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Summary 
 

An increase in renewable energy sources (RWE) will bring about a great 

change in the national electric grid, which will operate intelligently (smart grid) in 

order to manage the supply of several energy producers and to cover the 

unpredictability of RWE [1].  

Nevertheless, in order to become smart, the future electrical networks need 

active distributed units able to assure  services like  load following, back-up 

power, power quality disturbance compensation and peak shaving.  

Fuel cell systems, especially those fed with hydrogen, have reached 

considerable performance targets in laboratory conditions. Combining high 

efficiency and fast regulating behaviour (power on demand), even at partial loads 

and on small size units, PEM fuel cell systems are more and more investigated as 

components of the incoming power networks.  

The aim of this work is to highlight the fuel cells actual performances, their 

behaviour  during grid connected operation and, particularly,  the phenomena of 

materials degradation that can appear in these applications. 

At first, the research activity was addressed to the investigation on a 

developed 5 kW PEM fuel cell system, including the start-up and warm up 

procedure, the analysis of the dynamic behaviour linked to temperature and load 

variations.  

Accordingly, tests were conducted both on fuel cell systems and single cells 

in order to compare the performances evaluated with dc and ac loads.   

In fact, power drawn by single phase grids contains a low frequency 

sinusoidal fluctuation that brings a large ripple on the stack output current. The 

tests on single cells have determined the degradation occurred on catalyst material 

due to the effect of this kind of dynamic loads.  



 

III 
 

Long time tests were performed on 5 kW PEFC system, obtaining a very 

small decay even operating on the utility grid, by means of a dedicated  inverter 

addressed to minimize the ripple current effect on fuel cell stack. 
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Chapter 1 
 

Introduction 

1.1 Introduction on proton exchange membrane fuel cells 

Fuel cells are electrochemical devices that convert chemical energy in fuels 

into electrical energy directly, promising power generation with high efficiency 

and low environmental impact. Power  supplied is a direct current and a variable 

voltage from a starting value OCV (Open Circuit Voltage) to a minimum value, 

corresponding to the maximum limit current. 

The typical electrical characteristic, the polarization curve, of this kind of 

generator  can be considered  as a shifting from its ideal and theoretical potential.  

 

Figure 1-1 Ideal and Actual Fuel Cell Voltage/Current Characteristic [1] 
 

So the lowering of potential, corresponding to the growth of current, is a loss, 

that can be explained dividing the curve in three region where multiple 

phenomena contribute to irreversible losses [2]: 

• Activation-related losses. These stem from the activation energy of the 

electrochemical reactions at the electrodes. These losses depend on the reactions at 
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hand, the electro-catalyst material and microstructure, reactant activities (and 

hence utilization), and weakly on current density. 

• Ohmic losses. Ohmic losses are caused by ionic resistance in the electrolyte 

and electrodes, electronic resistance in the electrodes, current collectors and 

interconnects, and contact resistances. Ohmic losses are proportional to the current 

density, depend on materials selection and stack geometry, and on temperature. 

• Mass-transport-related losses. These are a result of finite mass transport 

limitations rates of the reactants and depend strongly on the current density, 

reactant activity, and electrode structure. 

In the V-I diagram, especially for low-temperature fuel cells, the effects of the 

three loss categories are often easy to distinguish, as illustrated in Figure 1-1. 

There are different technologies of fuel cells, depending on the electrolyte 

material,  the reactant gases, etc. 

Polymer electrolyte membrane fuel cells (PEFC) are the most suitable for fuel 

cell technologies  in automotive and stationary applications because are able to 

efficiently generate high power densities.  

Hydrogen to the anode and oxygen to the cathode determine a supply of 

electrical energy with water production as exhaust. 

 

 

Anode Reaction 

 
 

Cathode Reaction 
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Figure 1-2 Schematic of the cross section of a polymer electrolyte fuel cell [3]. 

 
The current, well-developed PEMFC technology, is based on perfluoro-

sulphonic acid (PFSA) polymer membranes (e.g. Nafion_) as electrolyte, and has 

limitations due to the low temperature of operation, namely; conductivity and 

water management issues, slow oxygen reduction reaction (ORR), a low tolerance 

to fuel impurities, e.g. CO and S as well as serious cooling problems and poor heat 

recovery [3]. 

The first PEMFC used a polystyrene sulphonate polymer which through its lack of 

long term stability led to the downfall of the PEMFC in space exploration; the AFC 

was subsequently used. 

However following the invention of the Nafion series of membrane by DuPont, a 

major breakthrough in PEMFC development occurred. The Nafion membranes 

consist of a polytetrafluoroethylene (PTFE) based structure which are, not 

electronically conducting, stable and chemically inert in the oxidising and 

reducing environment of the fuel cell. The structure of the Nafion ionomer 

material is shown in Fig. 1-3 [4]. 
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Figure 1-3 Structure of Nafion polymer. 

 

The material consists of a PTFE backbone with vinyl ether side chains which 

terminate with sulphonic acid groups. The PTFE results in hydrophobic regions 

which may be envisaged as surrounding a hydrophilic zones formed by the 

clustering of the sulphonic acid groups which attract water, under normal fuel cell 

operating conditions. These clusters of acid regions are responsible for the high 

ionic (proton) conductivity of the membrane and thus its use in the PEMFC. The 

membrane has a relatively small temperature range of stability although in 

operation the upper limit is dictated by the requirement for humidification. The 

presence of water is a prerequisite for ionic conduction through the membrane [3]. 

As a solid phase polymer membrane is used as the cell separator/electrolyte 

and the cell operates at low temperatures (about 80 °C), sealing, assembly, and 

handling are less complex than most other fuel cells. 
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Figure 1-4 Single Cell Structure [2] 

 
The cell components within a PEFC stack can be summed as follow: 

• the ion exchange membrane 

• an electrically conductive porous backing layer 

• an electro-catalyst (the electrodes) at the interface between the backing layer 

and the membrane 

• cell interconnects and flow plates that deliver the fuel and oxidant to 

reactive sites via flow channels and electrically connect the cells. 

 

 

 
Figure 1-5 PEM Stack  (Ballard) 

 
The electrolyte in this fuel cell is an ion exchange membrane (fluorinated 

sulfonic acid polymer or other similar polymer) that is an excellent proton 

conductor. The only liquid in this fuel cell is water; thus, corrosion problems are 
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minimal. Typically, carbon electrodes with platinum electrocatalyst are used for 

both anode and cathode, and with either carbon or metal interconnects. 

Water management in the membrane is critical for efficient performance; the 

fuel cell must operate under conditions where the by-product water does not 

evaporate faster than it is produced because the membrane must be hydrated. 

Because of the limitation on the operating temperature imposed by the polymer, 

usually less than 100 °C, but more typically around 60 to 80 °C. , and because of 

problems with water balance, a H2-rich gas with minimal or no CO (a poison at 

low temperature) is used.  

For practical applications, however, operating PEMFCs at higher temperature is 

desired, both for hydrogen and methanol fuelled cells. When hydrogen is used as 

a fuel, an increase in the cell temperature above 100 ◦C produces enhanced CO 

tolerance, faster reaction kinetics, easier water management, and reduced 

heat exchanger requirement [5]. 

Due to operation at less than 100 °C and atmospheric pressure, water is 

produced as a liquid. A critical requirement is to maintain high water content in 

the electrolyte to ensure high ionic conductivity. 

Maintaining high water content is particularly critical when operating at 

high current densities (approximately 1 A/cm2) because mass transport issues 

associated with water formation and distribution limit cell output. The ionic 

conductivity of the electrolyte is higher when the membrane is fully saturated: this 

impacts the overall efficiency of the fuel cell. Without adequate water  

management, an imbalance will occur between water production and water 

removal from the cell. 

