however, the case reverses quickly when the current 

density increased and CO poisoning effect became more pronounced. 
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Figure 8.8 Efficiency of the fuel processor and HT-PEMFC integrated system at 

different operating steam to glycerol ratios of glycerol reforming process (HT-

PEMFC temperature = 423.15 K). 
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Figure 8.9 Efficiency of the fuel processor and HT-PEMFC integrated system at 

different operating steam to glycerol ratios of glycerol reforming process (HT-

PEMFC temperature = 448.15 K). 
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Figs. 8.10(a)-(b) show the effect of stoichiometric ratio on cell performance 

and system efficiency when the reformer temperature and S/C are 900 K and 4, 

respectively. At low stoichiometric ratio, hydrogen will be depleted faster and the CO 

fraction will increase faster along the flow channel significantly increasing the CO 

poisoning. As expected, the cell performance declines with decreased stoichiometric 

ratio (Figure 8.10(a)). The low stoichiometric ratio provides higher system efficiency 

at low current densities (where CO impact is small), while the high stoichiometric 

ratio operation leads to higher system efficiency at higher current densities (see Figure 

8.10(b)). However, it should be noted that the low stoichiometric ratio may provide 

higher efficiency over the entire current density range when using low reformer 

temperature (800 K) and high S/C ratio.  
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Figure 8.10 Effect of stoichiometric ratio on HT-PEMFC performance and system 

efficiency. 

From the simulation results, the system efficiency is about 30-40% at cell 

voltage range of 0.55-0.75. The system efficiency achieved is in the same range when 

compared with the HT-PEMFC system with bioethanol and biodiesel reformers 

(Martin, and Worner, 2011). To find the optimal operating condition for the HT-

PEMFC system integrated with glycerol reforming at a given efficiency of 35%, the 

power density at different reformer temperatures and S/C ratios is calculated and 

presented in Figure 8.11 and Figure 8.12 for cell temperatures of 423.15 and 448.15 

K, respectively. It is observed that the achieved power of the system at reformer 

temperature of 800 K is higher than at 900 K for cell temperature of 423.15 (see 

Figure 8.11) because the amount of CO is over the tolerance of HT-PEMFC at this 

cell temperature. However, when the cell temperature increases and thus the CO 

tolerance of HT-PEMFC increases, the HT-PEMFC system, operated at the reformer 

temperature of 900 K, provides higher power density than that of 800 K (see Figure 

8.12). From Figure 8.12, it is found that the conditions that provide the maximum 

power density are reformer temperature of 800 K, S/C ratio of 6 and anode 
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stoichiometric ratio of 1.2. For cell temperature of 448.15 in Figure 8.12, the 

maximum power density is achieved at a reformer temperature of 900 K, S/C ratio of 

4 and anode stoichiometric ratio of 1.3. 
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Figure 8.11 Power density of HT-PEMFC (Tcell 

ccL ,

= 423.15 K) at different reformer 

temperatures and S/C when the system efficiency is fixed at 35% and = 0.5. 
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Figure 8.12 Power density of HT-PEMFC (Tcell 

ccL ,

= 448.15 K) at different reformer 

temperatures and S/C when the system efficiency is fixed at 35% and = 0.5. 
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8.5 Conclusions 

 The HT-PEMFC integrated with glycerol steam reforming was investigated in 

this study by analyzing the CO poisoning effect on system efficiency. The hydrogen 

and CO compositions of reformate gas obtained from the glycerol reforming were 

varied by changing reformer temperature (800-900 K) and steam to carbon (S/C) ratio 

(3-7). It was found that the CO fraction at the end of anode flow channel increases by 

up to 17% at a reformer temperature of 900 K and S/C ratio of 3. The cell voltage 

losses increased significantly at high current density when S/C ratio decreased and 

reformer temperature increased. In addition, the overall system efficiency was not 

affected greatly by S/C ratio at low current densities, however, at high current 

densities a higher S/C ratio proofed to be beneficial. This was due to the low effect of 

CO at low current densities and high energy required for additional steam at high S/C 

value. Although the high anode stoichiometric ratio provided higher cell performance, 

increased anode stoichiometry led to lower power output for a given system efficiency 

(35%) due to the waste of the excess hydrogen at the anode. At the system efficiency 

of 35%, the maximum power density was obtained at reformer temperature of 900 K, 

S/C ratio of 4 and anode stoichiometric ratio of 1.3 when cell temperature was 

operated at temperature of 448.15 K.  



