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ABSTRACT 

The construction sector is responsible for 20% of Greenhouse Gas (GHG) emissions, of which 

diesel-powered construction equipment are large contributors. Currently there are many on-

going Fuel Cell (FC) powered construction equipment projects as it is seen as an attractive 

option to power the futures zero-emission heavy-duty machines. Although an attractive 

alternative, hydrogen FC has drawbacks such as releasing liquid water and water vapor via 

the exhaust as a byproduct which in their working environment can cause a suite of issues. A 

gap in the literature on the water exhausted is present and therefore this degree project seeks 

to investigate the amount, and ratio, of liquid water and water vapor released from three 

typical construction equipment drive cycles which would allow further investigation on 

appropriate management. The method used for this degree project was to modify a pre-made 

model in Simulink built with Simscape blocks. The model was modified to represent a FC 

system used in a test-rig by implementing experimental and measured data for design and 

operating parameters. Different pressures, temperatures, and cathode inlet Relative 

Humidity (RH) were investigated to find their effect on the performance and water in the 

exhaust. A sensitivity analysis of different unknown parameters was also conducted to 

understand their influence on the results. For the reference case, the results showed that for 

an articulated hauler, the water in the exhaust was 26% liquid which translates to 8.6 kg for a 

1-hour drive cycle. The crawler excavator and wheel loader, both had 30-minute drive cycles 

and had 1.1 kg liquid water with a liquid water ratio of 7% and 0.7 kg liquid water with a 

liquid water ratio of 5% in the exhaust respectively. For a full 8-hour workday with two 

parallel FCs connected, the articulated hauler liquid water amount is 137.6 kg, the crawler 

excavator 35.2 kg, and the wheel loader 22.4 kg. Overall, it was found the liquid water ratio 

could be changed to a large extent with different operating parameters, where the 

temperature had the greatest influence. The system and stack efficiencies did not change 

considerably with different operating parameters, meaning that the total water in the exhaust 

remained similar for the different respective drive cycles. 

 

Keywords: PEM fuel cell, Simulink, Simscape, construction equipment, exhaust water, 

liquid water, vapor water, performance 
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SUMMARY 

The construction sector is responsible for roughly 20% of the global GHG emissions, with a 

big share of them being released from burning fossil fuels in internal combustion engines. If 

the global emissions are to decrease, alternative methods to power the construction sector 

needs to be investigated. A promising alternative to diesel-powered construction equipment 

is FC-powered machines. Because of their high specific energy density, good energy efficiency 

and fast charging time, FCs are more suitable to heavy-duty vehicles than for example 

batteries, which are more suitable for passenger and light-duty applications. A common way 

to fuel FCs is through hydrogen, which has a property that is critical to achieve 

decarbonization of the transport sector, the products of fuelling a FC with hydrogen are only, 

electricity, heat, and water. The most common fuel cell technology used in heavy-duty 

vehicles is polymer electrolyte membrane (PEM) FCs, due to their high efficiency, high power 

density and small size. Releasing large quantities of water can however be problematic in 

certain environments, such as construction sites, with possible problems such as mobility 

issues related to for example mud or ice, or increased corrosion of machines and equipment 

due to the higher humidity in the air. This study therefore aims to investigate how much 

liquid water and water vapor that is expelled through the exhaust of a PEM FC for different 

operating conditions to quantify the amount for further studies. The system investigated 

consists of a PEM FC stack and auxiliary components such as air compressor, humidifier, and 

turbocharger. 

A comprehensive review of relevant literature was undertaken to gain knowledge of 

important elements when modelling FCs, and to grasp which phenomena that may occur in a 

FC to include in the model, and which could be safely neglected without impacting the 

results. The current study was built on a pre-existing model of a PEM FC system developed 

by MathWorks in the Simulink Environment. The system was modelled to be 0-D, dynamic 

and semi-empirical. The model was further developed to resemble the investigated system, 

some components were modified, while components such as a turbocharger was added to the 

model. Experimental data such as FC performance and operating parameters were provided 

by Volvo CE and was used to validate the performance of the FC and the calculations for 

liquid water amount. 

Since a lot of parameters were unknown, a sensitivity analysis was conducted to understand 

how the unknown parameters affects the system. The parameters used in the sensitivity 

analysis were the cathode and anode pipe diameters, the humidifier heat exchange efficiency, 

the turbocharger isentropic efficiency, and the cathode inlet RH. From the sensitivity analysis 

it was found that the cathode pipe diameter and turbocharger isentropic efficiency had the 

largest impact on the liquid water amount in the exhaust. Having a smaller cathode diameter 

severely increased the liquid water amount, which underlines the importance of correctly 

identifying and inputting the values in the model. The cathode inlet RH was investigated due 

to a large error found in the validation for the water collection in the humidifier, but the 

sensitivity analysis showed minimal improvements. 

 



  

 

From the modified model, the results of the liquid water, liquid water ratio, water vapor and 

system and stack efficiency were extracted from simulating three different typical drive cycles 

for different construction machines. The drive cycles had different simulation times, where 

the articulated hauler had a 1-hour drive cycle, which resulted in 26% of the water in the 

exhaust being in liquid phase, which represented 8.6 kg liquid water. Both the crawling 

excavator and the wheel loader had 30-minute drive cycles. The results for the crawling 

excavator were 7% liquid water, which was 1.1 kg and the wheel loader had 0.7 kg liquid water 

meaning that 5% of the total water in the exhaust was in liquid phase. The actual amount of 

liquid water for two parallel connected FC and 8-hour workdays, which is the conditions of 

the real-life application, is for the articulated hauler 137.6 kg, the crawler excavator 35.2 kg, 

and the wheel loader 22.4 kg. By changing the operating parameters such as the cathode and 

anode pressure, stack temperature and inlet cathode RH showed that the temperature had 

the largest influence on the liquid water amount with changes as large as 60% more liquid 

water by decreasing the average stack temperature 7°C for the articulated hauler, while 

increasing the temperature 7°C resulted in 46% less liquid water. The inlet cathode RH in 

most cases had a negligible influence which is attributed to the lumped modelling approach. 

Changing parameters did not significantly affect the stack or system efficiencies, meaning 

that for the respective drive cycle, the total water amount did not change considerably with 

different operating conditions.   

The model was able to predict the performance of the FC in a satisfactory manner. Improved 

accuracy could have been obtained had phenomena in the model been modelled more 

thoroughly. For the scope of this degree project, the accuracy of the model was assessed to be 

satisfactory. The model was able to predict the total amount of liquid water of a specific drive 

cycle with good accuracy but looking at each component in which liquid water condensed, 

some inaccuracy was observed. This inaccuracy could be a result of the chosen method of 

modelling the humidifier. Additional inaccuracies could be caused due to the humidifier 

model only collecting liquid water at higher power levels. The reliability of the model could be 

further improved by extending the validation data. Only the liquid water amount for one 

drive cycle was available for validation and to improve the reliability of the model, data for 

additional drive cycles or data for water vapor is needed.
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NOMENCLATURE 

Symbol Description Unit 

A Cross-sectional area of flow [m2] 

C Thermal capacitance [J/K] 

cv Water concentration [-] 

DW Diffusivity of water vapor [m2/s] 

E Energy [Wh] 

F Faraday’s constant [C/mol] 

h Enthalpy [J/kg] 

i Current density [A/cm2] 

iL Limiting current density [A/cm2] 

io Exchange current density [A/cm2] 

L Distance [m] 

ṁ Mass flow rate [kg/s] 

n Number of electrons transferred per reaction [-] 

nd Electro-osmotic drag coefficient [-] 

Ndrag,Diff Water diffusion [mol/cm2*s] 

Ndrag,EOD Electro-osmotic drag [mol/cm2*s] 

P Power [W] 

p Pressure [Pa] 

Q Heat [W] 

R Universal gas constant [J/mol,K] 

ROhm Ohmic resistance [Ω] 

T Temperature [K] 

V0 Reference potential [V] 

VAct Activation losses [V] 

VConc Concentration losses [V] 

VNERNST Thermodynamic potential [V] 

VOhm Ohmic losses [V] 

α Charge transfer coefficient [-] 

Δp  Pressure difference [Pa] 

δThick Membrane thickness [cm] 

μ Dynamic viscosity [N*s/m2] 

σ Membrane conductivity [1/Ω*cm] 

 



  

 

ABBREVIATIONS 

Abbreviation Description 

AC Alternating current 

BoP Balance of plant 

CCL Cathode catalyst layer 

CO2 Carbon dioxide 

DC Direct current 

EOD Electro-osmotic drag 

FC Fuel cell 

GHG Greenhouse gas 

H2O Water 

MC Molten carbonate 

MEA Membrane electrode assembly 

OER Oxygen excess ratio 

PA Phosphoric acid 

PEM Polymer electrolyte membrane 

RH Relative humidity 

SO Solid oxide 
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1 INTRODUCTION 

Fossil energy has been intensively utilized over several decades for economic growth in 

almost all sectors such as manufacturing, agriculture, and transportation (Ben Jebli & Ben 

Youssef, 2017) . As the world has relied on fossil fuels, the concentration of Greenhouse 

Gases (GHG) in the atmosphere has greatly increased which is recognized as being the major 

factor contributing to global warming and undesirable climate change (Raza et al., 2019) 

which has become a worldwide concern due to the impact on the economy, social and natural 

systems of countries (Solaymani, 2019). 

The construction sector accounts for approximately 20% of the global GHG emissions (ERA 

& CNG, 2019) where the primary emissions are released by diesel-powered construction 

equipment during the construction phase, namely the site preparation, foundation work, 

road construction and maintenance of large infrastructure (Fan, 2017). An alternative to 

reduce the carbon dioxide (CO2) emissions in the construction and mining sector is to 

replace hydrocarbon-powered off-road heavy-duty vehicles with fuel cell (FC) powered 

vehicles (Ahluwalia et al., 2022). There are currently demonstration projects for construction 

equipment powered by hydrogen FCs, and a few of the published projects are; JCB’s 20-

tonne excavator (JCB, 2020), SANY’s mixer and dump truck powered by 110-kW hydrogen 

FC systems (REFIRE, 2020; SANY, 2021), Hyundai Construction Equipment’s 14-tonne 

wheeled excavator (Hyundai CE, n.d.). Volvo Construction Equipment started testing a 

prototype hydrogen powered articulated hauler, the Volvo HX04 (Volvo CE, 2022).  

FCs are an attractive option and more suitable option for heavy-duty vehicles compared to 

batteries which are more suitable for passenger and light-duty applications due to FCs having 

a higher specific energy density, good energy efficiency, faster charging times and higher 

torque (Camacho et al., 2022; Padgett et al., 2020). Often hydrogen is used to fuel the FCs, 

which storage has the advantage of being lighter and needing less space compared to 

batteries (Camacho et al., 2022). Hydrogen itself is a critical energy carrier to achieve current 

and future decarbonization goals (Ahluwalia et al., 2022) and hydrogen FCs are an attractive 

technology to power zero-emission heavy-duty vehicles (Padgett et al., 2020) as there is no 

CO2 emissions with the only products during operation being electricity, heat, and water 

(Department of Energy, n.d.-b). Commercially, polymer electrolyte membrane (PEM) FCs are 

mostly used for heavy-duty FC trucks because of their high efficiency, high power density, 

and small size (Camacho et al., 2022). 
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The water exhaust from operating a hydrogen FC, like a PEM FC, can create several 

problems. A lot of issues can come from the liquid and water vapor in the exhaust outlet, and 

a few of the problems are presented below: 

• If the ground layer in the worksite is soil, the liquid water exhaust can incorporate with the 

soil and create mud which can cause mobility issues for personnel and machines. 

• Low ambient temperatures can cause water freezing in various inappropriate locations, such 

as the ground causing mobility issues. 

• Releasing steam and liquid water in a closed environment can cause foggy conditions which 

can cause a reduction in visibility and complicate the working environment. 

• A higher humidity in the ambient air can also cause more corrosion on various equipment and 

machines exposed to the higher humidity. 

• Discharging liquid water in worksites can also be inconvenient due to a build-up of water 

quantity in the worksite over time. 

As the water exhaust product can ensue several issues during operation it is important to 

manage it as efficiently as possible in areas where management is necessary. There is a lack of 

studies regarding appropriate handling of the water outlet at the exhaust of a vehicle powered 

with hydrogen FCs, which can become an issue for heavy-duty off-road equipment and 

machinery in construction and mining applications. This degree project therefore seeks to 

investigate and identify the water exhaust characteristics for PEM FC-powered heavy duty 

off-road vehicle with different working loads and conditions, allowing further work in the 

appropriate handling of the exhaust.  

1.1 Background 

1.1.1 Construction equipment 

Activities for off-road construction equipment are many and a few examples are digging, 

loading, hauling, backfilling, compaction and lifting. Equipment with different activities will 

have different work conditions and requirements, which will influence their time operating 

under different load conditions and engine status (Fan, 2017). There are many different kinds 

of construction equipments avaiable to the market, each one designed and constructed to 

meet the demands of different work sites, load and job conditions. For example, Volvo CE 

produces and offers many different types of construction equipments of different categories 

ranging from wheel and crawler excavators, rigid and articulated haulers, and wheel loaders 

and many more as can be seen in figure 1 below. As work sites conditions differ from site to 

site, each of the construction equipment categories offered by Volvo CE have an expanded set 

of different models ranging in size for different work site and load conditions. 
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Figure 1 - Volvo CE different categories of construction equipment (Volvo CE, n.d.) 

When it comes to construction and heavy-duty equipment, diesel engines have become the 

preferred engine type. It offers many advantages that make it suitable for the mentioned 

applications, such as a high efficiency, good durability, and reliability as well as a low 

operation cost (Reşitoğlu et al., 2015). Diesel engines are however, as explained by ERA & 

CNG (2019), the primary source of GHG emissions originating from the construction sector. 

During ideal operating conditions, the exhausts generated from a diesel engine would only be 

composed of CO2 and H2O. Ideal conditions are not possible to achieve since factors such as 

air to fuel ratio and combustion temperature among others all affect the quality of 

combustion (Mohd Nawi et al., 2020). The exhaust of a diesel engine by weight percentage is 

typically composed of approximately 75.2% nitrogen, 15% oxygen, 7.1% carbon dioxide, 2.5% 

water and 0.09% of other pollutants and particle matters (Tschoeke et al., 2010) caused by 

incomplete combustion (Reşitoğlu et al., 2015). Reşitoğlu et al. further mentions that these 

emissions are not only harmful to the environment but can cause severe health problems to 

humans as well and describes that the risk of suffering of lung disease, cancer, and other 

serious illnesses are all increased by contact with these substances. Figure 2 shows the 

percentage division for the exhaust composition of a diesel engine on a weight basis. 

 

Figure 2 - Diesel engine exhaust compensation, weight basis. Reconstructed with data from Tschoeke 

et al., (2010). 
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1.1.2 Hydrogen: Properties, storage and demand 

Hydrogen is a colourless, odourless, and nontoxic gas at standard pressure and temperature 

conditions. It is also the most abundant element in the universe, but due to it being highly 

reactive, it is mostly found in compounds with other elements (Zhang et al., 2014). IEA 

(2021a), describes that the global demand for hydrogen has increased rapidly in the last 

twenty years and that this demand comes almost entirely from the refining and industrial 

sectors. IEA (2021b), predicts in their Net Zero by 2050 scenario that more than 500 Mt of 

low-carbon hydrogen is produced annually by 2050, 60% of which is produced by water 

electrolysis. The scenario also predicts that the future total demand for hydrogen could 

increase by as much as six times from today’s value, with new sectors such as transport and 

power generation emerging as users. 

As mentioned above, one of the most promising future applications of hydrogen is in the 

transport sector, with FC driven vehicles emerging on the market. Durbin & Malardier-

Jugroot (2013) describes that gaseous hydrogen has a low volumetric density and since there 

is a limited space to store fuel on mobile applications, there exists a need to somehow 

increase the volumetric energy density of hydrogen, to increase the time between refuelling. 

Two established methods of doing this is compression and liquefaction. The most common 

method of storing hydrogen in mobile application is as a compressed gas, but that too has 

drawbacks. The authors further mention that these mechanical methods of storing hydrogen 

are both energetically and financially expensive, which is why alternative methods of storage 

are researched. 

1.1.3 Fuel cell technology and operation 

A FC uses the chemical energy of either hydrogen or other fuels to generate electricity 

efficiently. The operating principle of a FC is like that of a battery, with the main difference 

being that the FC can generate electricity and heat if fuel is being supplied. (Department of 

Energy, n.d.-b). There are many different types of FCs which are classified based on what 

kind of electro-chemical reaction takes place in the cell, which catalysts is required, operating 

temperature, required fuel and other factors. These characteristics decides which application 

a specific type of FC is appropriate for as they have their individual advantages and 

limitations. Typical FCs are PEM, alkaline, molten carbonate (MC), solid oxide (SO) and 

phosphoric acid (PA) FCs (Department of Energy, n.d.-c). The fuel used, electrolyte, charge 

carrier, operating temperatures and efficiencies for the different FC technologies are 

summarized in table 1 (Kaur, 2022; Olabi et al., 2021).  
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Table 1 - Characteristics of different FC technologies (reconstructed from Kaur (2022); Olabi et al. 

