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Abstract

:

Driven by a small number of niche markets and several decades of application research, fuel cell systems (FCS) are gradually reaching maturity, to the point where many players are questioning the interest and intensity of its deployment in the transport sector in general. This article aims to shed light on this debate from the road transport perspective. It focuses on the description of the fuel cell vehicle (FCV) in order to understand its assets, limitations and current paths of progress. These vehicles are basically hybrid systems combining a fuel cell and a lithium-ion battery, and different architectures are emerging among manufacturers, who adopt very different levels of hybridization. The main opportunity of Fuel Cell Vehicles is clearly their design versatility based on the decoupling of the choice of the number of Fuel Cell modules and hydrogen tanks. This enables manufacturers to meet various specifications using standard products. Upcoming developments will be in line with the crucial advantage of Fuel Cell Vehicles: intensive use in terms of driving range and load capacity. Over the next few decades, long-distance heavy-duty vehicles and fleets of taxis or delivery vehicles will develop based on range extender or mild hybrid architectures and enable the hydrogen sector to mature the technology from niche markets to a large-scale market.
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1. Introduction: Hydrogen at the Service of a New Mobility?


Mobility is undergoing profound societal modifications (car-sharing, car-pooling, selective traffic restrictions in city centers, etc.) and technological changes (the French market share of electrically rechargeable vehicles already reached 2.5% in 2019). Gasolines—liquid fuels that have a very large energy density (a high value of heat combustion around   44    MJ  ·   kg   − 1    ), are easy to transfer (recharging time <5 min) and easy to store (plastic tanks shaped to fit the passenger compartment)—have been the hegemonic energy resource of road vehicles for over a century. This long lifetime has made it possible to optimize the internal combustion engine, a power converter whose efficiency, mass and volume power densities have greatly increased over this time, allowing a substantial vehicle volume growth which has maximized comfort, safety and social status criteria. This growth has increased this use as transport to the point of creating particularly acute public health problems in large urban centers. Based on compelling scientific evidence, the World Health Organization (WHO, Geneva, Switzerland) has classified diesel emissions as a definite carcinogen in 2012 [1,2].



However, taxation based on emissions (e.g., financial penalties imposed in the euro zone to manufacturers in the event they do not comply with a threshold of average consumption on sales) and standards (Euro6; China6, which is even more stringent and structuring for the world market given the involved volumes...) require car manufacturers to seek viable solutions on a large scale that do not emit carbon dioxide and pollutants (nitrogen oxides, fine particles, etc.) at the point of use. At the same time, although world oil reserves have been estimated at 50 years of contemporary consumption [3], the return on energy investment [4] of oil deposits is constantly deteriorating [5,6], leading to the search for another model of mobility based on renewable energies (i.e., intermittent energy sources based on short-term solar radiation, i.e., solar, biomass, wind, hydro, etc.) rather than stock energies (such as uranium, coal, oil and natural gas).



In a limited economic and geographical area, the electric operation is ideal due to the silence of the electric machine as well as its high efficiency (>90 to 95% over a wide power range) and its power reversibility associated with the excellent charge–discharge efficiency of Li-Ion batteries (>90 to 95%) [7]. This efficient two-way power reduces the overall consumption of trips by recovering braking energy in the urban cycle (individual vehicle on commuting trips, local buses, delivery trucks, etc.). On the other hand, intensive use (taxis, car-sharing, deliveries) and long road journeys (interurban transport) come up against a requirement for high energy storage. This leads to a significant increase in the battery mass, because the latter carries on its electrodes the chemistry reactants necessary for future electrochemical conversion. The first barrier is the increase in the transported no load mass, which has a negative impact on the ownership cost, the consumption and the power of the traction chain. When calculating the fair speed range, the road vehicle energy consumption is roughly proportional to its mass. For a passenger urban vehicle, it is estimated at between   100   and   120   Wh ·   km   − 1   ·   ton   − 1     and increases beyond   90   km ·  h  − 1     [7]. Hence, consuming   1   kWh   of mechanical energy permits to travel   6.1    km    with a   1.5   ton   car. The second obstacle consists in the recharging time increase (and therefore the decrease in the vehicle’s availability time limiting the possibility of intensive use) and/or the need for very high recharging powers, which affects the stability of the electricity network as well as the cost of the related infrastructure and therefore the cost of using the battery electric vehicle (BEV) solution. On-road recharging solutions using an overhead contact line with catenary suspension (tested on a   2   ×   5   km   section of German motorway near Frankfurt) or energy transmission by magnetic induction (100-metre prototype road set up by QUALCOMM and VEDECOM in Versailles, France) enable to consider a reduction in on-board capacity at the cost of a considerable increase in infrastructure complexity and a reduction in charging efficiency [8]. It is therefore accepted that in the medium term of a few decades, this market segment will be difficult to satisfy with current and developing battery vehicle technologies [9].



While retaining the interest of electric traction, the use of a fuel cell system (FCS) to carry out the bulk of the electrochemical conversion is a lever to break the vicious circle described above: autonomy → mass power → consumption [10]. With this solution, storage is offset in a tank optimized only to efficiently store the highest mass and volume densities of reactants and allow rapid recharging at the end of use (~min). Moreover, one of the reactants can be not stored on-board by technological means since the dioxygen can be drawn from the ambient air on demand. Thus, the autonomy increase induces a very restricted on-board mass rise, limiting the effect on traction power. Moreover, since the hydrogen tank is not the critical system part, increasing its capacity has a low impact on the overall ownership cost. Finally, energy recharge is very fast since it only requires filling the small on-board tank by transferring dihydrogen gas from a large stationary tank. This is a key aspect for intensive use (inter-city trucks, taxis, car sharing, etc.) and a driver for integrating FCS in mobility objects. For instance, the Nexo designed by Huyndai is equipped with three high-pressure   52.2   L   tanks which enables a high drive range (  666   km   based on WLTC cycle) and shows the versatility of this type of storage.



Although the fuel cell (FC) principle is quite old (discovered in the mid-19th century), its technological optimization with an industrial purpose started late (second half of the 20th century) in the extremely narrow market of manned space flight (i.e., outside any cost constraint). At the turn of the century, some car manufacturers (GM, Detroit, MI, USA; Daimler, Stuttgart, Germany; PSA, Velizy-Villacoublay, France; Toyota, Aichi, Japan, etc.) launched research programs to bring this technological brick to the maturity of a mass market product. In 2020, it is clear that the goal of technological maturity is about to be achieved, as vehicle integration has been proven in several applications. Toyota, Hyundai and Honda Asian manufacturers have been manufacturing and marketing pre-production fuel cell vehicles (FCV) for several years. The market is currently subsidized (as indeed is the entire electric vehicle market worldwide), with particularly strong support in China (since 2019, about   30    k $    subsidy per hydrogen car!). In Paris, France, the Hype taxi fleet operates intensively (several drivers per vehicle) 130 vehicles (early 2020) and intends to manage nearly 600 such vehicles in the late 2020. The whole fleet relies on four recharging stations in and around Paris (Pont de l’Alma, Orly, Roissy and Loges-en-Josas). Other experiments are also taking place in the heavy truck sector: in Versailles, France, two FC buses have just been put into circulation, while the French railway company (SNCF) has just ordered 15 hydrogen-powered regional trains from the Alstom group. Since 2018, the latter has already been experimenting this concept on German rail infrastructure on a 100 km section located in Lower Saxony. On the other hand, another application is developing without media attention, and without subsidies: the market for indoor handling trucks. For 3 × 8 and 7 days a week use, it is already more economical to have a single hydrogen-powered forklift than to need two battery-powered forklifts (one for use and the other one for recharging). In France, for instance, the Carrefour group’s logistics platform in Vendin-en-Vieil operates 137 FC-powered electric forklifts. Figure 1 illustrates some of these pioneering applications of dihydrogen use for electric road mobility.



This article describes the general principle of the FCS embedded in road vehicles for traction purpose. It gives precise insights of the actual implementations as well as the future trends to enhance their system performance in terms of size, cost and lifetime. Indeed, considering only the energy performance criterion, FCVs have intermediate performances between BEVs and internal combustion engine vehicles (ICEVs). However, in order to succeed in the fiercely contested vehicle market, many other functionality criteria must be met, such as easy fueling, cabin space for passenger cars and load capacity for duty vehicles, low purchasing price and low maintenance cost, no polluting gas emissions to be able to drive in urban centers, safe operation. Cost and lifetime and, to a lesser extent, vehicle integration are the current hurdles that still need to be overcome to make FCVs a viable alternative to BEVs and ICEVs. The avenues of progress to concretely meet these challenges are addressed showing that FCVs are meant for large driving range cars, utility vehicles and long-distance heavy-duty vehicles.