CHAPTER IX 

DESIGN AND ANALYSIS OF HT-PEMFC   

SYSTEM WITH DIFFERENT FUEL PROCESSORS 

FOR STATIONARY APPLICATIONS 

9.1 Introduction 

In general, a conventional PEMFC, which is operated at temperatures below 

100 oC, has a flooding problem especially at dry operating condition and requires pure 

hydrogen fuel with low CO content to avoid catalyst poisoning. To overcome some 

limitations of the low-temperature PEMFC (LT-PEMFC), a high-temperature PEMFC 

(HT-PEMFC) has been developed. Due to a lower CO coverage on the surface of a 

platinum catalyst at a operating temperature of the HT-PEMFC, it is possible to use 

directly the reformate gas from a fuel processor with simple purification processes 

(Das et al., 2009). In the case of LT-PEMFC, the reformate gas obtained needs to be 

treated by water gas shift and preferential oxidation processes. Another advantage of 

HT-PEMFC is that it can be operated at dry condition and thus the humidifier is 

unnecessary for this fuel cell. As a result, the HT-PEMFC system is less complicate 

than the LT-PEMFC system.  In addition, there are no hydrogen and parasitic loss 

from preferential oxidation processes in the case of HT-PEMFC. However, the 

complexity of the integrated system depends on the fuel used and the requirement of 

each application as well (Lindstrom et al., 2009).  

At present, a reformate gas derived from fuel processors is the preferred fuel 

for PEMFC operation before hydrogen transport and storage are readily available. In 

general, a design task for fuel cell systems depends on their applications and desired 

efficiency. To develop the fuel cell to the market place, its design for each application 

should be considered. For automotive application, it requires the low weight and size 
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of the overall system. The fast starting up is also preferred and thus the autothermal 

reforming is suitable for this application more than steam reforming (Sopena et al., 

2007). At the same time, the high efficiency is needed for stationary application but 

the weight and size is not specified for this application (Barbir et al., 2005). 

Therefore, the cogeneration system of heat and power with other process is effective 

way to improve the system efficiency. Furthermore, the steam reforming is mostly 

chosen for stationary applications because it provides high efficiency (Hubert et al., 

2006). 

This study focuses on the development of a HT-PEMFC system for a 

stationary power generation. Glycerol is considered a potential feedstock for 

producing hydrogen. The efficiency of the HT-PEMFC system with different fuel 

processors is investigated and compared with a LT-PEMFC system. The HT-PEMFC 

system considered here can be divided into two cases. The first one involves the HT-

PEMFC and a glycerol reformer without a CO removal process, whereas in the 

second one, a water gas shift reactor is included in the HT-PEMFC system to further 

improve its overall system efficiency. To examine the performance of LT-PEMFC 

and HT-PEMFC system, pure hydrogen and reformate gas from glycerol fuel 

processor are used as fuel and the effect of CO poisoning is also incorporated in the 

simulation model of PEMFCs. Also, the efficiency of LT-PEMFC and HT-PEMFC 

system with different fuel processors for stationary application is investigated and 

compared. The integrated system is studied in the term of combined heat and power 

(CHP) for stationary application. The waste heat generated during fuel cell operation 

is utilized in producing steam to use in the household.   
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9.2 PEMFC system for stationary applications 

A fuel steam reforming (SR) is regarded as a suitable process to produce 

hydrogen in the stationary application of fuel cells because it provides high hydrogen 

yield (Hubert et al., 2006). In addition, for this fuel cell application, size and weight of 

the system seem to be not a critical issue. However, the heat integration of a fuel 

processor and a fuel cell is preferred to enhance the overall efficiency of stationary 

power systems. As shown in Figure 9.1 (a)-(c), the unreacted hydrogen and oxygen 

from the anode and cathode sides of HT-PEMFC and LT-PEMFC are sent to a burner 

to supply heat for a glycerol steam reforming.  

Due to a high CO tolerance of HT-PEMFCs, it is possible to use the reformate 

gas obtained directly from the glycerol reformer without the requirement of CO 

removal processes. This process system is presented in Figure 9.1(a). Generally, to 

increase hydrogen yield in endothermic steam reforming processes, high reforming 

temperature and excess steam feed are required. However, the content of CO 

increases with increasing the reforming temperatures. With the aim at direct use of the 

reformate gas, the operating temperature of the steam reformer needs to be reduced to 

satisfy the operational constrain of the HT-PEMFC, while excess steam is still 

required to shift the equilibrium of the steam reforming reaction toward the product 

side. However, this causes the higher requirement of energy to preheat excess steam, 

which is necessary to enhance the hydrogen yield at the low-temperature operation of 

the reformer. To improve the HT-PEMFC performance, the fuel processing 

subsystem, i.e., a water gas shift reactor (WGS), is added to the steam reformer 

(Figure 9.1(b)) to maximize the hydrogen content and eliminate CO before being fed 

to the HT-PEMFC. It should be noted that a large size of the water gas shift reactor is 

the main problem of PEMFC systems for automotive applications, but not for 

stationary applications (Zalc et al., 2002). 
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For LT-PEMFCs, they are operated at low temperatures and requires the 

reformate fuel with less CO to avoid catalyst poisoning. The content of CO in a 

hydrogen feed for LT-PEMFC is limited to be less than 10 ppm. Therefore, both 

water gas shift and preferential oxidation (PROX) processes are added to the fuel 

reforming process for the LT-PEMFC system. Typically, the fuel processing system 

for LT-PEMFCs is demonstrated in Figure 9.1(c). In the WGS reactor, CO is reduced 

and at the same time, more hydrogen is also generated. Nonetheless, the reformate gas 

obtained from this process still has CO exceeding the acceptable level of LT-PEMFC. 

