
 

 

 

Degree project in Chemical Engineering 

Second Cycle, 30 credits 

Influence of current harmonics on 

the degradation of the catalyst 

coated membrane in PEMFC 

EVELINA AHLÉN NORBERG 

 

 

 

Stockholm Sweden, 2022 



 

 

 

 

 

Author: 

Evelina Ahlén Norberg, evnor@kth.se 

M.Sc Chemical Engineering for Energy and Environment 

KTH Royal Institute of Technology 

Stockholm, Sweden 

Supervisors 

Dr. Anneli Jedenmalm, ABB Corporate Research Västerås 

Dr. Anna Andersson, ABB Corporate Research Västerås 

Dr. Björn Eriksson, KTH Royal Institute of Technology 

Examiner: 

Prof. Carina Lagergren 

Division of Applied Electrochemistry 

KTH Royal Institute of Technology 

Date 

2022-06-30 

 

 

 

The illustration on the title page was collected from ABB’s website, illustrating a fuel cell battery hybrid 

integration in a marine vessel. 

 

mailto:evnor@kth.se


 

Abstract 

The marine shipping industry is dominated by fossil fuel driven propulsion. Electrification of 

marine vessels is one of the main strategies to enable emission-free propulsion. Hydrogen is an 

excellent energy carrier to meet the power demand of a marine vessel. Proton exchange membrane 

fuel cells (PEMFC) is a commercially available alternative for converting hydrogen into electricity. 

However, durability issues of the PEMFC is a constraint with the technology which limits technical 

lifetime. Research around ripple currents impact on degradation of PEMFC is scarce and the 

reported results are ambiguous and lack clear correlation between the effects of the ripple current 

on the lifetime of a PEMFC. 

This master thesis evaluates the impact on degradation of a single cell PEMFC by imposing a 

sinusoidal (70 Hz, 50 % amplitude) AC ripple to a dynamic load cycle. The dynamic load cycle is 

designed to simulate typical operating conditions of a marine vessel. Constant load cycling at 

0.4 A/cm2 with the same ripple characteristics was also conducted to verify the dynamic load 

cycling impact on the performance losses of the PEMFC. 

The in-situ characterization showed performance losses both during the dynamic and constant 

load cycling, for the ripple current and reference tests. To conclude, no significant effects on 

degradation by the sinusoidal ripple current of 70 Hz and 50 % amplitude is found when applied 

to a single cell PEMFC despite of performance losses for all cases. 

Keywords: Proton Exchange Membrane Fuel Cell, Ripple Current, Current Harmonics, 

Degradation, Lifetime, Marine transportation 

 



 

Sammanfattning 

Sjöfarten är idag dominerad av förbränningsmotorer som är beroende av fossila drivmedel. 

Elektrifiering är en av huvudstrategierna för att möjliggöra fossilfri energiförsörjning inom 

internationell sjöfart. Polymerelektrolytbränslecellen (PEMFC) omvandlar vätgas till elektricitet 

med hög verkningsgrad och är för närvarande kommersiellt tillgängligt upp till MW-skala för ett 

fartyg. Vätgas är en utmärkt energibärare för att tillgodose hög energidensitet hos ett fraktfartyg. 

Rippelströmmar från elkraftskomponenter påstås accelerera åldring av materialen i PEMFC och 

kan därför skapa negativa effekter över tid som påverkar livslängden av systemet.  

De tillgängliga studier som utvärderar rippelströmmars påverkan på åldring i PEMFC är 

begränsade. Resultaten i dessa studier är tvetydiga och saknar tydliga kopplingar mellan 

rippelströmmarnas inverkan på åldringsfenomen, som på sikt kan påverka den tekniska 

livslängden. Målet med examensarbetet var att identifiera effekten av rippelströmmar på åldring av 

bränslecellen vid typiska körförhållanden för ett fraktfartyg. Tester genomfördes på en PEMFC 

genom att applicera en sinusformad (70 Hz, 50 % amplitud) rippelström på en dynamisk last som 

simulerar ett fraktfartyg. En konstant lastcykling vid 0.4 A/cm2 utfördes som ett komplement för 

att verifiera den dynamiska lastens inverkan på bränslecellen.  

Alla tester resulterade i prestandaförluster både under den konstanta och dynamiska lasten, med 

eller utan rippelström. Men resultaten indikerade att effekten av en sinusformad rippelström inte 

orsakade någon signifikant åldring varken vid konstant respektive dynamisk lastcykel. 

Nyckelord: Polymerelektrolytbränslecell, Rippelström, Strömoscillation, Åldring, Livslängd, 

Sjötransport 
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1 Introduction 

In 2018, the maritime transport accounted for 2.89 % of the total anthropogenic global greenhouse 

gas (GHG) emissions and this value is expected to increase in the future if no measures are taken 

[1]. The main cause for these emissions is due to diesel engines being the dominant propulsion 

technology within the marine shipping industry [2]. The Paris agreement established by the United 

Nations framework convention on climate change (UNFCCC) aims to hold the global average 

temperature increase to 1.5 oC above the pre-industrial levels [3]. With the emerging climate crisis, 

the movement towards fossil free alternatives is rapidly increasing to align with the Paris 

agreement. The international maritime organization (IMO) has set the target to reduce 50 % of 

the GHG emissions from international shipping by 2050 in comparison with 2008 [4]. One of the 

main strategies to decrease the dependence on fossil energy carriers is by electrification. The 

proton-exchange membrane fuel cell (PEMFC) is a prominent option to convert green hydrogen 

into electricity with only water and heat as rest products. The high energy density of the PEMFC 

makes it suitable for the high-energy demanding transport sector including the marine shipping 

industry [2, 5]. In fact, the PEMFC is today a commercially ready alternative for marine vessels up 

to MW scale [6, 7]. 

The PEMFC holds several advantages such as, high energy density, low operating temperature 

(60-90 oC), quiet operation, and fast ability to start and shut down in comparison with other fuel 

cell technologies. [8, 9, 10]. Another advantage of the PEMFC is its modularity, as it can be 

customized by the power demand for the designated application. Increasing the amount of 

PEMFC stacks enables higher power output [11]. This makes the PEMFC a good option for 

maritime applications, since the design of ships often are customized to the designated route and 

its load demand. The main limitation of the PEMFC is its dependence on expensive materials such 

as graphite and platinum (Pt) catalysts which is a critical element due to their low abundance in the 

earth’s crust [12]. 

To ensure reliable operation throughout the whole lifespan of the PEMFC, durability needs to be 

investigated under the expected load and power consumption. Fuel cells connected with an 

DC/AC inverter is exposed to low frequency ripple currents (LFRC) in the range of 1 to 120 Hz 

[13]. LFRC can cause hysteretic behavior, which in turn affects the power output of the fuel cell 

[14, 15]. Therefore, mitigation strategies to minimize the LFRC is implemented to reduce the 

impact on performance and degradation, although it increases the overall size and cost of the 

system [16]. A limited number of studies of the ripple current effect on the durability have been 

performed in the past decades, and there is no consensus whether ripple currents affect the 

durability of the PEMFC. From the existing studies, it can be stated that several authors [13, 14, 

15, 17, 18, 19, 20] indicate that LFRC below 120 Hz may cause degradation of the PEMFC. 

However, the studies vary a lot regarding length of the experiments, parameters, size of the system, 

and lack repetition of the tests which makes a fair comparison difficult. Furthermore, no studies 

on the ripple current effect have been performed with marine applications in mind. Consequently, 

it is of interest to determine whether the ripple current affects the durability of the PEMFC under 

typical marine load conditions. 
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1.1 Aim and Objectives 

To identify the durability of PEMFC’s within maritime applications it is necessary to evaluate the 

impact of the ripple current at typical operating conditions for a marine vessel. The purpose of 

this master thesis is to evaluate if ripple currents significantly increase degradation of the 

components of a PEMFC. This will be done by electrochemical characterization of the PEMFC 

during load cycling to identify performance losses and degradation phenomena. The catalyst 

coated membrane (CCM) will further be subjected to ex-situ evaluation. Suggestions of causes for 

the degradation phenomenon and performance losses will be stated. 

The research questions of the project are as follows: 

▪ What is the degradation rate of a single cell PEMFC when operating at dynamic load 

conditions simulating a naval cargo ship? 

▪ What is the degradation rate of a single cell PEMFC when operating at constant load 

conditions? 

▪ What is the degradation rate of a single cell PEMFC when applying a sinusoidal AC ripple 

current to the load cycle simulating a naval cargo ship? 

▪ Is there a significant impact on the degradation rate when applying a constant sinusoidal 

low frequency ripple current the PEMFC when imposed to a typical load cycle for a naval 

cargo ship? 

The target group for the report is ABB Corporate Research and other chemical, mechanical, or 

electrical engineers having an interest in the lifetime and degradation of PEMFC, in particular for 

marine applications. 
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2 Theoretical Background 

Chapter 2 includes a literature review of ripple currents, electrical propulsion systems for marine 

vessels, how to simulate marine load cycles on lab-scale level, the fundamentals of the PEMFC 

technology, PEMFC degradation mechanisms and electroanalytical methods relevant for 

evaluating the durability of a PEMFC. 