The rest of this paper is organized as follows: Section 2 presents FC principles and stresses the special characteristics and specific requirements of hydrogen FCV applications. Section 3 gives a comprehensive overview of the on-board FC and underlines the status and the perspectives of each of its elements. Section 4 extends the analysis to include the on-board FCS and details its components. This helps us to clearly understand the FCV future developments and classify the current implementations regarding the hybridization rate. Finally, the last section provides the conclusion and perspectives.




2. The Fuel Cell for Traction Use


After discussing the important elements of the automotive applications specification, this section aims to give the broad outlines of the FC from a system perspective. This first enables the definition of the FC efficiency and sheds light on the differences between the theoretical thermodynamic efficiency and the actual efficiency. This will help in understanding the possible improvements required to move towards a large scale FCV market.



2.1. FCV Specification


The FC integrated in a vehicle must be able to operate in a very demanding environment: vibration, high temperature range (typically   − 20   ° C   to   + 45   ° C  ), fast start-up time (typically the ability to deliver half of the rated power after the first 30 s), highly variable traction power, many on-off cycles, and a lifetime of more than   5000   h  . Moreover, as with any on-board system, mass and volume densities are closely scrutinized. In addition to all these technical criteria, the ownership and use costs are particularly constraining, especially in the passenger car market. Hence, for this intermittent use, FCV manufacturers face several trade-offs. They first need to achieve fast and energy-efficient starts while trying to avoid mechanical stresses that wear the multi-material structures during the on/off phases. Consequently, preference is given to FCSs that operate at a temperature close to ambient temperature. Second, removing the heat arising from FC losses is a key point with respect to embedded mass and volume. In order to promote thermal exchanges with the environment but also to stimulate chemical reactions without costly catalytic processes (Arrhenius’ law), high temperatures are sought within the FC.



In order to understand the technological devices implemented to best meet these specifications, the following subsection explains the principles governing the FC which acts as the power converter, and is the main device of an FCS.




2.2. FC Operation Principles an Their Consequences


Like batteries, the FC is the site of two oxidation-reduction reactions (Figure 2), requiring that the reactants are isolated by an electrolyte which has the dual function of separating the reactants and allowing the ion passage necessary for coupling the two electrochemical reactions. The powered electrical device provides the electronic bridge and thus allows the recovery of the useful energy in the form of electric work    W  e l e c     [11]. Figure 2 illustrates the specific redox reactions involved in both acid and alkaline cases and the related ion flows through each specific electrolyte. In fact, car industry focuses on acid FC based on a solid and extremely thin (  10    μ m    to   100    μ m   ) acid polymer membrane. This FC technology is called PEMFCs for Proton Exchange Membrane Fuel Cells. This enables a very compact power converter, good mechanical resistance to a difficult environment (vibrations), as well as a quite simple on-board system to implement this power generator.



Figure 3 shows the FCS functional principle. The FCS differs from batteries in that, while the reactants (   H 2    and    O 2    in the automotive application) are consumed at the electrodes, they are supplied in real time and on demand from tanks. The functions of conversion (power) and storage (energy) are therefore structurally separated. Hence, this technology decouples the optimization of the reactor from that of the energy stores (the dihydrogen tank the dioxygen supply or reservoir). While auxiliary power units for manned space flights or submarines require these two tanks, terrestrial applications allow the elimination of the dioxygen tank by extracting    O 2    from the ambient air as it is consumed by the FC. Note this optimization factor is also one of the hopes for improving the energy density of lithium batteries through future developments of Li-air batteries [12]. As an energy store, dihydrogen seems a solid candidate because its energy density Lower Calorific Value (LCV) is about   120    MJ  ·   kg   − 1    , while the energy density LCV of diesel fuel is about   45    MJ  ·   kg   − 1    , i.e., 2.7 times lower.



In the case of transport, and for reasonable cruising speeds, the power required is determined by the mass of the vehicle which governs the acceleration phases as well as the sloping road cases. Autonomy, on the other hand, is only correlated to the size of the fuel tank and its recharging speed. For battery vehicles, the reactants must be stored within the accumulator electrodes in order to ensure the desired autonomy: to guarantee occasional needs for long autonomy, the user must then accept a significant extra cost and overweight by purchasing a high-capacity battery vehicle. Conversely, the main cost of the FCV is related to its converter (power) while the increase in storage (energy) has a much lower impact on mass and cost. Moreover, its recharging by material transfer is very fast which implies that a range of   500   km   to   600   km   is more than adequate. The Japanese manufacturer Toyota, which is devoting major efforts to the development of hydrogen mobility, illustrates this in Figure 4 through the overall cost of the two types of electric vehicles as a function of the required range.



Applying the first thermodynamics law to the system in Figure 5 shows that the global reaction    H 2  +  1 2   O 2  →  H 2  O   converts internal electrochemical energy  U :




	1.

	
In work  W  due to the external forces of the studied system. A first part related to the pressure forces (   W p   ) is undergone while the useful corresponds to the electrical forces (   W  e l e c    ), and;




	2.

	
Heat  Q  that must be dissipated to the environment in order to maintain the reactor at its reference temperature.









As the reaction takes place at constant pressure (generally atmospheric pressure), using the notion of enthalpy change ΔH (or calorific value CV), it derives:


  Δ H =  (  Δ U −  W p   )  =  W  e l e c   + Q  



(1)







The second thermodynamics law states the principle of asymmetry between work  W  and heat  Q . The controlled transformation in order to obtain work requires a minimal exchange of thermal energy    Q  r e v    . This would theoretically be measurable for a system in equilibrium (i.e., at zero power). The theoretical work is easily calculated through the potential difference  V  between both electrodes in open circuit voltage. The thermodynamic equilibrium Open Circuit Voltage (OCV) at standard conditions is:


     (   V  t h   O C V    )   0  =   Δ  H 0  −  Q  r e v  0    − 2 ⋅ F   = 1.23   V  



(2)




where  2  is the number of electrons exchanged for one molecule of    H 2    consumed, the Faraday number   F = 96 , 485   C ·   mol   − 1     is the absolute value of the charge of one mole of electrons,   Δ  H 0  = − 286    kJ  ·   mol   − 1     is the enthalpy change of the reaction at standard conditions in the case of the exclusive production of liquid water (i.e., Higher Calorific Value (HCV)) and    Q  r e v  0  = − 49    kJ  ·   mol   − 1     is the reversible amount of heat under standard conditions.



The FC voltage directly measures the FC efficiency. Indeed, the real efficiency    η  F C     is limited by the thermodynamic efficiency    η  t h     an upper limit and is given by:


   η  F C   =    W  é l e c     Δ H   =   − 2 ⋅ F ⋅ V   Δ H   ≤  η  t h   =   − 2 ⋅ F ⋅    (   V  t h   O C V    )   0    Δ  H 0    ≅ 83 %  



(3)







Note that the combustion engines efficiency is estimated by adopting the LCV and not the HCV. If the latent heat of water condensation is excluded (hence considering LCV instead of HCV), the standard theoretical efficiency of an FC is as high as   94.5 %  !



In practice, the actual FC voltage value  V  is always lower. It decreases as the electrode current density  j  increases. Figure 6 shows the   j − V   characteristic. It also illustrates the deviations from the ideal situation related to the thermodynamic equilibrium; they are therefore synonymous with irreversible phenomena (losses). In relation to the thermodynamic voltage, there are several reasons for these irreversibilities (also called losses).


  V =  V  t h   O C V   −      (  Δ  V  p e r m   + Δ  V  a c t    )   ⏟    A + B ln  (   j   j 0     )    −      (  Δ  V  O h m    )   ⏟    ℜ j   −      (  Δ  V  T r a n s p    )   ⏟    C exp  ( j )     



(4)







In order of importance, we find:




	1.

	
Due to its very thinness, the membrane is not perfectly impermeable to reactants. In particular, the permeation of a small amount of H2 through the electrolyte membrane alters the equilibrium potential (  j = 0  ), which leads to a measured voltage    V  O C V     lower than    V  t h   O C V    . The typical value of    V  O C V     is of the order of   1   V  , which constitutes a significant   Δ  V  p e r m     loss.