(2021)) 

FC type Fuel Electrolyte Charge 
carrier 

Operating 
temperature 

Electrical 
Efficiency 

PEM FC 𝐻2 Polymer membrane 𝐻+ 50 − 100°𝐶 50 − 70% 

Alkaline FC 𝐻2 Hydroxyl ions 𝑂𝐻− < 100°𝐶 60 − 70% 

MC FC 𝐻2/𝐶𝑂/𝐶𝐻 Molten carbonate 𝐶𝑂3
2− 550 − 800°𝐶 50 − 55% 

SO FC 𝐻2/𝐶𝑂/𝐶𝐻 Ceramic 𝑂2− 700 − 1200°𝐶 60 − 65% 

PA FC 𝐻2 Phosphoric acid 𝐻+ 100 − 200°𝐶 40 − 55% 

 

The PEM FC, as with other FCs, converts chemical energy from a fuel, in this case hydrogen, 

directly to electrical energy. The hydrogen enters the FC from the anode gas diffusion layer 

where it reaches the anode catalyst layer. In the presence of a catalyst the hydrogen molecule 

oxidizes into a positive hydrogen ion and an electron. The PEM separating the anode and 

cathode allows only the positive hydrogen ions to pass through and reach the cathode. Since 

the electrons cannot pass through the PEM as it is not electronically conductive, a negative 

charge is built up in the anode thus creating a voltage difference between the anode and 

cathode. The electrons instead flow to the cathode through an external circuit which when 

connected to a load, generates electricity. At the same time oxygen is introduced in the 

cathode gas diffusion layer where the oxygen is reduced into oxygen atoms in the presence of 

a catalyst. The oxygen atoms combine with the hydrogen ions and the electrons to form water 

in the cathode which releases heat. (Behling, 2013; Djilali, 2007; Fărcaş & Dobra, 2014). Due 

to the low operating temperature of a PEM FC, only a few materials, such as platinum 

possess fitting electrocatalytic activity to be used as a catalyst in the anode and cathode 

(Behling, 2013). A PEM FC has an output voltage of around 0.5 – 0.7 V, which is increased by 

connecting the FC in series via highly conductive bipolar plates, creating a FC stack (Kaur, 

2022). 

The reaction taking place, including the overall reaction from the anode to the cathode are 

represented below. The overall reaction shows that with 1 kg of hydrogen (𝑀𝐻2
≈ 2 𝑘𝑔/𝑘𝑚𝑜𝑙), 

9 kg of water (𝑀𝐻2𝑂 ≈ 18 𝑘𝑔/𝑘𝑚𝑜𝑙) is produced.  

Anode:  𝐻2 → 2𝐻+ + 2𝑒− 

Cathode:  
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 

Overall:  𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 
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Figure 3 shows the general operation of a PEM FC and illustrates a PEM FC assembly, and 

the particle and fluid flows.  

 

Figure 3 - Operation and flow of PEMFC inspired by Fărcaş & Dobra (2014) 

1.1.4 Balance of plant 

Besides the FC stack itself, a FC system includes many auxiliary components. The 

components make up the balance of plant (BoP) and include fuel preparation, air supply, 

thermal management, water management and power converters illustrated in figure 4  (Daud 

et al., 2017). The efficiency of the system is not only dependent on the FC stack but also the 

auxiliary components (Vidović et al., 2022) and improvements to the electrochemical 

reactions can be done by manipulating parameters such as the flow rate of hydrogen and air, 

humidity, stack temperature and avoiding fuel starvation (Daud et al., 2017). 

 

 

Figure 4 – Example of a BoP, inspired by Daud et al. (2017) 
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In the fuel preparation or reactant subsystem, hydrogen and air are fed into the PEM FC 

stack at a specific stoichiometric ratio (Daud et al., 2017). Often the BoP includes a 

humidifier for the inlet air which combines dry inlet air and humid exhaust from the PEM FC 

stack, where produced water can be used to hydrate the PEM. (Department of Energy, n.d.-

a). The air supply system is crucial for a stable and efficient operation of the BoP, as it affects 

the oxygen content of the air which affects the voltage, efficiency and humidity level of the 

stack (Vidović et al., 2022). 

The main purpose of the water management system is to maintain appropriate water use and 

to sustain moisture levels in the membrane. Adequate moisture levels in the membrane 

ensures high proton conductivity within the membrane as well as stability, while too much 

moisture within the membrane may lead to flooding or polarization (Daud et al., 2017; Liu et 

al., 2022), A proper water management system is needed to achieve high efficiency for the 

PEM FC (Vidović et al., 2022).  

The thermal management part of the FC system is an important component, since almost 

half of the energy from the chemical reaction is in the form of heat. It is important to keep the 

stack temperature within a certain range to guarantee that the electrochemical reactions 

occur efficiently as well as ensuring that the membrane remains intact and functional, 

maintain the catalytic ability of the electrodes, and make sure that the materials of the FC 

does not degenerate over time (Daud et al., 2017). To maintain a desirable stack operating 

temperature, heat dissipation from the stack should be implemented where either air or 

liquid cooling can be employed (Zhang et al., 2023).  

The power management system controls the flow of electricity and controls the unstable 

power source from a PEM FC via equipment that processes, filters and deliver the electricity. 

Unstable Direct Current (DC) from PEM FC stacks must be controlled to deliver satisfying 

voltage, current, power quality, and transient demands to the load which could be DC-DC or 

converted to Alternating Current (AC) via DC-AC converters (Daud et al., 2017). 

1.2 Purpose 

The purpose of this degree project is to identify the quantity of liquid water and water vapor 

found within PEM FC-powered off-road heavy equipment applications and create a model 

able to predict the amount, which would allow further studies to identify solutions 

conceptually and practically for the water product management. This will be achieved by 

calibrating and simulating a model of a PEM FC example with a custom Simscape block 

developed in the Simulink environment to provide insight of the exhaust characteristics. 
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1.3 Research questions 

• What are the factors that effects the exhaust characteristics of PEM FCs powering construction 

equipment and what influences the ratio between the liquid and vapor phase of water of the 

exhaust? 

 

• How much liquid water is expelled in the exhaust, and how is the amount of liquid water in the 

exhaust affected by different parameter changes and by how much? 

 

• How is the FC stack and system efficiencies affected by the same parameters changes? 

1.4 Delimitation 

The model chosen for the current study has some limitations. The literature review indicates 

that the exchange current density changes with the temperature and reactant pressures 

which is not captured in the model as it is inputted as a constant value. The activation losses 

are also simplified in the model by neglecting the anode side which by the findings in the 

literature review, is a fair assumption. Additionally, the model does not consider a 

temperature dependent open circuit voltage. These factors do influence the polarization 

curve of the model, and the contribution to the margin of error is unknown. Other limitations 

of the model which are described in the current study disallow a degradation analysis and 

evaluation of feasible actual operating conditions. These limitations have been acknowledged 

and should be taken into consideration when interpreting the results.  

Many parameters of the model are assumed as they are unknown due to confidentiality and 

could contribute to the model not acting as the actual system, also dynamic operating 

conditions were linearly approximated in the model based on experimental data for different 

power loads. There is also limited liquid water validation data, both from literature and 

experimental data, and therefore the validation of the model has been conducted against 

measurements from one drive cycle. The small sample size of the validation makes the 

reliability of the model low and should be more rigorously tested to increase the confidence 

in the validation. Also, no validation of the water vapor exhaust has been conducted due to 

the lack of validation data. 

Many aspects of the model were left as defined by default by the model, such as the cooling 

loop pump and cathode air compressor, both of which were assumed to be isentropic. 

Consequently, the actual parasitic losses from auxiliary components are higher than what is 

found in the result section.  

In the current study only the water condensation occurring in the FC interface will 

investigated, therefore any condensation occurring after the FC exhaust will not be captured 

by the model.   
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2 METHOD 

The following subheadings details the approach of the methodology of this degree project to 

answer the research questions. The methodology includes a description of the literature 

review, data collection, simulation tools, validation of the model and case studies. Beyond 

these parts, appropriate decisions and on-going and active discussion with our supervisor 

will take place. 

2.1 Literature review 

The literature study conducted for this degree project is to review existing literature related 

to similar problems and to investigate FC modelling approaches for FC exhaust 

characteristics, and performance evaluations of previous research. The database used for the 

literature review was MDU library search engine Primo and Google Scholar. A few keywords 

used to obtain the literature was “PEM FC”, “Modelling/simulation of PEM FC/FC system”, 

“Electro-chemical”, “Water/Heat/Mass transportation/balance/management”, 

“Pressure/Temperature on FC performance”. 

2.2 Data collection 

Data for measured performance values of a FC from a test-rig operating at different loads and 

different steady state conditions, and experimental data of the quantity of liquid water based 

on a drive cycle using the same test-rig was received from our supervisors at Volvo CE. Data 

of typical vehicle duty cycles was also received from our project supervisor at Volvo CE. This 

data was used for calibration of the model to validate the performance, to compare the results 

of the model with experimental data. The calibrated model was used to investigate different 

duty cycles in a case study.  

2.3 Simulation tools 

The tool used in this degree project is a Simulink example made with a custom Simscape 

Membrane Electrode Assembly (MEA) block of a PEM FC system developed by MathWorks. 

The Simscape toolbox allows the modelling of multi-domain physical systems (MathWorks, 

n.d.-b), while Simulink is a block diagram environment, where systems can be designed and 

simulated without writing code (MathWorks, n.d.-c).  

The example models a PEM FC stack with auxiliary components such as air compressor, 

humidifiers, and a cooling system in a multi-species gas network. The model shows how to 

model a PEM FC stack and model parameters can be modified to fit the needs of the user. 

The model allows identification of concentration of all gas species in the different branches of 



 

10 

 

the model. The model complexity and detail are high, which is part of the reason why this 

approach was taken to achieve an accurate representation of the studied system.  

2.4 Validation of model 

To validate the FC model performance and exhaust characteristics, experimental data for the 

performance and the liquid water in the exhaust was used. The experiments were done in a 

test facility located at Volvo CE, where the data of the experiments was used for model 

calibration. The liquid water amount in the exhaust, which was the main result of the model 

in the current study, was then compared to the measured values from the test-rig for 

validation. This validation method ensured that the model liquid water amount is 

representative of the studied system. 

2.5 Case studies 

The investigation was then conducted through a set of case studies where different operating 

parameters were varied for three different machines. The operating parameters that were 

varied was the operating pressure, stack temperature and cathode inlet Relative humidity 

(RH). The effect on liquid water and water vapor amount, liquid water share and FC stack 

and system efficiencies was then observed. 
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3 LITERATURE REVIEW 

The literature review provides a comprehensive overview of knowledge and studies on the 

topic of interest. The review begins with an introduction to the process of modelling fuel cells 

and aspects that need to be considered. The second part of the literature review focuses on 

electrochemical, water and thermal modelling of fuel cells and the most common practices 

used in other studies. The third and final part of the literature review focuses on studies that 

are similar, or that can add value to this degree project. Topics of interest include 

performance of FCs under different operating conditions, liquid water concentration within 

the cell and methods which can be applied in this work. Throughout the literature review, 

potential limitations or biases of the studies reviewed studies are highlighted to maintain a 

critical way of working. 

3.1 Modelling fuel cells 

When developing models, an evaluation is needed to define the purpose of the model. When 

the purpose has been defined it is possible to determine the characteristics to include in the 

model. Depending on which characteristics the model includes, the complexity of the model 

can vary greatly. Characteristics that often are discussed are what type of equations used, 

number of spatial dimensions, and how the model behaves in time. 

Blunier et al. (2012) describes how models can be divided into three categories, mechanistic, 

semi-empirical and empirical models. Depending on which category a model belongs to, it 

may be able to handle different levels of complexity. According to Cameron et al. (2001), 

most models in process engineering do not belong entirely to a single category but use a 

combination of prior knowledge and measurements. Ang et al. (2011) and Haraldsson & 

Wipke (2004) highlights the importance of spatial dimensions in models. Describing that a 

model with fewer spatial dimensions is simpler but may not be able to capture more complex 

phenomena that occur. The model's behavior in time is another consideration. Static models 

are suitable when higher spatial dimensions are used to represent physical property 

distributions. On the other hand, dynamic models, incorporating time-dependent differential 

equations, capture transients and are required for applications like vehicular models. Blunier 

et al. (2012) state that dynamic models with multiple spatial dimensions tend to be highly 

complex. 

A FC model typically consists of two or three sub-models. The electrochemical model, 

described by Ohenoja & Leiviska (2009), relates cell voltage to current and determines the 

polarization curve. It employs empirical equations for theoretical maximum voltage and 

voltage losses. When combined with a thermodynamic model, which according to Haraldsson 

& Wipke (2004) encompasses heat transfer and mass balance phenomena, the 

electrochemical model accurately represents FC performance. 



 

12 

 

3.2 Electrochemical model 

Commonly, FC characteristics are expressed in a polarization curve which plots the voltage 

against the current density, where the voltage decreases as more current is drawn from the 

stack. The relation between the voltage and current is found by calculating the cell voltage 

which is the difference between the reversible thermodynamic potential (𝑉𝑁𝑒𝑟𝑛𝑠𝑡) and losses 

(Ziogou et al., 2011). Many authors (Khan & Iqbal, 2005; San Martín et al., 2014; Ziogou et 

al., 2011) have included three voltage losses as seen in equation 1, namely the activation 

(𝑉𝑎𝑐𝑡), ohmic (𝑉𝑜ℎ𝑚) and concentration ( 𝑉𝑐𝑜𝑛𝑐) losses. Some authors have not included the 

concentration losses when calculating the cell voltage, which excludes effects seen from mass 

transports, although the utilization of appropriate parametric equations for the activation 

and ohmic losses, the phenomenon from mass transport can be sufficiently captured (Khan & 

Iqbal, 2005). 

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐        Equation 1 

3.2.1 Thermodynamic potential 

 
The thermodynamic potential can be calculated with the Nernst equation shown in equation 

2 with the partial pressures of hydrogen, oxygen, and water vapor as shown by Spiegel 

(2008) and used by Maleki et al., (2022). The thermodynamic potential is calculated at open 

circuit conditions where 𝑉0 is the reference potential (1.229 V) at standard conditions (298.15 

K, 1 atm). Equation 2 uses the universal gas constant (𝑅), cell temperature (𝑇) and Faraday’s 

constant (𝐹) (Khan & Iqbal, 2005; Maleki Bagherabadi et al., 2022). The open circuit voltage 

can be expressed as being dependent on the temperature by adding the term −8.5 ∗ 10−3 ∗

(𝑇 − 298.15) to equation 2 as Khan & Iqbal (2005) did for their model. Different authors 

have used different variations of the term (Ahmadi et al., 2016; Ali & Aklil-D'Halluin, 2011). 

𝑉𝑁𝑒𝑟𝑛𝑠𝑡 = 𝑉0 −
𝑅∗𝑇

2∗𝐹
∗ 𝑙𝑛 (

𝑝𝐻2𝑂

𝑝𝐻2∗√𝑝𝑂2

)       Equation 2 

3.2.2 Activation losses 

The activation losses, or overpotential, for the anode and cathode side is the voltage 

overpotential required to overcome the energy barrier to enable the electrochemical reaction 

to take place. This loss is dominant in the lower current density regions. Equation 3 shows a 

formula that can be used to calculate the activation loss with the current density per catalyst 

area (𝑖), the number of electrons transferred per reaction (𝑛), universal gas constant (𝑅), 

temperature in K (𝑇) and Faraday constant (𝐹). 𝛼 is the transfer coefficient and is often 0.3 – 

0.7 depending on the activation barrier, usually it is approximated by 0.5. (Spiegel, 2008) 

𝑉𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒 + 𝑉𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =
𝑅∗𝑇

𝑛∗𝛼∗𝐹
𝑙𝑛 (

𝑖

𝑖𝑜
)|

𝑎𝑛𝑜𝑑𝑒
+

𝑅∗𝑇

𝑛∗𝛼∗𝐹
𝑙𝑛 (

𝑖

𝑖𝑜
)|

𝑐𝑎𝑡ℎ𝑜𝑑𝑒
   Equation 3 
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The exchange current density per catalyst area, at equilibrium where the current density is 

zero, is the rate of reaction occurring at the same rate, in both directions (Abdin et al., 2016). 

It is the electrode activity for a reaction at equilibrium (Spiegel, 2008). Spiegel further 

explains that the exchange current density (𝑖𝑜) depends on many parameters such as 

temperature, reactant pressures, catalyst loading, catalyst-specific surface area, a pressure 

coefficient (0.5 - 1) and can be calculated if the reference exchange current density (𝑖𝑜,𝑟𝑒𝑓) is 

known. The higher the exchange current density, which increases with temperature and 

pressure, the less activation losses. The reference exchange current densities at standard 

state (300 K , 1 atm) with a Nafion electrolyte is for platinum catalyst 2.8*10-7 A/cm2 and for 

platinum/carbon catalyst 3*10-9 (Pinto et al., 2018). The 𝑖𝑜 for hydrogen oxidation in the 

anode for a PEMFC is relatively very high compared to the cathode side 𝑖𝑜 (Spiegel, 2008) 

and the activation loss in the anode can be neglected (Khan & Iqbal, 2005; Maleki 

Bagherabadi et al., 2022). 

3.2.3 Ohmic losses 

The ohmic losses occurs from two main charge transports resistances through the fuel cell, 

namely the electron and ionic charge transports. The electronic charge transport is the 

transport of electrons between the electrode and the load. The degree of contact between the 

bipolar, cooling and contact plates due to the FC stack compression and the material 

resistance decides the electronic transport losses. During the ionic charge transport, which is 

more difficult to predict compared to the electronic charge transport, losses occur when the 

hydrogen protons move through the electrolyte (Spiegel, 2008) 

The ohmic losses are proportional to the electrical current in the cell and can therefore be 

defined with Ohm’s Law as seen in equation 4 (San Martín et al., 2014; Spiegel, 2008) where 

𝑖 is the current density (A/cm2), 𝛿𝑡ℎ𝑖𝑐𝑘  is the membrane thickness (cm), and 𝜎 the 

conductivity (Ω*cm)-1. The resistance 𝑅𝑜ℎ𝑚 is mainly the ionic resistance since it is dominant 

in the ohmic losses (Khan & Iqbal, 2005; Spiegel, 2008) 

𝑣𝑜ℎ𝑚 = 𝑖 ∗ 𝑅𝑜ℎ𝑚 = 𝑖 ∗
𝛿𝑡ℎ𝑖𝑐𝑘

𝜎
       Equation 4 

3.2.4 Concentration losses 

The concentration losses are caused by mass transport limitations which occurs at macro and 

micro levels. The macro levels are in the flow fields of the FC where the fuel and oxidant 

move, the mass transport is dominated by convection and laws of fluid dynamics. The micro 

levels describe the fluid dynamics in the fuel cell gas diffusion and catalyst layer where 

diffusion is dominant due to the tiny pore size of the layers. (Spiegel, 2008). Diffusion 

limitations of the surface can be met in these regions with high current densities, which 

means that the oxygen consumed exceeds the oxygen absorption capabilities causing a drop 

in cell voltage and low efficiency operation (Maleki Bagherabadi et al., 2022).  
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Many other authors have used semi-empirical or empirical equations to calculate the 

concentration losses (Ali & Aklil-D'Halluin, 2011; San Martín et al., 2014; Ziogou et al., 2011) 

and as previously stated the concentration losses can be captured via appropriate parametric 

equations for the activation and ohmic losses. Spiegel (2008) shows that the concentration 

voltage losses can be calculated with equation 5  where the limiting current density (𝑖𝐿) is 

defined as when the current density becomes so large that the reactant concentration at the 

gas diffusion and catalyst layer falls to zero, meaning that the current density cannot exceed 

the limiting current density. Spiegel further states that the limiting current density ranges 

between 1 – 10 A/cm2. 