2.1 Ripple Currents 

Harmonics caused by power electronics is in principle a waveform of an integer multiple of the 

input current or voltage, also called ripples [21]. The shape of the ripple can be in various forms, 

e.g. sinusoidal, triangular, or square shaped. The frequency and amplitude describe how fast and 

how large the oscillation is. Electrochemical devices, such as PEMFCs, need a drivetrain and a 

power conditioning system (PCS) to provide power to the vessel and convert the electrical loads 

to the appropriate current respectively. Within the operation of marine vessels, both alternating 

current (AC) and direct current (DC) voltages are required for different needs. DC is used for the 

smaller digital devices such as circuit boards, while AC is used for the larger power supply to 

provide power into the power sockets and to the engine. The grid frequency in Sweden is balanced 

to 50 Hz, ship frequencies is on the other hand normally 60 Hz [22, 23]. Conversion of the 

generated DC voltage is thereby essential for the operation of the vessel [24, 25]. Figure 1 illustrates 

a typical schematic of a fuel cell connected to an DC/AC inverter, where the DC load is converted 

to AC [19]. 

  

When coupling a DC and AC system, fluctuations in the DC voltage output can occur by 

oscillations from the AC voltage from the inverter. These oscillations can cause hysteresis on the 

output voltage from the PEMFC. The hysteretic behavior can in turn affect the power output of 

the fuel cell [13]. Mitigation strategies to reduce the ripples is therefore incorporated to the PEMFC 

systems to reduce the impact on ripple currents. Ripples can be minimized by adding filtering 

techniques consisting of capacitors and inductors to the PCS, which can reduce the oscillations 

[16]. Available studies that have directly linked ripple currents to degradation of the PEMFC are 

quite scarce and provide limited insight of the actual cause of the increase in degradation. Since 

Figure 1, PEMFC stack needs PCS for handling the load output, e.g. DC/AC inverter for conversion of the produced DC voltage to 
AC voltage [19]. 
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several studies have also refuted the claims of the ripple current impact on PEMFC, it is of interest 

to further study the effects. Furthermore, in the identified studies the frequency (1-10000 Hz) and 

amplitude (0-100 %) has varied, with various material composition of the membrane electrode 

assembly (MEA), different sizes of the PEMFC stack, different operating temperature, and 

reactant flows. Variations in conditions and absence of repetitive studies are both causes to 

question the causal relationship between degradation of the PEMFC materials and the actual ripple 

current. Some of the identified studies are also up to two decades old, which incite of new studies 

on the ripple current impact using state of art materials used in commercial devices. 

Kim et al. [13] investigated the effects on the performance of a 25 cm2 single cell when applying 

an applied ripple current of 100, 1000 and 10000 Hz during 100 h. From the polarization curves 

in the study it was seen that losses due to activation polarization were observed after 100 h when 

comparing to a fresh cell. The study concluded that LFRC leads to long-term degradation of the 

fuel cell and encouraged that new research should be conducted and analyzed to determine the 

effects of LFRC and high frequency ripple currents (HFRC). However, no reference case, without 

an applied AC ripple was performed. 

Zhan et al. [14] performed a study on ripple current influence on a 300 W PEMFC stack and 

concluded that the LFRC caused a decrease in both durability and performance of PEMFC 

devices. Lower frequencies caused higher resistance (impedance) on the PEMFC and thus would 

cause severe effects on the performance. Choi et al. [20] investigated the ripple current impact on 

the power output of a commercial PEMFC stack and concluded that low frequency ripple currents 

of 120 Hz caused a 6 % reduction in the output power. Internal losses were obtained due to the 

ripple current, and distortion of the terminal voltage was observed. 

Sergi et al. [18] performed an experimental evaluation of sinusoidal waveform-induced LFRC 

influence on performance and lifetime and concluded that material degradation on the cathode 

catalyst had occurred. Transmission electron microscopy illustrated in Figure 2 indicated that 

significant sintering occurred, migration and agglomeration had occurred on the cathode catalyst. 

The performance decay was found to be the most severe in the concentration polarization region 

(mass transport region). The possible explanation for the increased degradation was the magnitude 

of the oscillation of the ripple current, which in turn lead to higher output. Uno et al. [19] 

investigated if the frequency caused by switching power converters in a PEMFC system caused 

deterioration of electrochemical surface area (ECSA) of the Pt/C catalyst. The findings indicated 

that the decrease of ECSA was significant at LFRC (lower than 100 Hz). An interesting correlation 

was the dependency to the Pt- oxide coverage of the cathode catalyst. At lower frequencies, the 

oxide coverage was lower. The most severe effects were seen at 1 Hz, while at 100 Hz no significant 

effect was observed.  
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In contrast to the previous mentioned studies, Stark et al. [26] performed a 600 h tests of a fuel 

cell stack (50 cm2 active area) comparing a reference test with a LFRC of 100 Hz and 20 % 

amplitude. The degradation rate was found to be 300 μV/h per cell on average. Based on EIS 

measurements, no significant influences were seen for the ripple cases compared to the references. 

From the study it was evident that ripple current does not impose long term degradation on 

PEMFC stacks. 

Moreover, Wahdame et al. [27] performed aging tests at stationary and dynamic conditions on a 

600 W stack to evaluate the effects of HFRC (1 kHz, 10 % amplitude). From the 1000 h stationary 

test the average voltage decay rate was 56 μV/h per cell for the stationary test and 61.6 μV/h per 

cell for the dynamic conditions. They concluded that the dynamic tests only showed a small effect 

on HFRC and should not affect the lifetime of the stack. Gerard et al. [28] performed a 670 h 

aging test to investigate the effect of triangular shaped HFRC of 5 kHz and 20 % amplitude caused 

degradation on a five cell PEMFC setup with a surface area of 220 cm2. It was concluded that the 

ripple current impact was low on the membrane and the cell aging.  

A summary of the identified studies on ripple current impact is presented in Table 1. To 

summarize, there are indications that ripple currents can cause substantial degradation on the 

PEMFC, but there are also contradictory results. HFRC, in the range of kHz and higher, on the 

other hand have by several authors been concluded not to be harmful for the PEMFC system [13, 

27, 28].  

  

Figure 2, TEM images at different magnifications. a-b) illustrating fresh cathode catalyst layer. c-d) cathode catalyst layer after accelerated 
test with applied ripple current for 200 h [18]. 
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Cell 
Characteristics 

Frequency 
[Hz] 

Amplitude 
[%] 

Ripple 
shape 

T [OC] Max 
Current 
/Power 
density 

Degradation 
rate 

Reference 
(year) 

Single cell  
25 cm2 

100-10 000 100 Square 70 20 A - [13] (2011) 

Stack 50-400 24.3, 9.9 Sinusoidal 50-60 9 A 
/300 W 

83 µV/h 

19 µV/h 

[14] (2019) 

Stack 100 100 Sinusoidal 3-40 500W & 
1.2 kW 

- [15] (2004) 

Stack 100 67 Sinusoidal 40 5 kW - [18] (2011) 

Stack 120 100 Sinusoidal 5-35 500W - [20] (2004) 

Stack 0.1-1000 25 Triangular 60 14.4 kW - [24] (2012) 

Stack 1000 20, 0 Sinusoidal 70 250 A/ 
1 kW 

- [27] (2008) 

Stack, five cells 
220 cm2 

5000 20 Triangular  1 kW Irreversible  
44 µV/h 

Reversible, 
264 µV/h after 

150 h 

[28] (2011) 

Two stacks with 
5 cells 
50 cm2 

100 20 Sinusoidal 66 20 A 300 µV/h or 
100 µV/h 

[26] (2010) 

Stack 20 cells 
50 cm2 

1, 1000, 10 000 60 Triangular 57 200 W - [29] (2007) 

 

2.2 Electrical Propulsion Systems for Marine Vessels 

Within marine applications, one of the most promising technology solutions for replacing the 

combustion engine is electrical hybrid systems [30]. For this system the fuel cell system is an 

excellent option for providing clean electrical energy with high energy density [31]. However, one 

of the main constraints of PEMFC generators is its difficulties to handle step dynamics and load 

transients. When operating at such conditions a temporary deficit of the fuel occurs, hindering the 

electrochemical reaction and the power output. According to Edwards & Demuren [32], a fast 

current increase in a fuel cell system causes the voltage to undershoot, this is typical due to the 

relatively sluggish dynamic response of the PEMFC [24]. After the undershoot, the voltage 

stabilizes over time, expressed in Figure 3 as the recovery time. The existing combustion engines 

are more efficient handling load transients [33]. To optimize the system, fuel cells can be integrated 

Table 1, Summary of different studies of ripple current impact on PEMFC. 
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as a hybrid system with batteries. Batteries are effective at providing high power at higher 

discharging rates which makes it a more suitable option for handling the faster load responses [34].  

 

2.3 Load Profiles 

During operation, a vessel handles the load demand in various ways depending on if it is e.g. a 

passenger ferry, cruise ship, tugboat, or a container ship. In principle, there are several operation 

statuses the PEMFC needs to handle, such as cruising, docking, standby, and casting off. 

Depending on the type of the vessel, and its driving pattern, the load profile can vary largely. 

Weather aspects also heavily affect the power demand, e.g. if there are strong winds making the 

ship cruise easier or more difficult to keep its route [35]. For a PEMFC, the different load patterns 

cause stress on the fuel cell which can initiate degradation. Typical events are at start and shutdown 

where the cell operates at OCV, high power, idling and changing loads [36, 37]. 

Within research to evaluate durability and performance of fuel cells, it is convenient to have a 

standardized load profile to simulate the conditions of the vessel to be able to make a fair 

comparison between results from different research groups. At the time of writing this thesis, there 

is no standardized load profiles for maritime vessels. While within automotive applications, the 

most widely used load cycle is the New European Drive Cycle (NEDC), illustrated in Figure 4. 

