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Abstract:

Background:

During last few years, the proton exchange membrane fuel cells (PEMFCs) underwent a huge development.

Method:

The different contributions to the design, the material of all components and the efficiencies are analyzed.

Result:

Many technical advances are introduced to increase the PEMFC fuel cell efficiency and lifetime for transportation, stationary and
portable utilization.

Conclusion:

By the last years, the total cost of this system is decreasing. However, the remaining challenges that need to be overcome mean that it
will be several years before full commercialization can take place.This paper gives an overview of the recent advancements in the
development of Proton Exchange Membrane Fuel cells and remaining challenges of PEMFC.

Keywords: Fuel cells, PEMFC, Energy resources, Modeling Advances, Commercialization, Transportation, Challenges.

1. INTRODUCTION

The numerous environmental problems which affect the world today are making the entire society and particularly
the scientific community to achieve sustainable development and keep on progressing in a more respectful way towards
our planet [1 - 3]. In this context, the substitution of the actual main energy resources by others that may completely
satisfy human needs is the key point that should be settled in the nearest future. Fuel cells are the device through which
this aspect finds the most likely solution, as it is possible to obtain electric energy from clean fuels with high efficiency
and no CO, emissions. Amongst the different types of fuel cells, Proton Exchange Membrane Fuel Cell (PEMFC) seem
to be the ones which show features that adapt better to mobile applications (cars, laptops, mobile phones, etc.) [4 - 7],
and therefore are of increasing interest for a wide variety of manufacturers. PEMFC technology in recent years
continued throughout 2016 in terms of the number of PEMFCs units shipped as shown in Fig. (2) [8]. In fact, PEMFC
have many advantages such as low operating temperature, sustained operation at a high current density, low weight,
compactness, the potential for low cost and volume, long stack life, fast start-ups and suitability for discontinuous
operation [9]. PEMFC technology is well suited to a range of sizes and is also used with a variety of different fuel types,
when suitably processed to generate hydrogen. As such it finds application from the small, sub-watt scale, right through
to the megawatt scale, as seen in Fig. (2), 88% of total fuel cell shipments in 2016 were PEMFC. In addition, many

* Address correspondence to this author at the Mohammadia School of Engineers, University Mohammed V in Rabat, Morocco;
Tel: (+212)671093580; Fax: (+212)537778853; E-mail: jourdani.mohammed@gmail.com

1876-973X/17 2017 Bentham Open


http://benthamopen.com
http://crossmark.crossref.org/dialog/?doi=10.2174/1876973X01710010096&domain=pdf
http://www.benthamopen.com/TOEFJ/
http://dx.doi.org/10.2174/1876973X01710010096
mailto:jourdani.mohammed@gmail.com

Latest Trends and Challenges In Proton The Open Fuels & Energy Science Journal, 2017, Volume 10 97

technologies utilizing PEMFC for different applications are currently under development [8], and are soon expected to
enter the market in force worldwide [10]. However, the promising achievements and plausible prospects of PEMFCs,
the remaining problems mean that it is still a long way before they can successfully and economically replace the
various traditional energy systems. This review introduces and discusses some of the remaining challenges and some
cases of the latest research on the application tests of small and middle ranged PEMFCs to real systems such as
transportation, Stationary application, and portable (Table 1). This review discusses the papers published recently,
which is expected to provide useful and helpful information on the development of PEMFC technologies.

Table 1. Current (2016) Challenges of PEMFC [20].