	2.

	
Overcoming the activation energy required for the reaction is responsible for losses, known as activation losses. At equilibrium, as reactions also take place, these losses are also responsible for the difference between    V  O C V     and    V  t h   O C V    . In disequilibrium (  j ≠ 0  ), this phenomenon is described by the Butler–Volmer relationship, namely:


  j =  j 0  ×  {  exp  (    α 2 F   R T    (  V −  V  O C V    )   )  − exp  (  −    (  1 − α  )  2 F   R T    (  V −  V  O C V    )   )   }   



(5)













As soon as the current density  j  is significant, this relationship can be simplified into the Tafel relationship which indicates the activation voltage drop linked to the current density according to a logarithmic law. This drop is particularly significant at low current densities (Figure 6).


  Δ  V  a c t   = V −  V  O C V   =   R T   α 2 F   × ln  (   j   j 0     )   



(6)







Note that voltage drops due to both electrochemical couples competition and activation losses (in magenta in Figure 6) are preponderant over the entire range of use of the FC at normal operating conditions. This justifies the efforts put on both the catalysis (which enables to find other reaction pathways involving lower activation energies) and the membrane which allows the isolation of the cathode and anode parts.




	3.

	
The mobility of the electrons through the electrode as well as the mobility of the hydronium ions    H 3   O +    provide a linear voltage drop regarding current density. Hence these irreversibilities are called ohmic losses to refer to this linear aspect. These losses are characterized by the macroscopic coefficient  ℜ , expressed in   Ω ·  m 2   :


  Δ  V  O h m   = ℜ × j  



(7)













The former has limited importance and these losses are generally less important than activation losses and only become of the same order of magnitude as the previous ones while FC power becomes close to its rated value.




	4.

	
As the reactants are consumed at the interface between electrode and electrolyte, a partial pressure gradient is created between the gas supply and the electrolyte surface. The maximum reaction rate (   j  m a x    ) is therefore related to the quantity of reactant that can diffuse through the porous electrode. Under normal operating conditions (unobstructed pores), this current density is never reached. However, in any case, reactants and products migrations generate losses. The associated voltage drop   Δ  V  T r a n s p     roughly follows an exponential law. It is often related to Nernst’s law which describes the decrease of Gibbs’ free energy as a function of the concentrations of reactants and products. Since Nernst’s law only describes reversible potential drops, transport voltage drop   Δ  V  T r a n s p     is obviously higher.


  Δ  V  T r a n s p   = C × e x p  ( j )   



(8)













When the current density  j  becomes close to    j  m a x    , the transport voltage drop becomes very significant (yellow curve in Figure 6). It can therefore be noticed the importance of preserving a high    j  m a x     value, which in concrete terms means avoiding clogging of the electrode pores, particularly by the water produced. This latter must essentially be withdrawn as water vapor. Given the need to keep the membrane at a highly hydrated level, this equilibrium point is delicate to ensure and maintain.



To give orders of magnitude related to 2020 technology, the rated power is defined for a cell voltage of    V  r a t e d   = 0.7   V  , corresponding in the automotive sector to a trade-off close to    j  n o m   ≅ 1.0   A ·   cm   − 2    . Considering the LCV (like in combustion engines) which corresponds, for dihydrogen, to an LCV voltage of   1.25   V  , the FC efficiency is    η  F C   =   0.7   1.25   = 56 %  . Recall that the LCV point of view is specious, especially since the latent heat of condensation must be lost, at least partially. The choice of a   0.7   V   threshold implies that a little more than half of the converted energy is useful for traction power whereas the second part (  44 %  ) has to be extracted as heat. Choosing a higher threshold would induce a better FC efficiency but a lower current density. This latter design would lead to a bulkier FC, since the same power would require a higher cell surface. For instance, a   0.76   V   rated voltage would lead to an FC efficiency as high as   60.8   %  , but a poor FC power density   < 160   mW ·   cm   − 2     [14]. Hence, the second counterpart would be a higher price, since the cell surface mainly drives the FC price. Conversely a lower rated voltage implies a lower efficiency and hence significantly impacts the size of the front wheel radiator rejecting the FC waste heat  Q . A   0.6   V   rated voltage results in a   50.2 %   FC causing a bulky radiator. Indeed, considering a state-of-the-art   90     kW  e    automotive FC working with    T c  = 80   ° C   coolant FC temperature outlet under a    T a  = 40   ° C   ambient temperature, the cooling system performance index   Q /  (   T c  −  T a   )    is as large as   2.44    kW  /   °  C   whereas according to Fuel Cell Technical Team of the US DRIVE it should be less than   1.45   kW /   °  C   for mass commercialization of light vehicles [15]. The car industry’s trade-off between FC efficiency versus FC cost and compactness is obviously in favour of the latter. The exact rated voltage value is debatable, and its final choice has to consider a safety margin clearly imposed as a precautionary measure to take into account accidental operating conditions as well as the natural FC aging leading to lower voltages at rated current densities.



To produce   1 kW   electric power under the conditions outlined above (i.e.,    V  r a t e d   = 0.7    V   ), the electric load must therefore draw a current of       10  3    0.7   = 1.43    kA   , which requires a dihydrogen mass flow rate of     m ˙    H 2    =    M   H 2      2 F    (  1.43 ×   10  3   )  = 14.8   mg ·  s  − 1    . It hence requires a    H 2    flow of   53.4   g ⁄ kWh  . Similarly, at the cathode side, the air flow is controlled by the dioxygen demand. Since the proportion of    O 2    in the air is    χ   O 2    ≅ 0.21  , the air mass flow rate is     m ˙   a i r   =  1   χ   O 2         M  a i r     4 F    (  1.43 ×   10  3   )  = 511   mg ·  s  − 1    , which corresponds to a minimum air flow rate of       v o l  ˙    a i r   = 0.43   l ·  s  − 1    . In fact, in order to guarantee a sufficient cathode dioxygen supply, the flow rate actually supplied is almost doubled (i.e., close to one liter per second). This mandatory air flow has a significant impact on the system. As there is no tank to provide    O 2   , the global FCS requires an air compressor and needs power to draw air to the FC active parts.





3. FC Components


One cell provides an extremely low voltage (  ≤ 1.0   V  ). Therefore, to obtain a voltage compatible with the application, it is necessary to stack the elementary cells in order to construct a serial electrical association (Figure 7). The cell is thus the elementary building block of the FC. As shown in Figure 8, it consists of two bipolar plates sandwiching a Membrane Electrode Assembly (MEA). More precisely and starting from the heart of the cell (Figure 8), it can be found: the membrane (M), the electrode with an Active Layer (AL) then a Gas Diffusion Layer (GDL) and finally a Bipolar Plate (BP). Creating intimate interlayer interface structures is crucial for achieving an efficient MEA behavior performance based on optimized mass transfer and low contact resistance.



3.1. The Membrane (M)


The solid electrolyte consists of a thin fluoro-polymer membrane that is virtually impermeable to reactants and allows the    H +    protons associated with one or more water molecules to pass through it. This phenomenon is called electro-osmotic transport and is quantified by its electro-osmotic coefficient. The latter is defined by the number of water molecules transported by each proton: its value, which depends on the membrane and its hydration, is commonly of the order of 2. The proton resistivity of the membrane is strongly influenced by its water content. When the cell is new, a running-in sequence is therefore necessary. It consists of operating it according to a precise protocol in order to obtain the correct humidification for its optimal use in the system [15,16]. Minimizing the duration of this process is a major issue for large scale production [17,18,19]. From an industrial point of view, the running-in of the FC can be seen as the charge and discharge cycle that the cells of Li-ion batteries must undergo before being definitively sealed [12]. Like it, this finishing process requires time and energy. However, unlike the Li-ion battery, it is important to note that after a prolonged shutdown (>months), the cell may become dry, hence requiring a reconditioning cycle. On the other hand, charging with water contributes to a significant increase in its volume. Its drying out during shutdown and its hydration during operation contribute to create important cycles of mechanical stresses that can eventually lead to harmful micro cracks in the membrane.