The NEDC is used for simulating light-duty vehicles and its different activities, such as 

acceleration, deceleration and at constant speed [38]. It does thereby not fully reflect the activities 

for a maritime vessel as needed for this experimental study, although there are several similarities 

in the load profiles. 

Figure 3, Typical current steps for a PEMFC, and its voltage response [32]. 
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Trovão et al. [35] investigated the implementation of a hybrid energy storage system for ships 

instead of a diesel engine for the small cruising ship Alsterwasser, which is a small cruising ship 

used for routes in Alster Lake in Hamburg, Germany. Zhang et al. [39] also performed a study 

how to prolong the lifetime of the hybrid system and performed a sizing method for the hybrid 

energy storage system for the battery-fuel cell hybrid ferry Alsterwasser illustrated in Figure 5. As 

seen in Figure 5, the casting off implies a fast acceleration of the vessel where the highest power 

demand is needed for the ship to go from zero to cruising speed. At standby mode, the load is 

zero due to standing still. When docking, the load demand will fluctuate, and finally cruising mode 

has a steady load demand. The load profile in Figure 5 illustrates a hybrid system, as the power 

peaks are intended to be handled by the battery.  

 

The load profile in Figure 6 represents a typical maneuvering sequence followed by a navigation 

sequence into the port of a naval cargo load energy demand profile created by Gadducci et al. [40] 

in collaboration with the Italian shipbuilder Fincantieri. The project involved integration of a 

140 kW PEMFC system on a research vessel called Zero Emission Ultimate Ship (ZEUS), within 

the scope of the project, a test bed of 30 kW was implemented with the load profile in Figure 6. 

During maneuvering, the load demand gradually increases and decreases as the ferry moves into 

Figure 4, NEDC used for laboratory simulation of light-duty vehicles [38]. 

Figure 5, Load profile for a ferry ship hybrid power system with two PEMFC with output power of 48 kW and a battery of 360 Ah/560 
V [39].  
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the port. The cruising sequence is simulated by a steady plateau which is characteristic of the 

navigation mode i.e., cruising speed of the Alsterwasser illustrated in Figure 5. In both the case for 

the Alsterwasser, and ZEUS vessel, the fuel cell operates around 80 % of the maximum load at 

cruising. 

 

The different possible causes for degradation of the fuel cell system are a variety of aspects, one 

cause can be the geometric shape of the load cycle. The effect of different geometrics of load 

cycles has been studied by Uchimura & Kocha [41] whom concluded that the mass activity loss 

rate per cycle was higher for the square wave profile in comparison with a triangular wave profile. 

Harzer et al. [42] performed an accelerated stress test (AST) to investigate voltage induced 

degradation of PEMFC cathode and concluded that square waves caused a faster loss of ECSA 

compared to triangular waves. Figure 7 illustrates the different geometries and voltage cycle 

behavior Uchimura et al. implemented.  

 

In summary, the load step dynamics to handle a marine vessel is inherently complex, and together 

with the interactions from auxiliary devices it influences the performance and durability of the 

PEMFC stack. 

Figure 6, Load profile for a fuel cell, adopted from [40]. 

Figure 7, Different voltage cycles used in the study performed by Uchimura et al. [41]. 

Maneuvering Cruising 
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2.4 PEMFC Fundamentals 

The following section will focus on the electrochemical characteristics of the PEMFC. The 

PEMFC is a device that enables conversion of chemical to electrical energy. Protons (H+) carry 

the ionic current from the anode to the cathode [10]. At the negative electrode, illustrated in Eq 1, 

hydrogen (H2) gas is oxidized in the hydrogen oxidation reaction (HOR) to protons and electrons 

(e-). Electrons are then conducted through an external circuit generating electrical current. At the 

positive electrode i.e. the cathode, the oxygen (O2) reduces into water (H2O) with help of the 

protons through the oxygen reduction reaction (ORR), illustrated in Eq 2. The equilibrium 

potential for the overall reaction, Eq 3, is approximately 1.23 V [43, 44].  

The equilibrium cell voltage (𝐸𝑜,𝑐𝑒𝑙𝑙) is governed by Nernst equation, Eq 4 , describing the 

thermodynamic relationship of the open circuit voltage to the standard potential (𝐸𝑜) [45]. The 

actual voltage output (𝐸𝑐𝑒𝑙𝑙) when operating a PEMFC is lower than the equilibrium potential due 

to inherent losses occurring during operation. An expression of the cell potential is presented in 

Eq 5. The actual cell potential is thereby smaller than the equilibrium potential, as the internal 

system losses are considered caused by ohmic (ηohmic), mass transport (ηMT) and activation losses at 

the anode (ηanode) and at the cathode (ηcathode) [46]. 

𝐸𝑜,𝑐𝑒𝑙𝑙 = 𝐸𝑜 +
𝑅𝑇

2𝐹
ln

𝑝H2
𝑝𝑂2

0.5

𝑝𝐻2𝑂
 

Eq 4 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜,𝑐𝑒𝑙𝑙 − 𝜂𝑎𝑛𝑜𝑑𝑒 − |𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒| − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑀𝑇 
Eq 5 

The fuel cell is a galvanic cell, meaning that the equilibrium voltage is the maximum voltage. The 

typical efficiency of a PEMFC is approximately 60 % within electrical energy conversion 

applications [5, 47]. A schematic of the principle of a PEMFC is illustrated in Figure 8. 

𝐻2 → 2𝐻+ + 2𝑒− 𝐸𝑜,𝑎𝑛𝑜𝑑𝑒 𝑣𝑠 𝑆𝐻𝐸 =  0 𝑉 Eq 1 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 𝐸𝑜,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝑣𝑠 𝑆𝐻𝐸 =  1.229 𝑉 Eq 2 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 𝐸𝑜 =  1.229 𝑉 Eq 3 



11 

 

The required amount of fuel for the system is correlated to the stoichiometry of the 

electrochemical reactions and the electrode area. The magnitude of the required hydrogen in a fuel 

cell can be described by Faraday’s law of electrolysis, Eq 6, and the ideal gas law, Eq 7. Where i is 

the current density  [
𝐴

𝑚2], t is the time [𝑠], A is the electrode area [𝑚2], n is the amount of reacting 

material [𝑚𝑜𝑙], z is the number of electrons in the electrode reaction, F is Faraday’s constant 

which is 96485 [
𝐴𝑠

𝑚𝑜𝑙
]. The ideal gas law seen in Eq 7, describes the volume of incoming reactant 

gases to the fuel cell. Where, P is the partial pressure of the reactant [𝑃𝑎], V is the volume of the 

gas [𝑚3] and R is the universal gas constant, which is 8.3145 [
𝐽

𝑚𝑜𝑙∙𝐾
] [48]. Combining Eq 6 and Eq 

7 gives the required hydrogen flow, Eq 8, for the PEMFC system. 

𝑖 ∙ 𝑡 ∙ 𝐴 = 𝑛 ∙ 𝑧 ∙ 𝐹 Eq 6 

𝑃 ∙ 𝑉 = 𝑛 ∙ 𝑅 ∙ 𝑇 Eq 7 

𝑉

𝑡
=

𝐼 ∙ 𝐴 ∙ 𝑅 ∙ 𝑇

𝑃 ∙ 𝑧 ∙ 𝐹
 Eq 8 

2.5 Components of a PEMFC 

The PEMFC consists of different components which are sandwiched together. The cell assembly 

consists of a MEA which includes a proton exchange membrane acting as an electrolyte, gas 

diffusion layers (GDLs), and catalyst layers. The proton exchange membrane facilitates the ionic 

transport in the cell. The GDL provides a path for the reactants to travel to the catalytic sites at 

the catalyst layer where the reaction occurs. Other components in the PEMFC are current 

collectors, flow field plates and gaskets, illustrated in Figure 9 [49]. The current collectors are 

responsible for collecting the produced electrons in the cell and consist of an electron conducting 

material such as steel or graphite [10, 47]. The flow field plates purpose is to separate the reactants 

from each other and to give an electric pathway for the current to be transported between the 

Figure 8, Schematic of a PEMFC. 
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cathode and anode . The flow field plates can also be called bipolar plates (BPPs) when they are 

used to separate an anode and cathode. The gaskets also act as a separator to prevent gas leakage 

in the cell, and usually consist of a Teflon based material with insulating properties [50]. 

 

2.5.1 Proton Exchange Membrane 

The electrolyte needs to have a low permeation rate of the reactants in the cell, it is also very 

important that it has a high ionic conductivity for the transport of ionic species to travel efficient 

through the electrolyte [10]. In the PEMFC the electrolyte consists of a solid proton exchange 

membrane.  

The transport behaviors within the membrane in the cell are permeation or migration driven 

depending on the ion or compound that is transported. Ionic species such as H+ are transported 

by migration, where the H+ ions are moving in alignment with the electrical field [10]. Water on 

the other hand, both in liquid and gas form permeates through the membrane by, diffusion, 

electro-osmotic drag, and back-diffusion [52]. The electro-osmotic drag describes the water 

transport from the anode to the cathode dragged along with the H+ ions when under influence of 

an electrical field [53]. This phenomenon will lead to an increase of water at the cathode. The 

production of water at the cathode will also lead to a concentration difference between the two 

compartments. The nature of diffusion is that it aims to reduce concentration differences, this is 

described by Fick’s law [54]. Therefore, the phenomenon of back-diffusion relates to the balancing 

of the water content in the membrane [55]. The water balance in the cell must be optimal to avoid 

decreased performance [56]. If there are excess amounts of water in the cell, accumulation can 

occur, causing flooding of water which can hinder gas transport through the GDL to the catalytic 

sites where the reaction takes place [52, 57]. The dependency of the ionic conductivity is 

approximately linear to the water content in the membrane. If there is not enough water in the cell 

ionic conductivity decreases and affect the proton conduction [10]. The membrane has its optimal 

performance at humid conditions and at relatively high temperatures (60-80 oC), below evaporation 

temperature 100 oC at atmospheric pressure [58]. 