Task Approach Activities

« Argonne National

* Optimize electrode design and assembly Laboratory: Tailored High Performance

. . Low-
Catalysts/ Develop .elect.rocatalysts gnfi el.ectrodes with .r§duced platinum group metal PGM Cathode Catalysts
Electrodes (PGM) loading, increased activity, improved durability / . .
o * Brookhaven National Laboratory: Platinum
stability
Monolayer
Electrocatalysts
* Colorado School of Mines: Advanced
Hybrid Membranes for Next Generation
* Develop / identify electrolytes and membranes/matrices with improved PEMFC
conductivity over the entire temperature and humidity range of a fuel cell and Automotive Applications ¢ FuelCell Energy:
Membranes/ increased mechanical, chemical, and thermal stability, with reduced/eliminated fuel |*Smart’
Electrolytes Cross-over Matrix Development for
* Fabricate membranes from ionomers with scalable fabrication processes, Direct Carbonate Fuel Cells
increased mechanical, chemical. * Los Alamos National Laboratory: Advanced
Materials for FullyIntegrated MEAs in
AEMFCs
* 3M: High Performance, Durable, Low Cost
Membrane Membrane Electrode
* Integrate membranes, electrolytes and electrodes .
Electrode . . - Assemblies for
. » Expand MEA operating range, addressing temperature and humidity range, .
Assemblies, improving stability, and mitigating effects of Transportation
Cells, and im}}:uri tief ¥, gatmg * Advent Technologies: Facilitated Direct
Other Stack « Test, analyze, and characterize MEAS Liquid Fuel Cells with High
Components Temperature Membrane
Electrode Assemblies
* Fuel Cell Performance and Durability
Fuel Cell * Improve component stability and durability Consortium (FC-PAD): Los Alamos National
Performance and|* Improve cell performance with optimized transport Laboratory, Lawrence
Durability * Develop new diagnostics, characterization tools, and models Berkeley National

Laboratory.

2. RECENT ADVANCES ON PROTON EXCHANGE MEMBRANE
2.1. Fuel Cell

2.1.1. Advances in Modeling and Studying of PEMFC

In the literature, several modeling and experimental studies have been reached in order to develop this technology
more. In the present review as shown in Fig. (1). A total of 26 papers are taken from the previous studies [11]. Out of
these, thirteen papers focus on experimental, five on numerical, five on combined experimental and numerical
investigations and three explains various reviews of fuel cell.