Water content is determined by balance of water during operation. 

Contributing factors to water transport are the water drag through the cell, back-

diffusion from the cathode, and the diffusion of water in the fuel stream through 

the anode. Water transport is not only a function of the operating conditions but 

also the characteristics of the membrane and the electrodes. Water drag refers to 

the  amount of water that is pulled by osmotic action along with the proton. One 
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estimate is that between 1 to 2.5 molecules are dragged with each proton. As a 

result, transported water can be envisioned as a hydrated proton, H (H2O) n. 

During operation, a concentration gradient may form whereby the anode is drier 

than the cathode. Under these conditions, there is back-diffusion of water from the 

cathode to the anode. Membrane thickness is also a factor in that the thinner the 

membrane, the greater the transport of water back to the anode. The objective of 

the stack engineer is to ensure that all parts of the cell are sufficiently hydrated, 

and that no excessive flooding occurs. Adherence of the membrane to the 

electrode will be adversely affected if dehydration occurs. Intimate contact 

between the electrodes and the electrolyte membrane is important because there is 

no free liquid electrolyte to form a conducting bridge. Because this type of 

degradation is largely irreversible, operation under dry conditions will severely 

impact membrane lifetime. 

Reliable forms of water management have been developed based on 

continuous flow field design and appropriate operating adjustments. For this 

reason, flow field designs often feature serpentine channels or unstructured flow 

passages. The flow-plates (which also serve as bipolar plates) are typically made of 

graphite, an injection-molded and cured carbon material, or a metal. 

If more water is exhausted than produced, then humidification of the 

incoming anode gas becomes important. If there is too much humidification, 

however, the electrode floods [6], which causes problems with gas diffusion to the 

electrode. A temperature rise between the inlet and outlet of the flow field 

increases evaporation to maintain water content in the cell. There also have been 

attempts to control the water in the cell using external wicking connected to the 

membrane to either drain or supply water by capillary action. 

 

1.2 Introduction to fuel cell systems 

A fuel cell stack needs a complex system that has to be able: 

• to start-up  

• to warm-up 
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• to manage the water content 

• to check the temperature 

• to shut-down in normal and emergency condition 

• to check all vital parameters (voltage cells, hydrogen leakages, current 

limits, etc.) 

• to convert power for the final use 

The system around the stack should help guarantying long life and easy 

operation for the end user.  

The link with the final use is the power conditioning system. 

Power conditioning is an enabling technology that is necessary to convert DC 

electrical power generated by a fuel cell into usable DC power for DC loads, AC 

power for stationary loads, automotive applications, and interfaces with electric 

utilities [7].  

Power conditioning are important for the following applications: 

• Fuel cell power conversion to supply a dedicated load 

• Fuel cell power conversion to supply backup power (UPS) to a load 

connected to a local utility 

• Fuel cell power conversion to supply a load operating in parallel 

with the local utility (utility interactive) 

• Fuel cell power conversion to connect directly to the local utility 

• Power conversion for automotive fuel cell applications 

 
 
Various power conversion “building” blocks, such as DC-DC converters and 

DC-AC inverters, are employed in fuel cell power conditioning systems. Since the 

DC voltage generated by a fuel cell stack varies widely and is low in magnitude 

(<100V for a 5 to 10kW system, <350V for a 300kW system), a step up DC-DC 

converter is essential to generate a regulated higher voltage DC (400V typical for 

120/240V AC output). The DC-DC converter is responsible for drawing power 

from the fuel cell, and therefore should be designed to match fuel cell ripple 
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current specifications. Further, the DC-DC converter should not introduce any 

negative current into the fuel cell. A DC-AC inverter is essential to provide the DC 

to useful AC power at 60Hz or 50Hz frequency. An output filter connected to the 

inverter filters the switching frequency harmonics and generates a high quality 

sinusoidal AC waveform suitable for the load. The noises due to the low 

frequency current ripple1 are more dangerous than the switching frequency ones 

[8]. In fact the back propagation of the ripple current determine, in the facts, a 

dynamic load for the fuel cell stack. 

This phenomenon can damage the fuel cell performance and life time [9]. 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 Current ripple is a noise that can born or trough the switching frequency of the power converters 
(high frequency), or through the frequency grid (low frequency). This kind of noise can affect the 
dc output of a fuel cell, causing losses in power produced. 
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Chapter 2 
 

PEM Fuel Cell Systems: performances and dynamic behaviour 

 
2.1 Introduction to the developing and testing of a 5kW PEM fuel cell system 

The innovative concept of distributed generation, particularly within a 

power range of 1–100 kW, is a decisive factor in future energy scenarios. 

Distributed generation is related to the power production by end-users capable of 

managing complex and complete services including gas supply, electricity, heat 

and air-conditioning. This allows to get considerable advantages in terms of costs 

for both suppliers and  end users. Moreover, thanks to the possibility of 

decreasing transmission loss on the electric grid and drastic reductions in 

emissions of polluting gases (NOx, SO, CO2, etc.), distributed generation presents 

an interesting alternative to the current centralized system of power production. 

Fuel cell systems ensure both high-conversion efficiency and reduced 

environmental impact. Therefore, they can be used for on-site generation of power 

to supply, in part, the ever-increasing demand for micro-generation. Fuel cell 

systems can support such a future scenario either in the short-to-mid term using 

natural gas or in the long-term by increasing the exploitation of renewable energy 

sources. 

The objectives of this chapter are to illustrate the architecture and the 

operation of a 5 kW PEM fuel cell system, developed by Nuvera FC and CNR-

ITAE in the framework of a national project, and to focus on both its performance 

and the main parameters, evaluated in endurance testing. 

The present study aims to increase awareness in terms of the reliability, 

efficiency, and lifetime of current fuel cell systems. As a matter of fact the 5 kW 

PEFC system can be considered a plug and play pre-commercial product, the 

findings in this study will highlight both its limits and potential in the mid-to-long 

term for large-scale application of PEM fuel cell systems. 



Chapter 2 
 

12 
 

There are three main parameters that characterize the quality of a fuel cell 

system. The first and most important is efficiency. This parameter is easy to define; 

furthermore, several guidelines are available for its assessment. The second 

parameter is the performance in terms of power density. The third aspect is 

related to the decay  in performance of both the stack and the whole system. These 

three parameters are the main features a customer usually needs to consider in 

terms of the investment profitability of FC systems compared to other technical 

solutions available. However, a good stack performance is not only related to a 

high power density but also to the capability to operate in terms of load following 

and reliability to duty cycles. 

In this study, standard methods described in fuel cell literature are used to 

identify the two main parameters as well as additional parameters such as 

response time and self-operating capabilities, the latter meaning the capability of 

reducing human intervention. 

The cost of the systems is not a distinct parameter, as both costs linked to the  

construction of such systems and costs to end-users are inextricably connected to 

political and other wide-ranging choices that require more accurate and detailed 

study. 

For all the above mentioned reasons a series of tests have been conducted in 

order to identify the features and drawbacks of the PEFC system operating under 

real conditions: extremely variable loads, electric grid integration, indoor and 

outdoor operations. The goal is to develop a durable and reliable system that can 

be commercialized in the short-medium term. In the following paragraphs, test 

results of a 5 kW polymeric electrolyte fuel cell system under real dwelling load 

conditions are reported. To achieve this, it was necessary to define the main 

parameters first. 
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2.1.1 Electrical efficiency 

There are numerous definitions of electrical efficiency, from among which 

the ASME PTC-50 standard (fuel cell performance test code) was chosen, for it 

resembles most the approach taken in this study. 