Therefore, the reformate gas should be further treated by the PROX reactor to reduce 

the concentration of CO to a satisfactory level. However, the oxidation reaction 

occurred in this process is the cause of hydrogen loss and parasitic loss from a 

compressor for feeding air to the reactor. 
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Figure 9.1 PEMFC system integrated with a fuel processing process for stationary 

application: (a) HT-PEMFC with only a steam reformer (case 1), (b) HT-PEMFC 

with a steam reformer and a water gas shift reactor (case 2) and (c) LT-PEMFC with a 

steam reformer, a water gas shift reactor and a preferential oxidation reactor (case 3). 
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Apart from the CO purification process, the main difference between the LT-

PEMFC and HT-PEMFC systems involves the use of a humidifier unit.  Due to the 

fact that HT-PEMFC can be operated at dry condition, the humidification is 

unnecessary for this type of PEMFC, but the reactant feed needs to be humidified in 

the case of LT-PEMFC to prevent drying out of a Nafion membrane. However, the 

humidifier can be removed from the anode side of LT-PEMFC when operated by 

using the reformate gas because the reformate gas from the reforming process is 

saturated with water.  

The designed condition of PEMFC investigated in this study is shown in Table 

9.1. The target power output of both LT-PEMFC and HT-PEMFC system for 

stationary applications are about 3 kW. The main purpose is to produce electricity for 

small household. For heat management of PEMFC stack, the cell temperature is 

typically controlled by water cooling. Due to the low quality of heat recovered from 

released heat from the fuel cell, the obtained hot water is considered to be used for 

boiler heating system in a small household combined heat and power system. 

Table 9.1 The designed condition of PEMFC for stationary application 

 Stationary application  (household) 

 Power output 3 kW 

 Heat integration between 

fuel cell and fuel processing 

Included 

 Water recovery Included 

 Type of reforming process SR 

 Cogeneration system Included 
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9.3 Description of system modeling  

In this study, the thermodynamic model of a reforming process and the 

electrochemical model of PEMFCs are employed to investigate the performance and 

efficiency of combined glycerol fuel processor and PEMFC systems.  

9.3.1 Fuel processing 

The equilibrium composition of a reformate gas obtained from the steam 

reforming of glycerol is calculated from the direct minimization of Gibbs free energy. 

The external heat used to maintain the glycerol reformer at isothermal condition is 

determined by considering the enthalpy change between reactants and products of the 

reformer when inlet and outlet temperatures are equal to the reforming temperature. 

The WGS reactor is also modelled as an equilibrium reactor and its operating 

temperature is specified at 473.15 K (Chen et al., 2008). The reaction occurring in the 

WGS reactor involves a water gas shift reaction. For PROX process, the conversion 

reactor is chosen to model this reactor. It is operated at the oxygen to CO ratio of 1.5 

and temperature of 423.15 K. The CO conversion is fixed at 95% (Hu et al., 2010) 

and the remaining oxygen will react with hydrogen. In addition, the sequentially two 

stages of the PROX reactor are applied, for this work, to reduce the CO concentration 

lower than 10 ppm in case of the LT-PEMFC system. 

9.3.2 PEMFC 

The basic relation of voltage and current density for PEMFC is described in 

Eq. (9.1). The cell voltage ( cellE ) can be calculated by subtracting the reversible cell 

potential ( rE ), the maximum voltage that can be achieved by a fuel cell at specific 

operating condition, by various voltage losses. 

ohmiccact,aact,cell ηηηEE r       (9.1) 
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where aact,η  is the activation loss at the anode, cact,η  is the activation loss at the 

cathode and ohmicη  is ohmic loss. For LT-PEMFC, the electrochemical model is 

validated with the experimental data (Yan et al., 2006) and the model parameter 

which is used to calculate activation loss at the cathode is presented and compared 

with LT-PEMFC in Table 9.2. The detail of voltage loss model used in this study can 

find in Table 9.3. Due to the fact that the fuel used at the anode is reformate gas, CO 

poisoning effect is included in the model of both HT-PEMFC and LT-PEMFC. The 

concentration of hydrogen and oxygen at catalyst surface is determined from Stefan 

Maxwell equation Fick’s law is used to represent diffusion model of the reactant in 

gas diffusion layer and film electrolyte (Mamlouk et al., 2011).  