In addition, for mechanical strength reasons and the proton conductivity issue, the membrane must be maintained at temperatures below   100   ° C  . The reference membrane is Nafion, a registered trademark of DuPont; it is a Teflon derivative with   S  O 3  H   sulfonic acid groups that allow the optimal passage of    H +    protons at   80   ° C  . By adding various components such as silicon oxides (  S i  O 2   ), this temperature range can be extended. Nevertheless, this type of polymer forces the FCS to operate at a temperature in the range of   70   ° C   to   80   ° C  . This temperature range can lead to an excessive formation of liquid water inside the electrode, even causing it to become partially blocked. For this reason, active research is trying to develop membranes operating at higher temperatures. In addition, a higher operating temperature makes it possible to reduce the surface area of the heat exchanger, thus ensuring better integration into the vehicle. As an indication, the cooling circuit of internal combustion engines is at   90   ° C   for most operating points, and its thermal management can change between   82   ° C   and 110 °C. In absolute terms, this difference may seem minimal, but the key point is obviously the difference with the ambient temperature which can reach (   T  a m b   M a x   ≅ 45   ° C  ). Therefore, under these conditions, any increase in temperature leads to appreciable gains in the volume of the system.



Hybrid membranes consisting of a polymer matrix containing phosphoric acid have thus been developed [20]. They have the advantage of operating up to temperatures of about   150   ° C   and do not require liquid water to ensure good conductivity of the    H +    protons: they are then referred to as “HT-PEM” (acronym for high-temperature proton exchange membrane) FC. However, their use is reserved for static devices or auxiliary power supplies with regular operation. Their proton conductivity is very low at room temperature. Moreover, at start-up, their operation requires preheating above   100   ° C  , and without electricity production, in order to avoid the extraction of phosphoric acid by the liquid water produced by the cathode [21]. All these phenomena prevent rapid starts under road vehicle normal conditions of use o (   T  p a r k i n g   ∈  [  − 40   ° C ; + 60   ° C  ]    and    T  u s e   ∈  [  − 20   ° C , + 45   ° C  ]   ) and make intermittent consumptions energetically costly. Moreover, the thickness is increased leading to voluminous implementations.



Even if the membrane is today a functional component, there is still progress to be made in terms of (i) cost, (ii) production and recycling, and (iii) operating temperature.




3.2. The Electrode Active Layer (AL)


The AL is a key element in the continuous trend to reduce PEMFC cost and improve its lifetime. Chemical reactions take place in this layer and its design strategy directly impacts those two crucial performance indexes [22].



Each half reaction (Figure 2a) takes place in a triple phase boundary (TPB). At the cathode side, the oxygen reduction reaction (ORR) requires simultaneously the presence of gaseous dioxygen    O 2   , electrons    e −    and protons    H +    at the electrochemically active sites. Water is produced and must be drained to the BP via the GDL to prevent cathode flooding. Conversely ionomer channel enables protons to migrate from the membrane while electronically conductive network (carbon and metal) ensures the electron transport from the electric load via BP and GDL [23,24]. The non-catalyzed ORR is slow. In the extreme acidity generated by the perfluorinated sulfonic acid resin (Nafion membrane), Pt-alloys (like Pt-Co or Pt-Ni) are the best catalyst to strongly increase its chemical reaction rate, specifically at low temperatures, obviously associated to reactants low thermal energy. At the anode side, hydrogen oxidation reaction (HOR) splits gaseous dihydrogen    H 2    into protons    H +    and electrons    e −    contributing to a second TPB. Protons move to the membrane using ionomer channels while electrons are transferred to the electric load via effective electronical paths. This second reaction is faster than ORR but also greatly improved by Pt-based catalyst.



Therefore, both ORR and HOR reactions require a complex structure enabling high gas accessibility and efficient transport of water, protons and electrons. The AL is hence a porous structure combining Pt nano-particles for catalyst purpose, ionomer to enable large proton conductance and carbon particles to create an electronically conductive network [25,26]. The ionomer commonly used material is similar to the membrane one, i.e., the Nafion. Using these key raw materials (Pt, Carbon black and ionomer), conventional ALs are manufactured based on a printing process. Figure 9a shows a scanning electron microscope image of the appearance of an AL and Figure 9b provides a Transmission electron microscopy image showing the interaction between Pt/C agglomerates and the ionomer [22]. As depicted in this figure, the resulting AL (  ≅ 10    μ m   ) is composed of a microporous carbon structure made of primary carbon particles which are   ≅ 30 – 50   nm   in diameter. The carbon support structure enables a large surface area. Pt-alloy nano-particles of   ≅ 4 – 6   nm   are dispersed upon this carbon black support and can be both located inside the particles pores or on the primary particles. The Pt/C agglomerates are bound with an ultrathin ionomer film of a few nanometers in thickness (  ≅ 2 – 10   nm  ) [27]. The Nafion film thickness is a trade-off between proton conduction and gas diffusion effectiveness. The carbon support is a porous network permitting both suitable gaseous mass transfer and large electronic conductivity. The AL is intimately linked to the GDL and the membrane.



As a final point, Pt load is particularly sensitive because it highly impacts the MEA performance in term of power efficiency, durability, cost and capability to reach mass-product. Pt, as any metallic element of the Platinum-Group Metals (PGMs), is rare and expensive. Therefore, major research efforts aim to limit the quantity required, either by controlling the deposition process to ensure it takes place only at the interface and not in unnecessary areas, by alloying it with other metals [28,29], or by synthesizing new catalysts with similar properties that can limit or eliminate PGMs use [30]. Regarding AL lifetime under automotive operating conditions, finding clear insights of catalyst degradation would enable us to propose effective mitigation strategies to enhance active layer durability, which is another crucial technological issue [27,31].




3.3. The Gas Diffusion Layer (GDL)


The upper part of the electrode has the dual function of diffusing gases to homogenize the concentration of reactants in the active layer and of conducting electrons [32]. For this reason, it is made of carbon fabric (  ≅ 100    μ m   ) made partially hydrophobic by impregnation with Teflon. Figure 10 shows scanning electron microscope views of the two types of diffusion layer made of carbon fibers.




3.4. The Bipolar Plate (BP)


A bipolar plate (BP) is illustrated in Figure 11. The BPs have the quadruple function of supplying fluids separately (reactants as well as the heat transfer fluid), evacuating products including water (which requires hydrophobic surfaces), conducting the electronic current to the current collector supplying the electrical load, and ensuring the mechanical strength of the MEA and the cells stack.



The design of the channels (shape of the channel and the inlet and outlet layout shown in Figure 12) is the result of a thorough study to ensure the best possible performance of all these functions by guaranteeing the best distribution (temperature and reactants) on the active surface of the MEA [35]. In particular, it is the result of a trade-off between, on the one hand, a large width synonymous with good homogeneity of the reactants, low pressure losses and a reduced risk of clogging, and, on the other hand, a narrow width reducing Joule losses [36].



Figure 13 gives a schematic illustration of BP channel design trade-off. In the same way, the channels carrying the refrigerant fluid enter near the reactant supplies (thus the least humid) and exit near the air and    H 2    exhausts with the highest moisture content. Indeed, the saturating vapor pressure evolves according to an exponential law (Antoine’s experimental law). For example, the relative humidity of a mixture at constant pressure increases by 18% when the temperature only rises from   75   ° C   to   80   ° C  .



There are a number of technologies available to achieve the channel implementation. For reasons of compactness (  ≅   10   − 1     mm  ) and production rate (in anticipation of high-volume production), the automotive industry favors the use of deep-drawn metal plates to which an anti-corrosion coating is added. Initially, steel plates were treated with an anti-corrosion precious metal deposit, but today good properties in terms of electronic conductivity and corrosion resistance are obtained without the use of any precious metals.



In conclusion, this component can be considered to be practically mature. Nevertheless, some progress still needs to be made to further reduce its cost in order to achieve a goal compatible with a mass market. Indeed, in the 2020 niche markets, BPs account for about 30% of the price of a PEM-type FC stack [35].





4. The Fuel Cell System (FCS)


The FC is the reactor in which the electrochemical reaction takes place. It is a power converter which must be placed in suitable operating conditions (temperature, pressures, etc.) and receive the reactants necessary for its operation since the storage (energy) of these has been remoted. To obtain electrical power on demand, the FC itself is hence surrounded by auxiliaries with coordinated operations. This assembly constitutes the FCS. Figure 14 shows a synoptic diagram of it. There are four interacting subsystems controlled by dedicated local loops.