o Experimental Investigations

A large number of researchers have experimentally analyzed the PEMFCs as well as performance level. Yusuke, et
al. [12] analyzed the effect of humidity in PEMFC. Therefore, high humidity level in PEMFC helps to achieve high ion
conductivity and so cell performance but this causes water flooding. Powerful water management is required for the
effective working of PEMFC. Humidity factor and water flooding mainly rely on the pore framework of GDL.
Experimentally, it was observed that water damage was prevented with a GDL with a smaller pore structure. A research
carried out by Giovanni, et al. [13] analyzed the GDL compression by Electrochemical Impedance Spectroscopy. The
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authors used two GDLs based on same carbon dioxide cloth with and without MPL. It was observed that ohmic and
mass copy resistance was sensibly afflicted by embrace compression of the GDL. Chien, et al. [14] reported the style of
an ultra-thin GDL. Carbon-fiber-reinforced polymer newspaper can be used as the GDL. Thickness of GDL was in the
range of 100 um. Results show that 3 and 6mm size carbon-fiber-reinforced polymer have more strength than 12mm
because long carbon materials bonding is not more powerful. Schweiss, ef al. [15] conducted the style of MPL with
multiwall CO, nanotubes using wet chemical substance method. Multiwall nanotubes assist in improving mass copy and
electronic conductivity. Multiwall nanotubes show excellent electric and heat conductivity. Yuka, ef al. [16] focused
their attention to the cell voltage and life time. Long life time with high cell volts is one of the fundamental
requirements that is expected from the gas cells. Cell voltage reduces as time increases due to depletion of the
phosphoric acid. Chemically cross connected poly membranes were used. Test results show that cells with ordinary
PEMFC show 10% decrease in cell voltage with given period where new mixlinked poly membranes helped cells shows
only 4. 4% decrease in cellular voltage for the same time period. Jason ef al. [17] address the challenges of PEMFCs
and how to overcome these challenges. Variables that are specifically related to GDL and Micro Porous Layer (MPL)
were examined in this experimental research. Duration of a gas cell mainly depends on and membrane durability. Key
parameters of GDL which influence the cell performance are reactant permeability, product permeability, electrical
conductivity, heat conductivity, mechanical support. GDL thickness is an important factor. Thicker GDL provides
better protection for the membrane, gives mechanical durability, has longer diffusion pathway lengths, and gives more
thermal and electrical level of resistance. Satoki, et al. [18] introduce a hydrophilic layer in the GDL. Hydrophilic layer
is located between MPL and the carbon paper. Test was conducted at normal operating temperature and sub-freezing
temperature conditions. GDL with hydrophilic layer shows high performance as compared to conventional GDL. Kong,
et al. [19] focused their studies in self-humidification result in PEMFCs. Uniform organized GDL and heterogeneous
organized GDL utilized for the experiment purpose. Heterogeneous organized GDL shows better electric performance.
Reliability of fuel cell and related investigations was conducted by Zhang ef al. [20]. Strength is the main component of
the important challenges for the commercialization of PEMFCs. Research aims to recover deficits due to kinetic and
mass transport after more rapid stress tests. Platinum O, reduction and platinum reattachment is the key reason for the
kinetic recovery, where associated with oxide groupings causes mass transport. Effects show that performance
destruction can be recovered by performance recovery methods. Restoration methods assist to increase the life time.
Kong, et al. [21] reported start up characteristics of gas cells. Start-up characteristics were analyzed at different
circulation arrangements, mainly co-flow and counter flow, counter circulation arrangement has terrific starting point
up characteristics. It was observed that reactant flow arrangement has significant influence on the stable operation of
fuel cells. Heterogeneous porosity and their effects were analyzed by Banarjee, et al. [22], along with the bilayer
structure of GDL. X-Ray computed tomography is used to study the structure of the bilayer GDL. This is an NDT
method. Many other techniques commonly used for the study of structure of GDLs are mercury intrusion porosimetry,
atomic force microscopy, optical profilometry etc. Results show that porosity distribution has a strong basis for the
calculation of thermal and electrical conductivities, permeability and diffusivity. Iryna, et al. [23] mainly focused their
attention towards the compression and porosity. GDL porosity measurement is very challenging because of their thin,
compressible and inhomogeneous geometry. Result shows that porosity decreases with compression of GDL. Porous
structure and mass transfer effects were analysed by Takahiro Suzuki, et al. [24]. In this study porous structure
formation of catalyst layer was analysed. Porous structure has significant effect on the mass transfer in the electrode.
Experiment was conducted at different hot pressing pressure, which varied from 0.5 to 10MPa. Results show that pore
size has more importance than porosity with respect to cover potential in the polarization curve.

e Numerical Investigations

Huang, et al. [25], reported the interaction between heat and water transport in PEMFCs. Performance mainly
depends on the platinum metal, but cost of platinum metal is very high. Results show that porosity gradient enhances
the gas transport which in turn improves cell performance. Fanglong [26] developed the design of fractal model, which
is used to predict the liquid water permeability of the GDL. Here, GDL having parallel and perpendicular combination
of channels with the fluid flow direction is used. Fractal model is more suitable for the prediction of permeability of
GDL. Dahua ef al. [27] developed 1 dimensional, 2 dimensional and 3 dimensional models which are used to analyze
the diffusivity. Influences of porosity, fiber distribution and fiber orientation were analyzed; Results show that
randomly distributed fibers have lower diffusivity when compared with orderly distributed fibers. Diffusivity can
increase by using less chemical binders and prevention of chemical binders. Degradation rate was reported by Taegon et
al. [28]. Degradation rate was analysed in high temperature PEMFCs. Effects of degradation with respect to
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temperature were considered. Results give an idea about how temperature changes affect life time and average
performance of fuel cell and also it was observed that high temperature PEMFCs degradation rate at initial time is low
and then increases rapidly later. Straubhaar, ef al. [29] developed Pore Network Model. This is used to find out the
liquid water formation by vapor condensation in the GDL at an operating temperature of 80°C. Pore Network Model is
very essential and useful to find out the transfer phenomena in GDL. This model is used to stimulate the condensation
in GDL. Water transfer is connected with heat transfer because condensation in GDL is due to the temperature
difference in GDL.