 
Eq. (1) is one in which En is the net electrical energy generated by the system 

(equivalent to that generated by the fuel cell stack without energy used by the 

ancillaries) and Q total is the primary energy provided by hydrogen, 

corresponding to its low heat value (LHV), including: 

• chemical energy + pressure level + thermal energy of the fuel; 

• thermal energy of any external fluid, including co-generation; 

• pressure level and thermal energy contained in the air feed; 

• any other form of energy (i.e. mechanical work) from an external source. 

 

2.1.2 Lifetime 

Nowadays, one of the main targets in the performance of fuel cell systems is 

considerable lifetime, both for stationary and automotive applications. 

According to its use, a system’s lifetime may vary. For stationary 

applications, the target is 40,000 working hours with an acceptable decline in 

performance. Currently, such performance levels are rarely guaranteed by 

operating systems in real (not in laboratory) applications and have been declared, 

to date, almost exclusively by Plug Power [1]. Obviously, the lifetime of a fuel cell 

stack is strictly linked to how it is worked. Although in literature it is possible to 

find lifetimes between 4000 and 13,000 h with a decay rate ranging from 0.5 to 

6µVh−1 [2,3] in steady-state conditions, when more severe working conditions are 

applied (with extremely stressful load profiles), the rates drop drastically, as low 

as 600 working hours with a decay-rate of 120 µVh−1 [4]. Nuvera claims a decay in 

performance of 2.6 µVh−1 cell−1 in steady-state conditions and of 51–52 µVh−1 cell−1 

Eq.(1) 
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under particularly stressful conditions (accelerating tests) of 30 cycles h−1 [5]. 

Nevertheless, in the literature there is no common parameter to define lifetime. 

Usually, the parameters used do not specify the type of application or the 

loads the systems tested were submitted to; therefore, necessary information is 

lacking. This said, there are no standards to identify the decay in performance of 

other competitive technologies as well, such as gas turbines and internal 

combustion engines. 

In this study, both the voltage decay of each single cell under constant load 

conditions and variations in the polarization curve of the stack over time were the 

parameters set to make a comparison with current findings. A decrease in 

performance can be both unrecoverable and recoverable. In the former case, the 

condition is transitory and starting-level performance is regained as soon as 

optimal working conditions are restored; in the latter, the decay is permanent. 

 

2.2 Test station and tests performed 

2.2.1 The test station 

Due to the amount of hydrogen necessary for endurance tests, the test bench 

is comprised of a hydrogen-production system in addition to equipment for 

testing data acquisition. 

The system in Fig. 2-1 a) is an alkaline electrolyzer, useful for continuously 

feed the system being tested with pure hydrogen (i.e. simulating the hydrogen 

supply from a public grid). 
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Figure 2-1 a) Alkaline Electrolyzer; b) Test Station 
  

 The system in Fig. 2-1 b) manages data acquisition, simulation of electrical 

loads, and safety features (sensors for hydrogen, temperature, etc.), all of which 

can be controlled and monitored remotely through ADSL. 

The management software, developed in a LABVIEW environment, allows 

the management and recording of data characteristic of the device being tested, 

from among which the following are most important: 

• stack and single cell voltage; 

• current generated; 

• input and output gases and deionized water temperatures; 

• a count of working hours; 

• energy produced; 

• hydrogen actually consumed. 

The two last parameters are absolutely necessary in determining the 

efficiency of the system studied. 

 

2.2.2 The system tested 

The device being tested (Fig. 2-2) is a polymeric electrolyte fuel cell system 

able to supply power within a range of 0–5 kW and to start up and shut down 

automatically (plug-in) [6].  
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Figure 2-2 5 kW PEM Fuel Cell System developed 
 

Because fuel cells are electrochemical generators that turn chemical energy 

contained in feeding fluids (hydrogen, methanol, natural gas, etc.) into electricity 

in a direct current, they are similar to electrochemical accumulators (i.e. lead acid 

batteries). Unlike previous FC systems to which fuel was fed from an external 

source, which meant autonomy was dependent on size, in this case autonomy 

does not depend on the size of the device. The generation of electric power occurs, 

therefore, without the movement of mechanical components. This leads to a high 

level of electrical efficiency. Nevertheless, the fuel cell stack must be provided 

with a far more complex system in order to work. The whole system can be 

described as follows: 

The stack (XDS-900) component of the system is comprised of: 

• 40 in-series cells with bipolar steel plates; 

• an active area of 500 cm2; 

• MEA (Membrane Electrode Assembly) built on commercial products and 

in-house formulations of the anodic and cathodic electrocatalysts; 

• platinum cathodic loading between 0.4 and 0.6 mg cm−2; 

• variable working temperatures (between 65 and 80 ◦C); 

• maximum current of 400 mA cm−2; 

• _a (stoichiometric anodic gas coefficient) of 1.05; 

• _c (stoichiometric cathodic gas coefficient) in the range of 2.2–3. 
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A control and diagnosis board, thanks to numerous sensors that constantly 

provide a reading of all operational parameters necessary for management and 

safety, manages the functions of ancillaries (Balance of Plant). 

The stack works in dead-end mode, the anode compartment is closed by a 

timed-valve that purges it to eliminate water produced by oxygen crossover from 

the cathode to the anode and migrated to the anode, due to the concentration 

gradient. An in-house system ensures the recirculation of purged hydrogen 

increasing the fuel utilization factor considerably. 

As known, proton conduction (H+) within membranes is ensured by the 

presence of a precise amount of water. In the evaluated stack, this conduction was 

ensured by the water produced and the liquid water injected into the cathode 

from an external loop by a pump. The injected water also cools the cells that the 

stack is composed thanks to the latent heat absorbed during the water 

evaporation. In this way, two goals were achieved: (1) water still present in the 

anode decreased and (2) as a result, the necessity of anodic purges was reduced, 

thereby ensuring a more homogeneous humidification of the stack. Among active 

cells, in fact, some were dedicated to an air-feed humidification of the stack and, as 

they were homogenously distributed throughout the stack, a constant amount of 

water was assured. 

The Balance of Plant, that assures stack operations, is composed of: 

• an air blower; 

• a pump for water circulation; 

• a fan to chill and condense re-circulated water coming out the 

stack’s cathode; 

• a loop for off-anode hydrogen recirculation. 

The blower feeds filtered air to the cathodic inlet, while hydrogen is fed at a 

pressure of 1.7 bar abs into the anodic inlet. The water used for humidifying and 

cooling, together with water produced by the electrochemical reaction on the 

cathode side, comes out condensed through a heat exchanger (air-water) using an 

appropriate fan to chill it. The water in liquid state is stored in a tank under the 
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heat exchanger (storage tank). After a deionizing stage that ensures a water 

conductivity of less than 5 µS cm−1, a pump picks up the water from the storage 

tank and puts it in the cathode side to humidify the membranes and chill the cells 

of which the stack is composed. 

All the ancillaries are powered by the FC stack except during the start-up 

and shut-down phases; in these cases an external power source provides the 

necessary supply. All functions are automated and managed by an electronic 

control board in accordance with optimal algorithms that take into account the 

main functional and safety parameters (temperature, pressure, cell and stack 

voltage, power and current produced). 

Another peculiar feature is the management of ancillaries. 

Unlike what is reported in literature, during ordinary operations, the air 

blower, the water recirculation pump, and the fan work at only two pre-

determined operational power levels. This means the water and air necessary for 

the stack operations are not proportional to the current generated (variable 

stoichiometry), and in every case is more than what would be considered optimal. 

This implies inefficient consumption by ancillaries and affects overall efficiency, 

which should be better. However, this implies further that the ancillaries do not 

affect response time even at high-load variations because there is no relevant 

variation in the power supplied to the ancillaries [3]. 

Finally, for a grid connection or the use of electricity generated in residential 

units, a modification of the system’s characteristic parameters through a power-

conditioning device (inverter) is necessary. 