4.1. The Air Line


The air line (shown in green in Figure 14) is mass flow controlled using an air compressor. The flow set point is imposed by the current delivered by the FC to the load and its own auxiliaries. The air taken from the outside (free and not requiring an on-board tank) must be filtered in order to avoid poisoning the cathode and in particular its catalyst which is sensitive to oxygen monoxide (CO), soot (HC), etc., at extremely low quantities. Moreover, as the dry air consists essentially of nitrogen (78.08%), the air compressor must set in motion by overpressure a very large mass of air in order to supply the sufficient quantity of oxygen (20.95% of the dry air) to the triple contact point of the cathode. As previously explained, a stoichiometric coefficient of 1.6 is preferred, i.e., the air line must supply almost twice as much air as is required by the (cathode) reaction. In spite of the huge progress made on this component, the air compressor has one of the most important energy consumptions and hence a large impact on the overall efficiency of the FCS. In [37], J-P Poirot-Crouvezier proposes an FCS dedicated to traction capable of providing a rated net power of   50.0   kW   using a   54.3   kW   FC stack powered by a low pressure (  1.3   bar  ) air compressor of   1.71   kW  , thus representing   40 %   of the total auxiliary consumption of   4.3   kW  .



The diagram shows an air humidifier in the air supply. It enables us, by diffusive exchange and heat transfer, to inject part of the humidity from the hot air exhaust to its initially dry and fresh air inlet. In this way the humidifier homogenizes the temperatures and relative humidity levels in the cathode, avoiding dry areas at the channel outlets and saturated or even flooded areas at the outlets. Two technologies coexist [37]. The first one consists in interfacing the humid air at the cathode outlet with the dry air entering via a polymer membrane of the same type as the one used as the PEMFC electrolyte [38]. It offers the double property of being gastight and water permeable [39]. The second one uses an enthalpy wheel made of water-absorbent materials [39,40]. This proven technology is derived from building air-conditioning systems. In the FCS case, it absorbs moisture at the cathode outlet and deposits it at the cathode inlet. It should be noted that Toyota has proposed and produced the first FCS without any humidifier since 2014 [39,41]. It simplifies the system, reduces pressure drop, reduces the price, and enhances the system compactness by eliminating a component. To achieve this, Toyota has reduced the thickness of the proton-exchange fluoropolymer membrane (by 1/3). In addition to improving proton conductivity, this thinning reinforces the phenomenon of water diffusion between the cathode, where water is produced (  1 / 2  O 2  + 2  H +  + 2  e −  →  H 2  0  ) and the anode, where water is removed by migration of    H +    protons (electro-osmosis phenomenon already described in Section 3.1.). Since electro-osmosis is uniform and back-diffusion has non-uniform distribution because it is intimately dependent on the local concentration gradient between the cathodic and anodic water vapor partial pressures, a water circulation that homogenizes the relative humidity occurs if care is taken to choose the anode and cathode flows in counter current (Figure 15). It is this reverse flow management combined with a reinforcement of the back-diffusion that ensures, by design, an adequate and homogeneous humidification of the cell.



Finally, the air mass flow    Q  a m     is measured with a hot-wire flowmeter, which ensures a high measurement dynamic. It is the mechanical dynamics of the compressor unit (  ≅ 1   s  ) that limit the dynamic response of the air loop. In order to ensure the correct functioning of the FC and to avoid any    O 2    deficiency phenomenon, the air flow rate is assigned a stoichiometric coefficient greater than 1: typically 1.6 (with a working range between 1.3 and 2.0).




4.2. The Dihydrogen Line


Unlike the air line, which has a natural supply, the dihydrogen line (shown in red in Figure 14) starts with a technology tank. The cost and size of the latter are non-negligible. Indeed, given its very low molar mass (   M   H 2    = 2.02    g  ·   mol   − 1    ), dihydrogen must be stored at high pressure and therefore with optimized shapes and materials. Today, car manufacturers are integrating cylindrical-shaped tanks (with spherical heads) capable of withstanding a pressure of   700   bar   throughout the life of the vehicle and even beyond (reuse or use for another, possibly less restrictive, use). It should be noted that two high-pressure standards still coexist: type III tanks (  350   bar  ) and type IV tanks (  700   bar  ). Their mass density is similar because the need to maintain double pressure requires the use of a larger quantity of material. Conversely, the volume density is clearly favourable to type IV tanks [37]. While industrial vehicles (trucks, buses) have, for a time, favored the bulkier solution (type III), it seems that uses (light vehicles and heavy goods vehicles) are converging towards a common technology in order to reduce costs through standardization (manufacturing and approvals). The tank consists of three functional layers [41,42]. From the core to the outside (Figure 16), there are (for type IV) (i) the liner which completely blocks the passage of the    H 2    molecules and is commonly made of a polymer material with an internal metallic deposit essentially made of aluminium; (ii) a structure resistant to mechanical stress made with a carbon fibre reinforcement; (iii) an outer protective layer made of glass fibres combined with a resin. With this type of tank, it is now possible to achieve a ratio between the mass of compressed    H 2    and the mass of the tank of the order of 6% while the target is set to 8%. Among the vehicles on the market are the Toyota Mirai with a tank mass of   5.0      kg     H 2      and a mass density of   5.70 %  , and the new Huyndai Nexo with a tank mass of   6.33      kg     H 2      and a mass density of   7.18 %   very close to the setting target [43].



Embedding    m   H 2    = 5    kg    in a light vehicle enables a range over the WLTC certification cycle of about   550   km   (  0.9   kg   per   100   km  ) [37]. Using the ideal gas law (see below) at the standard temperature of   25   ° C   shows that this vehicle must carry a tank of   88.6   L   (interior volume). However, a temperature of   125   ° C   must be considered in order to take a safety margin in relation to the maximum storage temperature of the vehicle (  65   ° C  ). An internal volume of   118.3   L   is therefore adopted.


   V   H 2    =    m   H 2    R T    M   H 2    P    



(9)







In addition, by adopting a 6% gravimetric density for the storage system, the   5.0      kg     H 2      (light vehicle) requires a tank with an empty mass of   88.3   kg  , or   93.3   kg   when the tank is full. For comparison, the same amount of stored energy requires about   14.0   kg   of gasoline or diesel, which is about   18.5   L   of gasoline or   16.5   L   of diesel fuel. Taking a more realistic view of range, this means a tank of about   33   L   for the petrol engine and   25   L   for the diesel one. Moreover, this specific tank has a negligible mass and is perfectly modular in shape to ensure the best vehicle integration.



From this realistic example, it can be deduced that, even if the gravimetric and volumetric densities as well as the shape factor of the    H 2    tank are not as good as those of a hydrocarbon tank, hydrogen technology is already practical for long-distance mobility, compared to traditional hydrocarbon solutions. Of course, the production of polymorphic tanks is one of the promising lines of research to improve integration into the FCV.



In terms of cost and feasibility, FCV is also a much better option than BEV for low-carbon emission vehicles. A dihydrogen mass of    m   H 2    = 5    kg    has a specific energy of    E   H 2    = 166.5    kWh   . Even assuming a high power-to-weight ratio of   150    Wh  / kg  , a battery storing this quantity of energy requires an equivalent mass of   1100    kg   . This mass could be reduced to    m  Batt   = 700    kg    to account a more efficient BEV, but this efficiency is offset by the higher mass (hence higher power demand for equivalent performance).



The dihydrogen line is pressure-controlled to ensure a zero differential between anode and cathode pressures, guaranteeing the mechanical integrity of the very thin polymer membrane. To do this, the controller actuates the solenoid valve located at the outlet of the regulator to admit more or less under pressure    H 2    into the FC. The outlet of the    H 2    line is normally blocked. The    H 2    line is nevertheless purged periodically in order to evacuate the nitrogen which diffuses from the cathode (air) towards the anode and thus dilutes the dihydrogen. It is generally considered that one percent of fuel is globally lost during these successive purges. It is important to point out the need to ensure recirculation of    H 2    in order to homogenize the partial pressures of the    H 2   ,    N 2    and    H 2   O  v a p     mixture over the entire surface of the MEA. For this purpose, it is necessary to create this return circuit in which the key element is the recirculation pump (high stress on its seal). Without recirculation, a nitrogen stratification occurs characterized by a low concentration of    H 2    close to the exhaust. It hence generates a significant discrepancy in the current density distribution  j  along the MEA. This phenomenon is illustrated schematically in Figure 17.