e Combined Experimental and Numerical investigations

The combined experimental and numerical investigation on fuel cells conducted by Enju, et al. [30], mainly focused
on the role of micro porous layer and how it affects the water transport system. Study mainly focused on establishing
relationship between capillary pressure and liquid saturation. It was found that analysis of capillary pressure of MPL
has a significant role in the cell operation especially in high humidity conditions. Tamayol, ef a/. [31] mainly deals with
PTFE content and mechanical compression of PEMFCs. Permeability was calculated with the help of PTFE content and
mechanical compression. Experimental analysis shows a reverse relationship between the permeability and PTFE
content. Also, the authors address the main challenges associated with PEMFCs, main challenges are reliability, cost,
power density, performance and membrane lifetime. Mass transport loss which is related to GDL permeability results in
the reduction of maximum power density. Zhang, ef al. [32] analysed the effects of variation in local current density.
Numerical model was used to analyse the optimum porosity distribution. Experimental study was used to analyse the
local current density and porosity distribution. Optimum porosity was found to decrease with the increase in
temperature and increase with the increase in cell voltage. Reduction in the size of fuel cells was conducted by Kong, et
al. [33]. External humidifier is one of the important component which will help to maintain proper humidification in the
cell. Self-humidification is achieved and avoids external humidifier, which will help reduce the size of PEMFCs. This
study gives support to the design of self-humidified PEMFCs. Shiro, ef al. [34] suggest the usage of metal sheet GDL.
Perforated metal sheet was used. Stainless steel 316L was the material selected. Numerical model conducted with the
help of simulation software STAR-CCM+. Results show that metallic GDL gives sufficient strength and thickness to
the GDL structure. But one of the drawbacks of this metallic sheet GDL was the chances of corrosion which will reduce
the lifetime of the cell.

e Various Reviews on Fuel Cell Designs

Reviews
12%

Experimental
50%

Numerical
19%

Fig. (1). Chart of apportioning of the literature.

Yun et al. [35] conducted a review about the application of fuel cells, research fundamentals and major challenges
in the field of PEMFCs. Linfa, ef al. [36] focused their attention towards the bipolar plates of fuel cells. Usually,
graphite plates were used as the bipolar plates, but in this paper authors reported the usage of Stainless steel bipolar
plates and its significance. Flow field design, micro forming process, joining process and coating process are the steps
in stainless steel bipolar plates formation. Bipolar plates should have good electrical conductivity, high resistance to
corrosion, mechanical stability, light weight, cheap efc . Graphite and its composites having these characteristics but its
high production cost, brittleness efc. are some of the drawbacks. Authors suggested that stainless steel bipolar plates are
more effective than graphite bipolar plates. Wang, et al. [37] reported about Unitized Regenerative Fuel Cells (URFC).
URFC consist of fuel cell part and electrolyser part and these two parts are unitized in a single electrochemical cell.
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Advantages of URFC are lower capital cost, simpler structure, higher specific energy, no need for auxiliary heating.
URFCs have wide application in aviation, aerospace, power supply and transportationetc.

2.1.2. Commercial Advance

2017 will be another record year for shipments. We estimate that 65 thousand fuel cell systems totalling 478 MW
will be shipped in 2016 [8]. While the total number of units in Fig. (2) has remained relatively stable, the MW shipped
represents a two-thirds increase over 2015 (Fig. 3). This is driven largely by fuel cells for transport. Although stationary
shipments increased 10% up to 200MW, transport shipments have more than doubled year on year, reaching nearly
280MW.