Figure 9, Schematic image of a single cell PEMFC setup. Note that the gaskets are represented by a square in the image. In real life the 
gaskets have a hole in the same shape as the flow field plates. The schematic is based on [51] with modifications. 
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The operating temperature and reactant flow are designed accordingly to the membrane material 

constraints [9]. Typically, in PEMFC applications, a polymer membrane consisting of perfluoro 

sulfonic acid (PFSA) is used, the dominating type is called NafionTM, founded and produced by 

Chemours (former DuPont) [59]. Due to its molecular structure, NafionTM has both hydrophilic 

and hydrophobic regions, and this combination enables a high proton conductivity. NafionTM 

consists of a hydrophobic Teflon backbone structure of polytetrafluorethylene (PTFE), and 

hydrophilic sulfonic acid chain groups on the sides [60]. In general, for PEMFCs, the membrane 

thickness can be approximately 10-250 μm [61]. Although, the membrane of commercial MEAs 

can be in magnitudes of 5-10 μm [62].  

2.5.2 Catalyst Layer 

Electrocatalysts lower the activation energy required for the electrochemical reaction to occur [63]. 

Consequently, PEMFC systems need catalysts, most often Pt or Pt-alloys, to enable efficient 

reactions for the HOR and ORR. For the ORR to exceed the activation energy required to break 

the O-O bond, significant amounts of catalysts with high activity are required [43, 44]. The Pt 

loading on the cathode is currently around 0.25 mg Pt/cm2 [64]. Efforts on reducing the Pt loading 

is desired to reduce the cost of PEMFC, as the Pt contributes to more than 40 % of the cost of 

the MEA [65]. The United States Department of Energy (U.S DOE) have set a target for the Pt 

catalyst loading to be reduced to 0.125 mg Pt/cm2 [66]. 

 In the PEMFC the electrode reactions take place at the so-called three phase boundary. The three-

phase boundary is where the Pt catalyst, ionomer, and carbon support are present [48, 47]. The 

voids in the carbon support provides space for the gas reactants to travel, the carbon support 

allows for electron conduction, the ionomer provides ionic transport, and the Pt catalyst, as 

mentioned above, lowers the activation energy for the reaction. The distribution, microstructure 

and porosity of ionomer and carbon support need to be optimized [67]. Figure 10 illustrates a 

schematic image of the constituents for the electrode reactions at the three-phase boundary.  

 

Figure 10, Cathodic reduction reaction at the three phase boundary with Pt catalyst nanoparticles (grey) attached on carbon support (black) 
with ionomer (orange), illustration based of [68]. 
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The ECSA, is a measure of the amount of active sites for a electrocatalyst [44, 10]. The ECSA can 

be used to identify a loss of the electrocatalyst. Loss of electrocatalyst is important to identify as 

catalyst loss can further lead to durability issues in the long-term perspective.  

2.5.3 Gas Diffusion Layer 

The purpose of the GDL is to facilitate the transport of gas to the electrode areas, and to remove 

water from the electrodes [69, 56]. The GDL has a thickness of around 200 μm and usually consists 

of a carbon paper matrix with a porous structure, usually a microporous layer (MPL) of carbon 

black together with a macroporous layer [10, 70]. The macroporous layer normally consists of a 

carbon substrate which either is of a non-woven paper structure or a woven cloth structure [71]. 

The voids in the macroporous structure of the carbon substrate enables the gases to transport to 

and from the electrode areas easily. Furthermore, the GDL should have good hydrophobic and 

hydrophilic properties to manage the water transport [72]. The GDL should have high electrical 

conductivity to enable electron transport, and sufficient thermal conductivity to transport the 

produced heat out of the cell [73]. 

One important aspect that can affect the GDL when constructing the cell is clamping pressure, as 

the GDL is a highly porous material. A clamping pressure is applied to the cell when assembling 

the PEMFC with bolts and is necessary to prevent leakage of the fuel/oxidant gas [74]. Increased 

clamping pressure can give lower contact resistance, between the GDL and BPP, and lower the 

gas permeability [50, 75]. The suitable clamping pressure should thereby be chosen carefully to 

prevent gas leakage, but also to not decrease the performance of the PEMFC. 

2.6 Degradation Mechanisms 

When discussing performance losses, and its link to degradation one needs to consider both 

irreversible and reversible degradation. Reversible degradation can be recovered by designated 

procedures and is therefore important to be considerate about when estimating the voltage decay 

[76]. While all components in the PEMFC can be subjected to degradation, only the membrane, 

Pt catalyst and the carbon support will be considered in this report. 

2.6.1 Membrane Degradation 

Critical failure of the PEMFC is commonly caused by the degradation of the membrane [77]. There 

are three different aspects that causes degradation of the membrane: chemical, thermal, or 

mechanical degradation. The membrane is exposed to both strongly reducing and oxidizing 

conditions from the cathodic and anodic sites causing unwanted side reactions. As the membrane 

is a polymeric material, it is subjected to hydrogen peroxides initiating chemical degradation. The 

chemical degradation can occur by permeation of compounds through the membrane. The 

hydrogen peroxides further form radical species such as hydroxyl (•OH) and hydroperoxyl 

(•OOH) radicals attacking the polymer chains leading to decomposition of the membrane. Typical 

conditions where chemical degradation is accelerated is at higher temperatures, low relative 

humidity (RH) , and high pressure of the reactant gases [78, 79, 80]. While the kinetics for the cell 
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is enhanced at higher temperatures, too high temperatures can cause degradation of the membrane 

[36]. The typical operation range of the PEMFC is below 100 oC, as the thermal decomposition 

occur above the glass transitioning temperature (Tg) which typically is around 120-140 oC for 

Nafion membranes [81] 

Moreover, mechanical degradation of the membrane is mainly caused by internal stressors in the 

cell, e.g. together with higher temperature. The membrane in a fuel cell is exposed to varying water 

content, this causes the membrane to either shrinking or swelling. Uneven contact pressure 

between the BPPs and the membrane can also cause internal stress on the cell. Both events can 

cause fatigue resulting in pinhole, perforations, tears, or crack formation in the material [78, 82, 

83]. Lee et al. [84] studied the effects on a MEA after wet/dry cycling, the cell performance was 

decreased, and the hydrogen crossover increased significantly. From scanning electron microscopy 

(SEM) images it was seen that pinholes was formed in the membrane, weakening the mechanical 

strength. 

2.6.2 Platinum Catalyst Degradation 

The cathodic reaction is dependent on high amounts of catalyst due to its sluggish kinetics [43]. 

Surface oxides of Pt are formed at higher potentials, which decreases the activity of Pt for the 

ORR and can accelerate the catalyst degradation [85]. Most critical in terms of degradation is cell 

potentials above 0.9 V, which should be avoided to mitigate the risk of Pt degradation [47, 86]. 

One of the main degradation events that cause a decrease in performance of the PEMFC is the 

loss of Pt nanoparticles either by dissolution or redeposition, decreasing the specific ECSA [10, 

87]. In contrary, when the potential at the cathode decreases, migration of the Pt catalyst can occur 

to the membrane, this will cause a reduction of the Pt particles in the membrane with the hydrogen 

fuel, forming a Pt band [82]. The reduction of available Pt particles will in turn decrease the 

possible sites for the electrode reaction to occur, which leads to decreased performance. The 

mechanism for the dissolution of Pt can either be by Pt dissolving according to Eq 9 or by growth 

of platinum oxides followed by dissolution according to Eq 10 and 11 [63]. 

𝑃𝑡(𝑠) ↔ 𝑃𝑡2+ + 2𝑒− Eq 9 

𝑃𝑡(𝑠) + 𝑥𝐻2𝑂 ↔ 𝑃𝑡𝑂𝑥(𝑠) + 2𝐻+ + 2𝑒− Eq 10 

𝑃𝑡𝑂𝑥(𝑠) + 2H+ → 𝑃𝑡2+ + 𝐻2𝑂 Eq 11 

One type of redeposition is by a mechanism called Ostwald ripening where dissolved Pt particles 

are precipitated on larger Pt particles [87, 63]. When smaller particles precipitates on the larger 

particle the electrocatalytic activity decreases, due to a loss of available catalytic area [88]. In 

principle, the Ostwald ripening mechanism thereby means that Pt particles are dissolved 

accordingly to Eq 9, and the subsequent precipitation occurs according to its opposite i.e. dissolved 

Pt forms into Pt (s) on the larger catalyst surface. Except for the Ostwald ripening phenomenon, 

sintering can occur, meaning that Pt particles merge together [47]. 
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2.6.3 Oxidation of Carbon Supporting Materials 

The carbon supporting materials can be prone to degradation. Carbon corrosion is detrimental for 

the PEMFC for many reasons, one cause is the earlier mentioned loss of ECSA due to detachment 

of Pt. Another cause is its tendency to form alkyl groups with oxygen under oxidative conditions 

that can affect the interplay with the catalyst [85]. The carbon molecule is thermodynamically 

unstable, and acceleration of the oxidation reaction of carbon shown in Eq 12 can occur when 

increasing the potential to above the reversible potential of 0.207 V vs SHE at 25oC [10, 72]. In 

most cases, a high overpotential is required for the event to occur due to its sluggish reaction 

kinetics. Eq 13 describes the other possible corrosion reaction of carbon, where carbon monoxide 

(CO) is produced, the cell reaction has an equilibrium potential of 0.502 V vs SHE at 25oC.  