𝑉𝑐𝑜𝑛𝑐 =
𝑅∗𝑇

𝑛∗𝐹
∗ 𝑙𝑛 (

𝑖𝐿

𝑖𝐿−𝑖
)        Equation 5 

3.3 Water transportation in membrane 

Water distribution for a PEMFC have been studied at different levels and typically first 

models developed were steady-state and one-dimensional. Liso et al., (2016) mention two 

notable contributions to modeling membrane water distribution first of which being Springer 

et al., (1991) who developed a so-called diffusive model using Electro-Osmotic Drag (EOD) 

and diffusion. The second notable contribution from Bernardi & Verbrugge (1992) who 

developed a so-called hydraulic model which modelled the water transportation using 

hydraulic permeation. Liso et al., (2016) continue to explain and provide literature to models 

which have been developed with similar approaches to either the diffusive model, hydraulic 

model, or a combination of both, and extended to two- and three-dimensions.  

3.3.1 Electro-osmotic drag 

One of the main water transport forces in a PEM is the EOD. When a hydrogen proton travels 

through the membrane from the anode to the cathode water molecules can be dragged with it 

and an EOD coefficient is used which signifies how many water molecules is dragged by each 

proton moving through the membrane (Dai et al., 2009). The measured EOD coefficient at 

different operating conditions, such as temperature and membrane water content, has seen 

large discrepancies in different literature where the largest difference is seen between liquid 

and vapor hydrated membranes (Dai et al., 2009; Liso et al., 2016) and Dai et al. continue to 

state that the experimental data for the EOD coefficient is still insufficient for better 

understanding of the water balance.  

Many authors (Jiao & Li, 2011; Liso et al., 2016; Mulyazmi et al., 2013; Ziogou et al., 2011) 

have used the formula presented in equation 6 to define the EOD with the EOD coefficient 

(𝑛𝑑), current density (𝑖) and Faraday’s constant (𝐹). The EOD coefficient between the 

literatures is estimated, based on the water activity or the water content, for different 

parametric equations from experimental results where Ziogou et al., (2011) used the water 

content at the anode surface and Mulyazmi et al., (2013) an average of the water activity 

between the cathode and anode as the membrane water activity. 
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𝑁𝑑𝑟𝑎𝑔,𝐸𝑂𝐷 = 𝑛𝑑 ∗
𝑖

𝐹
        Equation 6 

3.3.2 Diffusion 

Water diffusion between the cathode to the anode is due to the water concentration 

differences throughout the membrane. To quantify the significance of diffusion in the total 

water transport of a PEM FC, a water diffusion coefficient is utilized which describes how 

many water molecules diffuse with each proton. The water diffusion coefficient can be 

determined based on many different parameters such as membrane water content, water 

activity, temperature, membrane thickness and outlet pressure (Dai et al., 2009).  

The measurement for different water diffusion coefficients has seen large discrepancies 

throughout the literature although Lizo et al., (2016) further mention that Majsztrik et al., 

(2007) showed that the discrepancies could be correlated. The literature reviewed by 

Majsztrik et al., (2007) showed more than three orders of magnitude differences in the 

measured values for the diffusion coefficient but could generally conclude that water 

diffusivity increased with temperature and membrane water content at low water content.  

The authors del Real et al., (2007) and Mulyazmi et al., (2013) use the similar formulas 

represented by equation 7 to calculate the water diffusion through the membrane. Where 

𝑐𝑣,𝑐𝑎 and 𝑐𝑣,𝑎𝑛  is the water concentration at the cathode and anode side respectively, 𝛿𝑡ℎ𝑖𝑐𝑘 the 

membrane thickness, 𝐷𝑊 is the diffusivity of the water vapor in the membrane. 

𝑁𝑑𝑟𝑎𝑔,𝐷𝑖𝑓𝑓 = 𝐷𝑊 ∗
𝑐𝑣,𝑐𝑎−𝑐𝑣,𝑎𝑛

𝛿𝑇ℎ𝑖𝑐𝑘
       Equation 7 

3.3.3 Other water transportation phenomena 

Other water transportation phenomena are the hydraulic drag, or pressure driven 

permeation which occurs due to pressure differences in the membrane, and thermal-osmotic 

drag which has gained more attention recently and occurs due to internal temperature 

differences in the MEA which in the membrane drives water towards the colder side (Dai et 

al., 2009). Generally, hydraulic permeation is defined via some form of Darcy’s law  (Jiao & 

Li, 2011; Spiegel, 2008; Yi & Nguyen, 1998; You & Liu, 2006) which describes fluid flow rate 

through porous media and how the flow rate has linear relationship with the pressure 

difference between two points and is influenced by many factors including the permeability 

of the media (Xue et al., 2020). 

The hydraulic drag component of the water transport is often seen as unsignificant compared 

to the other previously mentioned components for water transport, although, for applications 

where high pressure is wanted, such as for automotive applications, this effect must be 

considered for the water balance (Dai et al., 2009; Liu et al., 2022). The review paper by Dai 

et al., (2009) suggests that the thermal-osmotic drag component is significant in many 

circumstances for the water profile, and the review paper by Liu et al., (2022) suggests that 

thermal-osmotic drag is insignificant in typical operation conditions, being important in 

cases where there is a temperature distribution in the fuel cell. 
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3.4 Heat generation in stack 

Stack temperature affects many parameters such as electrochemical activity, maximum 

theoretical voltage, and mass diffusion coefficients, and therefore ensuring an adequate 

thermal management system keeping the PEM FC in a favourable and uniform temperature 

operating condition (between 60-80°C) is crucial. A lower stack temperature than 60°C can 

cause issues such as flooding and a higher stack temperature beyond 80°C can result in 

membrane drying, increased ionic resistance and material degradation. (Huang et al., 2022) 

About half of the energy conversion in a fuel cell is converted to heat, and the heat generated 

in a PEMFC can be mainly contributed to irreversible heat of electrochemical reactions 

(~60%), the entropic heat of reactions (~30%), and Joule’s heat of ohmic resistances (~10%) 

and latent heat of phase of water. (Huang et al., 2022). The heat generated by a fuel cell can 

be quantified by comparing the operating voltage with the thermal voltage of a single cell as 

seen in equation 8. (Huang et al., 2022; Zhang et al., 2023) 

𝑄𝑐𝑒𝑙𝑙 = (𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑐𝑒𝑙𝑙) ∗ 𝐼𝑐𝑒𝑙𝑙        Equation 8 

An extensive review paper by Affonso Nóbrega (2023) found that the majority of PEM FC 

system models assumed a homogeneous stack temperature throughout all cells. To solve the 

energy balance for the homogenous stacks, it was common to use a single equation. A general 

form of the single equation is described by Affonso Nóbrega where the change in temperature 

over time is multiplied with the thermal capacitance of the stack, giving the stack a 

temperature inertia (Huang et al., 2022; Liso et al., 2014; Ou et al., 2017). 

3.5 Performance under different operating conditions 

3.5.1 Effects of operating pressure 

Generally, the performance of the FC stack voltage, power and efficiency can be improved by 

increasing the pressure of the reactants (Ahmadi et al., 2016; Chugh et al., 2020; Lu et al., 

2019; Smith et al., 2021; Sun et al., 2020; Wang et al., 2019; Wang & Liu, 2004; Zhang et al., 

2013). 

Ahmadi et al. (2016) tested different anode and cathode pressures experimentally and with 

their 3D model. Increasing the pressure increased the inlet gases flux, due to a higher mass 

fraction and general gas flow, which improves the cell efficiency. The findings of the study 

were that a greater increase of performance was found when the pressure increased from 3 to 

4 bars with only a small performance increase by increasing the pressure from 4 to 5 bars, 

indicating that a cell has an optimal operating pressure. They mention that excessive 

pressures lead to transfer issues at cell outlet, thus reducing the cell performance 

improvements. 
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Similarly, Lu et al., (2019) experimentally found that the most notable performance increase 

was when increasing the back pressure from 0 to 0.5 bars, and a lesser increase when 

increasing from 1 to 1.5 bars. The oxygen concentration increases with increasing pressure, 

which lowers the mass transfer resistance, and the worse performance when increasing the 

back pressure from 1 to 1.5 bars was contributed to the larger mass transfer resistance at 1.5 

bars which indicated flooding related issues. Their 3D-model showed that the water content, 

and therefore the membrane conductivity, increased with increasing pressures which was 

contributed to the water being harder to drain with higher pressures, thus leaving more water 

in the FC. The pressures tested by Lu et al. was not increased to the extent to enable a direct 

comparison to the study conducted by Ahmadi et al. (2016). Although from the findings of Lu 

et al. it can be assumed that the declining performance improvements at higher pressures 

found by Ahmadi et al. is not only due to the transfer issue at cell outlet, but it could also be 

from flooding related issues as a higher pressure did contribute to higher membrane water 

content.  

Wang et al. (2019) investigated different operating conditions including changing anode and 

cathode pressures independently. They found that increasing the cathode pressure increased 

the initial voltage output, explained by a higher oxygen concentration. Increasing the cathode 

pressure does have unwanted effects such as increasing the nitrogen crossover through the 

membrane into the anode side contributing to faster voltage decline as the hydrogen fraction 

is reduced. Further, Wang et al. showed that increasing the anode pressure did not change 

the rate of nitrogen crossover, although it did increase the hydrogen fraction in the anode 

side, thus contributing to lower voltage decline. Overall, increasing both anode and cathode 

pressure showed the greatest improvements with overall increased initial voltage output and 

decreased voltage decline.  

The hydrogen crossover rate is influenced by many factors and is increased with increasing 

pressure on the anode side and stack temperature. Smith et al. (2021) continuous to explain 

that a higher hydrogen crossover rate leads to increased degradation in the membrane 

because of hydrogen peroxide formation. Similarly, Zhang et al. (2013) discusses the positive 

effects from increasing the operating pressure on the fuel cell performance but also mentions 

that a higher pressure has negatives effects on the FC system. Some of the mentioned 

negative effects are higher hydrogen crossover rate, sealing problems, parasitic power loss, 

increased compression cost and enlarged fuel cell system volume. Therefore, using an 

optimal operating pressure to balance positive and negative effects is essential.  

3.5.2 Effects of operating temperature 

The cell temperature of the FC is one of the parameters affecting the overall performance of 

the FC, as the temperature directly affects the humidification of the membrane which affects 

the conductivity of the membrane and thus the losses in the stack (Chugh et al., 2020; Harms 

et al., 2015; Li et al., 2022). How important the cell temperature is for operating the FC in an 

efficient manner is something that has been investigated thoroughly.  
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A study by Wilberforce et al. (2017) investigated the effects of parameters such as cell 

temperature along with humidification and atmospheric pressure on the overall performance 

of a FC. The investigation found that increasing the cell temperature resulted in a decrease of 

activation overpotential, leading to better performance at high temperatures. Extreme 

temperatures affected the activation, ohmic and concentration losses, resulting in higher 

losses. 

Similarly, Chugh et al. (2020) experimentally investigated the effects of changing the cell 

temperature on the performance of a FC. The effect on the cell voltage was then observed. 

The experiments showed that the FC performed better with lower stack temperatures at 

lower current densities, but as the current density increased, a higher stack temperature 

resulted in better FC performance. The authors also observed a drop in activation 

overpotential as stack temperatures increased, which the authors attributed to an increase in 

exchange current density. The study is concluded by stating that the stack voltage was 

observed to increase by 25% when increasing the stack temperature from 50°C to 80°. 

Another study that experimentally investigated the impact of changing the stack temperature 

was performed by Harms et al. (2015). The performance of the stack was evaluated by 

varying the parameters stack temperature, anode and cathode stoichiometry and humidity 

and observing the effects on the stack voltage and single cell. The findings reveal a minor 

impact on the cell voltage caused by the stack temperature, where the voltage of a single cell 

is affected more.  

All three studies show the importance of stack temperature on the performance of the FC. 

The studies all show that an increase in stack temperature could lead to better performance, 

if proper humidification of the membrane is achieved. The studies by Wilberforce et al. 

(2017) and Chugh et al. (2020) both show an increase in FC performance as temperature 

increases while Harms et al. (2015) see a drop in cell voltage at higher temperatures. 

Although the results of Harms et al. seem to contradict the results of Wilberforce et al. and 

Chugh et al. the difference could be related to the humidification of the membrane in their 

studies. Wilberforce et al. and Chugh et al. see a drop in FC performance at extreme 

temperatures, which is attributed by both studies to increasing difficulty to maintain proper 

humidification of the membrane. Chugh et al. also observes a better FC performance at lower 

stack temperatures at lower current densities. They attribute this to the low water production 

from the reaction as a result of the low current density, meaning that the water produced in 

the electrochemical reaction is not able to properly hydrate the membrane at higher 

temperatures. All three studies show that increasing the stack temperature is positive for the 

performance of the FC, as long as the membrane is properly hydrated. However, the difficulty 

of keeping the membrane sufficiently hydrated increases at higher temperatures, due to 

increased evaporation. 
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Higher stack temperatures also affect the degradation of the membrane. A study by 

Mohammadi Taghiabadi & Zhiani (2019) investigated the impact of operating a PEM FC at 

high temperature and pressure. The aim was to see how the operating conditions affected the 

durability of the membrane over a longer period. Through the experiments, Mohammadi 

Taghiabadi & Zhiani were able to show that the operating temperature and pressure at which 

you operate the FC have a consequential effect on the durability of the FC. Comparing the 

maximum power density at the start of the experiments with the final value, they show that 

operating the FC a lower temperature and pressure still reduce performance by 27.1%, while 

operation at higher levels reduce performance by 38.8%. 

Although the study by Mohammadi Taghuabadi & Zhiani (2019) does show that operating 

the FC at higher temperature and pressure levels reduce durability, it is not entirely clear 

which of these two parameters is dominant in the observed effects. It is possible that most of 

the degradation could be caused by either the temperature or pressure increase individually, 

and an investigation of how these operating parameters affect the durability of the FC 

individually could be of value. 

3.6 Quantifying water in PEM FC 

As already mentioned, the reduction of oxygen results in formation of water within the 

Cathode Catalyst Layer (CCL). If the local partial vapor pressure is lower than the saturation 

pressure, the water that is formed will be in vapor phase and no liquid water will be present. 

However, if the local partial vapor pressure for some reason were to increase, the water 

formed from the reaction will start to condense, and thus, liquid water is present in the 

system. (Gößling et al., 2016; Wang & Chen, 2013) 

3.6.1 Internal liquid water formation 

An approach to quantifying the formation of liquid water and how to affect it have been 

suggested by several authors, among them are Iranzo & Salva (2018) and Mulyazmi et al. 

(2013). What studies by these sources have in common is the fact that they have both 

identified proper water management as a key component to efficient operation of a PEM FC. 

The authors have therefore performed studies which aim to investigate water related 

phenomena within the FC, and further studied how changing various operating parameters 

affects the water management of the FC. The purposes of these studies were similar, to 

investigate how the PEM FC performance was affected when certain operational parameters 

were changed, with a special focus on water balance and liquid water formation. 
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Mulyazmi et al. (2013) decided to develop a mathematical model of a system consisting of an 

external humidifier and a PEM FC. The model used mass balance analysis to model the water 

movement in the FC. The changing parameters were the operating temperature and RH of 

both the anode and cathode. Results presented by Mulyazmi et al. show that both 

temperature and RH at the cathode affect the amount of water vapor that can exist in the 

cathode. The authors show that increasing the RH in the anode and cathode inlet gases 

results in an increase of liquid water flowing out from the cathode, while an increase in 

operating temperature has the opposite effect.  

Iranzo & Salva (2018) instead performed experiments on a real-life FC to see the effects of 

varying operational parameters. The results of the experiments were captured using neutron 

imaging. The tests were carried out so that the anode and cathode pressure were varied from 

1.25 bar to 2.00 bar. The results from the experiments performed show that at lower 

currents, an increase in overall pressure of the FC increases the amount of liquid water as 

well, while at higher currents, this effect is more subtle. The tests where one of the anode or 

cathode side pressures increased while the other remained constant showed that increasing 

the cathode pressure had a larger impact on liquid water formation than increasing the anode 

side. 

3.6.2 Exhaust water content 

A limitation with these three models is that they only investigate the liquid water 

concentration within the cathode and not how much liquid water leaves the FC. Studies by 

Cai et al. (2006) and McKahn and Liu (2015) have instead focused on water content in the 

exhaust of the FC. 

Cai et al. (2006) used a combination of experiments on a real fuel cell and mathematical 

calculations. Cai et al. used fuel cell equipped with a steel case and a container of silica gel to 

condense and capture all water vapor in the cathode exhaust, which by comparing the mass 

of the containers before and after the experiment, gave the total water content in the cathode 

exhaust. The results from the study of Cai et al showed that the ratio of liquid and vapor at 

the cathode outlet was dependent on the RH of the cathode, with a higher RH resulting in 

more liquid water in the exhaust. 

The study by McKahn and Liu (2015) aimed to monitor temperature in miniature PEM FC. 