In fact, the fuel cell system produces electricity at a direct current within a 

voltage range of 40–26 V. A downstream inverter has to generate a voltage of 230 

Vac-50 Hz (European grid). Nevertheless, for tests, a DC/DC converter (step up 

double half bridge H) was used to regulate and stabilize voltage at 48 Vdc in order 

to supply direct loads.  
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Figure 2-3 5kW DC/DC Step up Converter 
 

 

 

Figure 2-4 DC/DC Electrical Scheme 

 

In the second stage of tests, an inverter was used as well, and the electrical 

power produced was provided to the grid, thus showing operation under such 

conditions was possible. 

 

 
Figure 2-5 Inverter DC/AC DHF-1AC-5000W 
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 Input (DC)  DHF-1AC- 5000W/LV 
 Nominal voltage (V)  36 
 Voltage range (V)  30 ... 75 
 Nominal current (A)  140 
 Max. current (A)  160 
 Current limitation (A)  180 
 Current ripple (APk-Pk)  < 1.0 
 Current rate of change   (A/s)   33 
 Max. power (W)  6000 
 Output (AC)  DHF-1AC- 5000W/LV 
 Nominal voltage (V) 230 
 Voltage range (V) 195 ... 265 
 Max. "gross" current  (A) 28.0 
 Max. connector current  (A) 23.0 
 Max. power (W) 5800 
 Max. connector power  (W) 4800 
 Power factor 0.99 
 Frequency (Hz)  (automatically synchronized) 50 + 0.1 or 60 + 0.1  
 Efficiency (%) > 88.5  
 Protection 250 V 30 A / fast acting 
 DC Aux Output  DHF-1AC- 5000W/LV
 Voltage (V)  24 
 Current (A)  40 
 Power (W)  1000 

Table 2-1 DHF-1AC-5000W/LV Characteristic 
 

 

2.3 Tests performed 

The tests performed allowed a characterization of the system, its durability 

both under continuous working conditions and extreme variations of loads. Levels 

of efficiency, since operating conditions changed as a function of time elapsed, 

were recorded as well. 

Experiments to determine the main features and their performance were 

carried out according to FCTESTnet protocol [5]: 

• start-up; 

• stack polarization curves and system’s performance curves; 

• load-following and response time; 

• life-time. 
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2.3.1. Start-up 

The start-up time is a fundamental parameter particularly for UPS 

applications. As a matter of fact, an Uninterruptible Power Supply, in emergency 

mode, have to be ready to supply the preferential load. So it is useful well know 

the time of intervention and, eventually, the strategies needed to assure the load, if 

this time is too long.   

Results showed the necessity of an external power source to supply both the 

control board and ancillaries during start-up and shut-down operations. In these 

stages, the system requires a current of about 13.5 A (P=648 W) from an external 

source (as the stack is not yet producing). 
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Figure 2-6 External Supply for Start-up and Shut-down 
 
The minimum time needed by the FC system to generate power is ever 7 seconds. 

In fact, at the end of start up, the stack shows a potential of 40 V, so the ancillaries 

are supplied directly by the stack.  

Following the start-up stage, in producing the power required the system 

warms up reaching a fixed working level with an output of cathodic gases at a 

temperature of 38 ◦C. Tests were done at different temperatures using a climatic 

chamber capable of taking systems down to −20 ◦C. 
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This stage lasts from a minimum of 80 s (with room temperature 

(humidification/cooling) at 40 ◦C) to a maximum of about 370 s, with a 

corresponding water temperature of about 10 ◦C (Fig. 2-7), setting the load 

demand to the maximum available during warm-up (2,5 kW) ; the maximum 

power (5 kW) is available after warm up. This limit is imposed to assure a 

sufficient humidification to the membrane according to the power demand. 
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Figure 2-7 Warm-up Time vs Temperature @ 2,5 kW load 
 

The warm up time depends on the load demand as well. In fact if no load is 

requested, it’s only the internal resistance to warm up the stack and it is not 

sufficient. In the following figure it is reported the failed warms up starting from a 

water temperature of 18 °C and without load demand.  
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Figure 2-8 Warm-up (TH2O=18°C, Load = 0A) 

 
Another test demonstrates the a little better warm up when a 20 A load is 

requested (about  650 W), despite the water temperature starts from a lower value 

(14 °C).  
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Figure 2-9 Warm-up (TH2O=14°C, Load = 20A) 

 

In this case the system, after about 20 min and two failed warms up, reaches 

the normal operation status.  
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2.3.2Characteristic performance curves 

The operational curve characteristic of a stack (polarization curve) illustrates 

the device’s performance unambiguously. The curve of the fuel cell stack in the 

system tested is shown in for single cell is shown in Fig. 2-10. 

 

 

Figure 2-10 Single Cell Polarization Curve and Single Cell Voltage Distribution  @ 
160A load 

 

It demonstrates how the stack works down to a minimum voltage (0.65 V 

cell−1). This limit is well-suited for high levels of electrical efficiency and a decrease 

in stress on the cell’s materials, thereby ensuring longer durability. 

 

V 
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Figure 2-11 System Working Zone 
 

The whole system works only in the ohmic region zone because under 0.6 V 

the system shuts automatically down, while the range between 40 V and 36 V is 

occupied by the ancillaries. Therefore the system working zone is in the range 

between 36 V and 26 V.  

 

2.3.3 Load-following and response time test 

According to FCTESTnet TM PEFC ST 5.5 protocol (Testing the transient 

response of a PEFC stack), the system was tested to ensure operation in load-

following mode. For this, pulse load tests were performed with 0−x% load steps, 

verifying both the stack and DC/DC behavior (Fig. 2-12). 

As shown in Fig. 2-12, there are no relevant variations in regulated voltage 

(48 Vdc) after the power conditioning device; this ensures the level of efficiency 

required for response. 
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FCS Load Pulse Response 
(Regulated Voltage=48,9V)
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Figure 2-12 Fuel Cell System Load Pulse Response 
 

This parameter is closely related to the design of the regulator and is usually 

studied in dedicated projects, the aims of which are both to improve the quality of 

power (in terms of output power parameters) and to avoid the influence of power 

conditioning devices on the stack’s performance. 

In order to evaluate the response times of a fuel cell system without power 

conditioning devices, the transient generated by power variations was studied 

using an oscilloscope (Agilent DSO 6032A). 

To determine the system’s response  a fall time 2 was used. In electronics, this 

parameter is the time required for the amplitude of a pulse to decrease (fall) from 

a predetermined level (generally 90% of maximum excursion) to another level 

(typically 10% of maximum range). 

 

                                                 
2 fall time (pulse decay time) is the time required for the amplitude of a pulse to decrease (fall) 
from a specified value (usually 90 percent of the peak value exclusive of overshoot or undershoot) 
to another specified value (usually 10 percent of the peak value exclusive of overshoot or 
undershoot). Limits on undershoot and oscillation  may need to be specified when specifying fall 
time limits. 
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Figure 2-13 Single Pulse Response 
 

The system had a response time of about 100 ms at the highest stress levels 

(0–5 kW) (Fig. 2-13). 

The fall-time obtained for the system tested is reassuring, especially when 

compared to other electrical devices already established on the market, i.e. 

batteries, as it shows the ability of FC devices to compete in terms of performance 

today. Also, its ability to respond to extreme variations in stress shows excellent 

potential for supplying residential and strongly variable loads. The slight 

oscillation of voltage after the transient is due to the intervention of the second 

working stage of the blower (ancillary). In fact when the system works up 4,5 kW 

more air is need for the reaction and so the blower, that is  a load for the stack, 

causes a little temporary voltage decrease.  