Hydrogen starvation is a common cause of carbon corrosion. Hydrogen starvation is when there 

is a deficit of hydrogen at the anodic area to produce electrical current, this causes the potential to 

overshoot at the cathode [63, 87, 89]. Carbon corrosion can further lead to CO poisoning, whereas 

CO molecules travel into the pores of the catalytic sites at the anode and hinders the desired 

reactions at the active Pt sites [13, 46]. 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒− Eq 12 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒− Eq 13 

 

2.7 Electrochemical Characterization Methods 

This section presents the characterization methods to evaluate the degradation of the PEMFC cell 

components. 

2.7.1 Polarization Curve 

One way to characterize a fuel cell is by sweeping a known set of potentials and measuring the 

current response, called a polarization curve. The polarization is caused by the electrochemical and 

physical effects occurring during operation of the PEMFC. The fuel composition and properties 

as pressure, temperature, RH, and flow rate of the cell impact the polarization in the cell [90]. 

Three events characterize a polarization curve and represent the main cause of resistances: the 

activation, ohmic, and concentration polarization. The activation polarization is related to 

resistance caused by kinetics in the cell, i.e. is linked to the electron transfer on the cathode and 

anode respectively. Ohmic polarization is related to the ohmic resistances, and concentration 

polarization is related to the mass-transfer-related losses [10, 90, 91]. The losses from these events 

are also called overpotentials, which are defined as the deviation of electrode potential from its 

equilibrium value [48]. To prevent large activation polarization, high amounts of catalyst should 

be utilized. Furthermore, finding the optimal composition of the catalyst is important to ensure 

unwanted by-products at the electrode surface that may hinder the desired reaction [44]. The 
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ohmic polarization is highly dependent on the ionic conductivity and thickness of the membrane. 

The concentration polarization is linked to the mass transfer limitations regarding the diffusion of 

the gases to the three-phase boundary where the electrochemical reaction occurs [92]. Figure 11 

illustrates a typical example of a polarization curve [93]. 

 

2.7.2 Cyclic Voltammetry (CV) with H2 and N2 

Cyclic voltammetry (CV) is a method that enables identification of the catalytic activity of a 

material. The principle of CV is that the current is measured simultaneously under the influence 

of applying a voltage linearly in a triangular wave, a so-called potential sweep. The first set potential 

is significantly below the equilibrium potential of the material to be investigated. Then, the 

potential is linearly added until reaching the final potential, where the sweep is reversed. The sweep 

going in the positive direction is called an anodic scan, and the cathodic scan is going in the 

negative direction [10, 44]. Cyclic voltammetry is a method that enables identification of the 

catalytic activity of a material. Figure 12 illustrates a typical cyclic voltammogram from a Pt 

electrode with an area of 3 cm2, where Gomez [94] performed the measurement with a scan rate 

of 100 mV/s. The charge of one monolayer of adsorbed H2 on Pt is assumed to be 210 μC/cm2 

[95]. 

Figure 11, Example of a polarization curve [93]. 
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Within the potential span, several typical reactions occur on the Pt surface. The first peak 

represents the desorption of hydrogen on the Pt surface described in Eq 14. One way to identify 

the ECSA is by calculating the area of this desorption peak. The following flat region of the 

voltammogram represents the double layer capacitance. At higher potentials, the oxide formation 

at the Pt surface arises, resulting in a peak. The reactions for the Pt oxide formation are described 

in Eq 15-17 characterized by its formation of Pt-O and Pt-OH [63]. 

𝑃𝑡 − 𝐻 ↔ 𝑃𝑡 + 𝐻+ + 𝑒− Eq 14 

𝑃𝑡 + 𝐻2𝑂 ↔ 𝑃𝑡𝑂𝐻 + 𝐻+ + 𝑒− Eq 15 

𝑃𝑡𝑂𝐻 ↔ 𝑃𝑡𝑂 + 𝐻+ + 𝑒− Eq 16 

𝑃𝑡𝑂 + 2𝐻+ + 2𝑒− ↔ 𝑃𝑡 + 𝐻2𝑂 Eq 17 

2.7.2.1 Linear Sweep Voltammetry for Gas Crossover measurements 

Crossover of hydrogen across the membrane to the cathodic area is unwanted in a PEMFC, as it 

leads to decreased efficiency of the cell due to side reactions occurring in the cathodic site. The 

gas crossover can further lead to mixed potential [96]. The hydrogen crossover in the cell can be 

determined by performing a linear sweep of the current in one direction in potential regions where 

no hydrogen desorption or oxygen oxidation processes occur. The measured current depends on 

the measured current and voltage, short circuit resistance and the active area of the membrane. 

The crossover current is acquired when assuming all hydrogen is oxidized at the cathode side. Low 

sweep rate is needed to avoid effects from the double layer capacity and typical sweep rates is of 

0.1-2 mV/s [97]. 

Figure 12, Cyclic voltammogram of a 3 cm2 Pt catalyst electrode adopted from [94]. 
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When hydrogen and oxygen are mixed, formation of hydrogen peroxides can occur, which can 

give rise to pinhole formation. Pinhole formation further leads to increased gas permeability, i.e. 

higher amount of hydrogen crossover. The driving force for hydrogen to cross from the anode 

side to the cathode side is the concentration gradient. This phenomenon can be explained by Fick’s 

law for diffusion through a membrane, defined in Eq 18. �̇�𝐻2
 is the molar flux of the hydrogen 

molecules which depend on the thickness d of the membrane, diffusivity 𝐷𝐻2
of hydrogen, partial 

pressures p at the anode and cathode respectively and the solubility coefficient H of hydrogen [97].  

�̇�𝐻2
=

𝐷𝐻2
𝐻𝐻2

𝑎𝑛𝑜𝑑𝑒 − 𝑝𝐻2

𝑎𝑛𝑜𝑑𝑒 − 𝐻𝐻2

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑝𝐻2

𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑑

̇
 Eq 18 

 

2.7.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a method that enables investigating the current 

and voltage relationship at dynamic conditions. The relationship can be determined by applying a 

small oscillating input at certain frequencies to the set current or potential to be investigated [17]. 

The oscillating input causes resistance by imposing a waveform to the system. When the 

perturbations are small, it can be assumed that the system is approximately linear and a correlation 

between the current and potential is the same in terms of frequency, this relationship indicates the 

impedance Z described in Eq 19 [10, 96]. 

𝑍 =
𝑓(𝑉(𝑡))

𝑓(𝑖(𝑡))
 Eq 19 

A Nyquist plot illustrates the relationship between the input and resistance of the real and 

imaginary impedance in the system [44]. The Nyquist plot in general for a PEMFC consists of one 

semicircle for the anode and one for the cathode. If there are mass transport losses, this may 

appear as a third semicircle beyond the cathodic region [98]. From the semicircles, the resistances 

for respective component can be identified. The high frequency resistance (HFR) indicating the 

ohmic resistance mainly coupled to the membrane can be determined from the high frequency 

intercept (left side of the semicircle). The low frequency resistance (LFR) indicates the charge 

transfer resistance from the low frequency intercept (right side of the semicircle). Figure 13 

illustrates the Nyquist diagrams from applying a ripple current during 100 h at 100 (magenta), 1000 

(black) and 10000 Hz (red) respectively, in comparison with a fresh cell (blue) [13]. The semicircle 

is significantly larger from the 100 Hz case in comparison with the fresh cell, and the charge 

transfer resistance increased from 0.34214 Ω to 0.83224 Ω. 
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2.7.4 Ex-situ Methods for Characterization 

Microscopic methods to evaluate the PEMFC cell components is widely used for evaluating the 

surface of the materials, one method is SEM. SEM is an ex-situ method to evaluate the chemical 

composition, crystalline structure, surface topography and electrical characteristics of a compound 

on nanoscale [99]. The electron beam is demagnified into a probe that scans the surface to be 

investigated. SEM can be used to identify structural changes in the MEA, membrane thinning, 

delamination, or crack formation [46]. 

  

Figure 13, Nyquist plots when applying a ripple current during 100 h [13].  
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3 Method 

Chapter 3 includes the experimental methodology implemented to evaluate the ripple current 

impact on the single cell PEMFC.  

3.1 Experimental Setup 

The PEMFC setup consists of a single cell configuration using a commercial MEA with an active 

surface area of 0.95 cm2, cell house graphite current collector, spiral shaped gas flow channels (Fuel 

Cell technologies inc) and 0.142 mm thick PTFE gaskets. The commercial MEA consisted of a 

CCM with a 10 μm membrane thickness. Commercial GDLs were used with microporous layers 

on both cathode and anode side. The commercial MEA with GDL and CCM was punched in a 

circular shape to fit the spiral shaped flow field plates. The GDLs and gaskets was shaped into 

0.95 A/cm2. The CCM was punched with a larger geometric area than the GDLs and gaskets to 

ensure the CCM to cover the whole region. Reactant flows were dimensioned according to the cell 

area of the cell through Faraday’s law and the Ideal gas law. A cell sealing pressure of 5 Nm torque 

was applied during cell assembly. 