To model the temperature change in the FC, McKahn and Liu used an energy conservation 

equation, showing that the change of stack temperature is related to the mass and specific 

heat of the stack, electrical power produced, convective heat losses, heat of the reaction, and 

enthalpy differences of the air and produced water. The enthalpy change of water is 

dependent on the mass flow of liquid water produced and the mass flow of water vapor 

leaving the cathode, which when applied to a water balance can give the flow of liquid water 

leaving the cathode.  
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To find the mass flow rate of water vapor leaving the cathode, McKahn and Liu used the RH 

of the exhaust gas, which describes how much vapor that is present in the moist air in 

relation to how much moisture the air can theoretically hold. The authors used the 

relationship between liquid water produced and RH to determine the mass flow rate of water 

vapor exiting the cathode. If the RH of the gas leaving the cathode was measured or 

calculated to be less than one, it was assumed that all water leaving the cathode existed in 

vapor phase, therefore the mass flow rate of vapor leaving the cathode was equal to the 

amount of water produced by the reaction. If the RH was instead larger than one, it was 

assumed that water existed in both vapor and liquid phase. In that case the vapor content of 

the exhaust was assumed to be equal to the theoretical maximum, in other words, when RH 

was equal to one. The rest of the water in the system was assumed to be in liquid phase. 

  



 

22 

 

4 CURRENT STUDY 

The current study seeks to investigate how much liquid water is present in the exhaust of a 

PEM FC and which operating parameters are affecting it. It is also of interest to investigate 

how these parameters affect the performance of the FC. By modification and calibration of a 

pre-built model of a FC system, the liquid water amount in the FC exhaust and performance 

metrics were investigated. Data used for calibration and validation of the model was collected 

through experiments on a FC rig of similar build to the modelled system. This chapter 

describes the model based on phenomena defined in the literature review and highlights the 

authors contribution to the model. The chapter also describes limitations of the model such 

as phenomena neglected or unable to be captured by the model. How experimental data was 

processed and the method by which values for liquid water and water vapor content and 

performance metrics were obtained is also described. 

For this study, a pre-built model developed in Simulink by MathWorks was used. The model 

is based on literature by Dutta et al. (2001), EG&G Technical services (2004), Pukrushpan et 

al. (2013) and Spiegel (2008). The following modifications are the most important alterations 

that were made to the model: 

• Design parameter changes in the custom MEA block. 

• Change of anode and cathode pressure, stack temperature and Oxygen Excess Ratio (OER) to 

be dependent on the FC power. 

• Removal of anode humidification. 

• Cooling of inlet air after compressor. 

• Circumvention of the compressor map by using the actual air flow instead of the corrected 

flow. 

• Adding a turbocharger with pressure and temperature drops.  

• Adding humidifier pressure and temperature drop in the cathode exhaust side. 

 

The changes to the model were made to make the model more like the studied FC system, or 

in some cases to allow the model to run without errors. In those cases, the changes made 

were based on relevant literature. The model was calibrated to simulate the amount of liquid 

water in the exhaust and further used to simulate the following scenarios: 

• An increase or decrease in anode and cathode pressure. 

• An increase or decrease of stack temperature. 

• An increase or decrease of inlet cathode RH into the stack. 

• A sensitivity analysis of unknown parameters. 
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4.1 Studied system 

Figure 5 presents a simplified schematic with the main components of the studied system, 

which is the same system used for validating the model. The model includes an oxygen source 

with a compressor and filters, a hydrogen tank, cooling system, FC stack with 495 cells, 

cathode humidifier, expander, power control unit, and many other components such as 

valves and cooling loops throughout for different components. 

 

Figure 5 - Simplified schematic of studied system 

Many parameters are unknown such as the limiting current density which was tested based 

on the range 1 – 10 A/cm2 according to Spiegel (2008). The exchange current density is also 

unknown, however the electrolyte material is known to be Nafion and the catalyst is either 

platinum or some form of platinum/carbon material and will therefore be tested within the 

range 3*10-9 - 2.8*10-7 A/cm2 found from Pinto et al., (2018). The transfer coefficient will be 

chosen based on the commonly approximated value of 0.5 according to Spiegel (2008). Other 

parameters such as the membrane thickness and gas diffusion layer thickness are 

confidential and will not be further disclosed. The active cell area is also confidential and will 

be presented in a range. Other experimentally found operating parameters such as the OER, 

pressure and stack temperature and their dynamic response to the power load are also 

confidential and only the range of these parameters will be presented. The inputted 

parameters in the model are summarized in section 4.4 Model inputs. 

4.2 Description of Simulink PEM FC model 

The current study builds on a model developed by Mathworks, describing a PEM FC system 

with a stack and auxiliary components such as air compressor, reactant humidifiers and a 

cooling system. To access the model MATLAB 2021a or any later release is required, and it is 

accessed by typing “ssc_fuel_cell” in the command window. The model is developed in the 

Simulink environment, but a custom Simscape block utilizing phenomena such as Faraday’s 

law and the Nernst equation along with similar equations presented in the literature review is 

used to represent the MEA and its electric behaviour. Connected to the MEA block are two 

moist air networks representing the anode and cathode side. Species present in the moist air 

networks are nitrogen, water vapor, hydrogen, and oxygen. 
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The model allows for customization of several inputs, such as the power or current output, 

pressure of the gas on the anode and cathode side, stack temperature, OER, cathode inlet RH 

and parameters related to the MEA such as number of cells, active cell area and so on. The 

outputs of the model are customizable as well, but the original model plots various 

performance metrics of the system. Blocks in the model can log values, which makes the 

results of the model customizable to the user’s needs. Outputs of interest for the current 

study are the current density and cell voltage for calibration and validation of the model 

performance, parameters related to the cathode exhaust such as outlet temperature and 

pressure, air flow rate into the cell, water produced by the chemical reaction and various 

measurements in the model. 

As mentioned in the literature review, most system-level models are lumped, as is this model. 

This can be verified by looking at the components or blocks used. The blocks in the model 

show no distribution of values throughout the components, which indicates that all points in 

the components are represented by an inlet and outlet point, which verifies that the model is 

lumped. The model is also dynamic in time. The model sets initial values for many 

parameters throughout the system, which then change over time, even if a constant input is 

considered. This verifies that the model is dynamic. As the literature review also described, 

most models are semi-empirical, combining fundamental equations with experimental data. 

The model used for the current study uses mechanistic components such as mass and energy 

balances for conservation of mass flow and temperature change calculations in combination 

with empirical methods such as Faraday’s law and methods described by Dutta et al. (2001) 

such as curve fitting for water transport mechanisms. This is an indication that this model is 

a semi-empirical model as well. 

There are also several controlling factors or mechanisms taking place in the model, all 

affecting the performance of the FC. Phenomena that take place in the process are 

electrochemical reactions which includes the oxidation of hydrogen and reduction of oxygen, 

mass transport which includes transport of reactants and water transport through the 

membrane, heat transfer, water management and cell geometry which all affect the cell 

performance.  

Figure 6 shows the original model in Simulink. The model contains several subsystems which 

by themselves also contain subsystems. The visible subsystems are “Hydrogen source” 

“Recirculation”,” Oxygen Source” and anode/cathode humidifier, exhaust gas channels as 

well as a custom MEA block. The system is liquid cooled via the “Cooling System” subsystem. 

The electrical load allows the user to input a specific power or current load that the MEA 

should replicate. 
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Figure 6 – Original model. 

4.2.1 Limitations of the model 

From the literature review, the exchange current density changes as the temperature and 

reactant pressures change in the system. This phenomenon is not accurately captured in the 

model as the exchange current density as an input in the model is constant and does not 

change over time. It should also be noted that the calculation for the activation losses only 

consider the losses in the cathode side, a simplification that other authors also made, and due 

to the low contribution of activation loss from the anode side it is considered a negligible 

margin of error. The open circuit voltage (VO) can be expressed as temperature dependent 

when calculating the thermodynamic potential (VNernst) in equation 2, which the custom MEA 

block in the model does not consider. These factors will result in a margin of error, the 

significance of which for this specific model is unknown until the calibration of the model is 

conducted and the polarization curves between the experimental and model data can be 

compared. 

The custom MEA block contains water transportation equations for EOD and diffusion but 

not hydraulic permeation and thermal osmotic drag. Neglecting thermal osmotic drag is 

appropriate as the model is zero dimensional and lumped. According to the literature 

reviewed, hydraulic permeation is an important phenomenon to consider when modelling 

water transportation in the membrane, especially for high operating pressure application 

such as for automotive applications. 

As previously mentioned, the model is separated into two distinct moist air networks, the 

cathode containing nitrogen, oxygen and water vapor, and the anode consisting of hydrogen, 

nitrogen, and water vapor. The model does not take species crossover between the two moist 

air networks into consideration, meaning that nitrogen and oxygen do not crossover to the 
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anode side and hydrogen does not crossover to the cathode side. From the literature review, 

these kinds of phenomena negatively affect the system performance and are influenced by 

parameters such as operating pressure.  

Since the different components in the model, including the MEA, are lumped, there is no way 

to identify local hotspots or fuel starvation occurring throughout the MEA. The risk of local 

hotspots increases at higher power load conditions and fuel starvation increases with 

dynamic load and higher power conditions, which contributes to membrane degradation 

(Ren et al., 2020). This, along with that the model does not consider species crossover will 

not allow a degradation analysis when changing different operating condition.  

4.3 Model changes and simplifications 

Throughout the model the RH threshold at which condensation can occur in components in 

the model such as the pipes and finite volume chambers were set to 100 in the “Moisture and 

Trace Gas” tab in the block parameter settings and was an arbitrarily chosen high value. This 

was done to avoid latent heat transfer due to condensation of the humid air, which would 

have an influence in the humid air properties. The documentation for the moist air network 

also specifies that when condensation occurs in the moist air network, the mass and energy of 

the condensed fluid is removed from the total volume of the system which would further 

influence the temperature, and pressure of the humid air stream (MathWorks, n.d.-b).  

Transfer functions were extensively used throughout the modelling procedure to include 

some delay to eliminate any algebraic loops that occurred due to one or more variables being 

used while they are calculated. The transfer functions used were the ones shown in figure 7 

and were chosen to be fast which adds little delay to limit the amount of additional added 

dynamics to the system. An alternative solution to this problem could have been to use pure 

dead time instead of first order delay. The first order delay transfer function is designed so 

that the time constant is small enough to have as little effect as possible on the dynamics of 

the system. The model will in some instances, depending on the parameters, run without the 

transfer functions, although due to the algebraic loops the simulation can become slow and in 

other instances the model will crash. 

 

Figure 7 – Transfer function used to break algebraic loops. 

Many other changes have been made to the model and the subsystems which were changed 

are summarized in table 2 which also includes additional subsystems which have been added 

to the model namely the “Cathode humidifier (Wet side)” and “Turbocharger” subsystems 

which are both located in the cathode exhaust side. A more detailed description of the 

changes made in each subsystem will be done in the following subsections. The final model is 

presented in figure 8.  
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Figure 8 – Modified model 

Table 2 – Changes done in the model. 

Subsystem Changes 

MEA - Changed parameters in Model explorer. 

Oxygen source 
- Circumventing the compressor map. 
- Compressor intercooler. 
- Dynamic OER depending on the power load. 

Cathode 
humidifier 
(Dry side) 

- Limited the moisture added to be maximum the water content of the exhaust 
  stream. 
- Temperature of added water to the exhaust stream temperature. 

Cathode 
exhaust 

- Changed pressure relief valve to dynamic pressure based on experimental data. 

Cathode 
humidifier 
(Wet side) 

- Added subsystem. 

Turbocharger - Added subsystem. 

Anode 
humidifier 

- Removed subsystem. 

Recirculation - Added condensation removal in anode side. 

Hydrogen 
source 

- Changed pressure relief valve to dynamic pressure based on experimental data. 
- Changed hydrogen purity to 100%. 
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- Tank volume changed to arbitrarily high value. 

Cooling 
system 

- Changed maximum coolant mass flow. 
- Increased radiator heat transfer coefficient. 

 

4.3.1 MEA 

The parameters limiting and exchange current density, charge transfer coefficient, number of 

cells, cell area, membrane thickness and gas diffusion layer thickness were changed in the 

custom MEA block from the Model Explorer to fit the polarization curve of the studied 

system. Since many of these parameters were unknown, a wide range of different parameter 

testing was conducted based on information from the literature review and discussion with 

our supervisors, such as what the activation losses are dependent on and that it is dominant 

in the lower current density regions. By utilizing a ramp simulation, the polarization curves 

from the experimental data and model could be compared. 

4.3.2 Oxygen source 

By default, the compressor in the model had a predetermined compressor map allowing a 

compression ratio of maximum 2 which did not suffice for the system in the current study. 

The compressor map corrects the required air mass flow and pressure, with no consideration 

to the compressor efficiency which is ideal in this model. A completely accurate 

representation of a compressor was not necessary for the scope of the degree project and 

therefore the compressor map was circumvented in the model, by simply setting the mass 

flow of the air to meet the oxygen needed for the reaction and the OER in the FC stack, as 

seen in equation 9, which is a slightly modified version of the stoichiometric balance oxygen 

calculation used by del Real (2007) with the assumed composition of 23.4% of oxygen in the 

air which was default in the model. This will slightly skew the values for the inlet mass flow 

and therefore the power demand of the compressor which will affect the net gain of the 

system. The OER was also modified so it changes dynamically with the power load based on 

experimental data. Both these added blocks are marked blue in figure 9. 

�̇�𝑎𝑖𝑟 = 𝑂𝐸𝑅 ∗ 𝑁𝑐𝑒𝑙𝑙𝑠 ∗
𝐼𝑠𝑡𝑎𝑐𝑘∗𝑀𝑂2

4∗𝐹∗0.234
       Equation 9 

The inlet flow after the compressor in the cathode side was cooled to a set temperature based 

on available experimental data of the temperature. This simplification was made since the 

parameters for the dimensions of the intercooler was unknown. Figure 9 shows the 

simplification, where the inlet stream is cooled against the wanted temperature with a high 

heat transfer coefficient to ensure that the outlet stream temperature is the same as the set 

temperature. The intercooler is marked with a dashed blue box. 
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Figure 9 - Compressor map circumvention and compressor intercooler 

4.3.3 Cathode Humidifier (Dry and wet side) 

By default, the model uses “Controlled Moisture Source (MA)” to change the RH of the inlet 

dry air to a specified set point. The moisture source block injects water vapor in the dry air, 

without removing water vapor from the wet air side. To make the system more realistic, the 

amount of water vapor injected in the dry air was limited to the available water in the wet air 

as can be seen in figure 10. The added blocks are marked with a blue colour scheme. These 

changes were made in the “Humidification system” within the “Cathode humidifier (dry 

side)” subsystem. 

 

Figure 10 – Cathode humidifier (dry side). 

To make the system more realistic the subsystem “Cathode Humidifier (wet side)” was added 

in the wet air. A “Controlled Moisture Source (MA)” block removing the same amount of 

water in the wet air that was added to the dry air was added as can be seen in the figure 11. To 

avoid any crashes by the model when trying to remove all moisture in the beginning of the 

simulation, a gain block was added so that the maximum of the available water the 

humidifier can use is 0.99 of the water in the stream which will only affect the system in the 

beginning of the simulation. Additionally, a pressure loss in the humidifier based on 
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experimental data was also implemented in the subsystem “Humidifier dP” connected to a 

“Controlled pressure source (MA)” block.  

 

Figure 11 – Cathode humidifier (wet side). 

Modelling the temperature drop was based on studies by Vu et al. (2022) and Chen & Peng 

(2004) which assumed that a membrane humidifier of a PEM FC can be modelled as a 

lumped heat exchanger using the ε-NTU method. With Chen & Peng assuming a heat transfer 

effectiveness of 80%. The heat exchange model was implemented in the “Humidifier Heat 

exchanger” subsystem, the calculations of which are shown in the following equations.  

𝐶𝑚𝑖𝑛 = 𝐶𝑝,𝑚𝑖𝑛 ∗ �̇�  [
𝑘𝐽

𝑠
]        Equation 10 

𝐶𝑚𝑎𝑥 = 𝐶𝑝,𝑚𝑎𝑥 ∗ �̇�  [
𝑘𝐽

𝑠
]         Equation 11 

The values for 𝐶𝑝 and �̇� were measured in the model using a “Thermodynamic Properties 

Sensor (MA)” and “Mass & Energy Flow Rate Sensor (MA)” respectively. The indexes min 

and max indicate which side of the humidifier that has higher or lower heat capacity rate 𝐶. 

Continuing, the heat transfer rate in the membrane was calculated using equation 12. 

�̇� = 휀 ∗ 𝐶𝑚𝑖𝑛 ∗ (𝑇ℎ,𝑖 − 𝑇𝑐,𝑖) [𝑘𝑊]       Equation 12 

The heat transfer effectiveness, ε, was assumed to be 80% according to the study by Chen & 

Peng (2004) and the temperatures were measured in the model with “Pressure and 

Temperature Sensor (MA)”. Finally, the temperature of the moist air after the humidifier 

could be calculated using equation 13. To avoid issues, a “Max” block with the inputs of 𝑇ℎ,𝑜 

and environmental temperature was used so that the minimum temperature found in the wet 

stream is the environmental temperature. 

𝑇ℎ,𝑜 = 𝑇ℎ,𝑖 −
�̇�

�̇�ℎ∗𝐶𝑝,ℎ
 [𝐾]        Equation 13 

A “Pipe (MA)” block was used along with a “Controlled Temperature Source” block and 

“Convective Heat Transfer” block with an arbitrarily high heat transfer coefficient was used to 

instantly change the temperature after the humidifier to the calculated temperature from 

equation 13 as can be seen in figure 11. 
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Later in the subsystem “Cathode Humidifier (wet side)”, after the previously explained 

humidifier, a water separator was modelled to remove any liquid water before the stream 

enters the turbocharger with a similar implementation as the humidifier water removal 

which can be seen in figure 12. This was done to have the correct mass flow entering the 

turbocharger. The calculations for the theoretical amount of liquid water are calculated in the 

“Cond with RH method” subsystem and the equations used are presented in section 4.7.1 

“Water phase equations”. 