Due to the fact that the fuel used at the anode is a reformate gas from the fuel 

processor section, the effect of CO poisoning is included in the anode activation loss 

model of both the HT-PEMFC and LT-PEMFC. The CO poisoning model of LT-

PEMFC, which is proposed by Bhatia et al.(2004), is used in this work. For HT-

PEMFC, the CO poisoning model is developed from experimental data reported by Li 

et al. (2003) to explain a CO poisoning effect on HT-PEMFC in case of the reformate 

gas containing high CO content (3-10%). The detail model of HT-PEMFC and LT-

PEMFC including CO poisoning model can be found in Chapter IV (Mathematical 

model). 

The power output of fuel cell ( FCP ) can be calculated from current density ( i ) 

and cellE  as follows: 

cellFC EnAiP         (9.2) 

where  A  is cell active area and n  is the number of cell. 
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9.3.3 Auxiliary units 

 To supply fuel for fuel processor and PEMFC, pump and compressor are used 

as auxiliary unit. Therefore, the required power from pump and compressor is taken 

into account for calculating the system efficiency when the efficiency of pump and 

compressor are specified at 0.7. Furthermore, the heat management in the integrated 

systems is carried out by using heat exchanger and burner. The heat from product 

streams of the reformer and the anode and cathode off gases are recovered by using 

the heat exchanger. The recovered heat will be utilized to preheat and vaporize water 

for the glycerol reformer. An amount of energy recovered from the heat exchanger is 

calculated from the enthalpy change between the inlet and outlet of hot and cold 

streams. To keep cell temperature at desired level, water is used as a cooling medium 

to remove excess heat from PEMFC.  The heated water is considered the valuable 

product to use in boiler heating system for cogeneration system. The heat recovery 

from cell can be calculated in Eq. (9.3).  

FCoutc,outc,outa,outa,inc,inc,ina,ina,thermal PHmHmHmHmQ   (9.3) 

For LT-PEMFC system, the humidifier is needed to provide humid air for 

cathode side and the calculation of heat required for this unit is described in Eq. (9.4). 

inO,HinO,Hinair,inair,outair,outair,hum 22
HmHmHmQ     (9.4) 

9.3.4 System efficiency 

Considering heat integration between PEMFC and reforming process, a 

required energy for the reforming process is partially supplied by the heat recovered 

from the anode and cathode off gases. The system efficiency is calculated by Eq. 

(9.5). 

recrefglycerolglycerol

parasiticFC
sys  QQLHVm

PP







             (9.5) 
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where glycerolm  is the molar flow rate of glycerol used for producing hydrogen. 

glycerolLHV is lower heating value of glycerol. refQ is energy required for the steam 

reforming process accounts for the heat of vaporization, sensible heat to heat up the 

reactants to the desired temperature and the heat needed for maintaining the reformer 

at an isothermal operation level. recQ is the recovered heat from anode and cathode off 

gas as well as high temperature product gas coming out of the glycerol reformer. 

parasiticP is the required power used in auxiliary units, namely compressor and pump. 

Without the integration, recovered heat term ( recQ ) is only the heat recovery from 

high temperature product gas coming out of the glycerol reformer. 

For cogeneration system, both electrical and thermal output is considered in 

calculation of cogeneration system efficiency which is shown in Eq. (9.6). The 

thermal output is the released heat from cell which is used for boiler heating system. 

recrefglycerolglycerol

thermalparasiticFC
cosys,  QQLHVm

QPP







     (9.6) 

Furthermore, due to the fact that the fuel processor consumes water, while the 

fuel cell produces some, the water balance between recovered water from the fuel cell 

exhaust gas and the required water of reforming process is calculated in this work. 

9.4 Results and discussion 

9.4.1 HT-PEMFC and LT-PEMFC performances 

9.4.1.1 Pure hydrogen operation 

Figure 9.2 shows the performance of HT-PEMFC and LT-PEMFC running on 

pure hydrogen and air. Under the atmospheric pressure operation, the simulation 

results show that the LT-PEMFC has a higher performance, compared with the HT-

PEMFC at current densities lower than 6000 A m-2. Low oxygen permeability and 

strong phosphate adsorption (phosphoric acid is required for HT-PEMFCs operation) 
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are the main reasons for the observed slower oxygen reduction kinetics in HT-

PEMFCs cathodes even at the higher operating temperature.  

However, the performance of the HT-PEMFC improves significantly and 

becomes comparable to that of LT-PEMFC when the fuel cell pressure is increased to 

3 atm. Increasing the operating pressure causes in higher hydrogen and oxygen partial 

pressure resulting in enhanced kinetics and mass transport. The increase in pressure 

has larger impact on the HT-PEMFCs in comparison to the LT-PEMFCs due to the 

lower permeability of oxygen in phosphoric acid in comparison to that in Nafion.  