As the reactants are brought on demand it negatively impacts the PEMFC lifetime during the shutdown and start-up phases [44,45,46]. Indeed, the shutdown of the PEMFC causes air to fill the anode compartment, initially filled with dihydrogen. To restart the PEMFC, dihydrogen is again introduced at the anode which expels the air. During these two transient phases, the transient coexistence of dihydrogen and dioxygen at the negative electrode is observed. The surface of the MEA which is normally supplied (right part in Figure 18) behaves like a generator with a high electrical potential, because its current density  j  is almost zero. The second part of the MEA (left part in Figure 18) is electrically interconnected to the first via the electrodes and can only behave as an electrical load because of the presence of dioxygen on either side of the membrane. Regarding the left side of the MEA:




	1.

	
The presence of electrons at the anode promotes the oxidation of the oxygen    O 2    present, according to the electrochemical equation:


   O 2  + 4  H +  + 4  e −  → 2  H 2  O  



(10)








	2.

	
While at the positive electrode, the potential is sufficient to cause the oxidation of carbon  C  or water    H 2  O  , both present in the active layer, according to the electrochemical equation:


   {      C +  H 2  O → C  O 2  + 4  H +  + 4  e −         H 2  O →  1 2   O 2  + 2  H +  + 2  e −         



(11)













Thus, there is a circulation of    H +    protons in the expected direction on the right side of the MEA and in the opposite direction on the left side of the MEA and a   C  O 2    production at the anode that is measurable in the laboratory. On the other hand, even if the electrochemical couple    (  C / C  O 2   )    has a high activation energy involving a low internal current density, this phenomenon (revealed by the presence of   C  O 2   ) causes corrosion of the carbon particles which are the support material of the Pt catalyst. It induces the destruction of the nanostructured surface of the AL associated with the dissolution of the platinum whose grains disperse in the structure and become inactive while aggregating with the water flow. Figure 19 illustrates this phenomenon by showing Transmission Electron Microscopy (TEM) images of new (a) and degraded (b) ALs. This phenomenon can lead to a very rapid decline in FC performance and must be combated by minimizing the duration of this front    (   H 2  /  O 2   )   . To this purpose, as soon as the FC stops, the anode compartment is vigorously purged by the ambient air in order to quickly expel the residual dihydrogen.




4.3. The Electric Line


The electric line is shown in magenta in Figure 14. The voltage delivered by an FC varies greatly depending on its operating point, typically from 100% for no-load operation to   70 %   for full power operation. Moreover, the stacking of elementary cells is constrained by mechanical considerations, such as the ability to have homogeneous fastener pressures. Therefore, the number of cells that can be connected in series is technologically restricted, which means that the maximum delivered voltage    V  P à C   m a x     is limited and may not reach the rated voltage that enables the electrical machine to be optimally supplied via its inverter [48]. As an indication, it should be noted that the Toyota Mirai FC consists of a single row of 370 cells allowing a rated power of   114   kW   [49]. Its voltage    V  F C     thus varies from about   370    V    downto   260   V   for a rated current of   440   A  . To supply the inverter-machine assembly (Figure 20) which requires a maximum voltage of    V  B u s _ D C   m a x   = 650    V   , this voltage    V  F C      must therefore be increased and controlled. This is the role of the interleaved boost converter (Figure 21). This converter is placed in series in the conversion chain and its output permanently impacts the overall system efficiency. As automotive traction is characterized by very high power dynamics, it is crucial that    η  b o o s t    , the chopper efficiency, remains at a high value over a wide power range [50]. Toyota strategy is power splitting, which fits well with the large FC-rated current of several hundred Ampere [51,52]. Considering the Mirai, the power converter is thus made up of the parallel arrangement of four elementary switching cells whose commands are interleaved to minimize the current ripples in the FC as well as in the    C  B u s     capacitor of the high voltage bus. The current ripple reduction is favorable with respect to the lifetime of the FC, which is reduced compared to an ideal situation without the ripples due to PWM switching [53]. For low powers, only one cell is operational, thus avoiding the fatal losses of the three other cells. The boost converter management strategy consists in putting more cells into operation as the FC power demand increases [13]. This strategy significantly improves the efficiency for the operating points at partial power. Doing this, the converter gains 10 efficiency points for operation at    P  F C   = 15    kW    (i.e., about   13 %   of the rated power) which is commonly used. Figure 22 illustrates this principle.



From a system point of view, the boost converter is one of the two key energy consumption items of the FCS. In [37], J-P Poirot-Crouvezier considers that, for about   50   kW  , an efficiency of   97 %   is quite feasible over a wide operating range. For this FCS, the boost converter contributes to   1.63   kW   of losses while the FCS delivers its rated net power of   50.0   kW  . This is approximately   38   %   of the overall auxiliary consumption and represents the same order of magnitude as the air compressor.



Current research is, of course, aimed at further reducing the losses of the boost converter while ensuring its integration into the system. In relation to the latter aspect, one of the critical points lies in the cooling temperatures of the active semiconductor components. Indeed, the boost power switches (IGBTs and diodes) are presently made of silicon and often require a cooling fluid at a temperature of   60   ° C   lower than that of the FC fluid. The latter is currently of   70   ° C  , but, as explained, the setting target is higher (i.e., roughly   100   ° C  ) in order to ensure an MEA temperature below   120   ° C   [54]. In the current context, the cooling circuit must have several cooling loops at different temperatures, which makes it complex and therefore expensive and bulky. For this reason, the research effort aims to ensure that the system operates at a single coolant temperature [37]. In this respect, components with large gaps such as silicon carbides (SiC) or gallium nitrides (GaN) offer promising prospects, with the added benefit of reduced electrical-to-electrical conversion losses [50,55].



As the inverter and electric machine combination is bi-directional in power, electric vehicles have the capacity to recover part of the kinetic braking energy as well as potential energy during downhill roads. For this purpose, the combination of a battery and a DC/DC converter is placed in shunt on the DC bus. This second converter is a bidirectional buck-boost converter (Figure 20) which adapts the voltage levels between the DC bus and the auxiliary battery. The voltage of the latter depends on its state of charge and its temperature and is limited by the number of cells placed in series.



From a functional point of view, the power supply system is hybrid [56] and the power demanded by the load (traction and on-board auxiliaries) can be delivered by an infinite number of couples    (   P  P à C   ,  P  B a t t    )   . The distribution function of these two powers is established while respecting the characteristics of the two electrochemical sources [57]. Since the battery is capable of delivering a large power with a high dynamic range, its role is to respond to power transients that could directly impact the DC bus voltage. The control of the buck-boost converter dedicated to the battery is therefore dedicated to the DC bus voltage control. The setpoint of this servo control can possibly be adapted by a general strategy aimed at minimizing the losses of the converter-machine assembly. Such a strategy takes into account the operating point and is mainly based on the speed of the vehicle. Simultaneously, the boost converter control monitors the FC power and only ensures, slow variations (ramp of a few seconds) in order to respect the dynamics of the air line limited by the compressor time response. Transiently, the battery therefore provides the difference between the power required by the drive train and the FC power. As the battery’s reactants are directly located at its electrodes, sudden variations in power do not impact the battery life time.



From a design point of view, any FC and battery sizing are theoretically feasible. In practice, however, the FC power and the auxiliary battery energy are closely linked.



Light hybridization (called “full-power” by Toyota) is at one end of the spectrum. This sizing consists of expecting only energy recovery from the battery, as well as compensation for the response times of the FCS and assistance with cold starts. This architecture leads to the design of an FCS capable of responding to all the required powers, in particular acceleration and uphill cases. The battery must be able to provide the supplied and recovered powers over a short time. Its design is therefore a power type battery. This kind of architecture is common in light passenger vehicles developed by Asian manufacturers. The Hyundai Nexo SUV, the Honda Clarity Fuel Cell sedan and the Toyota Mirai sedan are three recent commercial examples (Figure 23). The latter has a nickel-metal hydride (Ni-MH) battery with a small capacity, namely   1.6   kWh  . The FCS has the same net power as the electric traction machine, i.e.,   114   kW   which is why this hybrid architecture is called “full-power”. The Mirai’s FCS draws its energy from two dihydrogen tanks with a total capacity of   122.4   L   which can store   5   kg   of    H 2    at   700   bar   [56]. The mass density of this storage is   5.7 %  , while the power density of the FC is (  3.1    kW  ·  L  − 1   / 2.0    kW  ·   kg   − 1    ) which is above the US Department of Energy (US DoE) 2020 target (  2.5    kW  ·  L  − 1   / 2.0    kW  ·   kg   − 1    ) and close to its future 2025 target (  3.5    kW  ·  L  − 1   / 2.5    kW  ·   kg   − 1    ) [52].