 

Figure 12 - Liquid water separator 

4.3.4 Hydrogen source and Cathode exhaust  

The size of the hydrogen tank in the model was increased substantially to an arbitrary large 

volume to ensure that there was no risk of depleting the hydrogen in the tank when 

simulating different steady state points or drive cycles. It should be noted that by default the 

hydrogen that is fed into the fuel cell stack is not completely pure (99.97 % purity) and has 

some nitrogen mixed in, meaning that over time nitrogen will build up in the anode side. The 

purge system in the model is by default switched off, when modifying it to open during 

different hydrogen concentrations errors occurs such as to cold temperatures in the purge 

valve, with no apparent solutions. Therefore, the hydrogen purity was changed to 100%, 

which will affect the hydrogen utilization in the system. Since there is no purging in the 

anode side and 100% pure hydrogen, the amount of reduced hydrogen in the tank will not be 

representative of an actual tank in a real system with a purging valve. The variables were 

changed in the model workspace via the model explorer. 

Both operating pressures in the cathode and anode were approximated using a trendline 

based on available experimental data of the inlet anode and cathode pressure for different 

power demands of the FC stack. These changes in the “Hydrogen source” and “Cathode 

exhaust” subsystems can be seen in figure 13, where the added components are marked in 

blue. These changes allow the pressure to be changed dynamically for different power loads. 

This is further explained in section 4.5 “Data processing”.  
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Figure 13 - Dynamic pressure in anode and cathode side 

4.3.5 Turbocharger 

A turbocharger component was implemented in the system. The component was built based 

on pressure loss from experimental data with a “Controlled Pressure Source (MA)” block 

which can be seen in figure 14. The block adds by default isentropic power to the stream, and 

to make the turbocharger component more realistic, the turbocharger outlet temperature was 

changed based on the non-isentropic relation between the pressure and temperature as seen 

in equation 14, from Saravanamuttoo et al. (2001). The turbocharger efficiency (𝜂𝑡) is 

assumed to be constant at 75% (Filsinger et al., 2021) and the specific heat ratio (𝛾) was 

assumed to be 1.4.  

𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 − 𝜂𝑡 ∗ 𝑇𝑖𝑛 ∗ [1 − (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)

𝛾−1

𝛾
] [𝐾]      Equation 14 

Additionally, the non-isentropic power is calculated based on stream mass flow and the 

difference between inlet and outlet enthalpies retrieved with “Thermodynamic properties 

Sensor (MA)” after the temperature change with equation 15. 

𝑃𝑡𝑢𝑟𝑏 = �̇�𝑖𝑛 ∗ (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) [𝑘𝑊]       Equation 15 

 

Figure 14 - Modelling of turbocharger 
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The water separator after the turbocharger was modelled in a similar approach as with the 

water separator in the cathode humidifier with the equations from section 4.7.1 “Water phase 

equations”. Additionally, in the “Turbocharger” subsystem, a component called “Pressure 

after turbocharger”, which was a component used in the “Cathode exhaust” subsystem, was 

added to maintain the correct pressure after the turbocharger. This can be seen in figure 15. 

 

Figure 15 – Water separator after the turbocharger. 

4.3.6 Recirculation 

To add water separation in the anode side, a similar approach as previously explained was 

implemented in the “Recirculation” subsystem with the equations from section 4.7.1 “Water 

phase equations”. The added components are marked in blue in figure 16. 

 

Figure 16 - Anode liquid water removal in the model 

4.3.7 Cooling system 

Cheng et al. (2015) and Chugh et al. (2020) made assumptions that the stack temperature 

was the same as the coolant outlet temperature, which is the same assumption made in the 

current study with the coolant outlet temperature being known from experimental data for 

different power loads. The models stack temperature is changed dynamically based on a 
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trendline of experimental data of the coolant outlet temperature in the subsystem marked as 

blue in figure 17. This is further explained in section 4.5 “Data processing”. 

Due to many parameters being unknown for the heat exchanger, the design parameters were 

left unchanged in this part of the model, except for the coolant max flow and the heat 

exchanger convection heat transfer coefficient between the radiator and heat exchanger. Due 

to the changes made in the MEA block, the model has a larger cell area and more cells than 

the default model meaning more heat generation and therefore the heat transfer coefficient 

was increased. This was done to accommodate the extra cooling needs that was required to 

enable the model to run without exceeding the set stack temperature. Since the parameters 

were unknown, it is hard to determine if the radiator temperature is representative of an 

actual, correctly dimensioned, radiator for this specific system. 

 

Figure 17 – Coolant system dynamic temperature addition 

4.4 Model inputs 

Table 3 summarizes all parameter inputs, values, and units used for the MEA block, cathode 

side, anode side and the cooling system in the model used for the current study. Many of the 

operating parameters was, as previously explained, set to dynamically change with the power 

load and are therefore defined with a range. Many geometrical parameters are confidential 

and will therefore not be disclosed in table 3. Parameters such as the limiting current density 

are given within the ranges tested. Other parameters in the model were left unchanged. 

Table 3 - Design and operating parameters 

MEA 

Number of cells 495 - 

Active cell area 250 - 350 cm2 

Limiting current density 1 – 10 (Spiegel, 2008) A/ cm2 

Exchange current density 3*10-9 - 2.8*10-7 (Pinto et al., 2018) A/ cm2 

Transfer coefficient 0.5 (Spiegel, 2008) - 
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Cathode side 

RH (Cathode inlet) 0.8 - 

Temperature after compressor intercooler 60 – 65  oC 

OER 1.5 – 3 - 

Operating pressure 1 – 2.5 bar 

Humidifier heat transfer effectiveness 0.8 (Chen & Peng, 2004) - 

Turbocharger efficiency 0.75 (Filsinger et al., 2021) - 

Anode side 

Operating pressure 1 – 2.5 bar bar 

Hydrogen purity 1 - 

Cooling system 

Radiator Heat transfer coefficient 750  W/(m2/K) 

Stack temperature 60 – 80 
oC 

Coolant mass flow 0 – 4  kg/s 

 

4.5 Data processing 

Experimental data for many parameters such as stack current, stack voltage, rig pressures 

and temperatures, and OER from the test rig was obtained in a spreadsheet. This data set 

contained a lot of different measurements and had to be processed before it could be 

interpreted. During the experiment, the power output of the rig was allowed to reach steady 

state before the power output was increased to the next power level. During the experiment, 

the rig was stepped up to max power, and then stepped down again. The measured data 

during the step-down of the rig were assumed to be closer to steady-state conditions than 

during the step-up, therefore only measurements from the step-down was used. 

The raw data was written to a single Excel sheet, the first processing step was to sort the 

different power levels into different Excel sheets. When the different power levels had been 

divided, an average value for each measured parameter was calculated using the “AVERAGE” 

function in Excel. The average data for all power levels was then moved to a separate Excel 

sheet. This sheet now contained the average measurements, or steady-state conditions for all 

12 power levels.  

Some of the experimental data used for the performance calibration had to be processed 

before it could be used. This data included the stack voltage and stack current at the different 

power levels. The stack current was divided by the active area of the stack, so that the current 

density could be used for the calibration of the polarization curve. The stack voltage was then 

plotted against the stack current for the different power levels. 
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Some experimental data that was used in the model had to be processed further before it 

could be implemented in the model. The measurements of stack outlet pressure, humidifier 

outlet pressure and turbocharger outlet pressure all varied with the power level. The values of 

the pressure parameter were plotted against the power level of the stack to see how they were 

affected by the power level. To be able to predict how the pressures changed with stack 

power, a trendline was added. The trendline for pressure was a 2nd order polynomial. The 

equation of the trendline was added to the plot. The equation describing how the pressure 

change with stack power could then be implemented as an input in the model. 

Additional measurements that had to be processed was the stack temperature and OER. The 

value of the stack temperature was based on the outlet temperature of the cooling liquid. It 

was assumed that the temperature of the stack was a equal to the outlet temperature of the 

cooling liquid, as suggested by Cheng et al. (2015) and Chugh et al. (2020). Similarly, to the 

pre-treatment of the pressure, these parameters were plotted against the stack power and 

trendlines for temperature and OER were added to the plots. These trendlines were linear, 

and the equation describing the line was used in the model. 

4.6 Model calibration and validation 

The model polarization curve was calibrated by changing parameters such as the membrane 

thickness, exchange and limiting current density and the charge transfer coefficient in the 

model workspace. The model polarization curve was retrieved for ramp up and down, while 

the experimental data was for ramp down which ensured that the FC was heated to the 

operating temperature. Figure 18 shows the polarization curve of the model in the current 

study compared to the experimental data in the test-rig. The figure shows that that the 

polarization curves of the model and experimental data are comparable.  

 

Figure 18 - Polarization curves of model and experimental data 
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To gauge the extent of the errors in the polarization curve, four points have been evaluated 

and are presented in table 4. When the error is negative, the model underestimated the 

voltage and vice versa. In table 4, we can see that the greatest errors of the stack voltage are 

at lower and higher current densities. 

Table 4 - Error in polarization curve between current study and experimental data 

 Point 1 Point 2 Point 3 Point 4 

Error [%] -1.23 -1.06 0.83 1.52 

 

4.7 Key equations 

4.7.1 Water phase equations 

To determine the amount of condensed liquid in the cathode and anode side, a similar 

approach to that described by McKahn & Liu (2015) in the literature review was employed. In 

the current study, it is assumed that the condensation occurs instantaneously and is 

calculated in the turbocharger water separator located after the humidifier, after the 

turbocharger and in the anode side. The basic principle that the calculations rely on is the 

Relative Humidity (RH) at a specific point. It should be noted that all gas species in the moist 

air network is assumed to be semiperfect gases which means that mole fraction is equal to 

partial pressure fraction (MathWorks, n.d.-a). 

The water mass flow (�̇�𝐻2𝑂) is found via measurement with a “Mass & Energy Flow Rate 

Sensor (MA)” block, which is converted into mole flow (�̇�𝐻2𝑂) with the molar weight of water 

(𝑀𝐻2𝑂) as seen in equation 16.  

�̇�𝐻2𝑂 =
�̇�𝐻2𝑂

𝑀𝐻2𝑂
         Equation 16 

With the mole flow of water being known, the total mole flow of the mixture (�̇�𝑡𝑜𝑡) can be 

calculated with equation 17, with the water vapor mole fraction (𝑦𝐻2𝑂) being measured in the 

model with the “Humidity & Trace Gas Sensor (MA)” block.  

�̇�𝑡𝑜𝑡 =
�̇�𝐻2𝑂

𝑦𝐻2𝑂
           Equation 17 

Based on the RH and water vapor mole fraction measured in the model, the saturated mole 

fraction (𝑦𝑠𝑎𝑡,𝐻2𝑂) i.e., the mole fraction when RH is 1 can be calculated with equation 18. 

𝑅𝐻 =
𝑦𝐻2𝑂

𝑦𝑠𝑎𝑡,𝐻2𝑂

 ↔  𝑦𝑠𝑎𝑡,𝐻2𝑂 =
𝑅𝐻

𝑦𝐻2𝑂
       Equation 18 
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With the saturated mole fraction and total mixture mole flow being known, the saturated 

water mole flow (�̇�𝑠𝑎𝑡,𝐻2𝑂), the maximum mole flow that the gas can hold until RH reaches 1, 

can be calculated with equation 19.  

�̇�𝑠𝑎𝑡,𝐻2𝑂 = �̇�𝑡𝑜𝑡 ∗ 𝑦𝑠𝑎𝑡,𝐻2𝑂         Equation 19 

Any higher water vapor mole flow (�̇�𝐻2𝑂) than the saturated water mole flow (�̇�𝑠𝑎𝑡,𝐻2𝑂), would 

result in a RH higher than 1, meaning that the water vapor would condense, therefore with 

equation 20 the liquid water mole flow (�̇�𝑙𝑖𝑞,𝐻2𝑂) can be calculated, which then can be 

converted to mass flow (�̇�𝑙𝑖𝑞,𝐻2𝑂) with the molar weight of water in equation 21. 

�̇�𝑙𝑖𝑞,𝐻2𝑂 = �̇�𝐻2𝑂 − �̇�𝑠𝑎𝑡,𝐻2𝑂        Equation 20 

�̇�𝑙𝑖𝑞,𝐻2𝑂 = �̇�𝑙𝑖𝑞,𝐻2𝑂 ∗ 𝑀𝐻2𝑂        Equation 21 

Since these calculations can give negative values for the liquid water mass flow if the RH is 

below 1, a “Max” block was implemented in the Simulink environment where the minimum 

liquid water mass flow is 0. The calculations in the Simulink environment are shown in 

figure 19. In the figure, the stream from Input 2 is connected to the stream where condensed 

water is to be removed, while the stream from Input 1 is connected to the total water mass 

flow port of a “Mass & Energy Flow Rate Sensor (MA)”. 

 

Figure 19 - Calculation steps to get flow of liquid water 

4.7.2 Efficiency equations 

The Lower Heating Value (LHV) of hydrogen is 199,950 kJ/kg (Moran et al., 2014), and can 

be recalculated to the unit kWh/kg with equation 22. 

𝐿𝐻𝑉 [𝑘𝑊ℎ/𝑘𝑔] =
𝐿𝐻𝑉 [𝑘𝐽/𝑘𝑔]

3600
       Equation 22 

The FC system efficiency was calculated in two different ways. The system efficiency was 

calculated with auxiliary components like the compressor, turbocharger, and coolant pump. 

The stack efficiency without any auxiliary components was also calculated, meaning only the 

power of the FC stack is evaluated. Each efficiency was calculated in two ways, for each time 

step “𝑖” of the cycle using the power in kW and for the entire cycle with total amount of 
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hydrogen consumed and the energy outputted in kWh during the cycle. Equation 23 and 24 

used for different efficiency calculations are shown below.  

 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 𝜂𝑠𝑡𝑎𝑐𝑘 
 

Each time 
step 

𝑃𝑛𝑒𝑡,𝑖

𝐿𝐻𝑉 [𝑘𝐽/𝑘𝑔] ∗ 𝐻2,𝑐𝑜𝑛𝑠,𝑖  
 

𝑃𝑔𝑟𝑜𝑠𝑠,𝑖

𝐿𝐻𝑉 [𝑘𝐽/𝑘𝑔] ∗ 𝐻2,𝑐𝑜𝑛𝑠,𝑖  
 Equation 23 

 

Entire cycle 
𝐸𝑛𝑒𝑡

𝐿𝐻𝑉 [𝑘𝑊ℎ/𝑘𝑔] ∗ 𝐻2,𝑐𝑜𝑛𝑠 
 

𝐸𝑔𝑟𝑜𝑠𝑠

𝐿𝐻𝑉 [𝑘𝑊ℎ/𝑘𝑔] ∗ 𝐻2,𝑐𝑜𝑛𝑠 
 Equation 24 

 
 

4.8 Exhaust verification and validation 

The exhaust characteristics of the model was verified by increasing the dynamic pressure by a 

certain percentage, while the temperature remains the same and vice versa. It is expected 

that by increasing the pressure the amount of liquid water at the exhaust should increase. 

Increasing the temperature should decrease the amount of liquid water at the exhaust. Figure 

20 confirms the hypothesis and verifies that the model acts accordingly. 

 

Figure 20 – Model verification with pressure and temperature during ramp up 

To validate the accuracy of the FC system model developed in the current study, an 

experiment was conducted using a FC, which the models polarization curve was calibrated 

against, installed in a test-rig was operated for a specific drive cycle. During the operation of 

the drive cycle the condensed liquid water was collected and measured. The same drive cycle 

was simulated in the model developed in the current study where the total liquid water 

amount was calculated. A comparison between the measured water production from the 

experiments and the calculated water from the model is presented in table 5. The validation 

shows that the model output is comparable to the experimental measurements and allows for 

further analysis under different operating conditions and drive cycles.  
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Table 5 - Model liquid water validation 

 Our model Experimental data Error 

Anode + Turbocharger 
[kg] 

8.582 8.1 5.95% 

Cathode + Humidifier 
[kg] 

0.001 0.5 -99.8% 

Total liquid water  
[kg] 

8.583 8.6 -0.2% 

 

The liquid water amount in the Cathode + Humidifier shows a large error, further 

investigation in figure 21 shows that the Cathode + Humidifier only shows liquid water mass 

flow at the highest loads, while the Anode + Turbocharger has higher overall liquid water 

mass flow for all power loads. 

 

Figure 21 - Cathode + Humidifier, and Anode + Turbocharger liquid water flow 
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5 RESULTS 

The results will be divided into two parts. The first part will show how the model predicts the 

liquid water amount for three different drive cycles and how changing certain operating 

parameters affect it. The second part will show the impact of FC performance when changing 

the same operating parameters. For the case studies, different operating conditions were 

simulated. The operating pressure was increased ±20% with increments of 10% and to be 

consistent with relative change of the pressure, the stack temperature was changed ±10% 

with increments of 5% although the temperature difference will be expressed in absolute 

values. The cathode inlet RH will be simulated from 0 – 100% with increments of 20%. 

5.1 Water production and phase for three case studies 

In this subsection, the impact of changing operating parameters and the effect on the total 

amount of liquid water and vapor water in the exhaust during a drive cycle is investigated. It 

will also show the ratio of total liquid water in the exhaust compared to water vapor for the 

drive cycle. Results for three different machines are presented.  

5.1.1 Articulated hauler 

The normalized stack and system power output of the duty cycle is presented in figure 22. 

The duty cycle is for one hour of operation and varies considerably in power load. The higher 

loads are found in the beginning of the simulation. 

 

Figure 22 – Power output of articulated hauler drive cycle 
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Throughout the drive cycle different amounts of liquid water and water vapour is being 

expelled from the exhaust system due to different power loads, efficiencies, pressures, and 

temperatures. Figure 23 shows the liquid water and water vapour throughout the simulation 

and the ratio for the total water exhausted for the hauler duty cycle for the reference case. 