Usually, in case of high power load peaks, but much lower average power, hybrid 

systems are of special interest [7]. A small battery with a high peak power 

capability can be  used for peak shaving. 

Other applications, where long periods with low power demands and also periods 

with medium or high power exist are also of interest. In this type of application 

the load is operated by the battery and the fuel cell is only used to recharge 

Blower 
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the battery if the state-of-charge is going below a minimum level. Another 

possibility is to guarantee a full recharge by use of an auxiliary energy source (in 

this case a fuel cell). This periodical recharge prevents sulphation. Typical  

applications are solar systems and SLI batteries. In case of solar systems it is 

assumed that a frequent full recharge can increase the typical battery lifetime [8]. 

Indeed, the fast response obtained with the developed system, can be used 

for fast recharge in  hybrid applications (also automotive), extending the range to 

other kind of batteries as well (e.g. Lithium Ion). 

Nevertheless, in the case of regulated voltage by the dc/dc converter, if a 

zoom in the transient zone is done, it is possible to notice a major delay due to the 

inertia of the cascading of the dc/dc converter and fuel cell system.   
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Figure 2-14 Single Pulse Response @ regulated 48 V 
 

The dynamics of fuel cell system and of the dc/dc converter sums 

themselves, determining a rise time of 0.73 s. As a matter of fact, at first the system 

responses at once, causing an immediately decrease of the voltage. Then the dc/dc 

converter starts to regulate, increasing voltage to the fixed value of 48 V (regulated 

voltage).  
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2.3.4 Endurance test 

Although the performance of the fuel cell system studied was wholly 

satisfactory, one of the main obstacles to commercialization is the actual lifespan 

of such devices. Therefore, according to FCTESTnet TM PEFC SC 5.7 (Testing 

voltage as a function of current density following a dynamic profile versus time) and 

ASME PTC 50, endurance tests of the system were conducted, reaching the first 

target of 1000 h for a total amount of 3500 kWh produced. 

Three identical 5 kW fuel cell systems were used so the tests were divided 

into three stages: the first one in which the device was working under a load-

following conditions and in which were developed performance tests; the second 

at constant power to verify the decay-rate in steady-state conditions, the third in grid 

connected configuration. 

 

Residential load 

Varying electrical loads means stress, regardless of what kind of generator is 

used, i.e. internal combustion engine, micro-turbine, or fuel cell systems. 

Variations in the speed of mechanical components in terms of the rate at which 

heat is generated in a kinetic reaction of reagents implies that mechanical stress on 

materials results in reduced efficiency over time. In order to be competitive in 

their own markets, new generation devices, among these fuel cell systems and 

micro-turbines, must demonstrate a durability comparable to that found in 

consolidated technologies like ICE. To assess the current state of art, the system 

developed in earlier stages of design was submitted to variations in load profiles, 

very close to a residential application’s (Fig. 2-15) with 24-h cycles. The only 

down-times were those necessary for ordinary or out-of-the-ordinary maintenance 

procedures. 
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Figure 2-15 Load Profile during test 
 

In this study, load variations are included in the whole working range of the 

system, with instant variations of up to 100% of optimal power. 

The system generated power with an average efficiency of 55% and a 

capacity factor of 74%. The capacity factor is the ratio of the average power 

generated to the peak power of the device; it is useful in determining how the 

system can be used most effectively. 

The tests allowed an outline of the performance of the main parameters, 

which is shown in Tab. 2-2. 

 

 

Table 2-2 Main parameters for the endurance test results 
 

Critical parameters found after the first 1000 working hours were linked, 

primarily, to components of the ancillaries and, to a lesser degree, to a decline in 

Time/h 
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the performance of the stack. 70% of failures were attributed to electronics and 

30% to ancillaries (deionization cartridge and air compressor). After the first 150 h 

of operation, the stack was damaged by deionizing resin released from the broken 

cartridge, so both the air compressor and stack were repaired. Once restored to 

correct working order, the system was again submitted to test cycles. 

Upon reaching 1000 working hours, no significant decline in the overall 

performance of the system was observed. This can be seen in Fig. 2-16, in which 

OCV levels (Open Circuit Voltage) of the fuel cell stack versus hours in operation 

are shown.  

 

 

Figure 2-16 Open Circuit Voltage Decay 
 

During the first stage (0–150 h), the stack already showed OCV levels that 

were lower than those recorded after removing the deionizing resin. 

During the second stage of the experiment, higher and slightly variable OCV 

levels were recorded over time, showing that a reduction in the system’s level of 

performance is reversible and most likely linked to the flooding and swelling of 

membranes. A sufficiently long pause always ensures restoration to original levels 

of performance. In the Fig. 2-16, OCV decreases in tests that are conducted 

continuously between 150 and 750 h, that is, without start-stop cycles; however, 
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Figure 2-19 Single Cell Voltage during 500 hours test 
 

The flooding effects cause, together with the stack design, an 

unhomogeneous voltage profile for the single cells. The single cells voltage was 

measured thank to a CVM (Cell  Voltage Monitoring) able to capture double cell 

voltage. The data was processed, obtaining as media. 

 

Calculated Efficiency 

All power generators, including fuel cell systems, demonstrate efficiency as a 

function of load; this varies, accordingly, to typical profiles of specific 

technologies. Fuel cells, nevertheless, are generally evaluated at a constant level of 

efficiency even if loads vary. This is true only if the efficiency of the stack alone 

(without its ancillaries) is taken into account, in a range of 30% - 70% of its optimal 

load. Efficiency, therefore, is also inextricably connected to the type of application 

to which an energy device is dedicated. 

There is a considerable difference between theoretical efficiency (computed 

according to the most common equations in literature) and the system’s efficiency 

computed using Eq. (1). This is caused primarily by high levels of consumption as 

a result of ancillaries and anodic purges that reduce hydrogen utilization. The 

system efficiency curve is showed in Fig. 2-20.  

 



Chapter 2 
 

35 
 

 
 System Electrical Efficiency

0%

10%

20%

30%

40%

50%

60%

0 1000 2000 3000 4000 5000
Power (W)

Ef
fic

ie
nc

y 
(%

)

System Efficiency

Ancillaries demand  
equal to load demand

Maximum net efficiency

Ancillaries 
Mean Power

350W 520W

 

Figure 2-20 System Electrical Efficiency 
 

It demonstrates how actual efficiency varies considerably with low loads but 

remain generally constant at 50% (according to hydrogen LHV) when power 

levels are between 2.5 and 5.0 kW [9]. The aggregate power consumption for the 

ancillaries is 350 W and 520 W for the two operating steps. 
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Figure 2-21 Ancillaries Losses 
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Grid connected endurance test 

5 kW PEM system was run in grid connected configuration in order to 

compare the performances with one operated with a constant load. The dc/dc 

converter regulates system voltage to 48 Vdc, while inverter allows the grid 

connection with an ac bus of 230 Vac, 50 Hz. 

 

 
 
Stack SN465                                

 

AC GRID Fuel Cell 
System 

  

dc/dc converter dc/ac inverter

 

Figure 2-22 Grid Connected Endurance Test Scheme 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-23 Grid Connected Test Bench 
 

 

Fuel Cell System 

Inverter 

Oscilloscope with sinusoidal output waveform 
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Thanks to a software interface developed by Delta Energy Systems, the 

inverter parameters can be read and set by PC. So the load current wished can be 

set, assuring a regulatory effect for the grid.  

 

 

Figure 2-24 Software Interface 
 

This aspect is very important for the future electrical grid (smart grid) 

because hydrogen produced on site, i.e. by renewable energy sources , useful  for 

the mobility in hybrid vehicles (fuel cell, battery, supercap) can be used through a 

fuel cell system to compensate the uncertainty of RWEs, for mitigating the peaks 

loads and in back up power applications [10]. 