On the other hand, the    H 2    tank–FCS combination can act as a range extender [59]. In this case, the auxiliary battery is that of a BEV and the hydrogen system extends its range for intensive use. In these conditions, the FCS is of low power because it is only designed to provide the average power required on the journey. Its ownership cost is therefore very low, and its use is optimal because it is close to a steady state regime that is easy to optimize in terms of efficiency and service life. This option has now been adopted by the Renault group, which has joined forces with Symbio (a joint venture between the Michelin and Faurecia groups) to produce hybrid service vehicles: Renault Kangoo ZE H2 and Master ZE H2. The Renault Kangoo ZE REH2 light commercial vehicle is equipped with a   33   kWh   Lithium-ion battery and a   1.78      kg   H   2    tank combined with a   5   kW   FC (Figure 24). The latter value must be compared with the traction machine rated power which is   44    kW   . If the so-called “full power” vehicles have a power ratio of 100%, this ratio is reduced to 11.4% in this “range extender” type implementation. This ratio is even lower (8.8%) in the case of the Master ZE Hydrogen, because it has the same FCS (and the same auxiliary battery) but has a slightly more powerful drivetrain (  57   kW  ). It is also interesting to note that the FCS is optimized for low operating dynamics since its minimum net power is half of its maximum power:    P  F C   m i n   = 2.37     kW  e   . This results in a compact FCS with a high volume density of   3.0   kW ·  L  − 1    . The Master vehicle is equipped with two   700   bar   and   106   L   tanks with the capacity to store   4.18   kg   of    H 2   . On the other hand, the Kangoo’s tank is type III with a rated pressure of   350   bar   and therefore bulkier than those of type IV. The volume of Kangoo’s single tank is indeed   74   L  . Finally, it should be noted that the electrical energy input is significant. In fact, considering an electrical efficiency of 50%, the   1.78   kg   can provide   29.7      kWh   e    while the   4.18   kg   provides   69.7     kWh  e   . At the same time, in winter, when heating is required, the thermal power is supplied directly by the heat produced by the FCS thus avoiding the reduction in the power output. Depending on the operating point of the FCS, the thermal power varies between   1.6     kWh   th     and   4.8     kWh   th    .



Between these two extreme hybridization rates (≅10% to 100%), other architectures have been developed; they are called “mid-power” hybridization (or “mild-hybrid”). The Mercedes GLC F-cell SUV developed by Daimler is a perfect illustration (Figure 25). The battery capacity (  13.5   kWh  ) makes it possible to make daily commutes:   50   km   range in WLTC cycle. This driving range is almost multiplied by ten thanks to the   4.4   kg   of    H 2    embedded in two type IV tanks (i.e.,   700    bar   ). The electric traction machine can deliver a power of 147 kW, while the FCS has a rated power of a few tens of kW, typically in the range of   30   kW   to   80    kW   , which means a hybridization rate around 30%. Furthermore, the full battery recharge uses a modest power charger (  7.4   kW  ). It hence has a low impact on the electrical grid and enables a full recharge in a limited time of   1 H 30   (the net capacity of the battery being only   9.3   kWh  ).




4.4. The Thermal Line


The thermal line is shown in blue in Figure 14. Thermal management is an essential element both from the point of view of the FCS size and its proper operation.



First of all, it is important to stress that the FCS must remove a thermal power similar to its electric power. This ratio is more interesting than in an internal combustion engine dedicated for automotive application. Current internal combustion engines have an average efficiency around   20 %   and a maximum efficiency of about   40 %   (namely   42 %   for a diesel engine and   36 %   for a gasoline engine). However, note that the cooling temperature of the FCS is generally only   70   ° C  , whereas it operates around   90   ° C   for an internal combustion engine (with specific fluctuations between   82   ° C   and   110   ° C  ). This   20   ° C   difference leads to a requirement for oversizing of the heat exchanger surface to enhance the heat transfer to the ambient air. It hence modifies the vehicle grille design and increases the vehicle drag coefficient (Cx). Indeed, in the unfavorable case of the specification (   T  a m b   m a x   = 45   ° C  ), the relative deviation of (   T  c o o l a n t    −  T  a m b     ) between the FCV and the conventional thermal vehicle is   − 45   %  !



In order to increase the thermal fluid temperature, two options are explored simultaneously. The first one consists in looking for membranes that maintain their mechanical properties, such as their proton conductivity, beyond the current limit of   80   ° C   to   90   ° C   [21]. The interest of this first approach is to increase the electrochemical reaction temperature (Arrhenius’ law) and to both reduce the catalyst mass load per unit area and increase poisoning concentration threshold. The second option is systemic. It consists in developing a “software sensor” that makes it possible to deduce in real time the temperature distribution on the membrane surface. The principle consists of running an MEA model. This model is fed in real time by the non-invasive measurements implemented to ensure the FCS control. Included among them are the temperatures at the FC inlet and outlet, the mass flow rates of the cooling circuit, the cathode circuit and the anode circuit, the FC current and voltage, etc. This type of model already exists and is used to design the MEAs and the channels of the bipolar plates. However, it must be adapted in order to take into account the constraints of real-time implementation in an on-board computer [60]. Its systematic use will allow the adoption of a less conservative approach which uses large safety margins to avoid reaching the maximum membrane temperature. It thus enables us to increase the cooling circuit temperature.



As already mentioned, in addition to cooling the FC, it is also mandatory to extract heat from the various auxiliary components, such as the power electronics converters and the electrical machine. The coolant temperatures of all these devices may be different, which obviously makes the system more complex and has an impact on its cost, volume and reliability (thermal aspects being a highly critical). The aim to standardize cooling temperatures implies working on the system devices: large gap components for the power electronic converters, design of a synchronous machine without a rare earth component, etc.



As well as this, engineers are still working on decreasing the FC heat capacity. In order to obtain an FC fast start in cold weather conditions (   T  s t a r t   m i n   = − 30   ° C  ), it is mandatory to raise the FC temperature beyond   0   ° C   before the water produced has had time to freeze and thus clog the electrodes and permanently damage their porous structure. This work on the heat capacity is in line with the desire to increase the FC power-to-mass ratio. Today, and thanks to adapted rules for stopping (drying of the electrodes) and starting, the rapid start-up in extreme cold is considered to be perfectly achievable [49,54,58,61]. More generally, thermal management is closely linked to the water management of the MEA, which is an essential point for its proper operation in both transient and steady state [62].



From the control point of view (Figure 13), the heat transfer fluid is regulated in incoming and outgoing temperatures thanks to (i) the control of its mass flow rate (indeed,   Δ T   is all the lower as this flow rate increases) and (ii) the heat power transfer (through the exchange coefficient between the heat sink and the environment). This thermal management, whatever the operating point, is made complex by the variety of situations to be handled. For example, the compressor tends to heat the compressed air: as such, the air brought to the FC can require cooling during full power operation. Conversely the air blown in at low power may require heating at the FC inlet. The air supply to the cathode therefore requires controlled heat exchangers.




4.5. FCS Efficiency


The previous section has shown the FCS in its structural complexity and its management sophistication. These two aspects are fundamentally linked to the initial aim to decouple the power and the energy optimizations. The former is delivered by the FC whereas the latter is linked to the    H 2    tank. As a consequence, the FCS operation requires numerous auxiliaries to synchronize the electric power demand with the FC optimal operating conditions. These auxiliaries have a power consumption indexed to the net electric power delivered to the load. The related auxiliary power is, however, non-zero when the net power is. Therefore, the FCS efficiency is systematically lower than that of the FC itself. It is very low or even at zero when the net power is limited. Conversely the FCS efficiency is close to the FC efficiency (without reaching it) when the load increases. Therefore, the plot of the FCS efficiency vs. FC net power follows a bell-shaped curve with a maximum at an intermediate net power (Figure 26). This figure shows that the average efficiency on a mission profile is reduced by periods of low load operation. Consequently, mild-hybrid and particularly range extender architectures enable to decouple the instantaneous net demand from the peak-to-peak power. They allow better overall efficiency than a full hybrid architecture using a low energy battery [63,64,65], which explains the technological choice of the Renault group.