The figure shows that for most of the simulation, the amount of water vapor expelled exceeds 

the amount of liquid water. Only during the highest power loads does the flow of liquid water 

exceed the water vapor flow. The total amount of water leaving the system via the exhaust is 

33.5 kg, which is composed of 24.9 kg water vapor and 8.6 kg liquid water. Which gives the 

ratios of around 76% vapor and 26% liquid. 

 

Figure 23 – Flow of liquid water and water vapor for the articulated hauler 

The efficiency also varies throughout the duty cycle due to many changing factors such as 

temperatures, pressures, and power loads. Figure 24 shows that the efficiency for the stack 

and system for the total cycle are very similar, the system efficiency is 55.0% while the stack 

efficiency is 55.4%. The efficiencies throughout the simulation are also very similar, with the 

stack efficiency being just higher than the system efficiency except for three peaks in 

efficiency during the second half of the simulation where the difference between the stack 

and system efficiency is greater than before. 

 

Figure 24 – System and stack efficiency for the articulated hauler 
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Operating pressure 

Figure 25 shows the liquid water and water vapor composition of the water leaving the 

exhaust of the PEM FC during the duty cycle of a hauler for different operating pressures. 

The total water outlet remains almost the same when changing the operating pressure, with 

only small changes. Increasing the pressure 10 and 20% gives the share of liquid water 30 

and 35%, and an increase in liquid water relative to the reference case of 16 and 37%. 

Decreasing the pressure 10 and 20% gives the liquid ratio 22 and 19%, with a relative 

decrease of 14 and 26% 

 

Figure 25 – Effect of pressure on liquid water and water vapor ratio 

Table 6 summarizes the total water, liquid water, and water vapor for different pressures. 

Table 6 – Liquid water, water vapor, and total water amount for different pressures 

 -20% -10% Reference +10% +20% 

Liquid water 
amount [kg] 

6.4 7.4 8.6 9.9 11.7 

Water vapor 
amount [kg] 

27.2 26.1 24.9 23.5 21.7 

Total water 
amount [kg] 

33.6 33.5 33.5 33.4 33.4 

 

The flow of liquid water and water vapor throughout the cycle for different operating 

pressures is shown in figure 26. The figure shows the same behavior as figure 25, higher 

pressure results in more liquid water and thus less water vapor, while lower pressure has the 

opposite effect. The figure shows some sudden spikes in flow of liquid water and water vapor 

for the case with a 10% pressure drop, this is contributed to noise results. 
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Figure 26 – Flow of liquid water and water vapor throughout the drive cycle for different pressures 

Stack temperature 

The ratio of liquid water and water vapor for the drive cycle with different temperatures is 

presented in figure 27, with the reference case having an average stack temperature of 73°C. 

Increasing the temperature 5% (+4°C) and 10% (+7°C) resulted in a liquid water share of 20 

and 14%, and a relative difference of the liquid water amount compared to the reference case 

of -23 and -46%. Decreasing the temperature 5% (-4°C) and 10% (-7°C) resulted in a liquid 

water share of 33 and 43%, with a relative difference of 29 and 68%. 

 

Figure 27 – Effect of temperature on liquid water and water vapor ratio 
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Table 7 summarizes the total water, liquid water, and water vapor for different temperatures. 

Table 7 – Liquid water, water vapor, and total water amount for different temperatures 

 
-10%  
(-7°C) 

-5%  
(-4°C) 

Reference  
(73°C) 

+5%  
(+4°C) 

+10%  
(+7°C) 

Liquid water 
amount [kg] 

14.4 11.1 8.6 6.6 4.6 

Water vapor 
amount [kg] 

19.2 22.5 24.9 26.8 29.0 

Total water 
amount [kg] 

33.6 33.6 33.5 33.4 33.6 

 

The flow of liquid water and water vapor throughout the cycle was also affected by the change 

in temperature. Figure 28 shows the effects that stack temperature had on the flow of liquid 

water and water vapor throughout the drive cycle. The figure shows that the flow of liquid 

water behaves in the same way as the previous results predict, higher temperature results in 

less liquid water and more water vapor, while lower temperatures result in more liquid water 

and less water vapor. 

 

Figure 28 – Flow of liquid water and water vapor throughout the drive cycle for different 

temperatures 

Cathode inlet RH 

For this case, an inlet RH varying from 0% to 100% with and step increment of 20% was 

investigated. Figure 29 shows how the ratio of liquid water and water vapor changed with 

varying cathode inlet RH. The figure shows that neglectable change was observed during the 

investigation, with all inlet RH levels resulting in a liquid water share of around 25%. The 

amount of liquid water and water vapor for the different levels of RH was very close to those 

of the reference case, which had 8.6 kg of liquid water and 24.9 kg of water vapor, resulting in 

a total mass of water of 33.5 kg. 
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Figure 29 – Effect of cathode inlet RH on liquid water and water vapor ratio 

5.1.2 Crawler excavator 

Figure 30 shows the normalized stack and system power output during the drive cycle of the 

crawler excavator. The drive cycle lasts for 30 minutes. The system and stack power outputs 

are similar throughout the drive cycle. 

 

Figure 30 - Power output of crawler excavator drive cycle 

The water flow in liquid and vapor phase throughout the cycle, as well as the ratio of the total 

expelled water can be seen in figure 31. The water vapor phase is dominant throughout the 

simulation. The total amount of water exhausted is 15.5 kg with the liquid water accounting 

for 1.1 kg and water vapor 14.4 kg, meaning that the liquid water ratio is 7%. 
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Figure 31 - Flow of liquid water and water vapor for the crawler excavator 

In figure 32, the system efficiency and stack efficiency, in other words, the efficiency with no 

losses, is shown both for total cycle efficiency and efficiency varying during the cycle. The 

cycle efficiencies are very similar, with a system efficiency of 56% and a stack efficiency of 

56.2%. 

 

Figure 32 - System and stack efficiency for the crawler excavator 

Operating pressure 

The results of changing the pressure on the amount of liquid water is presented in figure 33. 

The figure shows the ratio of liquid to vapor for the different pressure levels, as well as the 

change in liquid water amount with changing pressure. Increasing the pressure 10 or 20% 

increased the liquid water ratio with 13 and 19%, and the relative liquid water increase was 

80 and 164%. While reducing the pressure with 10 or 20% yielded similar results, with the 

share of liquid water being roughly 6%, and a relative decrease of 22 and 24%. 
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Figure 33 - Effect of pressure on liquid water and water vapor ratio 

Table 8 summarizes the change in liquid water, water vapor and total water amount with 

varying pressures. 

Table 8 - Liquid water, water vapor, and total water amount for different pressure 

 -20% -10% Reference +10% +20% 

Liquid water 
amount [kg] 

0.9 0.9 1.1 2.1 3.0 

Water vapor 
amount [kg] 

14.6 14.6 14.4 13.5 12.5 

Total water 
amount [kg] 

15.5 15.5 15.5 15.6 15.5 

 

Stack temperatures 

Figure 34 shows how the liquid water was affected by changing the stack temperature which 

for the reference case had an average stack temperature of 72°C throughout the drive cycle. 

Reducing the temperature by 5% (-4 K) or 10% (-7 K) resulted in a liquid water ratio of 29 

and 17%, and a relative change of 300 and 131% increase in liquid water amount from the 

reference case respectively. While increasing the temperature by 5% (+4 K) and 10% (+7 K) 

resulted in minimal change to the ratio of liquid water, both cases resulting in a share of 

liquid water of roughly 6%, and a relative change of liquid water amount by roughly -20%. 
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Figure 34 - Effect of temperature on liquid water and water vapor ratio 

Table 9 shows the total amount of liquid water, water vapor, and total water for different 

temperature levels. 

Table 9 - Liquid water, water vapor, and total water amount for different temperatures 

 
-10%  
(-7°C) 

-5%  
(-4°C) 

Reference  
(72°C) 

+5%  
(+4°C) 

+10%  
(+7°C) 

Liquid water 
amount [kg] 

4.5 4.6 1.1 0.8 0.9 

Water vapor 
amount [kg] 

11.0 11.1 14.4 14.6 14.7 

Total water 
amount [kg] 

15.5 15.7 15.5 15.4 15.6 

 

Cathode inlet RH 

Minimal change was observed when changing the inlet RH of the cathode. Figure 35 shows 

that although the relative change looks significant, due to the low masses of liquid water, the 

actual change is not that big. The difference in liquid water share between 0% RH and 100% 

RH is only roughly 0.5 percentage points, and the largest difference relative to the reference 

case is slightly above 6%. The change with different RH is therefore minimal and is very close 

to the reference case which was 1.1 kg liquid, 14.4 kg vapor and 15.5 kg total.  
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Figure 35 - Effect of temperature on liquid water and water vapor ratio 

5.1.3 Wheel loader 

The normalized system and stack power output of the duty cycle is presented in figure 36. 

The duty cycle is for 30 minutes hour of operation where the stack and system power output 

are very similar throughout the drive cycle.  

 

Figure 36 - Power output of wheel loader drive cycle 

The water in the exhaust throughout the simulation can be seen in figure 37, the vapor phase 

is dominant for the whole cycle. The total water exhausted is 13.3 kg, with the liquid water 

accounting for 0.7 kg and the water vapor for 12.6 kg. The ratio of the liquid water is 5% 

which means 95% vapor. 
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Figure 37 - Flow of liquid water and water vapor for the wheel loader 

The system and stack efficiency can be seen for both for the full duty cycle and throughout 

the duty cycle in figure 38. the stack efficiency i.e., the efficiency without parasitic losses, is 

56.8% and the system efficiency, the efficiency with parasitic losses, is 56.6% for the full duty 

cycle. 

 

Figure 38 - System and stack efficiency for the wheel loader 

Operating pressure 

Changing the pressure for the duty cycle for the wheel loader saw an increase in liquid water 

in the exhaust when decreasing and increasing the pressure, with increasing the pressure 

giving the largest change which can be seen in figure 39. When increasing the pressure 10 

and 20% the ratio of liquid water is 9 and 15%, and a relative increase of liquid water from 

the reference case of 66 and 186% respectively. Decreasing the pressure 10 and 20% gives the 

liquid water ratio 5 and 6%, and a relative increase of 4 and 11% respectively. 
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Figure 39 - Effect of pressure on liquid water and water vapor ratio 

A complementary summarization to figure 39 is presented in table 10. 

Table 10 - Liquid water, water vapor, and total water amount for different pressures 

 -20% -10% Reference +10% +20% 

Liquid water 
amount [kg] 

0.8 0.7 0.7 1.1 1.9 

Water vapor 
amount [kg] 

12.5 12.6 12.6 12.2 11.3 

Total water 
amount [kg] 

13.3 13.3 13.3 13.3 13.2 

 

Stack temperature 

Figure 40 shows how the temperature affect the liquid water and water vapor ratio for the 

entire duty cycle, where the reference case had the mean stack temperature of 72°C 

throughout the cycle. Increasing the temperature did not significantly affect the liquid water 

in the exhaust, however decreasing the temperature did see a very significant relative 

increase of the mass in the liquid water in the exhaust. When increasing the temperature 5% 

(+4°C) and 10% (+7°C) the ratio of liquid water is 6%, and a relative increase of liquid water 

from the reference case of 13 and 12% respectively. Decreasing the temperature 5% (-4°C) 

and 10% (-7°C) gives the liquid water ratio 12 and 24%, and a relative increase of 140 and 

370% respectively. 
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Figure 40 - Effect of pressure on liquid water and water vapor ratio 

A complementary summarization to figure 40 is presented in table 11. 

Table 11 - Liquid water, water vapor, and total water amount for different temperatures 

 
-10%  
(-7°C) 

-5%  
(-4°C) 

Reference  
(72°C) 

+5% 
 (+4°C) 

+10%  
(+7°C) 

Liquid water 
amount [kg] 

3.2 1.6 0.7 0.8 0.8 

Water vapor 
amount [kg] 

10.2 11.7 12.6 12.5 12.7 

Total water 
amount [kg] 

13.4 13.3 13.3 13.3 13.5 

 

Cathode inlet RH 

The cathode inlet RH change the liquid water in the exhaust considerably in percentage, 

however due to the small mass of the liquid water the relative difference did not contribute to 

a significant change in mass, with the largest change being between 0% RH which had 0.45 

kg liquid water and 100% RH which had 0.68 kg. The liquid water ratio increases from 3% 

(0% RH) to 5% (100% RH). This is presented in figure 41. 

 

Figure 41 - Effect of inlet cathode RH on liquid water and water vapor ratio 
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5.2 Fuel cell efficiency  

The efficiency of the FC stack and system is presented in this section for all pressure, 

temperature, and cathode inlet RH changes. It should be noted that for all the graphs 

presented in this section the y-axis value starts at 50 and ends at 60% to better visualize the 

difference between the different cases. 

Performance change by varying pressure  

The performance of the articulated hauler, crawler excavator and wheel loader for different 

pressures is presented in figure 42. In all case studies the stack efficiency increases with 

increasing pressure, and the system efficiency generally decreases. Overall, the difference in 

efficiency is not significantly changed.  

 

Figure 42 – Operating pressure effect on performance 

Performance change by varying the temperature 

The stack temperature does influence system and stack efficiency which can be seen in figure 

43. Both the system and stack efficiency decrease with increasing temperatures for all case 

studies.  

 

Figure 43 – Stack temperature effect on performance 
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Performance change by varying cathode inlet RH 

Changing the cathode inlet RH by increments of 20% and starting at 0% gives the following 

results presented in figure 44. Generally increasing the RH in the cathode inlet decreases the 

performance of both the stack and the system. The optimal inlet RH for the crawler excavator 

and Wheel loader is in the range of 20 – 40 %. Overall, the system and stack performance are 

not significantly affected by the change in cathode inlet RH. 

 

Figure 44 - Cathode inlet RH effect on performance 
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6 SENSITIVIY ANALYSIS 

Due to the complexity of the chosen model, there is a great number of inputs. This and the 

fact that certain parameters for the designed system are unknown creates uncertainties in the 

current study and these parameters were either left as defined originally by the model, 

estimated, or retrieved from literature. Therefore, to understand the weight of these 

uncertainties on the liquid water in the exhaust a sensitivity analysis will be conducted 

through different power loads by utilizing a ramp block to ramp the current from zero to 

maximum current. 

6.1 Changing the RH 

Since the model of the water collected in the Cathode + Humidifier has a large error 

compared to the experimental data, a sensitivity analysis was made to understand how it 

changes with the cathode inlet RH. When increasing the RH from 0 to 1 with increments of 

0.2 the water collected is increased as can be seen in figure 45, although, the increase does 

not translate to a lot more mass with the highest being approximately 1.8 g. 

 

Figure 45 – Effect of cathode inlet RH on the mass of water collected in the humidifier 
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6.2 Pipe diameter 

Figure 46 shows the sensitivity analysis when changing the cathode pipes diameters, from 

the reference case of 0.05 (blue), to 0.1 (orange) and 0.025 (yellow) meters. The liquid water 

changes considerably, especially for low to mid power loads, when decreasing the diameter. 

Increasing the diameter does not change the liquid water flow significantly. 

 

Figure 46 - Sensitivity analysis of cathode pipe diameters 

Figure 47 shows the sensitivity analysis of changing the anode diameter from the reference 

case 0.01 to 0.02 and 0.0075 meters. Changing the anode pipes does not change the liquid 

water amount noticeably, and decreasing it too much (e.g., 0.005) crashes the simulation due 

to low concentration of hydrogen in the anode gas channel. 

 

Figure 47 - Sensitivity analysis of anode pipe diameters 
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6.3 Efficiencies 

Figure 48 shows the sensitivity analysis of the heat transfer effectiveness of the humidifier. 

The reference case is 80% and it was changed to 60% and 100%. For the tested values, the 

heat transfer in the humidifier does not affects the liquid water amount noticeably. 

 

Figure 48 - Sensitivity analysis of humidifier heat transfer efficiency 

Figure 49 shows the sensitivity analysis of the isentropic efficiency of the turbocharger. The 

reference case is 75% (blue) and it was changed to 50% (red) and 100% (yellow). Since the 

isentropic efficiency has a direct effect on the temperature after the turbocharger, there is a 

considerably increase in liquid water in the exhaust when changing the turbocharger 

efficiency. The change of liquid water is more pronounced at higher power loads. 

 

Figure 49 - Sensitivity analysis of turbocharger isentropic efficiency 
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7 DISCUSSION  

Looking at the polarization curve (figure 18) for the validation of the performance of the 

model against the test-rig, the calibration throughout the different current densities is 

considered accurate. The model could potentially be calibrated more accurately if the 

previously mentioned limitations of the custom MEA block were to be addressed. The current 

study objective is to study the liquid water at the exhaust of the FC, which is influenced by the 

polarization curve as it is directly connected to the number of reactions needed, and therefore 

water produced, to meet different power loads. However, as previously mentioned, the 

calibration of the current study is considered accurate enough. Implementing the hydraulic 

permeation phenomenon would affect the water transportation in the membrane and would 

therefore change the rate of which the water is transported between the anode and cathode 

side, which will influence how much water is captured on each side of the membrane. And as 

previously mentioned the reliability of the current study is low due to the limited data 

available for validation of the liquid water amount. To ensure reliable results a more rigorous 

testing of the model needs to be conducted with different drive cycles and preferably for 

different power loads. 

The liquid water in the different sections shows an overestimation in the Anode + 

Turbocharger section, while severely underestimating the Cathode + Humidifier section with 

a deviation of -99.8%. The underestimation of the Cathode + Humidifier section could be 

because the humidifier component is modelled in a lumped approach. The “Cathode 

Humidifier (wet side)” subsystem lower the temperature and pressure, while removing water 

that is used to humidify the dry air, after which the liquid water condensed is calculated. 

Removing the moisture causes the partial pressure of water to reduce, which reduces the 

amount condensed. An actual humidifier could collect condensed water throughout, meaning 

that the water partial pressure is higher in the beginning and gradually decreasing. Changing 

cathode inlet RH does not substantially increase the liquid water in the Cathode + Humidifier 

(figure 45). Interestingly, liquid water is only present the section during high power load 

conditions (figure 21), when the dynamic pressure and water production is high, which is 

most likely the reason for the large relative deviation. 