The load was fixed at the same dc-side value (3.5 kW) according to previous 

test and to compare the performances polarization curves were used. 

The system has worked for 1000 h with an hydrogen pressure of 1.7 bar. 
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Figure 2-25 Polarization Curves Comparison  
 

The polarization curves show the photo of the two system at 0 h and after 

1000 h of continuous working. 

The stack SN465 was not connected to the grid, while the stack SN476 was 

connected to the grid. 

No significant performance differences were noticed and the slight  ones can 

be attributed to several phenomena not easily recognizable in a complex system; ( 

humidity, temperatures, little manufacture differences, water content in the 

membrane). 

An important aspect is that the inverter used is characterized  of a low 

current ripple (<1% Apk-pk), but with a low efficiency (about 89%), so the 

degradation of components materials is very low, but the efficiency as well. The 

right balancing between material degradation, low efficiency due to the current 

ripple and low efficiency due to ripple filters have to be found for the power 

converter developers. In the next chapter  these aspects will be analyzed. 

Another test regarding the dynamics of whole system fuel cell system-dc/dc 

converter-inverter was conducted in order to determine the response rapidity. 

According to the former DC test, a load commutation from 0 to 5 kW was realized 

in the ac side. The response on the AC side is reported in the following figure. 

Stack Current/A 
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Figure 2-26 AC Fast Commutation (0-5 kW Load) 
 

Despite the fast response of the fuel cell system seen in the previous tests 

(100 ms), figure shows a relevant delay of about 3.5 s. 
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Chapter 3 
 

Performance Degradation in grid connected applications: the effect 

of ripple current 
 
3.1 Introduction to ripple current noise  

Coming back to the fuel cell requirements, it is strongly recommended the 

absorption of a low current ripple in order to increase its lifecycle and 

efficiency[1]. In fact, there are two possible sources of current ripple. One comes 

from the power converter operation and implies in high frequency current ripple 

related to the first-stage DC-DC converter switching frequency. The other one 

comes from the fact that, when power conditioners are applied in single-phase 

systems, the AC load absorbs an instantaneous power which has a component 

oscillating at twice of the applied frequency, as can be seen in the instantaneous 

power expression: 

 

 
 

where p(t) is the instantaneous power, Vm is the peak voltage applied to the 

load, Im is the peak current flowing from the source to the load, φ is the power 

factor angle and ωs is the frequency applied, which in distributed generation 

application is the grid frequency [2].  
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Figure 3-1 Low frequency ripple current generation by a single-phase full bridge 
inverter 

 

Therefore, a second order harmonic current ripple may be absorbed by the 

fuel cell, which may impose a negative impact to the fuel cell performance and 

fuel utilization . 

Fig. 3-1 shows an example in which a single-phase full-bridge dc–ac inverter 

circuit used in [3]. The inverter is  implemented with a sinusoidal pulse width 

modulation (PWM) method. With a linear load, the output current has the same 60 

Hz frequency and sinusoidal wave shape as the output voltage. The inverter input 

voltage and current are dc, but the current contains high frequency switching 

noises and a low frequency ripple component. The ripple component is considered 

the rectification effect through the inverter switches, and thus it appears to be a 

120 Hz pulsating current. 

The PWM switching noise is filtered with a high-frequency dc bus capacitor,  

but the energy of the 120 Hz ripple is too high to be absorbed. A bulky dc bus 

capacitor can then be used to smooth the 120 Hz ripple, but a significant part of 

the 120 Hz ripple remains and continues to propagate through the entire dc–dc 

converter and back to the fuel cell (dc power source). Due to these phenomena, 

fuel cells are directly exposed to a dynamic load that depends on the frequency 

generated. 
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Instantaneous power is the sum of two parts: the first, called active power3, is 

the mean value of instantaneous power and is constant, the second is a floating 

power with a double pulse. 

Therefore, considering a European grid connected fuel cell, the ripple 

generated has the double frequency of the grid’s frequency: 50 Hz * 2 = 100 Hz. 

 

 

Figure 3-2 Ripple Voltage from a switch mode power supply (Period 10 ms for a 50 Hz 
grid frequency) 

 
 
As a matter of fact, the first test to highlight this phenomenon, was 

conducted connecting a 5 kW PEM fuel cell to the electric grid by a Delta Energy 

DHF5000LV inverter, resulted in what reported in the following figure: 

                                                 
3 Active power is the mean value of the instantaneous power. It means the energy absorbed in a 
period and for this reason it is called active power or “true power”. It is defined as 

  cos  
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Figure 3-3 Ripple Voltage and Current from a DC7DC Inverter 
 

It is evident ripple current and voltage with a time period of  10msec that 

corresponds to a 100 Hz frequency 

 

 

3.2 Fuel Cell System performance under 100Hz dynamic loads  

Several tests were conducted to determine the decline into performance due 

to ripple current. 

Experimental tests simulated the ripple current generated from an inverter 

and applied to a fuel cell system. 

First, a test bench, able to manage an electronic load and to generate a 

variable sinusoidal load, was created.   
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Figure 3-4 Test Bench Configuration 

 
The equipments used for these tests are: 

• 1.2kW Fuel Cell System, Nexa by Ballard 

• Agilent DS06032A Oscilloscope 

• Agilent 33120A Wave Generator 

• ZS 7006 Hocherl & Hockl Electronic Load 

• PC 

 

 
Figure 3-5 Nexa Ballard Fuel Cell System 
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Generator 

Electronic 
Load 

Oscilloscope 
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The wave generator produces 0-10 V voltage signal that controls, by the 

analog I/O of the electronic load, the generation of a sinusoidal load, variable in 

amplitude and in frequency. 

Therefore, modulating the wave generator, the study of fuel cell behaviour 

under different kinds of ripple currents (varying amplitude and frequency) is 

possible. 

An oscilloscope, placed at the outlet of the fuel cell, acquires voltage and 

current generated from the fuel cell (Nexa Ballard). 

The fuel cell system is composed of 40 cells in series, with an effective power 

of 1.2 kW and a polarization curve of 42 V to 24 V at 50 A. 
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Figure 3-5 Nexa Ballard Polarization Curve 
 

The first tests were conducted using a constant mean current value of 25 A 

and changing the peak-peak current value from 0 to 100% of the mean current [4]. 

Frequency was fixed at 100 Hz to simulate the real condition for a 50Hz grid.  
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Tests 1 2 3 4 5 6 7 8 
Pk-Pk 
current 15 A 20 A 25 A 30 A 35 A 40 A 45 A 50 A 

Table 3-1 Peak to peak current varied during test 

 

Voltage and current acquired were used to calculate instantaneous power [5] 

and to determine its mean value, the active power for each step. 

In the following figure examples at 30 A are reported.  

 

 

Figure 3-7 Data Acquisition   
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Fuel Cell Current-30A pk-pk
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Figure 3-8 Sinusoidal Current generated at mean value of 25 A and 30 A amplitude 
 
 

Fuel Cell Voltage-30A pk-pk
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Figure 3-9 Fuel Cell System Response (Voltage) 
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Fuel Cell Instantaneous Power-30A pk-pk
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Figure 3-10 Calculated instantaneous power 
 

Voltage response is definitely affected by current ripple. 

Instantaneous power was determined by the product point to point between 

voltage and current.  

The mean value of instantaneous power (active power) was calculated for all 

tests. 

 

Current [App] Active Power [W] 

15 749,82 

20 747,43 

25 741,42 

30 736,61 

35 732,94 

40 727,13 

45 719,68 

50 715,20 

Table 3-2 Generated Active Power for each test 
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When the amplitude of peak to peak current increases (ripple growth), active 

power produced by the fuel cell decreases, so the performance of the fuel cell 

depends strongly on the amplitude of the disturbance.  
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Figure 3-11 Relationship between output power reduction and I pk-pk ripple current 
obtained during test 

 

Active power decreases up to about 5% compared to active power without 

ripple current. 