Additionally, even in the case of a full power hybrid architecture, a high rated FCS efficiency may not be the best trade-off for automotive sector. Indeed, Ahluwalia et al. show that decreasing the FC MEA surface, although decreasing the rated power FCS efficiency, leads to a significant FCS cost reduction, which may allow high-volume manufacturing FCVs to compete with internal combustion engines vehicles regarding cost [66]. Based on a   80     kW  e    full power FCS, their study shows that reducing Pt use dramatically from   0.29   g ·   kW  e     − 1     down to   0.14   g ·   kW  e     − 1     significantly lowers the full power FCS efficiency from   50 %   down to   40 %  . However, the resulting    H 2    fuel consumption only increases by   6.3 %   based on the US EPA certification driving cycle, while the FCS cost significantly decreases by 25% regarding an industrial production of 500,000 vehicles manufactured per year. The challenging consequence of this lower cost/lower efficiency FCS design is the increase in waste heat: it clearly limits further Pt use lowering.





5. Conclusions


Regarding useful electric power, an FCS proves to be less efficient than a Lithium-ion battery: roughly   50 %   compared to approximatively   90 %  . However, designing a system such as a car requires meeting several performance indexes to reach the final functionality demanded by the consumer: large driving range, habitability for passenger cars and large load capacity for commercial vehicles, fast recharging, low operating costs, safety and reliability. Using an on-board FCS to provide traction power has several key advantages:



First, the driving range can be completed using the adequate number of high-pressure hydrogen tanks. The latter may be placed in various places which permits to optimize the available volume enhancing passengers’ habitability and trunk capacity. This first degree of freedom has little impact on cost and refueling time. Hence, the short-term perspective is to produce highly standardized high-pressure hydrogen tanks causing a fall in prices and a great increase in reliability. Using three cylinder tanks and having a driving range of 666 km (on WLTP cycle), the Huyndai Nexo is a clear example of the high level of this performance index.



Second, the rated traction power deriving from mass, speed and road slope is achieved combining the right number of basic FCS. This has the fourfold advantage of lowering the global cost, enhancing the driving cycle efficiency [67], ensuring continuity of service by operating in degraded mode [68,69], and finally increasing service life by spreading wear and tear over the various sub-systems [70].



Third, the tank refueling is simple and fast permitting both to make the cost and space of recharging stations profitable compared to fast charging stations dedicated to BEVs and to achieve intensive use like taxi or bus fleets.



Fourth, FCVs are very safe even in case of car accidents. Indeed, based on hydrogen high diffusivity, dealing with safety mainly relies on concentrating the brittleness at one point in order to obtain sufficient leakage to remain below the    H 2    flammability level. This design is quite simple and focused on the tank as the key device. Hyundai NEXO scoring five-star Euro NCAP safety test illustrates this figure.



Based on these main feature, Kate Forrest et al. studied the medium and heavy-duty electric vehicle prospective in the California context [71]. They showed that FCVs can easily fit the Class 8 truck specifications compared to battery electric vehicles, benefiting from compact on board    H 2    storage and fast fuelling, even at the high demanded power required by large energy capacities. For instance, Class 8 100-mile FCVs can meet up   8 %   of vehicle miles travelled with home base charging compared to   8   %   for same range battery vehicles. Besides, without impacting the payload, this range can easily be expanded to 200-mile FCVs, contrary to battery electric vehicles. This expanded range may enable to satisfy up to   68 %   of the vehicle miles demand.



However, FCVs still need improvements. The first challenge remains cost reduction. The avenues for possible improvement are shifts on materials and process, specifically for catalyst (Platinum), and the acid electrolyte (polymer membrane), and also redesigning the FCS while seeking to simplify and streamline it. The second challenge is compactness. Note that the latter can find synergies with the previous one (i.e., cost). Additionally, finding materials and process to produce polymorphic tanks is another promising line to enhance cabin space. The third challenge is life span, which is sufficient but still lower than internal combustion engine cars.



In sum, FCVs are reaching maturity and hence can already play a role in zero-emission vehicle trend. Natural markets are long-distance heavy-duty vehicles and fleets of taxis or delivery vehicles. As FCS are still expensive, these markets will develop based on range extender or mild hybrid architectures. These first implementations will enable us to mature the technology from niche markets to a large-scale market. It will also identify the right business models across the entire value chain. In the perspective of the future intensive use of hydrogen energy in transportation, the    H 2    supply chain study is going to play a key role both in terms of environmental and economic issues [72]. This complete study is the subject of future work [73].
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	FCS
	fuel cell systems



	FCV
	fuel cell vehicle



	BEV
	battery electric vehicle



	FC
	Fuel Cell



	ICEV
	internal combustion engine vehicles
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	Proton Exchange Membrane Fuel Cell
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	HCV
	Higher Calorific Value
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	Open Circuit Voltage



	MEA
	Membrane Electrode Assembly
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	GDL
	Gas Diffusion Layer
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Figure 1.    H 2    use in road vehicles. (a) Forklift truck (in a store deposit); (b) Taxi fleet (Paris region); (c) hydrogen bus (Paris region). 
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Figure 2. Oxidation-reduction reactions in the fuel cell (FC). 
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Figure 3. Fuel cell systems (FCS) functional principle. 
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Figure 4. Comparison of battery vehicles (EV) and fuel cell vehicles (FCVs) [13]. 
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Figure 5. Studied thermodynamic system. 
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Figure 6. FC voltage and the main related voltage drops (due to irreversibilities). 
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Figure 7. Stack of elementary cells (“stack”) produced by the German manufacturer UBzM, Ulm—Germany (GeePs laboratory). 
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Figure 8. FC details: membrane-electrode assembly (MEA). 
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Figure 9. Detail of the active layer (AL) of an MEA: [22]. (a) Scanning Electron Microscopy (SEM) image | (b) Transmission Electron Microscopy (TEM) image. 






Figure 9. Detail of the active layer (AL) of an MEA: [22]. (a) Scanning Electron Microscopy (SEM) image | (b) Transmission Electron Microscopy (TEM) image.



[image: Energies 13 05843 g009]







[image: Energies 13 05843 g010 550] 





Figure 10. Scanning electron microscope (SEM) imaging of 2 gas diffusion layer (GDL) technologies [33]. 
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Figure 11. Section of a bipolar plate (BP) with its three channels [34]. (a) anode channel (H2) | (b) cathode channel (air) | (c) heat transfer fluid channel. 
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Figure 12. Shape design examples of BP channels [35]. (a) serpentine channels | (b) parallel channels | (c) interdigitate channels. 
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Figure 13. Trade-off in designing BP channels. 
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Figure 14. Schematic view of an FCS. green: air line (cathode) | red: hydrogen line (anode) | blue: cooling line | purple: electric line. 
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Figure 15. Principle of homogenization of the water content in the PEMFC MEA. 
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Figure 16. Synopsis of the first two layers of the    H 2    tank [41]. 
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Figure 17. Anode nitrogen stratification without recirculation for partial pressure homogenization. 
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Figure 18. Anode nitrogen stratification without partial pressure homogenization by recirculation. 
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Figure 19. Platinum particles on carbon support (dark dots) before (a) and after (b) exposure to 400 potential changes between 0.0 V and   1.25   V   [47]. 
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Figure 20. FCV hybrid drive train. 
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Figure 21. Boost converter dedicated to the FC. 
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Figure 22. Efficiency curves of the FC interleaved boost converter. 






Figure 22. Efficiency curves of the FC interleaved boost converter.
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Figure 23. Toyota Mirai sedan and its main components [58]. 
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Figure 24. Range extender vehicle: Renault Kangoo ZE H2 Light Commercial Vehicle. 






Figure 24. Range extender vehicle: Renault Kangoo ZE H2 Light Commercial Vehicle.
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Figure 25. Mercedes GLC F-Cell SUV light vehicle: mild-hybrid type with a   50   kW   FCS. 






Figure 25. Mercedes GLC F-Cell SUV light vehicle: mild-hybrid type with a   50   kW   FCS.
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Figure 26. FCS efficiency curve (boldly blue line). 






Figure 26. FCS efficiency curve (boldly blue line).
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