The test-rig used for validation also has a cyclone separator, which the model in the current 

study is missing. The component could induce more condensation due to factors such as 

pressure drop, although the influence of this component on the liquid water amount is 

unknown. The cyclone separators efficiency is also unknown, while the current study 

assumes 100% water separation throughout. Additionally, evaporation and latent heat 

transfer is not included in the current study which affects the condensation. In an actual 

system latent heat would increase the temperature of the moist air while condensation and 

evaporation would both occur until an equilibrium is found. 

The system starts off cold, and therefore more liquid water is generated in the beginning of 

the simulation as evident the bumps in the beginning of figure 20 which reduces as the 

system temperature is increased. The same figures show that the generated liquid water in 

the beginning of the simulation is low. This is contributed to how the humidifier is set-up, the 

cathode inlet RH is set to a constant meaning that in the beginning of the simulation the 
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humidifier uses most of the moisture from the wet air for the dry air until enough water is 

generated by the system to overcome the moisture demand from the humidifier.   

Changing the pressure did have a significant effect on the liquid water exhausted by the FC 

with changes as large as 180%. The results shows that the temperature have a higher impact 

compared to the pressure with changes as large as 350%. It should be noted that these large 

changes are for the crawling excavator and wheel loader, which had little liquid water in the 

reference cases meaning that the changes did not translate to large mass differences. The 

articulated hauler with the generally higher power load also showed a higher influence by the 

temperature with upwards of 68% change is mass. The results also shows that a higher power 

load constitutes more liquid water in the exhaust due to increase pressures and water 

production from the reactions. The temperature does increase with higher power loads as 

well, but not enough to counteract the liquid water increase due to higher pressure and water 

production. The liquid water in the exhaust for the drive cycle with higher power load was 

also less sensitive to operating parameter changes. For many of the parameter changes, 

negative effects such as degradation and other aspects are unknown and should therefore be 

further investigated before implementation if a specific operation condition, and liquid water 

amount is sought out. 

RH change does not change many parameters, and not in expected ways. It was expected that 

decreasing the cathode inlet RH would negatively impact the efficiency of the model, and 

therefore increase the water production as more reactions would have to occur to meet the 

same power loads. This could be due to the model being lumped and the equations in the 

MEA block approximating the water activity in the membrane to be equal to the RH, 

meaning that since the cathode gas channel is not a distributed component, and when water 

is produced by the stack the RH throughout the channel is increased, making the inlet RH 

less significant. Due to the same reason the drive cycle with higher power load, which needs 

more reactions and thus has more water production, sees less impact of the inlet RH as the 

water production could be sufficient enough to properly hydrate the membrane. Looking at 

the results for the drive cycles power and impact of inlet RH, there seems to be a correlation 

between the power load and impact of the RH on the liquid water amount, where a drive 

cycle with higher power load is less influenced by the inlet RH. Another unexpected result is 

parameter changes for the wheel loader drive cycle, which for all changes of pressure and 

temperature increases the liquid water amount although, the increase is very small in terms 

of mass. 

Looking at the different results presented in section 5.2 “Fuel cell efficiency”, by changing the 

pressure, temperature, and cathode inlet RH the stack and system efficiency does not change 

by a substantial amount, which is evident in the summarization tables 6, 7, 8, 9, 10, and 11 

that shows the total water generation for different parameters changes is similar.  
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By increasing the pressure, the stack efficiency increases which agrees well with the literature 

review. The increase is not substantial which could be due to not so large absolute changes to 

the pressure and the already high pressures in the reference cases, in the literature review it 

was found that the most increase in performance was found when increasing the pressure 

from lower pressure ranges. The increase in pressure does lower the system efficiency by a 

small amount. Increasing the operating pressure means that the compressor has a higher 

workload which reduces the net power from the system. The turbocharger does recuperate 

some energy utilized by the compressor which reduces efficiency degradation from increasing 

the pressure. As found in the literature review, increasing the pressure can increase the 

species crossover and accelerate membrane degradation, which this model does not capture 

which would further decrease the system, and stack efficiency. 

Increasing the temperature decreases both the stack and system efficiency, reducing the 

temperature gives the highest efficiency for all case studies. Since the temperature increase is 

percentage based on a dynamic temperature, the stack temperature might exceed 800C at 

some points during the drive cycle and reach a temperature which can lead to dehydration. 

According to the literature review showed that a higher temperature resulted in higher 

efficiencies but increasing the temperature too much could result in lower efficiencies due to 

difficulties in keeping the membrane sufficiently hydrated. This could be the reason that this 

model sees a drop in efficiency as the stack temperature is increased. Another reason could 

be due to the exchange current density not changing with temperature or pressure, which 

means that the losses might be overestimated. According to the literature review, activation 

and concentration losses increase when the temperature increases, but so does the exchange 

current density which lowers losses. The exchange current density also increases with the 

pressure which means that the losses when increasing the pressure might also be 

overestimated. 

Since some of the parameters such as humidifier heat transfer effectiveness, turbocharger 

isentropic efficiency and pipe diameters of the studied system were unknown, a sensitivity 

analysis of those parameters were conducted. The sensitivity analysis shows that the 

humidifier heat transfer effectiveness only made minimal changes to the total liquid water 

flow in the exhaust which is because the effectiveness of the humidifier only affects the liquid 

water in the Cathode + Humidifier section, the value of which is relatively small compared to 

the Anode + Turbocharger section. Had the liquid flow been higher, changing the 

effectiveness could contribute to a significant impact on the liquid water flow due to 

decreased temperatures in the wet air. The isentropic efficiency of the turbocharger did have 

a noticeable impact on the liquid water flow. Expectedly, increasing the efficiency increased 

the liquid water flow as the temperature after the turbocharger was reduced as the expansion 

is closer to an ideal expansion which has the highest possible energy extraction from the gas. 

Changing anode pipe diameters did not change the liquid water in the exhaust, while 

changing the cathode pipe diameters did have a significant impact on the liquid water at 

different power loads which signifies the importance to correctly define this parameter.  
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One interesting aspect when calculating the water amount in the exhaust of the fuel cell is to 

compare it to a conventional diesel engine. To find the water emitted from a diesel engine 

some assumptions have to be made, namely the specific fuel consumption being 0.235 

kg/kWh (Klanfar et al., 2016), the stoichiometric air to fuel ratio being 14.7 (Shinde & Yadav, 

2016) and the water weight percentage in the exhaust being 2.6% (Tschoeke et al., 2010). For 

the comparison, the total water in the exhaust for the articulated hauler drive cycle is used 

where the model of the FC showed 33.3 kg total water and the diesel engine 6.5 kg meaning 

that the water emitted from a FC is much greater compared to using a diesel engine. It should 

also be noted that exhaust temperature of a diesel engine is normally between 350-700° 

(Sharma & Maréchal, 2019) and a fair assumption would be that all the water from the diesel 

engine exhaust is in vapor form. 

In a real scenario, with two parallel connected FC, the additional weight of the liquid water is 

in the range of 20 - 140 kg for a full 8-hour workday, depending on the vehicle. Since the 

water is collected throughout the day, it could be applicable and feasible for all machines to 

store the liquid water in the vehicle. The total water in the exhaust ranges from 420 – 530 kg, 

and in a scenario where all the water vapor in the exhaust is condensed and stored, the 

additional weight could be excessive and unnecessarily increase power demand for the 

vehicle. Therefore, this scenario could be more appropriate for more stationary machines, 

such as excavators which has prolonged operation in one location. However, a more in-depth 

analysis regarding storing and condensing water would be needed where factors such as 

vehicle design, application, operational conditions, and additional weight needs to be 

considered.   
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8 CONCLUSIONS 

The aim of this degree project was to quantify the amount of liquid and water vapor, liquid 

water ratio and performance of three different machines by varying their operating 

parameters using a modified pre-build model in Simulink. Of the investigated parameters, 

stack temperature and pressure had the largest effect on both the amount and ratio of liquid 

water in the exhausts, while cathode inlet RH had minimal effect on both. It was found that 

higher stack temperature or lower pressure reduced the amount of liquid water and thus the 

ratio of liquid water in the exhausts, while reducing the stack temperature or increasing had 

the opposite effect.  

The reference case and the minimum and maximum yield of liquid water for the different 

vehicles are summarized in table 12 assuming all machines have parallel connected fuel cells 

with 8-hour workdays. The total water for an 8-hour workday is also presented in table 12 for 

the reference case, as this value did change much between different parameter changes. The 

ranges used when varying parameters in the case study resulted in stack temperature being 

responsible for the largest increase and decrease in liquid water amount. 

Table 12 - Minimum, reference, and maximum liquid water and total water weight for all case 

studies 

 
Articulated 

hauler 
Crawler 

excavator 
Wheel loader 

Minimum [kg] 
Temperature 73.6 28.8 25.6 

Pressure 102.4 28.8 25.6 

Reference [kg] 137.6 35.2 22.4 

Maximum [kg] 
Temperature 230.4 144.0 102.4 

Pressure 187.2 96 60.8 

Total water [kg] 536.0 496.0 425.6 

 

The dominant phase of water was in vapor form for an entire cycle for all case studies. The 

maximum liquid water ratio was 43% which was for the articulated hauler with a 10% 

temperature reduction. Table 13 summarizes the minimum, reference, and maximum liquid 

water ratio for all different parameters for respective case studies.  
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Table 13 – Minimum, reference, and maximum liquid water share for all case studies 

 
Articulated 

hauler 
Crawler 

excavator 
Wheel loader 

Minimum [%] 
Temperature 14% 6% 6% 

Pressure 19% 6% 5% 

Reference [%] 26% 7% 5% 

Maximum [%] 
Temperature 43% 29% 24% 

Pressure 35% 19% 15% 

 

The efficiency of the stack and system does not change considerably by changing the different 

parameters. The results show that increasing the pressure increases the stack efficiency but 

reduces the system efficiency. Increasing the stack temperature reduces both the stack and 

system efficiency. Increasing the cathode inlet RH generally decreased the stack and system 

efficiency. Table 14 summarizes the minimum, reference, and maximum efficiency for all 

different parameters for respective case studies where the values in the parentheses are for 

the stack efficiency. Since the stack efficiency does not change considerably, the total water in 

the exhaust is very similar between the parameter changes. 

Table 14 - Minimum, reference, and maximum system and (stack) efficiencies for all case studies 

 Articulated hauler Crawling excavator Wheel loader 

Minimum [%] 
53.9% 

(54.3%) 
55.1% 

(55.3%) 
55.7% 

(55.9%) 

Reference [%] 
54.7% 

(55.1%) 
56% 

(56%) 
56.5% 

(57.2%) 

Maximum [%] 
55.3% 

(55.7%) 
56.7% 
(57%) 

57% 
(57.3%) 
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9  SUGGESTIONS FOR FURTHER WORK 

To increase the accuracy of the model several things should be implemented into the model, 

such as more accurate electrochemical equations. Phenomena that should be included is 

condensation and evaporation throughout the system in a distributed way for a more 

accurate picture of where condensation of the water vapor occur, this would also add 

dynamics of liquid water throughout the system. Making it distributed would also allow for a 

degradation analysis which could be necessary before implementing changes in an actual 

system. Species crossover should also be implemented to have a higher resemblance to an 

actual system. Additionally, to make this model more reliable, further validation is required. 

Additionally, a study of a system proposal, implementation and cost analysis should be 

conducted if the liquid water were to be stored. To understand the feasibility of storing the 

liquid water it is important to understand the potential overall performance and cost impact 

of the system. A study of that kind would require evaluation of storing or utilizing the liquid 

water in different ways such as with a separate storage tank or utilizing the liquid water in the 

system. The cost and life cycle analysis would allow valuable insight for future system designs 

and implementation decisions. A solution, such as a condenser, to reduce the water vapor in 

the exhaust could also be investigated because, as previously explained, water vapor could 

lead to issues with the working environment. Again, an appropriate analysis of the cost and 

performance influence of such a system should be conducted to evaluate the feasibility of 

implementation.  



 

66 

 

REFERENCES 

 

Abdin, Z., Webb, C. J., & Gray, E. M. (2016). PEM fuel cell model and simulation in Matlab–
Simulink based on physical parameters. Energy, 116, 1131-1144. 
https://doi.org/10.1016/j.energy.2016.10.033  

Affonso Nóbrega, P. H. (2023). A review of physics-based low-temperature proton-exchange 
membrane fuel cell models for system-level water and thermal management studies. 
Journal of Power Sources, 558, 232585. 
https://doi.org/10.1016/j.jpowsour.2022.232585  

Ahluwalia, R. K., Wang, X., Star, A. G., & Papadias, D. D. (2022). Performance and cost of 
fuel cells for off-road heavy-duty vehicles. 47, 10990-11006. 
https://doi.org/10.1016/j.ijhydene.2022.01.144  

Ahmadi, N., Dadvand, A., Rezazadeh, S., & Mirzaee, I. (2016). Analysis of the operating 
pressure and GDL geometrical configuration effect on PEM fuel cell performance. 
Journal of the Brazilian Society of Mechanical Sciences and Engineering, 38(8), 
2311-2325. https://doi.org/10.1007/s40430-016-0548-0  

Ali, D., & Aklil-D'Halluin, D. D. (2011). Modeling a Proton Exchange Membrane (PEM) Fuel 
Cell System as a Hybrid Power Supply for Standalone Applications. 2011 Asia-Pacific 
Power and Energy Engineering Conference, 1-5. 
https://doi.org/10.1109/APPEEC.2011.5749114  

Ang, S. M. C., Fraga, E. S., Brandon, N. P., Samsatli, N. J., & Brett, D. J. L. (2011). Fuel cell 
systems optimisation – Methods and strategies. International Journal of Hydrogen 
Energy, 36(22), 14678-14703. https://doi.org/10.1016/j.ijhydene.2011.08.053  

Behling, N. H. (2013). Fuel Cells and the Challenges Ahead. 7-36. 
https://doi.org/10.1016/B978-0-444-56325-5.00002-8  

Ben Jebli, M., & Ben Youssef, S. (2017). The role of renewable energy and agriculture in 
reducing CO2 emissions: Evidence for North Africa countries. 74, 295-301. 
https://doi.org/10.1016/j.ecolind.2016.11.032  

Bernardi, D. M., & Verbrugge, M. W. (1992). A Mathematical Model of the Solid‐Polymer‐
Electrolyte Fuel Cell. Journal of The Electrochemical Society, 139(9), 2477. 
https://doi.org/10.1149/1.2221251  

Blunier, B., Gao, F., & Miraoui, A. (2012). Proton Exchange Membrane Fuel Cells Modeling. 
John Wiley & Sons, Incorporated.  

Cai, Y., Hu, J., Ma, H., Yi, B., & Zhang, H. (2006). Effect of water transport properties on a 
PEM fuel cell operating with dry hydrogen. Electrochimica Acta, 51(28), 6361-6366. 
https://doi.org/10.1016/j.electacta.2006.04.043  

Camacho, M. d. l. N., Jurburg, D., & Tanco, M. (2022). Hydrogen fuel cell heavy-duty trucks: 
Review of main research topics. 47, 29505-29525. 
https://doi.org/10.1016/j.ijhydene.2022.06.271  

Cameron, I. T., Hangos, K., Perkins, J., Stephanopoulos, G., Cameron, I. T., Hangos, K., . . . 
Stephanopoulos, G. (2001). Process Modelling and Model Analysis. Elsevier Science 
& Technology.  



 

67 

 

Chen, D., & Peng, H. (2004). A Thermodynamic Model of Membrane Humidifiers for PEM 
Fuel Cell Humidification Control. Journal of Dynamic Systems, Measurement, and 
Control, 127(3), 424-432. https://doi.org/10.1115/1.1978910  

Cheng, S., Fang, C., Xu, L., Li, J., & Ouyang, M. (2015). Model-based temperature regulation 
of a PEM fuel cell system on a city bus. International Journal of Hydrogen Energy, 
40(39), 13566-13575. https://doi.org/10.1016/j.ijhydene.2015.08.042  

Chugh, S., Chaudhari, C., Sonkar, K., Sharma, A., Kapur, G. S., & Ramakumar, S. S. V. 
(2020). Experimental and modelling studies of low temperature PEMFC 
performance. International Journal of Hydrogen Energy, 45(15), 8866-8874. 
https://doi.org/10.1016/j.ijhydene.2020.01.019  

Dai, W., Wang, H., Yuan, X.-Z., Martin, J. J., Yang, D., Qiao, J., & Ma, J. (2009). A review on 
water balance in the membrane electrode assembly of proton exchange membrane 
fuel cells. International Journal of Hydrogen Energy, 34(23), 9461-9478. 
https://doi.org/10.1016/j.ijhydene.2009.09.017  

Daud, W. R. W., Rosli, R. E., Majlan, E. H., Hamid, S. A. A., Mohamed, R., & Husaini, T. 
(2017). PEM fuel cell system control: A review. Renewable Energy, 113, 620-638. 
https://doi.org/10.1016/j.renene.2017.06.027  

del Real, A. J., Arce, A., & Bordons, C. (2007). Development and experimental validation of a 
PEM fuel cell dynamic model. Journal of Power Sources, 173(1), 310-324. 
https://doi.org/10.1016/j.jpowsour.2007.04.066  

Department of Energy. (n.d.-a). Fuel Cell Systems. Department of Energy. Retrieved 
February 3rd from https://www.energy.gov/eere/fuelcells/fuel-cell-systems 

Department of Energy. (n.d.-b). Fuel Cells. Retrieved November 16th from 
https://www.energy.gov/eere/fuelcells/fuel-cells 

Department of Energy. (n.d.-c). Types of Fuel Cells. Retrieved January 31st from 
https://www.energy.gov/eere/fuelcells/types-fuel-cells 

Djilali, N. (2007). Computational modelling of polymer electrolyte membrane (PEM) fuel 
cells: Challenges and opportunities. 32, 269-280. 
https://doi.org/10.1016/j.energy.2006.08.007  

Durbin, D. J., & Malardier-Jugroot, C. (2013). Review of hydrogen storage techniques 
for on board vehicle applications. International Journal of Hydrogen Energy, 
38(34), 14595-14617. https://doi.org/10.1016/j.ijhydene.2013.07.058  

Dutta, S., Shimpalee, S., & Van Zee, J. W. (2001). Numerical prediction of mass-exchange 
between cathode and anode channels in a PEM fuel cell. International Journal of 
Heat and Mass Transfer, 44(11), 2029-2042. https://doi.org/10.1016/S0017-
9310(00)00257-X  

EG&G Technical Services. (2004). Fuel cell handbook (7th ed.). Department of Energy, Office 
of Fossil Energy, National Energy Technology Laboratory.  