 

Current density (A/m2)

0 2000 4000 6000 8000 10000 12000 14000 16000

V
ol

ta
ge

 (V
)

.2

.4

.6

.8

1.0

1.2

HT-PEMFC
LT-PEMFC

Pure hydrogen : 1 atm (solid line) and 3 atm (dash line)

0

0

0

0

 

Figure 9.2 The Polarization curve of HT-PEMFC and LT-PEMFC at pure hydrogen 

operation. 
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Figure 9.3 The Polarization curve of HT-PEMFC and LT-PEMFC at reformate 

operation. 
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9.4.1.2 Reformate gas operation 

A reformate gas that is derived from the glycerol steam reforming process 

contains H2, CO, CO2, CH4, H2O and some trace of N2 (in case of applying a PROX 

unit in the glycerol processor). The operating condition of the glycerol processor is 

chosen by considering the operational constraints (i.e., CO contamination) of HT-

PEMFCs and LT-PEMFCs (see Table 9.4). The corresponding hydrogen fraction 

from the glycerol processor is given in Table 9.4 for both HT-PEMFC and LT-

PEMFC systems. The CO fraction coming from PROX in the glycerol processor at a 

desired condition is lower than 10 ppm in case of LT-PEMFC system. For HT-

PEMFC system without the WGS reactor (case 1), the optimal condition of the 

reformer providing the highest system efficiency is used in this study when CO 

fraction is about 7%. Considering the HT-PEMFC system including the WGS reactor 

(case 2), the CO fraction in the synthesis gas obtained from the WGS reactor operated 

under the defined reformer and WGS reactor conditions is lower than 0.1%. The 

resulting hydrogen fraction in the anode feed can be classified as follows: HT-

PEMFC (case 2) > HT-PEMFC (case 1) > LT-PEMFC (Table 9.4).  

From the simulation result in Figure 9.3, it can be seen that when operated at 1 

atm, the HT-PEMFC system without a WGS reactor (case 1) has the same 

performance as that with the WGS reactor (case 2) at a low current density operation. 

However, the performance of the HT-PEMFC without a WGS reactor decreases 

sharply at high current densities because of poisoning effect of the increased CO 

concentration in reformate gas towards the end of the anode channels at high current 

densities (hydrogen is consumed). For LT-PEMFC system, superior performance is 

obtained at current densities up to 5000 A m-2 beyond which the cell performance 

drops sharply. At high pressure (3 atm) operation, the HT-PEMFC with a WGS 

reactor shows the highest performance among the studied systems at high current 

density above 4000 A m-2, whereas LT-PEMFC system shows superior performance 

at lower current densities known as the kinetic region (see Figure 9.3). The limited 

performance of LT-PEMFC system at high current densities results from CO 

poisoning effect on anode and oxygen starvation at the cathode caused by flooding 

and low oxygen partial pressure (humidified air).  
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Figure 9.4 Voltage loss at reformate operation and cell pressure of 3 atm: HT-

PEMFC system (case2) (black line) and LT-PEMFC (gray line). 

Figure 9.4 shows the individual voltage loss in HT-PEMFC and LT-PEMFC 

operated on the reformate gas. As expected the CO poisoning problem is more 

pronounced in LT-PEMFC than HT-PEMFC resulting in larger anode over-potentials 

of LT-PEMFC in comparison to that of HT-PEMFC. The ohmic loss in HT-PEMFC, 

on the other hand, is marginally greater than that in LT-PEMFCs as Nafion exhibits 

higher ionic conductivities at fully humidified conditions. The cathode activation loss 

in LT-PEMFCs is smaller than that of HT-PEMFCs. This is explained earlier due to 

the higher exchange current density at Nafion/Pt interface in comparison to that of 

H3PO4/Pt. As cathode current density increases, mass transport limitation in LT-

PEMFCs becomes pronounced at current densities as low as 4000 A m-2 when 

operated with air. The decrease of oxygen partial pressure due to cathode stream 

humidification, cathode flooding and slower oxygen diffusion in the gaseous phase in 

comparison to HT-PEMFCs (higher operating temperature) is the main reason for the 

observed limitation. These behaviors explain why the performance of HT-PEMFC 

surpasses that of LT-PEMFC at high current density (> 4000 A m-2).   
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Table 9.2 Parameter of cathode activation loss at base case operation 

Parameters HT-PEMFC LT-PEMFC 

Cell operating pressure at anode, P  (atm) 3 3 

Cathode reference exchange current density, ref
0,ci  

 (A m-2) 
0.0004 4.210-4 

Anode catalyst surface area, aca ,  (m2 g-1) 64 54 

Cathode catalyst loading, ccL , ( mg cm-2) 0.4 0.4 

Transfer coefficient at cathode, c  0.75 0.45 

Reaction order,   1.375 1.3 

Cathode reference concentration, ref ,cc (mol cm-3) 0.0004 2.0310-7 

Cathode activation energy, ccE ,  (J mole-1 K-1) 72400 66000 

Cathode reference cell temperature, ref ,cT ( K) 373.15 298.15 
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Table 9.3 The individual loss model used in the HT-PEMFC and LT-PEMFC model (Spriner et al., 1991; Bhatia  et al., 2004; Mamlouk et 

al., 2011) 