The cell setup was equipped with O2, technical air, N2 and (99.999 %) high purity H2 gas. Between 

the gas inlet to the anode and cathode, gas flows were controlled by B- Model 5878 flow controllers 

(Brooks Instrument). Temperatures were measured with K type thermocouples. Humidifiers with 

an integrated heater were utilized at incoming reactant streams to anode and cathode. The 

humidifiers were refilled automatically from a water reservoir containing ultrapure water(18.2 

MΩ cm resistivity at 25 oC). The water was obtained from a Millipore Direct Q3 purification 

system and refilled manually to the water reservoir. The cell was connected to a PGStat302N with 

integrated BSTR10A 10 A booster and FRA 32N Impedance analyzer (Metrohm Autolab) to 

provide DC and the AC sinusoidal ripple current. The DC current and the DC voltage output 

were measured with 2000 Multimeter (Keithley). A schematic image of the experimental PEMFC 

setup is illustrated in Figure 14. 
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The flows were set to an excess of 10 times the stochiometric ratio to prevent effects from fuel 

starvation. The absolute pressure at the gas inlets were at atmospheric pressure. The operation 

conditions of the setup are specified in Table 2.  

Figure 14, Schematic image of the experimental PEMFC setup. 
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Operation conditions 

Nominal Cell Temperature [oC] 80 

Cathode 

Gas Inlet Temperature [oC] 85 

Gas Inlet Absolute Pressure [Bar] 1 

Inlet Temperature Humidifier [oC] 71 

Relative Humidity [% RH] 70 

Air Stoichiometry 10 

Anode  

Gas Inlet Temperature [oC] 85 

Gas Inlet Absolute Pressure [Bar] 1 

Inlet Temperature Humidifier [oC] 71 

Relative Humidity [% RH] 70 

Fuel Stoichiometry 10 

 

3.2 Experimental Procedure and Testing Protocol 

A new cell was built for each measurement. After cell mounting a potentiodynamic sweep was 

performed before every test round to ensure that the cell could achieve 1 A/cm2 at above 0.2 V. 

Cell break-in and current load step cycles were performed by galvanostatic holds at currents of 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6 0.7 and 0.8 A for 1 h followed by 1 A hold for 2 h before the load cycling 

tests. A sinusoidal ripple current was simulated by imposing an AC current onto the designated 

DC load profile. Between the load cycles, the cell voltage reached open circuit voltage (OCV) for 

approximate 10 s before the next cycle was initiated. The output voltage was measured during the 

load cycling to identify the voltage response over time at the different load cycling steps. 

Polarization curves were recorded in H2/air conditions at 5 mV/s scan rate by sweeping the 

potential five times between 0.9 and 0.1 V. The characterization sequence was performed at the 

beginning of life (BOL), every 20th cycle, and at cycle 120 to evaluate the performance 

characteristics and document the cell voltage decay. EIS were performed at an applied current of 

0.1 A with an AC amplitude of 0.005 A at a frequency range of 1-10000 Hz with H2/air. Linear 

Table 2, Operation condition of the PEMFC.  
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scan with H2/N2  was performed to measure the crossover of hydrogen within the cell over time 

by sweeping the potential from 0.3-0.7 V at inert conditions. Cyclic voltammetry sweeps were 

performed in H2/N2 conditions with a scan rate of 100 mV/s for 20 cycles between 0.1 and 1.2 

V. In total, two gas changes were performed during the characterization tests, after every gas 

change, the cell was set to stabilize over 20 minutes before the analyzing sequences were initiated. 

After the tests, the CCM was collected and stored until SEM analysis was performed. The SEM 

images was acquired using a Hitachi S-4800 Field Emission Scanning Electron Microscopy (FE-

SEM). 

Six test rounds of load cycling were performed. The load cycling tests simulating a naval cargo ship 

with an imposed AC ripple of 70 Hz and amplitude of 50 % will onwards be referred as 70 Hz 

Repetition 1 and 70 Hz Repetition 2 respectively. The reference tests without the applied AC ripple 

are referred to as Reference 1 and Reference 2. Moreover, two constant load cycling tests were 

performed at 0.4 A/cm2 with an applied AC ripple current of 70 Hz, and a reference case without 

the AC ripple. The 50 % amplitude is referred to as Constant load 70 Hz, and the reference case 

without AC ripple is referred as Constant load reference. 

3.2.1 Construction of the Load Profile 

The modified load profile for a naval cargo ship was used for the experimental evaluation of the 

ripple current influence on the single-cell PEMFC. Prior to the load cycling potentiodynamic 

sweeps were performed to identify the performance limitations of the MEA. The polarization 

curves indicated a maximum of 1 A/cm2, and the load profile was constructed thereafter. The load 

cycling tests were carried out with the designated load cycle for 120 cycles each. The dynamic and 

constant load profiles is illustrated in Figure 15 (a) and (b) respectively. The load profile is square 

shaped like the step dynamics from Uchimura et al. study illustrated in Figure 7 (a) and (b). The 

current density steps from the experiments are presented in Table 3. 

 

  

Figure 15(a), Applied current density to the cell corresponding one cycle for a naval cargo ship, based on Gadducci et al. [40]. The cruising 
sequence have been modified with a lower load, and longer timespan. (b) Depicts the constant load cycling. 

(a) (b) 
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Step Time [s] 
Current density 

[A/cm2] 

1 0-300 0.083 
2 300-600 0.167 
3 600-900 0.230 
4 900-1200 0.50 
5 1200-1500 0.73 
6 1500-1800 1 
7 1800-2100 0.73 
8 2100-2400 0.50 
9 2400-2700 0.23 
10 2700-3000 0.16 
11 3000-4200 0.40 

 

3.3 Correction of the Cyclic and Linear Sweep Voltammograms 

Correction of the voltammograms for 70 Hz Repetition 2, Reference 1 and Constant load 70 Hz was 

realized through application of a first degree polynomial function at the double layer region (0.4-

0.5 V). This method was included to evaluate the approximated magnitude of ECSA loss despite 

of variations in the slope of the voltammograms due to low electrical resistance. As an example, 

Figure 16 (a) illustrates the uncorrected (black) and the corrected (green) voltammogram for 

Reference 1. The correction range for the slope is marked in red. The same procedure was also 

conducted for the linear sweep voltammograms. Example seen in Figure 16 (b), for estimation of 

the crossover current.  

 

Table 3, Current density steps of the dynamic load cycle. 

Figure 16, Illustrative example of the correction of (a) cyclic voltammogram and (b) Linear sweep voltammograms for Reference 1, where 
the uncorrected plot is marked in black, correction span in red and the corrected plot marked in green. 

(a) (b) 
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3.3.1 Extrapolation of HFR and iR-Correction 

The HFR was extrapolated by linear regression towards the intercept of the x-axis at the high 

frequency region (marked in red) in the Nyquist plot, illustrated in Figure 17. The HFR was further 

used for iR-correction of the logarithmic polarization curves by multiplying the HFR with the 

current density and added to the cell voltage. 

 

3.4 AC Ripple Harmonics 

The imposed AC ripple harmonics on the fuel cell was analyzed on a separate single cell setup with 

a Teledyne T3DSO1104 Oscilloscope. Variations in frequency, amplitude and applied current was 

tested separately to identify the magnitude of the harmonics caused by the ripple current on the 

voltage output. As an illustration, the AC ripple harmonics from the oscilloscope measurements 

at varying frequencies of 7, 70, 430 and 10030 Hz is presented in Figure 18. 

 

 

 

Figure 17, Nyquist plot for 70 Hz, Repetition 1, illustrating the extrapolation of the high frequency region to the left. 

Figure 18, AC ripple harmonics measured with a Teledyne Oscilloscope at varying frequencies.  
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4 Results and Discussion 

Chapter 4 includes the acquired results from the performed measurements. The results have been 

discussed with focus on the evaluation of the ripple current impact on the fuel cell performance 

and degradation phenomena of the CCM. 

4.1 Activation Sequence 

The activation sequence consisting of a galvanostatic staircase was performed in from 0.1 and 1 

A/cm2 before every test round to ensure stable operation free from contaminants and impurities. 

Figure 19 show the resulting cell voltage from the input current density load (magenta), for every 

test round respectively. As can be seen all tests showed similar current voltage responses except 

the 70 Hz repetition 2 (red). This result indicates that the initial performance of the commercial 

MEA used in this study deviates at BOL. 

 

4.2 Load Cycling 

Figure 20 (a) and (b) present the cell-voltage response at BOL and cycle 120 from the dynamic 

load profile. The applied AC ripple can be distinguished in the voltage output as an increased 

thickness of the voltage response, in comparison with the reference data. Similar to the activation 

sequence the voltage output deviates between the samples at BOL. The voltage response at 

1 A/cm2 is approximately 0.1 V higher for 70 Hz Repetition 1 (red) in comparison with 70 Hz 

Repetition 2 (green). Likewise, Reference 1 (black) and Reference 2 (grey) also resulted in approximately 

0.1 V  difference in output voltage at cycle 1. After 120 cycles, voltages of approximately -0.15 V 

are reached for both reference cases and 70 Hz Repetition 2. Only the 70 Hz Repetition 1 yielded 

positive cell voltages throughout the measurements.  

Figure 19, Activation sequence of 10 h current steps, applied current (magenta) and voltage output at respectively test round. 70 Hz 
repetition 2(red) deviated from the rest of the tests. 70 Hz repetition 1 (green), Reference 1 (black), Reference 2(grey), Constant load 70 
Hz (blue), Constant load reference (orange). 
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Transients occur due to the sluggish dynamic response of the PEMFC. Interestingly, transients are 

observed both in the maneuvering and cruising steps at all four cases at BOL seen in Figure 20 (a). 