This confirms what reported in [6] in which the obtained active power loss 

graph is shown in the following figure, where the output power reduction varies 

between 0 and 5%. 
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Figure 3-12 Relationship between output power reduction and ripple current at the 

rated condition in Choi Test 

 
 

3.3 Fuel Cell System performance under dynamic loads with a variable 

frequency 

Other tests were conducted to determine if fuel cell performance depends on 

frequency as well. 

Therefore, in this case variations to both amplitude and frequency produced 

a 3D graph that can highlight both phenomena. Frequency was varied from 0 to 

150Hz. 
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Figure 3-1 a) 3D Graph with Active Power vs ipk-pk and frequency 
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Figure 3-2 b) 3D Graph with Active Power vs ipk-pk and frequency 
 

The figure shows that  this range of frequency determine a quite constant 

trend on active power losses.  
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Probably, all the fuel cell losses (activation, ohmic, concentration, ecc) 

contribute to a decrease in power. 

The main reasons may be the following: 

• Water formation during the cycling can take up catalytic sites. This can 

determine the flooding of the cells, which can affect the voltage response and, 

therefore, the power generated.  

• Dynamics can generate pressure losses due to the fast consumption of 

hydrogen that causes voltage drops.  

Using ripple filters [7,8] can decrease the overall efficiency of systems but 

compared to the losses in efficiency from ripple current alone, especially to the 

reduction of life time, the necessity of developing active or passive filters to 

minimize the ripple is an obligation.  

The effect of current ripple can reduce the life time as well, so in the next 

chapter is reported a campaign of tests for determining the material degradation 

due to the current ripple. 
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Chapter 4 
 

Material Degradation in grid connected applications: the effect of 

ripple current 
 

4.1 Test performed on PEM single cells 

The ripple current effect on the fuel cell components performance (catalyst and 

membrane),  due to the grid connection (chapter 2), was investigated.  

The object of this study is the evaluation of the issues that occur on the active 

components of a proton exchange fuel cell (PEMFC) fed by hydrogen when 

subjected to a ripple current. Electrochemical and physico–chemical 

characterisations on single cells of 5 cm2 were carried out with the aim to 

investigate the reasons that can determine cell performance reduction due to the 

ripple. 

A preliminary state of art concerning the MEA components degradation due to 

this phenomenon was carried out [1,2]. To my best knowledge no scientific work 

on this specific topic was found. 

Two single cells, one supplying a variable load (to simulate the ripple) and one a 

dc load (without ripple) were investigated in order to compare the effect of the 

applied current ripple on the different cells. Both the cells have the same energy 

content of the variable load. 

The single cells were prepared as reported in [3] by using similar materials. 

Membrane-Electrode-Assemblies (MEAs) were based on a 30 wt% Pt/Vulcan-XC 

(E-TEK) catalyst for both anode and cathode electrode. The Pt loading was 0.4 mg 

cm-2 for each electrode. A Nafion 117 membrane was used as electrolyte. MEAs 

were formed by a hot-pressing procedure and subsequently installed in a single 

cell of 5 cm2. Electrochemical characterizations were carried out in a fuel cell test 

station. This latter is composed by electronic devices, an HP6060B electronic load, 

an EG&G electrochemical apparatus consisting of a PAR 273A 

Potentiostat/Galvanostat (a 20 A Current Booster), and a water and thermal 
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management system. A picture of the fuel cell test station and the single cell used 

for the test are shown in the Fig. 4-1. 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Fuel cell test station equipped with a single cell of 5 cm2 

 

Physico-chemical characterizations were carried out by X-ray diffraction to 

determine the crystallographic structure. The catalysts were characterized by a 

Philips X-pert 3710 X-ray diffractometer using Cu Kα radiation operating at 40 eV 

and 30 mA. The peak profile of the (220) reflection in the face centered cubic 

structure was obtained by using the Marquardt algorithm [4] and used to calculate 

the crystallite size by using the Debye-Sherrer equation [5]. Catalyst morphology 

was investigated by transmission electron microscopy (TEM).  

For single cell polarization experiments, both reactants, hydrogen and air, were 

pre-heated at the same operating temperature of the cell and fed to the anode and 

cathode chamber, respectively. Atmospheric pressure was used on the anode and 

the cathode side for all the experiments. Reactant flow rates were 52 ml min-1 and 

175 ml min-1 for hydrogen and air stream, respectively.  The cell temperature was 
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fixed at 40 °C to reduce the effect of materials degradation due to the temperature 

in order to evaluate just the ripple effect. 

 

4.2  PEM Single cell submitted to ripple current 

In order to simulate a low frequency current ripple, a dynamic load was applied to 

the single cell of 5 cm2 by an electronic load. A variable current, with a 100 Hz 

frequency and an amplitude oscillating between 1 and 2 A (mean value 1.5 A), 

was drawn on up to 200 hours. This current amplitude was chosen in order to 

perform an accelerated test, considering that the limit of the ohmic region in the 

polarization curve can be evaluated at 2.5 A. Therefore the peak to peak amplitude 

means the 40% of this limit. In Fig. 4-3 is shown the voltage and current waveform 

applied to the cell to simulate the current ripple. 

 

 

 

 

 

 

Figure 4-2 Oscilloscope Display 

 

 

 

 

 

 

Figure 4-3 Data Acquisition 
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Thus, the ripple effect on the cell components was evaluated by electrochemical 

tests (polarization curves, endurance test and AC impedance spectroscopy) carried 

out on the single cell. In Fig. 4-4 is shown a comparison between polarization 

curves at 40 °C before and after the endurance test at a mean value of 1.5 A, a peak 

to peak amplitude of 1 A and a oscillating frequency of 100 Hz, as load current 

value, up to 200 h for cell. 

No significant decrease of the performance was observed in the technique range. 

Interestingly, in the activation region a little increase of the performance after 

endurance test was observed. This could be due to a slight sintering effect of the 

cathode catalyst, reaching the optimum value. 

It is well known that the specific activity for oxygen reduction is “structure 

sensitive” [6]. Specific activity for oxygen reduction increases as the crystallite size 

increases, as it usually occurs in a Pt sintering process [7].  
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Figure 4-4 Polarization curves before and after endurance test at variable load 
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Figure 4-5 Comparison between activated controlled region 

In order to confirm this, evaluation AC Impedance Spectroscopy was carried out 

to have more information on the specific region of the curve. Tha AC impedance 

spectroscopy allows an estimation of the charge transfer (Rct) and series (Rs) 

resistances to individuate the rate determining step affecting the overall cell 

behaviour in the case of poor performance [8]. Due to the fast hydrogen reduction 

reaction, the impedance spectrum of the fuel cell nearly equals the cathode 

impedance. As a result, the impedance of a fuel cell (H2/O2) is mainly used to 

study the cathode behaviour [8]. 

AC impedance spectra for the entire single cell at 0.85 V, voltage value where the 

activation phenomena are more significant, is reported below. The lower Rct value, 

4 ohm cm2, after 200 hours of endurance test for a cell subjected to a current ripple, 

with respect to the Rct value of 4.6 ohm cm2 for the cell in the starting condition, 

indicates a slight increase of the oxygen reduction reaction rate. This means that 

there was an increase of the intrinsic catalytic activity [9].  