Parameters HT-PEMFC LT-PEMFC 

Anode activation loss 
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Table 9.4 Supplied hydrogen mole fraction at each unit of HT-PEMFC and LT-PEMFC system at operating pressure of 3 atm 

System 
S/

C 

Reformer 

Temperature 

(K) 

Cell temperature 

(K) 

Glycerol steam 

reforming 

(wet basis) 

WGS 

(wet basis) 

PROX 

(wet basis)

Humidifier/ 

Heat exchanger 

HT-PEMFC : case 1 4 900 448.15 0.3014 - - 0.6513 (RH= 0) 

HT-PEMFC : case 2 2 1000 448.15 0.4135 0.5164 - 0.6882 (RH= 0) 

LT-PEMFC 2 1000 353.15 0.4135 0.5164 0.5076 0.5704 (RH= 1) 
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9.4.2 Comparison of HT-PEMFC and LT-PEMFC system efficiency 

To compare the efficiency of HT-PEMFC and LT-PEMFC systems for small 

stationary application, the power output target is specified at 3 kW and the PEMFC 

systems is operated at pressure of 3 atm. The efficiency of LT-PEMFC and HT-

PEMFC system is investigated at the same power output (3 kW) and voltage (0.65 V). 

The parameters used for efficiency analysis in this work are shown in Table 9.5. The 

main purpose of examining LT-PEMFC and HT-PEMFC for small household 

electricity generation is to determine the system that will achieve the maximum 

possible overall efficiency. In order to improve the system efficiency, the 

cogeneration system of heat and power should also be considered.  The system 

efficiency of individual integrated PEMFC system at full and partial loads (50%, 1.5 

kW) is shown in Table 9.6. It is found that the highest system efficiency is obtained 

when using HT-PEMFC system with WGS reactor (case 2) followed closely by LT-

PEMFCs. While the HT-PEMFC system without the WGS reactor (case 1) provides 

the lowest system efficiency among the studied systems. Without WGS, a higher 

steam to carbon ratio is required to reduce the fraction of CO in the reformate gas and 

thus, high energy is required to generate steam for this system. In addition, in the HT-

PEMFC system (case 1), the reformate gas obtained from the glycerol processor 

contains a lower hydrogen fraction and a higher CO fraction, compared to the HT-

PEMFC system with WGS (case 2). Additionally, the high CO fraction results in a 

large anode activation loss (case 1). When the system is operated at partial load 

condition (1.5 kW), higher efficiency is achieved (from 33 to 37.5% for HT-PEMFC 

case 2) however on the expense of lower power output (50%). In addition, the water 

balance of all the systems shows a positive value even at the half load condition. This 

means water recovered from the PEMFC system is sufficient and exceeds the required 

amount for reformer and humidifier operation (for LT-PEMFC system). 

The system efficiency with and without heat integration between PEMFC and 

reforming process (sys,int and sys,no int ) as well as cogeneration system efficiency 

(sys,co) of individual integrated system are shown in Figure 9.5. It is found that the 

PEMFC system without heat integration between PEMFC and the reforming process 
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provides low overall efficiency around 20-25%. However, the system efficiency 

increases to 28-33% when heat recovered from anode and cathode exhaust gas is used 

to maintain the endothermic reforming process. The results show that this integrated 

system provides higher efficiency than conventional electrical generator like gas 

turbine. The efficiency (based on lower heating value) of glycerol combustion engine 

is around 19- 29% depending on operation condition of gas turbine. In addition, the 

system efficiency increases further to 50-60% (cogeneration system efficiency) when 

released heat during the electrochemical reaction is utilized to heat up water for 

household usage. The released heat from cell and molar flow of produced hot water 

(50 ๐C) are shown in Table 9.7. 

Table 9.5 The parameter used for efficiency analysis of HT-PEMFC and LT-PEMFC 

Parameters Value Unit 

System pressure 3 atm 

Active area 250 cm2 

Number of cell   

 HT-PEMFC (case 1) 115 - 

 HT-PEMFC (case 2) 81 - 

 LT-PEMFC 71 - 

Cell temperature   

 HT-PEMFC  175 ๐C 

 LT-PEMFC 80 ๐C 

Anode stoichiometry 1.25 - 

Cathode stoichiometry 2 - 
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Figure 9.5 The system efficiency with and without heat integration between PEMFC 

and reforming process (sys,int and sys,no int ) as well as cogeneration system efficiency 

(sys,co) of HT-PEMFC and LT-PEMFC. 

Table 9.6 System efficiency and water balance of designed system 

Parameters Full load Partial load 

Power (kW) 3 1.5 

System efficiency (%)   

 HT-PEMFC system (case1) 27.55 30.96 

 HT-PEMFC system (case2) 32.98 37.48 

 LT-PEMFC system 29.03 35.30 

Water balance (mole/s)   

 HT-PEMFC system (case1) 0.0074 0.0033 

 HT-PEMFC system (case2) 0.0076 0.0033 

 LT-PEMFC system 0.0097 0.0040 
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Table 9.7 The released heat from cell and produced hot water (50 ๐C) molar flow rate 

of each system. 