At the ascending current load steps with decreasing voltage output in the maneuvering sequence, 

the voltage undershoots. At BOL conditions, the undershoot of the transient increases with 

increasing current density, the most significant undershoot is displayed at high current densities 

1700-2000 s (1 A/cm2 step), where the magnitude of the voltage undershoot is approximately 0.1V 

for all four tests. In the descending current load steps the voltage overshoots. Moreover, the 

voltage response is higher in the descending current load steps (between 0 and 1500 s) in 

comparison with the ascending current load steps (between 2000 to 3000 s) during cycle 1. 

When operating at a lower load step and moving to increased load, the PEMFC will go from a 

dryer to a wetter stage leading to an undershoot of the voltage. In opposite, when moving to the 

decreased load step the voltage will overshoot. The overshoot is a result of higher ionic 

conductivity prior to the next lower step. Likewise, the higher voltage response in the downward 

step in comparison to the upward step is a result of higher ionic conductivity related to the 

increased amount of generated water. Another observation is the fluctuations in cell voltage output 

within the steady section of the load steps, which may be due to water droplets entering the cell. 

The output voltage from the constant load experiments is illustrated for BOL in Figure 21 (a) and 

cycle 120 in Figure 21 (b). At BOL, no significant deviation of the voltage output is seen when 

comparing Constant load 70 Hz and Constant load reference. However, large transients are distinguished 

at cycle 120 during the constant load cycling, most likely due to water droplets in the cell. Due to 

an error in the humidification system no humidification of the inlet hydrogen was performed 

during the constant load reference test. As such the constant load test does not reflect the same 

conditions as the other tests and may be the reason for the lower cell voltage output at cycle 120 

seen in Figure 21(b). 

Figure 20, Output voltage response from the load cycling simulating a naval cargo ship in (a): cycle 1 and (b) cycle 120. The first step in 
70 Hz repetition 1 is slightly shorter due to an error in the script causing a slight delay in time. 

(a) (b) 



29 

 

4.3 Cyclic Voltammetry and Crossover 

Figure 22 illustrates the cyclic voltammograms at BOL and cycle 120 at (a) 70 Hz Repetition 2 and 

(b) Reference 1, (c) Constant load 70 Hz and (d) Constant load reference. Due to experimental errors in 

the setup for 70 Hz Repetition 1 and Reference 2, no CVs were recorded. Furthermore, only the last 

recording of the cyclic voltammogram for Constant load reference was obtained. 

 

 

Figure 21, The output voltage from the constant load experiments at (a) BOL, and (b) cycle 120. Transients is seen when the load is 
changed for all cases when changing the load. Small bumps of increased voltage output also occur during the load steps.  

Figure 22, Corrected cyclic voltammograms were swept between 0.1-1.2 V with a scan rate of 100 mV/s left(a) 70 Hz Repetition 2, 
right(b) Reference 1, (c) Constant load 70 Hz, (d) Constant load reference. 

(b) (a) 

(c) (d) 

(a) (b) 
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The voltammogram from 70 Hz Repetition 2 showed a large incline, indicating a too low short 

circuit resistance resulting in a high electrical current being recorded, seen in Figure 22 (a). The 

change in area of the hydrogen desorption peak over time was used to estimate the magnitude of 

ECSA loss. From the cyclic voltammograms at 70 Hz repetition 2 the approximated ECSA loss is 

33.1 % when comparing BOL to cycle 120 indicating a loss of Pt catalyst area has occurred during 

the load cycling. No significant loss of ECSA for Reference 1 and Constant load 70 Hz was found 

when comparing BOL and cycle 120 suggesting that no significant loss of Pt nanoparticles has 

occurred. 

The crossover current was extracted at 0.2 V from the corrected linear sweep voltammograms 

depicted in Figure 23. The crossover current for (a) 70 Hz Repetition 2 was approximately 

1.2 mA/cm2 at BOL and cycle 120. Similarly, the crossover current for Constant load 70 Hz and 

Reference 1 seen in Figure 23 (b-c) were approximate 2.5 mA/cm2 at BOL and cycle 120. The 

detected crossover current, at either BOL or cycle 120, is not abnormally high, indicating that no 

large pinholes, crack formation or membrane thinning causing significant hydrogen crossover were 

detected. The results indicate that the membrane was not significantly affected by the load cycling, 

or load cycling with an imposed 70 Hz, 50 % AC ripple. 

   

4.4 SEM 

All samples from the dynamic load cycling were analysed with SEM  for evaluation of the CCM. 

The SEM images confirmed a membrane thickness of 10 μm excluding the catalyst layers for a 

fresh MEA. No significant changes (larger than 1 μm) in thickness for the 70 Hz Repetition 1, 70 

Hz Repetition 2, Reference 1 and Reference 2 samples were found. The SEM analysis thereby can 

confirm that no samples have been subjected to significant membrane thinning. 

4.5 EIS 

The results of the EIS measurements at 0.1 A/cm2 are depicted in Figure 24. Zreal and Zimag 

represent the real and imaginary part of the system response as a function of the frequency. The 

intercept of the Zreal to the x-axis represents the HFR of the cell, which accounts for the overall 

ohmic resistance RΩ from the cell, including electrical contact resistance, ionic resistance in the 

Figure 23, Hydrogen crossover measurements with H2/N2 for (a) 70 Hz Repetition 2 and (b) Reference 1 No significant increase in 
hydrogen crossover was found for any of the tests.  

(b) (c) (a) 
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membrane and resistances from the auxiliary electronics. The size of the semicircle indicates the 

charge transfer resistance. 

 

  

The BOL for respective cases showcase slightly variations. Interestingly, 70 Hz Repetition 1, Reference 

1 and Constant load 70 Hz resulted in similar magnitudes of the HFR, around 55-57 mΩ·cm2 . 

Reference 2 resulted in a higher HFR in comparison with the other tests both at BOL and cycle 120, 

implying a higher ohmic resistance in the cell. All samples show an increase in the charge transfer 

resistance at cycle 120 compared to BOL, which suggests that the overall cathode kinetics have 

been influenced by the load cycles. A summary of the HFR for the different tests are depicted in 

Figure 25. Some fluctuations are observed during the cycling. This phenomenon may be caused 

by water droplets causing the ohmic resistance to be decreased. 

  

Figure 24, Nyquist diagrams from the EIS at BOL(green) and cycle 120 (black).Performed at 0.1 A/cm2, amplitude of 0.005A/cm2, 
and the frequency range of 10 000-1 Hz. (a) 70 Hz Repetition 1, (b) 70 Hz Repetition 2 (c) Constant load 70 Hz, (d) Reference 1, 
(e) Reference 2, (f) Constant load reference. All samples resulted in similar increase in magnitudes of Zreal, although Reference 1 deviated 
with a 0.3 Ω·cm2 increase in the low frequency region.  

(d) (e) (f) 

(a) (b) (c) 
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The HFR from the intercept on the x-axis in the high-frequency region (left) at BOL and cycle 

120 respectively is summarized in Table 4. As mentioned above, Reference 2 deviates significantly. 

HFR 

[mΩ·cm2] 
Reference 1 Reference 2 

70 Hz, 

Repetition 1 

70 Hz, 

Repetition 

2 

Constant 

load 

reference 

Constant 

load 

70 Hz 

BOL 41 70 35 59 52 45 

Cycle 120 56 126 57 55 63 57 

 

4.6 Performance Decay 

To analyze the PEMFC performance during the tests, polarization curves were collected every 20th 

cycle until the end of the experiments. The polarization curves are depicted in Figure 26. 

Performance losses have occurred in all load cycling experiments. Most severe decrease in 

performance at cycle 120 is seen from 70 Hz Repetition 1 (red) and Reference 1 (black). In 70 Hz 

Repetition 2, the drop in cell voltage begins at 0.5 A/cm2. The shape of the drop indicates mass 

transfer overpotentials being the cause for the voltage drop. The 70 Hz Repetition 1 case had the 

highest performance at cycle 120. Moreover, Reference 1, Constant load 70 Hz, and Constant load 

reference showcase similar performance at cycle 120. No clear deviation is seen at the 70 Hz cases 

in comparison with the reference cases. Differences between the repetitions in both reference and 

70 Hz cases are observed from the polarization curves.  

  

Figure 25, HFR trend over cycle time. All 70 Hz tests from the dynamic and constant load cycling showcase similar trends during the 
cycling time. Reference 1 align with the 70 Hz measurements. Reference 2 deviates from the other tests, with higher HFR over time, and a 
drastic peak towards the end of experiments. 

Table 4, HFR from the Nyquist diagrams for every dataset at BOL and cycle 120. 
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The Tafel plots depicted in Figure 26 (c) and (d) are sufficiently aligned to rule out significant 

kinetic effects deviating between the tests for 70 Hz Repetition 1, Reference 2, Constant load 70 Hz, 

and Constant load reference. At BOL, 70 Hz Repetition 2 showcase a slight steeper slope indicating 

mass transfer limitations at lower current densities in comparison with the other tests. At cycle 

120, both 70 Hz Repetition 2 and Reference 2 deviate from the other, most likely due to mass transport 

limitations. The voltage decay was calculated from the slope of the output voltage response at 

different current densities, 0.2 A/cm2, 0.4 A/cm2, 0.6 A/cm2and 0.7 A/cm2 respectively. 120 cycles 

correspond to 150 h cycling time. The comparison onwards will be based on the voltage response 

at 0.2 and 0.4 A/cm2 as these current densities were obtainable for all samples throughout the 

tests. Cell voltage trends plotted against the cycle time at different current densities from the 

polarization curve are depicted in Figure 27. The calculated voltage decays are shown with dotted 

red lines. 