ERA, & CNG. (2019). Carbon footprint of construction equipment. https://erarental.org/wp-
content/uploads/2020/12/Carbon-Footprint-of-Construction-Equipment-report.pdf 

Fan, H. (2017). A Critical Review and Analysis of Construction Equipment Emission Factors. 
Procedia Engineering, 196, 351-358. https://doi.org/10.1016/j.proeng.2017.07.210  



 

68 

 

Fărcaş, A. C., & Dobra, P. (2014). Adaptive Control of Membrane Conductivity of PEM Fuel 
Cell. 12, 42-49. https://doi.org/10.1016/j.protcy.2013.12.454  

Filsinger, D., Kuwata, G., & Ikeya, N. (2021). Tailored Centrifugal Turbomachinery for 
Electric Fuel Cell Turbocharger. International Journal of Rotating Machinery, 2021, 
3972387. https://doi.org/10.1155/2021/3972387  

Gößling, S., Klages, M., Haußmann, J., Beckhaus, P., Messerschmidt, M., Arlt, T., . . . Heinzel, 
A. (2016). Analysis of liquid water formation in polymer electrolyte membrane (PEM) 
fuel cell flow fields with a dry cathode supply. Journal of Power Sources, 306, 658-
665. https://doi.org/10.1016/j.jpowsour.2015.12.060  

Haraldsson, K., & Wipke, K. (2004). Evaluating PEM fuel cell system models. Journal of 
Power Sources, 126(1), 88-97. https://doi.org/10.1016/j.jpowsour.2003.08.044  

Harms, C., Köhrmann, F., & Dyck, A. (2015). Study of the influence of key test parameters on 
the performance of a PEMFC stack. Solid State Ionics, 275, 75-79. 
https://doi.org/10.1016/j.ssi.2015.03.023  

Huang, Y., Xiao, X., Kang, H., Lv, J., Zeng, R., & Shen, J. (2022). Thermal management of 
polymer electrolyte membrane fuel cells: A critical review of heat transfer 
mechanisms, cooling approaches, and advanced cooling techniques analysis. Energy 
Conversion and Management, 254, 115221. 
https://doi.org/10.1016/j.enconman.2022.115221  

Hyundai CE. (n.d.). Bauma 2022: Think further, Think Future with hyundai Construction 
Equipment. Retrieved February 1st from https://www.hyundai-
ce.eu/en/lp/bauma2022 

IEA (2021a), Global Hydrogen Review 2021,IEA, Paris, https://www.iea.org/reports/global-
hydrogen-review-2021, License: CC BY 4.0 

IEA (2021b), Net Zero by 2050: A Roadmap for the Global Energy Sector,IEA, Paris, 
https://www.iea.org/reports/net-zero-by-2050, License: CC BY 4.0 

Iranzo, A., & Salva, J. A. (2018). Effect of Anode/Cathode Operating Pressures on the Liquid 
Water Content and Performance of a PEM Fuel Cell. Fuel Cells, 18(6), 742-747. 
https://doi.org/10.1002/fuce.201800076  

JCB. (2020, 7). JCB leads the way with the first hydrogen fuelled excavator. Retrieved 
February 1st from https://www.jcb.com/en-gb/news/2020/07/jcb-leads-the-way-
with-first-hydrogen-fuelled-excavator#utm_source=YouTube&utm_medium=Social 

Jiao, K., & Li, X. (2011). Water transport in polymer electrolyte membrane fuel cells. 
Progress in Energy and Combustion Science, 37(3), 221-291. 
https://doi.org/10.1016/j.pecs.2010.06.002  

Kaur, G. (2022). PEM fuel cells : fundamentals, advanced technologies, and practical 
application. Elsevier.  

Khan, M. J., & Iqbal, M. T. (2005). Modelling and Analysis of Electro-chemical, Thermal, and 
Reactant Flow Dynamics for a PEM Fuel Cell System. Fuel Cells, 5(4), 463-475. 
https://doi.org/10.1002/fuce.200400072  



 

69 

 

Klanfar, M., Korman, T., & Kujundžić, T. (2016). Fuel consumption and engine load factors of 
equipment in quarrying of crushed stone. 23, 163-169. https://doi.org/10.17559/TV-
20141027115647  

Li, J., Yang, S., Yu, T., & Zhang, X. (2022). Data-driven optimal PEMFC temperature control 
via curriculum guidance strategy-based large-scale deep reinforcement learning. IET 
Renewable Power Generation, 16(7), 1283-1298. 
https://doi.org/10.1049/rpg2.12240  

Liso, V., Nielsen, M. P., Kær, S. K., & Mortensen, H. H. (2014). Thermal modeling and 
temperature control of a PEM fuel cell system for forklift applications. International 
Journal of Hydrogen Energy, 39(16), 8410-8420. 
https://doi.org/10.1016/j.ijhydene.2014.03.175  

Liso, V., Simon Araya, S., Olesen, A. C., Nielsen, M. P., & Kær, S. K. (2016). Modeling and 
experimental validation of water mass balance in a PEM fuel cell stack. International 
Journal of Hydrogen Energy, 41(4), 3079-3092. 
https://doi.org/10.1016/j.ijhydene.2015.10.095  

Liu, Q., Lan, F., Chen, J., Zeng, C., & Wang, J. (2022). A review of proton exchange 
membrane fuel cell water management: Membrane electrode assembly. Journal of 
Power Sources, 517, 230723. https://doi.org/10.1016/j.jpowsour.2021.230723  

Lu, J. B., Wei, G. H., Zhu, F. J., Yan, X. H., & Zhang, J. L. (2019). Pressure Effect on the 
PEMFC Performance. Fuel Cells, 19(3), 211-220. 
https://doi.org/10.1002/fuce.201800135  

Majsztrik, P. W., Satterfield, M. B., Bocarsly, A. B., & Benziger, J. B. (2007). Water sorption, 
desorption and transport in Nafion membranes. Journal of Membrane Science, 
301(1), 93-106. https://doi.org/10.1016/j.memsci.2007.06.022  

Maleki Bagherabadi, K., Skjong, S., & Pedersen, E. (2022). Dynamic modelling of PEM fuel 
cell system for simulation and sizing of marine power systems. International Journal 
of Hydrogen Energy, 47(40), 17699-17712. 
https://doi.org/10.1016/j.ijhydene.2022.03.247  

MathWorks. (n.d.-a). Modeling Moist Air Systems. Retrieved May 4th from 
https://se.mathworks.com/help/simscape/ug/modeling-moist-air-systems.html 

MathWorks. (n.d.-b). Simscape - Model and simulate multidomain physical systems. 
Retrieved March 29th from https://se.mathworks.com/products/simscape.html 

MathWorks. (n.d.-c). Simulink. Retrieved January 30th from 
https://se.mathworks.com/products/simulink.html?s_tid=AO_PR_info 

McKahn, D. A., & Liu, X. (2015). Comparison of Two Models for Temperature Observation of 
Miniature PEM Fuel Cells Under Dry Conditions. IEEE Transactions on Industrial 
Electronics, 62(8), 5283-5292. https://doi.org/10.1109/TIE.2015.2438057  

Mohammadi Taghiabadi, M., & Zhiani, M. (2019). Degradation analysis of dead-ended anode 
PEM fuel cell at the low and high thermal and pressure conditions. International 
Journal of Hydrogen Energy, 44(10), 4985-4995. 
https://doi.org/10.1016/j.ijhydene.2019.01.040  



 

70 

 

Mohd Nawi, M. A. H., Mohd Hanid, M. H., Mustafa, W. A., Kasim, M. S., & Raja Abdullah, R. 
I. (2020). Pollutant Emission in Diesel Engine. 288-298. 
https://doi.org/10.1007/978-981-13-9539-0  

Moran, M. J., Shapiro, H. N., Boettner, D. D., & Bailey, M. B. (2014). Fundamentals of 
Engineering Thermodynamics, 8th Edition. Wiley.  

Mulyazmi, Daud, W. R. W., Majlan, E. H., & Rosli, M. I. (2013). Water balance for the design 
of a PEM fuel cell system. International Journal of Hydrogen Energy, 38(22), 9409-
9420. https://doi.org/10.1016/j.ijhydene.2012.12.014  

Ohenoja, M., & Leiviska, K. (2009, 18-20 March 2009). Identification of electrochemical 
model parameters in PEM fuel cells. 2009 International Conference on Power 
Engineering, Energy and Electrical Drives,  

Olabi, A. G., Wilberforce, T., & Abdelkareem, M. A. (2021). Fuel cell application in the 
automotive industry and future perspective. 214, 118955. 
https://doi.org/10.1016/j.energy.2020.118955  

Ou, K., Yuan, W.-W., Choi, M., Yang, S., & Kim, Y.-B. (2017). Performance increase for an 
open-cathode PEM fuel cell with humidity and temperature control. International 
Journal of Hydrogen Energy, 42(50), 29852-29862. 
https://doi.org/10.1016/j.ijhydene.2017.10.087  

Padgett, E., Kleen, G. J., Mukundan, R., Wang, X., Ahluwalia, R., & Papageorgopoulos, D. C. 
(2020). Development of Targets for Heavy Duty Fuel Cell Vehicles with Application-
Driven System Modelling. MA2020-02, 2181. https://doi.org/10.1149/MA2020-
02342181MTGABS  

Pinto, A. M. F. R., Oliveira, V. B., & Falcão, D. S. (2018). Direct alcohol fuel cells basic 
science. In A. M. F. R. Pinto, V. B. Oliveira, & D. S. Falcão (Eds.), Direct Alcohol Fuel 
Cells for Portable Applications (pp. 17-80). Academic Press.  

Pukrushpan, J. T., Stefanopoulou, A. G., & Peng, H. (2013). Control of Fuel Cell Power 
Systems: Principles, Modeling, Analysis and Feedback Design. Springer London.  

Raza, A., Gholami, R., Rezaee, R., Rasouli, V., & Rabiei, M. (2019). Significant aspects of 
carbon capture and storage – A review. 5, 335-340. 
https://doi.org/10.1016/j.petlm.2018.12.007  

REFIRE. (2020, 12). Powered by REFIRE Technology, Sany's World First Fuel Cell Mixer 
Rolled off the Production Line! https://www.refire.com/en/news/powered-by-refire-
technology-sany-s-world-first-fuel-cell/ 

Ren, P., Pei, P., Li, Y., Wu, Z., Chen, D., & Huang, S. (2020). Degradation mechanisms of 
proton exchange membrane fuel cell under typical automotive operating conditions. 
Progress in Energy and Combustion Science, 80, 100859. 
https://doi.org/10.1016/j.pecs.2020.100859  

Reşitoğlu, İ. A., Altinişik, K., & Keskin, A. (2015). The pollutant emissions from diesel-engine 
vehicles and exhaust aftertreatment systems. Clean Technologies and Environmental 
Policy, 17(1), 15-27. https://doi.org/10.1007/s10098-014-0793-9  

San Martín, I., Ursúa, A., & Sanchis, P. (2014). Modelling of PEM Fuel Cell Performance: 
Steady-State and Dynamic Experimental Validation. Energies, 7(2), 670-700.  



 

71 

 

SANY. (2021, 3). SANY embraces the era of cleaner fuel with hydrogen fuel cell construction 
vehicles. https://www.sanyglobal.com/press_releases/682/ 

Saravanamuttoo, H. I. H., Rogers, G. F. C., & Cohen, H. (2001). Gas Turbine Theory (5th 
ed.). Dorling Kindersley.  

Sharma, S., & Maréchal, F. (2019). Carbon Dioxide Capture From Internal Combustion 
Engine Exhaust Using Temperature Swing Adsorption. 7, 143. 
https://doi.org/10.3389/fenrg.2019.00143  

Shinde, S., & Yadav, S. (2016). Theoretical Properties Prediction of Diesel-Biodiesel-DEE 
Blend as a Fuel for C.I. Engine With Required Modifications for Optimum 
Performance [Conference paper]. International Conference on Energy Systems and 
Developments, Pune, Maharashtra. 
https://www.researchgate.net/publication/316272492 

Smith, J. P., Bennett, R. W., Jakupca, J. I., Gilligan, P. R., & Edwards, G. L. (2021). Effect of 
Reactant Pressure on Proton Exchange Membrane Fuel Cell Performance [Technical 
Publication (TP)]. Article 20205011192. 
https://ntrs.nasa.gov/api/citations/20205011192/downloads/TP-20205011192.pdf 
(NASA)  

Solaymani, S. (2019). CO2 emissions patterns in 7 top carbon emitter economies: The case of 
transport sector. 168, 989-1001. https://doi.org/10.1016/j.energy.2018.11.145  

Spiegel, C. (2008). PEM Fuel Cell Modeling and Simulation Using Matlab. Elsevier Science 
& Technology.  

Springer, T. E., Zawodzinski, T. A., & Gottesfeld, S. (1991). Polymer Electrolyte Fuel Cell 
Model. Journal of The Electrochemical Society, 138(8), 2334. 
https://doi.org/10.1149/1.2085971  

Sun, S., Su, Y., Yin, C., & Jermsittiparsert, K. (2020). Optimal parameters estimation of 
PEMFCs model using Converged Moth Search Algorithm. Energy Reports, 6, 1501-
1509. https://doi.org/10.1016/j.egyr.2020.06.002  

Tschoeke, H., Graf, A., Stein, J., Krüger, M., Schaller, J., Breuer, N., . . . Schindler, W. (2010). 
Diesel Engine Exhaust Emissions. In K. Mollenhauer & H. Tschöke (Eds.), Handbook 
of Diesel Engines (pp. 417-485). Springer Berlin Heidelberg.  

Vidović, T., Tolj, I., Radica, G., & Bodrožić Ćoko, N. (2022). Proton-Exchange Membrane 
Fuel Cell Balance of Plant and Performance Simulation for Vehicle Applications. 
Energies, 15(21), 8110. https://doi.org/10.3390/en15218110  

Volvo CE. (2022, 6). Volvo CE starts testing of the world’s first prototype hydrogen 
articulated hauler. Retrieved February 1st from 
https://www.volvoce.com/global/en/news-and-events/press-releases/2022/volvo-
ce-starts-testing-of-the-worlds-first-prototype-hydrogen-articulated-hauler/ 

Volvo CE. (n.d.). Volvo Construction Equipment. Retrieved February 6th from 
https://www.volvoce.com/europe/se/ 

Vu, H. N., Nguyen, X. L., & Yu, S. (2022). A Lumped-Mass Model of Membrane Humidifier 
for PEMFC. Energies, 15(6).  



 

72 

 

Wang, B., Wu, K., Xi, F., Xuan, J., Xie, X., Wang, X., & Jiao, K. (2019). Numerical analysis of 
operating conditions effects on PEMFC with anode recirculation. Energy, 173, 844-
856. https://doi.org/10.1016/j.energy.2019.02.115  

Wang, L., & Liu, H. (2004). Performance studies of PEM fuel cells with interdigitated flow 
fields. Journal of Power Sources, 134(2), 185-196. 
https://doi.org/10.1016/j.jpowsour.2004.03.055  

Wang, Y., & Chen, K. S. (2013). PEM Fuel Cells : Thermal and Water Management 
Fundamentals. Momentum Press.  

Wilberforce, T., El-Hassan, Z., Khatib, F. N., Al Makky, A., Baroutaji, A., Carton, J. G., . . . 
Olabi, A. G. (2017). Modelling and simulation of Proton Exchange Membrane fuel cell 
with serpentine bipolar plate using MATLAB. International Journal of Hydrogen 
Energy, 42(40), 25639-25662. https://doi.org/10.1016/j.ijhydene.2017.06.091  

Xue, L., Guo, X., & Chen, H. (2020). Fluid Flow in Porous Media. WORLD SCIENTIFIC. 
https://doi.org/10.1142/11805  

Yi, J., & Nguyen, T. (1998). An Along‐the‐Channel Model for Proton Exchange Membrane 
Fuel Cells. Journal of The Electrochemical Society, 145, 1149-1159. 
https://doi.org/10.1149/1.1838431  

You, L., & Liu, H. (2006). A two-phase flow and transport model for PEM fuel cells. Journal 
of Power Sources, 155(2), 219-230. https://doi.org/10.1016/j.jpowsour.2005.04.025  

Zhang, J., Song, C., Zhang, J., Baker, R., & Zhang, L. (2013). Understanding the effects of 
backpressure on PEM fuel cell reactions and performance. Journal of 
Electroanalytical Chemistry, 688, 130-136. 
https://doi.org/10.1016/j.jelechem.2012.09.033  

Zhang, J. Z., Li, J., Li, Y., & Zhao, Y. (2014). Hydrogen Generation, Storage and Utilization. 
John Wiley & Sons, Incorporated.  

Zhang, N., Lu, Y., Kadam, S., & Yu, Z. (2023). Investigation of the integrated fuel cell, battery, 
and heat pump energy systems. Energy Conversion and Management, 276, 116503. 
https://doi.org/10.1016/j.enconman.2022.116503  

Ziogou, C., Voutetakis, S., Papadopoulou, S., & Georgiadis, M. (2011). Modeling and 
Experimental Validation of a PEM Fuel Cell System. Computers & Chemical 
Engineering, 35, 1886-1900. https://doi.org/10.1016/j.compchemeng.2011.03.013  

 

 

 

 



 

 

 