Importantly, for the first time, the transport sector will surpass the stationary sector. This increase is primarily
driven by the introduction of the Toyota Mirai in Japan and California and to a lesser extent in Europe. 2,700 Mirais are
expected to be delivered between its launch in 2014 and the end of Japan’s 2016 fiscal year. Honda and Hyundai will
also deliver more cars, and in total just over 2,200 will go to customers in calendar year 2016. Since the stacks of ten
such fuel cell cars add to a MW of PEM fuel cell capacity, it is easy to see what has driven this increase. 2016 has seen
continued stable growth in materials handling — a trend already observed over several years. Over 10,000 fuel cell
powered forklifts are in operation, with nearly 4,000 added in 2016. Mass deployment in this segment comes essentially
from Plug Power, but several companies globally offer fuel cell lift trucks. In 2016 Nuvera Fuel Cells, now part of
Hyster-Yale Materials Handling and hence with excellent channels to market, began shipping their own systems.
Transport’s trajectory seems somewhat clear, as Toyota and others follow their plans to increase vehicle deliveries to
the market by 2020. Simultaneously, the predicted shipments from Ballard, Hydrogenics, Plug Power and others to
China for commercial vehicles, buses and trams will underpin growth in this area in the coming years, while Chinese
manufacturers build their capabilities. Shipments of large systems for trams in China and trains in Germany give further
reassurance. Shipments of stationary fuel cells will see reasonable growth in numbers (from 47,000 to about 55,000
units), and MW (184 to 200 MW) in 2016. The former will be largely determined by Japan’s Ene-Farm programme for
domestic micro-CHP systems, whilst the latter is driven by the output of the larger system producers, FuelCell Energy
and its Korean partner POSCO, Bloom Energy, Doosan Fuel Cell and Fuji Electric. 2017 should see some increase
following from the German subsidy programme described elsewhere. Nevertheless, stationary power will not be as
dominant as previously, as the relatively low levels of publicly announced orders date in 2016 bear out. The portable
sector appears to have taken another tumble in 2016. Although the combined power of this sector amounts to much less
than a MW, unit numbers are likely to fall from 2015, itself a substantial reduction on 2014 (Fig. 1). Although the
auxiliary, off-grid and back-up power markets appear to be steady or growing, the long-discussed growth in consumer
chargers always seems to be somewhere in the future.

70
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Fig. (2). Units shipped by application 2011 - 2016 (1,000 units).
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Fig. (3). Megawatts shipped by application 2011 —2016.

3. CHALLENGES

3.1. Commercialization Challenges

To be competitive on capital cost, Fuel Cell (FC) system costs must be reduced by a factor of two, and stack life
increased by a factor two. However, operating costs will still be much higher as hydrogen production costs are around
$2.5 to $3 and delivered hydrogen are unlikely to be below $4/kg [38]. Developing low cost supplies of hydrogen
appears to be critical for larger deployment of FC powered vehicles. At present FC system has to be competed with
another proven technology of batteries. For FCs to compete effectively with batteries shorter refueling time and
elimination of battery replacement should be emphasized. Independent analysis commissioned by the Carbon Trust, UK
predicts current polymer fuel cell technology will cost $49/kW in automotive applications when manufactured at mass
scale (i.e. 500,000 units per year). However, in order to be competitive with internal combustion engine vehicles,
automotive fuel cells must reach approximately $36/kW. Cost savings can be achieved by reducing material costs
(notably platinum use), increasing power density, reducing system complexity and improving durability. There are
several challenges to wide-spread commercialization of the technology, including a number of technical barriers to
overcome.

3.2. Technical Challenges

The cost of the stack is a function of material, engineering and manufacture techniques. Material selection not only
depends on the suitability of the material for the functions but also the manufacturability and the cost must be taken into
consideration.

The key US DOE targets for 2015 were as follows: - To reduce electro/catalyst loading and increase activity.

o Increase durability/ reduce degradation.
e Optimize electrode design.
e Improve impurity tolerance at anode.