Figure 26, Polarization curves from the potentiodynamic sweeps performed from 0.1 to 0.9 V at 5mV/s scan rate for (a) BOL and (b) 
cycle 120 i.e. after the last load cycle in the sequence. Tafel plots for (c) BOL and (d) cycle 120. 

(a) (b) 

(c) (d) 
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A summary of the voltage decay is presented in Table 5. The 70 Hz Repetition 1 and Reference 1 

showcased better performance than the 70 Hz Repetition 2 and Reference 2. The data can therefore 

be paired into Group 1, having the higher performance, and Group 2 with the lower performance. 

The two highest performing samples Reference 1 and 70 Hz Repetition 1 had comparable voltage 

decay of 93 and 91 μV/h at 0.2 A/cm2. Likewise, when comparing with the Constant load 70 Hz, 

the decay rate was 133 μV/h at 0.2 A/cm2, which is also in similar magnitudes. These findings 

indicate that the ripple current itself does not impose significant degradation. 

 Reference 1 Reference 2 
70 Hz, 50 % 
Repetition 1 

70 Hz, 50 % 
Repetition 2 

Constant 
load 

Reference 

Constant 
load 70 Hz 

Voltage decay 

at 0.2 A/cm2 

(μV/h) 

93 323 91 6 351 133 

Voltage decay 

at 0.4 A/cm2 

(μV/h) 

131 1031 75 545 439 220 

Moreover, 70 Hz Repetition 2 resulted in the lowest voltage decay of 6 μV/h at 0.2 A/cm2. This 

result can be slightly misleading, as 70 Hz Repetition 2 also had the lowest performance at BOL. 

The slope over time for the 70 Hz repetition 2 case does thereby not have a large voltage decline at 

0.2 A/cm2, even if it had the lowest performance at cycle 120. If the voltage decay instead is 

evaluated at 0.4 A/cm2, the 70 Hz Repetition 2 case has a significantly higher degradation rate. This 

is a prominent example of how the voltage decay is just an approximation, and highly depends on 

where the decay is estimated. Constant load reference resulted in the highest voltage decay of 351 μV/h 

Figure 27, Average cell voltage at 0.2, 0.4, 0.6 and 0.7 A/cm2 at BOL, cycle 19, 39, 59, 79, 99 and 119. (a) illustrate the trend of 
70 Hz Repetition 1 (b) 70 Hz Repetition 2, (c) Constant load 70 Hz, (d) Reference 1, (e) Reference 2, and (f) Constant load reference. 

Table 5, Summary of the voltage decay at 0.2 and 0.4 A/cm2 respectively. 

(a) (b) (c) 

(d) (e) (f) 
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at 0.2 A/cm2. The cause for higher degradation rate at Constant load reference in comparison with 

Constant load 70 Hz can be due to the improper refilling of water to the humidifiers from the water 

reservoir. Both experimental errors may have caused decreased performance regardless 

performing dynamic load cycling or at constant load. 

4.7 Discussion 

The results from the load cycling are ambiguous, although it can be noted that the performance 

was significantly decreased for all tests. The degradation rate varied between the test rounds to 

some extent. The variations were not isolated for the 70 Hz, 50 % amplitude cases and thereby 

cannot indicate a clear correlation to ripple current causing a significant impact on the durability 

on a PEMFC when imposed to a typical load profile for a naval cargo. Of the 6 tests, 70 Hz 

Repetition 1, Reference 1 and Constant load 70 Hz showcased sufficient initial performance with respect 

to the load cycle at 1 A/cm2 and are particularly interesting, as they indicate that the effect from 

the ripple current is not significant. All three cases showcased coherent voltage decay of 93, 91 

and 133 μV/h respectively at 0.2 A/cm2.  

All tests exhibit quite high degradation rates, although it is not isolated for the cases where the 

sinusoidal AC ripple was imposed. Therefore it is most likely other causes that increased the 

degradation. One reason can be the short sequences where the cell voltage reached OCV for 

approximately 10 s. These events were subjected between every load cycle. Nevertheless it is a 

reasonable low time in total, and the commercial MEA should be able to withstand the 

summarized 20 minutes of additional OCV. Another cause could be the gas changes required for 

the in-situ characterization. For 5 h in total the cell was subjected to characterization testing 

requiring two gas changes including an additional OCV sequence of 10 minutes to ensure the 

stability of the cell before continuing with the load cycling. Moreover, the initial testing of the 

current density before every test indicated a sufficient current density for the load cycling. Both of 

these events are similar to short start-stop sequences which are known to cause cell degradation. 

Further, in this work the differences between the reversible and irreversible degradation have not 

been considered. 

The large variations in the acquired results do showcase the importance of repetitions of the 

experiments. As an example, if only single test rounds would have been performed resulting in the 

545 μV/h and 131 μV/h voltage decay rates at 0.4 A/cm2 of 70 Hz Repetition 2 and Reference 1 

measurements, it may have been concluded that the ripple had detrimental effects on the fuel cell 

performance. Instead, analyzing all the samples variations indicate that deviations have occurred 

for both the 70 Hz and reference cases.  

Previous studies reported in literature did not find any significant degradation on the membrane, 

which is also confirmed in this study. The acquired results from the in-situ characterization do not 

indicate significant degradation on the membrane. Membrane thinning can be disregarded as the 

ex-situ SEM analysis confirmed a coherent membrane thickness of 10 μm for all dynamic load 

cycling tests, with references and a fresh MEA. Furthermore, the crossover current from the linear 
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sweep voltammetry was at reasonable levels (around 2 mA/cm2) and did not change for Reference 

1 and 70 Hz Repetition 2 when comparing BOL and cycle 120 for both cases. 

In literature, loss of electrode material was one of the main documented effects from ripple 

currents. The results of approximated ECSA loss point toward that the ripple current not 

necessarily causes increased loss of ECSA from the comparison in magnitude at BOL and cycle 

120 for Constant load 70 Hz. The indications contradict Sergi et al. [18] conclusions, that significant 

losses of active material on the cathode were an effect of the ripple due to it causing the fuel to 

operate with mass transport limitations. However, these tests were only carried out in comparison 

with a fresh MEA, meaning that no reference test was performed to compare the degradation from 

other effects during the potential cycling. Indeed, degradation have occurred in their study 

resulting in a decrease in active material. 

All samples have shown cathode related losses even if the ECSA has not decreased. It was only 

the 70 Hz repetition 2 test with low initial performance that showcased a significant decrease in 

magnitude of ECSA. Confirming tests should be conducted to confirm the actual amounts of 

ECSA loss. To further confirm these results, one suggestion could be to perform CO-stripping 

which can give a higher accuracy of the magnitude of ECSA. 
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5 Conclusions 

The aim of this work was to evaluate whether ripple currents affect the durability of a PEMFC 

when running at typical conditions for a marine vessel. The effect of a 70 Hz 50 % amplitude AC 

ripple was studied on constant and dynamic load cycling of a single cell PEMFC with a commercial 

MEA. These measurements were also compared to reference tests without ripple currents.  

Performance degradation was observed due to operating the fuel cell, as the same performance 

degradation was observed for dynamic and steady state measurements, with or without an imposed 

AC ripple. The polarization curves revealed performance losses for all six tests, and were most 

pronounced at higher current densities, suggesting an increase of mass transport limitations. No 

degradation of the membrane was observed as the HFR and hydrogen crossover remained 

constant during the tests. A loss in ECSA was only observed in the tests with the most severe 

degradation. From the EIS measurements an increase of charge transfer resistance was noted for 

all tests, indicating degradation of the cathode. 

To conclude, performance degradation was observed for all tests. However, applying an AC 

sinusoidal ripple current of 70 Hz and 50 % amplitude did not significantly increase the 

performance degradation of a single cell PEMFC in comparison with the reference tests. 
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6 Future Work 

For future studies, repetitions of the experiments with longer cycling time (2-3 weeks) could be 

performed. Especially the constant load experiments to validate the findings in this thesis. 

Moreover, change of parameters, such as RH, fuel stoichiometry and pressurized system could be 

adjusted to more realistic features to incorporate other effects in combination with the ripple 

current. Since this study were performed on a single cell, it should also be studied further on stack 

level. It is important to implement repetitions of the experiments to capture the variations from 

the experimental setup and variations in material composition. 

Since the 1 A/cm2 load step showcased negative voltages over time, the dimensions of the load 

cycle could be adjusted to lower current densities. To avoid operating in the mass transport 

dominated region of the polarization curve. Standardized frameworks are currently not available 

on durability and performance testing for PEMFCs in marine applications. It could therefore be 

beneficial to conduct experiments on the ripple impact when standardized frameworks like the 

NEDC are available for marine vessels.  

One aspect that is interesting to look further into from these results is the amount of reversible 

degradation influencing the results. To eliminate the effects from the reversible degradation, a 

voltage recovery procedure would be beneficial to implement and consider when constructing the 

testing protocol. Longer tests could also be performed to gather more stable data of the voltage 

decay, preferably around low to medium current densities (0.2-0.4 A/cm2) to acquire stable data 

and minimize the risk of including performance changes from the mass-transfer limited region 

that may infer with the voltage decay evaluation. Optimally, the voltage decay should be estimated 

at the designated operating load, which in general is around 0.6 A/cm2. 
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