System 

Released heat from 

electrochemical reaction 

(J/s) 

Molar flow rate (mol/s) 

of hot water (50๐C)   

HT-PEMFC system (case1) 3126 1.6618 

HT-PEMFC system (case2) 3080 1.6376 

LT-PEMFC system 3297 1.7530 

9.5 Conclusions 

The system efficiency of HT-PEMFC systems with different fuel processors 

for a small 3 kW stationary application is investigated and compared with a LT-

PEMFC system. The HT-PEMFC system integrates a glycerol reformer with and 

without a CO removal process using a water gas shift reactor. The HT-PEMFC 

system with the water gas shift reactor provides higher performance than the LT-

PEMFC system when using a reformate gas from a glycerol and the fuel cell is 

operated at current density higher 6000 A m-2 or cell voltage < 0.67 V.. Considering 

the system efficiency, it is found that HT-PEMFC system with water gas shift reactor 

shows the highest value, followed by the LT-PEMFC system and the HT-PEMFC 

system without the water gas shift reactor. The highest efficiency obtained from HT-

PEMFC system is approximately 32% and 36% at full load and partial load 

conditions, respectively. Furthermore, the efficiency can be increased up to 60% in 

case of HT-PEMFC system with the water gas shift reactor when the heat generated in 

the fuel cell is used to produce hot water for cogeneration system (household usage). 



CHAPTER X 

CONCLUSION AND RECOMMENDATION 

This work studies on the performance of HT-PEMFC and glycerol reforming 

as well as the integrated system. Thermodynamic analysis of steam and autothermal 

reforming of glycerol from biodiesel production process are investigated as a basis of 

development of a hydrogen production process from renewable resource. Equilibrium 

compositions and thermal efficiency is determined as a function of temperature, 

preheat temperature, glycerol to steam molar ratio, and glycerol to oxygen ratio, and 

to find out an optimal operating condition providing suitable composition of 

reformate gas for HT-PEMFC. Moreover, a steady-state and isothermal model of HT-

PEMFC fed by a reformate gas from glycerol reforming process is developed. The 

flow channel, diffusion and electrochemical model are performed in Matlab to study 

the effect of fuel utilization, inlet temperature and inlet gas composition on the current 

density distribution and efficiency. The performance and efficiency of the HT-

PEMFC system with different fuel processors for stationary application are 

investigated and compared with a LT-PEMFC system. 

10.1 Conclusion 

It is found that the glycerol is a promising fuel source for hydrogen 

production. In comparison with methane, glycerol shows a better performance in 

terms of high hydrogen production and low possibility to carbon formation. However, 

the content of CO2 in the reformate gas and the energy required for the glycerol 

processor should be concerned. Equilibrium compositions of glycerol steam and 

autothermal reforming gas obtained were determined as a function of temperature, 

steam to glycerol ratio, and oxygen to glycerol ratio (in the case of autothermal 

reforming). The results showed that at isothermal condition, raising operating 

temperature and steam to glycerol increases hydrogen yield, whereas increasing and 

oxygen to glycerol ratios causes a reduction of hydrogen concentration. However, 
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high temperature operation also promotes CO formation which would hinder the 

performance of low-temperature fuel cells. The steam to crude glycerol ratio is a key 

factor to reduce the extent of CO but a dilution effect of steam should be considered if 

reforming gas is fed to fuel cells. An increase in the ratio of glycerol to methanol in 

crude glycerol can increase the amount of hydrogen produced. Considering the crude 

glycerol autothermal reforming at a thermoneutral condition where no external heat 

input is required, the maximum hydrogen yield can be achieved at the condition 

having sufficient oxygen to sustain energy for system. The suitable oxygen to glycerol 

ratio is around 0.4-0.7 depending on the purity of crude glycerol. The amount of 

oxygen needed to sustain the autothermal reformer operation is higher when excess 

steam is applied and crude glycerol containing less methanol is used for hydrogen 

production. 

To directly use reformate gas from glycerol reforming for HT-PEMFC, it is 

necessary to keep the CO content of the reformate gas within a desired range. The 

steam reformer should be operated at lower temperatures; however, a high steam to 

glycerol ratio is required. This requirement results in the increasing of the energy 

consumption for steam generation. To determine the optimal conditions of glycerol 

steam reforming for HT-PEMFC, both the hydrogen yield and energy requirements 

were taken into consideration. The operational boundary of the glycerol steam 

reformer is presented and the operation of the reformer at a steam to glycerol ratio of 

11-14 produces the highest reformer efficiency when reformate gas containing 5%CO 

is considered. For glycerol reformer integrated with water gas shift unit, the reformer 

temperature and S/C have an insignificant effect on hydrogen yield and efficiency at 

S/C > 2 and T > 1000 K whereas CO content is lower than limitation of HT-PEMFCs 

at all operational range.  

