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Fuel cells are an excellent opportunity to address the challenges of the energy supply of the future. 
The polymer electrolyte membrane fuel cell (PEMFC) stack consists of several core components such 
as the bipolar plates (BPP) and membrane electrode assembly (MEA). 

BPPs have an influence on stack dimensions, performance and lifetime as well as costs. The 
challenge is to design an optimal BPP for specific applications, considering the manufacturing effort and 
costs. Basically, two material concepts are currently available: polymer composite materials or metals. 
Compared to metallic BPPs, polymer-based BPPs show a longer service life and allow a high 
geometrical flexibility. Metallic BPPs possess a very thin overall thickness which makes them preferable 
for use in commercial automotive sector. Depending on the base material, different manufacturing 
processes are required. This article presents a comparison and an assessment of BPPs regarding 
possible manufacturing processes as well as resulting costs. 
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1. INTRODUCTION 

Fuel cells are widely discussed as an important element of future’s energy supply in 

any sector. Especially, the use of fuel cell systems in electric vehicles is a promising 

approach to supply them with locally emission-neutral energy. The polymer electrolyte 

membrane (PEM) fuel cell (FC) stack serves as an energy converter and consists of 

several core components. Beside the heart of this PEMFC stack, the membrane 

electrode assembly (MEA), bipolar plates (BPP) are needed to supply the 

electrochemical active components (catalytic layer) with hydrogen and oxygen as well 

as for removal of the reaction product (which is pure water) and for the dissipation of 

the reaction heat. 

As the BPP is a major structural element, the choice of BPP has a significant influence 

on stack dimensions, stack performance (different geometry of the channels due to 

different machining options) and stack life (different corrosion resistance) as well as 

stack costs. Continuous optimization is aimed at all of these areas. In general, the 

challenge is to develop an optimal BPP for the specific application, taking the 

manufacturing possibilities and the overall costs into account. Depending on the 

specific requirements and general conditions for performance and service life, but also 

in size, weight and heat dissipation, the optimal solution for the respective application 

may vary. For the manufacturing of BPPs two materials are mainly used. Either the 

BPPs consist of polymer-based composite materials or metals. These are therefore 
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mechanically processed with different processes or procedures to produce a channel 

structure of bipolar half plates (BP-HPs) and finally BPPs. 

In the scope of the Fit-4-AMandA project [1], a comparison of possible process chains 

and production scenarios for the production of BPPs was carried out. The costs that 

are influenced by different scenarios were also considered. Based on general empirical 

time-dependent values, a cost estimations is presented in this article. These were used 

to benchmark the different material concepts and suitable processes for the production 

of BP-HPs and BPPs. In addition, a consideration of use cases, application areas and 

error sources as well as the representation of the production rates estimated as 

realizable was carried out. 

1.1. General information about bipolar plates 

As one of the core components of a PEMFC stack, the BPPs have three main tasks: 

 Ensuring the supply of the reaction gasses hydrogen and air 

 Removal of unreacted gases and product water (liquid and vapour) 

 Conduction of thermal and electrical energy 

For mobile applications of PEMFC stacks, relatively low service life requirements of 

approx. 5,000 to 6,000 operating hours are required [2]. In comparison, stationary 

applications require service lives of approx. 20,000 to 40,000 operating hours and 

more [2]. The application cases for metallic and graphitic BPPs are derived mainly from 

the required service life and other properties of the relevant BPP materials. It is 

therefore imperative to further develop metallic BPPs in parallel with composite ones 

to be able to use and expand their potential for the different areas of application. The 

main application types are portable, stationary and transport. For example, PEMFC 

stacks used in vehicles are categorised as a transport application, because the unit for 

energy conversion is transportable but fixed in the vehicle. In the automotive sector, 

stainless steels and titanium [3, 4] are currently the favoured materials for BPPs. 

Titanium is chemically comparatively more robust and thus more resistant in the fuel 

cell environment. 

However, it can be assumed, that as soon as the production volumes increase, the 

higher costs resulting from the use of titanium can no longer be subsidised by an 

automotive manufacturer. It is therefore a great motivation to qualify stainless steels, 

which are more cost-effective and easier to process. According to the requirement 

corrosion-resistant but cost-effective coatings must be used. The use of noble metals 

as coating, e.g. gold, though demonstrated, is not commercially profitable. Therefore, 

from an economic point of view, metallic BPPs are currently not able to replace BPPs 

made of composites. However the use of alternative metal alloys e.g. stainless steels 

in combination with innovative coating systems tailored for PEMFCs enable metallic 

BPPs able to compete. 
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1.2. Manufacturing processes for graphite-polymer-composite BPPs 

Compared to state-of-the-art metallic BPPs, the lifetime is the main advantage 

associated with graphitic-composite BPPs. Restrictions for the design of graphitic-

composite BPPs result from the fragility of the graphitic-composite. High complexity of 

the flow field is advantageous, but a minimum material thickness is required to avoid 

the permeation of hydrogen through the bulk material, especially at the phase 

interfaces, and furthermore to avoid chipping during manufacture. The reason for 

keeping the wall thickness of BPPs as low as possible is to reduce the stack height for 

the same stack performance to make it more compact. The current minimum residual 

wall thicknesses are approx. 0.5 to 0.6 mm and represent the compromise between 

the alternating requirements. 