The research is extremely complex, as reducing cost while using a noble metal can only be achieved by using
physically less metal and uniformity is required to maintain the activity across the membrane active area. The
membrane, catalyst layer and Gas Diffusion Layer (GDL) can be regarded as a single entity, often called a Membrane
Electrode Assembly (MEA). The catalyst layer is 5-25um thick, where the catalyst is supported on an electrically
conductive structure, which is interconnected to both the GDL and the membrane. This is where the Oxygen Reduction
Reaction (ORR) and the Hydrogen Oxidation Reaction (HOR) takes place at the anode and the cathode respectively.
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The cost targets and several degradation mechanisms acting on the catalyst layer have led to considerable research in
this extremely important component. Various alloys of Pt such as Pt-Co, Pt-Ni, Pt-Fe, Pt-V, Pt-Mn and Pt-Cr have
shown promising results [39]. Another component that has considerable influence on the cost, durability and the
performance of the catalyst layer is the catalyst support. A number of novel supports have recently been developed that
aim to not only meet cost targets but also improve the activity and the durability of the catalyst layers. The GDL is a
multi-functional component of the MEA and primarily responsible for allowing reactant gases to diffuse to the catalyst
layer, while also providing electrical conduction away from the MEA to an external circuit. Research has mainly
improved the mass transport and water management issues surrounding GDL’s. One concept is the dual layer GDL,
where a transitional porous region is added between the bulk porous domain of the GDL and the fine porous region of
the catalyst layer. The bulk porous region acts as the current collector and provides bulk/ diffusive flow to the
transitional layer. The transitional region is usually between 20-50 pum thick and changes its porosity from 10-30um in
diameter to 10-100nm in diameter which substantially improves the gas distribution to the reaction sites. The layer also
helps to remove excess water away by binding the nanoparticles of graphite with PTFE in an effort to remove excess
water away from the reaction sites. Careful optimization is required to ensure that the membrane is suitably humidified,
while also ensuring that excess water does not form in the cathode gas diffusion layer (GDL), which will create other
operational issues within the fuel cell stack. While raising the operating temperature of the fuel cell will increase the
reaction kinetics of both the hydrogen oxidation (HOR) and the (ORR), it risks dehydrating. This will also increase the
Ohmic resistance of the cell and critically damage the membrane, thus offsetting any gains made in increasing reaction
rates.

There has been limited work presented over the past decade on the design and manufacturing of new fuel cell
stacks, where alternative BPP’s or changes in stack architecture have been applied in order to improve fuel cell
performance, improve gravimetric and volumetric power densities while also reducing the cost of the stack. Mohamad
Y. Mustafa tested a two cell stack which comprised of perforated plates as BPP and presented numerical and
experimental performance results, as shown in Fig. (3) above. The performance was reported to be similar to that of a
conventional FC [40]. Scott ef al. also presented a study of novel design of fuel cell stack (Figs. 4 and 5) with an aim of
reducing the cost of a low temperature PEM fuel cell stack by modifying the stack architecture. The selection of the
component materials was based mainly on the cost without sacrificing the performance. They also introduced the fault
tolerant system.

e Numerical

\ = = = Experimental

Cell Voltage (V)

J
025 0.3 0.35

" " i i
0.06 0.1 015 02
Current Density (A/cm2)

(Oxygen mass function) (Water mass function)

Fig. (4). Alternative design of a single Fuel cell [40].
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Fig. (5). A novel Fuel cell [58].

At stack level, further studies are required in the area of optimization of the whole stack; for achieving better power
density per unit volume and weight.

CONCLUSION

According to Fuel Cell Today, this year is the ninth year of commercialization of certain PEMFC categories. Many
different sizes of PEMFC are currently in operation around the world providing electricity and heat safely and reliably.
The total cost of this system is also decreasing, such that repeat orders for PEMFC is being placed by customers without
the need for financial support. We believe that these trends will continue and demand for PEMFC will go from strength
to strength.
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