Furthermore, the efficiency and output power density of an integrated HT-

PEMFC system and glycerol reformer is studied. The effects of reformer temperature, 

steam to carbon ratio (S/C), fuel cell temperature, and anode stoichiometric ratio were 

examined. An increase in anode stoichiometric ratio will reduce CO poisoning effect 

at cell’s anode but cause lower fuel utilization towards energy generation. High S/C 

operation requires large amount of the energy available, however, it will increase 
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anode tolerance to CO poisoning and therefore will lead to enhanced cell 

performance. Consequently, the optimum gas composition and flow rate is very 

dependent on cell operating current density and temperature. For example, at low 

current densities, similar efficiencies were obtained for all the S/C ratio studied range 

at cell temperature of 423.15 K, however, at cell temperature of 448.15 K, low S/C 

ratio provided higher efficiency in comparison to high S/C ratio. High S/C is essential 

when operating the cells at high current densities where CO has considerable impact 

on cell performance. Optimal conditions that provide maximum power density at a 

given efficiency are reported.  

 The performance and efficiency of a HT-PEMFC system integrated with a 

glycerol steam reformer with and without a water gas shift reactor for stationary 

application is carried out and compared with a LT-PEMFC system. The HT-PEMFC 

system shows good performance over the LT-PEMFC system when operated under a 

low current density condition (lower than 6000 A m-2). The high concentration of CO 

is the major problem for operation of the HT-PEMFC system without the water gas 

shift reactor at high current density, whereas the LT-PEMFC suffers from the CO 

poisoning effect and the low oxygen concentration. Considering the system efficiency 

the power and heat generation are taken into account, the HT-PEMFC system with the 

water gas shift reactor in the glycerol processor shows the highest overall system 

efficiency (approximately 60%). 

In conclusion, to apply a HT-PEMFC system for stationary application, the 

steam reforming process is appropriate for use in hydrogen production. The optimal 

conditions that provide high hydrogen yield and acceptable CO concentration for the 

HT-PEMFC system without a WGS reactor is the reformer temperature of 900 K, S/C 

ratio of 4 and anode stoichiometric ratio of 1.3 when the HT-PEMFC is operated at 

temperature of 448.15 K. However, the highest system efficiency can be achieved 

when the WGS reaction is included in the HT-PEMFC system and the glycerol steam 

reformer is operated at the S/C of 1-2 and the temperature of 1000-1200 K.  
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10.2 Recommendation 

1) In this study, the reformate gas is fed to HT-PEMFC at dry condition. 

However, it is found from the literature that water content in hydrogen feed can 

enhance CO tolerance of HT-PEMFC because the water gas shift reaction can occur 

at operational temperature range of HT-PEMFC and thus CO content reduces. 

Therefore, the effect of water content on HT-PEMFC performance at reformate gas 

operation should be study in detail to find out the alternative option to improve cell 

performance. 

2) In general, a design task for fuel cell systems depends on their applications 

and desired efficiency. In this study, the design and analysis of HT-PEMFC system 

for stationary application has already investigated. However, the design fuel processor 

for automotive application, which is not studied yet, should be examined. In addition, 

the future work should focus on economic analysis of HT-PEMFC system for each 

application.  
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APPENDIX A 

PARAMETERS AND CONSTANTS OF HT-PEMFC  

The solubility ( dissolved
iC ) and diffusion coefficient (Di) can be calculated from 

the correlation reported by Mamlouk et al. (2011) as follows: 
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A and B are pre-exponential factors (given in Eqs. (A.3) and (A.4)), Ea is the 

diffusion activation energy, and ΔH is the enthalpy of solution. Both Ea and ΔH 

change with the concentration of phosphoric acid. 
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 WA 76593087.1exp72830000024992.0     (A.4) 

The activation energy in phosphoric acid and the enthalpy of solution at 

different acid weight concentrations (W) can be calculated from the following 

correlation. 

376.759642142857.1570116071428.0 2  WWEa   (A.5) 

786.224495179.748371429.0003125.0 23  WWWH  (A.6) 
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The acid weight concentrations (W) is was obtained from concentrations as 

mole percent (X) using 

XX

X
W

18016.0016.1898.0
98


      (A.7) 

X is calculated from log (PmmHg) and 1/T (valid from 120 to 180 oC). 

  32
2

1 )log()log( gPgPgX       (A.8) 

Where: 

97517454.99/6253.30786)/1(439.3301976)/1(7.107489083 23
1  TTTg  

3506443.478/3432.159050)/1(36.17025276)/1(4.571882856 23
2  TTTg  

0823368.931/8321.427861)/1(75.57770551)/1(2563470201 23
3  TTTg  

A summary of ka and kb constants for Eqs.(4.66) and (4.67) is tabled below: 
ak0  9.6082 bk0  26300 
ak1  0.0002 bk1  0.62 
ak2  −0.0132 ak2  −39.7 
ak3  0.2257 bk3  527 
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