 

Current Density A/cm2 
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 Figure 4-6 Impedance spectra at different time of endurance tests for a  

single cell of 5 cm2  subjected to a current ripple  

 

The ohmic controlled region shows no significant difference among the different 

step of endurance test (Fig. 4-7).  
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Figure 4-7 Comparison among the different polarization curves in the ohmic region 
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By the impedance spectra was possible to evaluate the series resistance value (Rs); 

very similar ohmic values, 0.34 vs. 0.36 Ohm cm2, before and after endurance test 

with an applied current ripple, respectively, were recorded (Fig. 4-8). This 

indicates that no significant effects, due to the current ripple, should occur on the 

membrane [8]. 
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Figure 4-8 Impedance spectra in the ohmic controlled region of endurance tests for a  
single cell of 5 cm2  subjected to a current ripple 

 

 

4.3  PEM single cell submitted to a constant load 

In order to evaluate the effect of the applied current ripple on the degradation of 

components, a similar proton exchange membrane single cell was assembled and 

tested at the same working conditions, 40 °C and atmospheric pressure. A load 

current of 1.5 A was fixed during the endurance test. This value is an ideal 

condition for a comparison between a variable load and a constant load [10]. The 

obtained results were compared to the results recorded for the cell subjected to the 
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dynamic load. Fig. 4-9  shows a comparison, in terms of polarization curves, 

before and after time test of 200 hours for a cell under a constant load.  
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Figure 4-9 Polarization curves before and after endurance test at constant load 

By AC impedance spectroscopy it was possible to observe an increase of the 

charge transfer Rct resistances; this value decreases from 6 to 3 ohm cm2, before 

and after endurance test, respectively. Moreover, the lower Rct value indicates a 

slight increase of the intrinsic catalytic cathode activity with respect to the 

previous cell with the applied ripple (4 ohm cm2). The ohmic resistance value was 

about 0.35 ohm cm2 before and after test, as recorded for the cell with the applied 

ripple. This result, in terms of ohmic resistance, confirms that no significant effects 

should occur on the membrane.  

Current Density A/cm2
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Figure 4-10 Impedance spectra for a single cell of 5 cm2  with a constant load applied 
 

4.4 Comparison using physical-chemical characterization  

The attention was focused on the cathode catalyst investigation by physico-

chemical characterizations in order to evaluate catalyst sintering effect.  Therefore, 

X-Ray Diffraction analysis was carried out on the fresh electrode and after 

endurance test with and without an applied current ripple.  

A comparison among the cathode catalysts shown the typical face cubic centred 

(fcc) crystallographic structure of Pt. The presence of sharp peaks, for the cathode 

catalyst subjected to the current ripple with respect to the other, indicates an 

increase of average crystallite size, from 3.4 nm to 4.2 nm as calculated by the 

Debye Sherrer equation. A no significant change of crystallite size for the cathode 

after endurance test at constant load was observed (3.4 nm vs. 3.5 nm).  

 

 

Z (Ohm cm2)
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Figure 4-11 Comparison among XRD diffraction patterns for the cathode catalysts 
before and after endurance test with and without an current ripple. 

 

TEM post-mortem analyses on the same samples were performed in order to 

investigate the cathode catalysts morphology. A significant sintering of the 

cathode catalyst after endurance test with a variable current applied was evident 

(Figg. 4-12). In Figg. 4-12, a migration of the Pt metal particles from the edge of the 

carbon support to the inner zone of the surface was observed and as a 

consequence a particles agglomeration occurred [2]. No sintering effect appears 

for the catalyst after endurance test subjected to a constant current.  
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Figure 4-12  TEM micrographs of Pt catalysts before and after endurance tests with a 
current ripple. 

 

 

 
 
 
 
 
 
 
 
 
 Fig WZ 
 

Figure 4-13 Crystallite Size Calculation 
 

In Fig. 4-13 an example of crystallite size calculation after endurance test at 

variable load by dedicated software is reported. The calculated average value was 

b 
d 
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4.2 nm. The same procedure was carried out both for the fresh electrode and for 

the no ripple electrode. The values were 3.3 nm and 3.5 nm respectively.  

These results are in agreement with the XRD measurements. 
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Conclusions 
 

A series of tests was carried out in order to evaluate the variation of 

performance over time for a PEFC system developed in this thesis work. 

 The tests aimed at identifying specific parameters which characterize the 

practical system operation. These aspects are of relevant interest to meet the 

requirements for commercialization in a short-to-mid term. 

The following aspects have been outlined for the developed system: 

• it is capable of supplying power within a range of 0–5 kW with automatic 

start up and shut down procedures (plug-in); 

• efficiency varies considerably under low loads but remains generally 

constant at 50% (according to hydrogen LHV) when power levels are between 2.5 

and 5.0 kW; 

• its response to variable loads is comparable to that of other devices, and its 

ability to respond to extreme variations in stress shows excellent potential for 

supplying residential loads; 

• upon reaching 1000 working hours, no significant decay in the overall 

performance of the system was observed, 40 µV h−1 Cell−1. 

• upon reaching 1000 working hours in grid connected configuration, no 

significant decline in the overall performance of the system was observed 

Yet, significant improvements are necessary as outlined below: 

• increase the reliability of electronic components and the Balance of Plant: 

components like the control board or deionizer cartridge seriously affected the FC 

system operation by causing unexpected stops and compromising the overall 

reliability. For the next generation FC system new dedicated components will be 

designed or chosen. 

• improve water management in the stack and in the whole system: 

it is clear that the water content in the stack affects its performance, i.e. 

reducing voltage during time-test at constant current due to the effects of flooding 

and swelling on MEAs. A great amount of water is supplied to the cathode side in 
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liquid phase for humidification and cooling purposes. But because the control 

strategy for the pump is not optimized yet, as discussed previously, the amount of 

water fed to the stack in is excessive. A different algorithm optimizing the amount 

of water injected into the stack has to be developed. The FC system is under 

testing to reach a significant targeted number of working hours and the new 

generation is still in a work-progress. 

Nevertheless, the tests performed have shown that PEFC systems fed with 

hydrogen can meet the requirements of commercialization in the short term, in 

stationary applications, for instance, in which hydrogen is produced by renewable 

energy sources thanks to electrolysis, or for telecom sites.  

In grid connected applications, there is a noise that comes back from the grid 

to the stack, called “ripple”. 

Tests on a 1.2 kW PEM fuel cell system to analyze  the behavior of the system 

submitted to a 100 Hz dynamic load have been carried out. The variable load was 

chosen to study the effect on the performance (especially active power) due to the 

current ripple.  

The load was varied in amplitude (peak to peak) at constant frequency (100 Hz) 

and, alternatively, the frequency was varied at a constant peak to peak load. 

An  active power drop at about  5% of the corresponding constant value was 

recorded. 

The effect on material degradation due this phenomena were studied as well. 

Electrochemical and physico-chemical characterizations were carried out on two 

single cells equipped with the same MEA components. The single cells were 

subjected to a dynamic and variable load in order to simulate the current ripple.  

A preliminary state of art concerning the MEA components degradation due to 

this phenomenon was carried out. No scientific work on this specific topic was 

found. 

An evidence of a sintering phenomenon occurs on the cathode catalyst subjected 

to a variable load. No significant change was observed in the ohmic region both 

for the cell under variable and constant load. The attention was addressed towards 
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the cathode catalyst by using TEM analysis. A modification of the cathodic catalyst 

morphology was observed. A migration of the platinum particles from the outer to 

the inner zone of the support was evident. 

These effects could lead to an increase of the diffusion phenomena at high 

currents. Despite a sintering effect observed in the catalyst used during the cycling 

tests (ripple), there was no significant change in the activation region. This could 

be due to a compensation effect between a loss of surface area and an increase in 

intrinsic activity. These aspects need to be investigated further by carrying out 

long run experiments in the range of ten thousands hours which are compatible  

with the required life-time for such systems in the distributed/stationary power 

generation. 
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