Graphitic BPPs are commonly manufactured by a moulding process. The bulk 

moulding compound contains a complex binding formulation based on e.g. vinyl ester 

resin or epoxy resin reinforced with glass fibres. Usually, those materials have a high 

content of graphite, preferably not less than 80 %. 

BPPs can be also milled from pre-moulded raw plates even if the process is time 

consuming and not profitable for mass production. However, it is useful for 

experimental BPP designs, for FC stack endplates and for low volume production 

where expensive moulding tools are not profitable. Milling removes the insulating 

casting skin, thus milled plates show higher conductivity in thickness direction 

compared to in-shape moulded plates. The absence of a casting skin on the lower side 

of the plates in the gas side flow fields makes the channels more hydrophilic, which 

can promote the formation of water droplets. A more rigid control of gas humidification 

is then required. 

1.3. Manufacturing processes for metallic BPPs 

Metallic half plates with a flow field structure (cathode and anode side) can be 

produced by hollow embossing, hydroforming, rolling, electromagnetic forming  [5] or 

milling. Currently, the focus of the development of metallic BPP and the coil material 

used for this purpose is on stainless steels. This have to be protected with a 

corresponding coating or coating system from several points of view. An exception in 

terms of corrosion resistance is titanium, which is more expensive and more difficult to 

machine than stainless steels. 

Restrictions for the design of the flow field of metallic BPPs or the cathode and anode 

plates result primarily from the deformation capability of the selected coil material. The 

aspect ratio is derived from the flow field cross-section or the ratio of the depth or height 

dimension of a structure to its (smallest) lateral extent. This can be used as a geometric 

quantity for evaluating and describing the feasibility of a structure by forming. 

Furthermore, the flank angle and the transition radii (head and foot area of the webs), 

as well as the web width, schematically shown in Fig. 1, are of great importance for 

this. 
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(a) (b) 

Fig. 1: Cross section of a flow field channel with geometric channel parameters (a) and an excerpt of a 
BPHP-3D figure. 

2. MATERIAL AND METHODS 

The question, which production technology is the most promising for PEMFC BPPs in 

the near and distant future, with regard to cost efficiency, component properties and 

robustness (process reliability), occupies the entire fuel cell industry. What is possible 

and what is necessary and how much can it ultimately cost? What are the goals, where 

do they come from and what is realistic from today's perspective and from an economic 

point of view?  

The United States Department of Energy (DOE) quantifies on the one hand the costs 

(system, PEMFC stack and its components) [6–8] and on the other hand the durability 

in operating hours [2, 9]. Fig. 2 shows the dependencies of the most important factors 

for the choice of the BPP material and process. 

 

Fig. 2: Field of tension for BPP development (for PEMFC). 

The main motivation in this article is to look more closely at the current best ways of 

manufacturing BPPs and the potential of new approaches. These considerations are 

Availability on the 
market

• Freedom and independence with 
regard to the supply chain (raw 
materials and processing 
technologies) are of immense 

importance for stack manufacturers.

BPP Material

• Graphite

• Composite 

• Mixture of graphite and composite 

• Uncoated sheet metal

• Pre-coated sheet metal

BPP Properties

• Contact resistance or conductivity

• Corrosion resistance

• Weight

• Panel thickness (density)

• Material strength (fracture failure)

• Durability in operating hours

• Recyclability

BPP Costs

• Semi-finished or raw material

• Manufacturing (Plant procurement costs, 
number of necessary process stages , 
maintenance costs, degree of automation, 
personnel requirements, productivity, 
robustness, repeat accuracy, effort 
(time/costs) for quality assurance, etc.
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carried out based on the semi-finished material granted, since its specific properties 

have a decisive influence on the further production steps. The requirements result from 

the specifications for BPPs. Here, the flow field geometry, electrical, mechanical and 

corrosive properties and finally the costs have to be considered. This results in the 

following sequence of information retrieval: 

1. Semi-finished material 

2. Process or manufacturing process 

3. Required plant technology 

4. Required tools (passive and active) 

The aim is to derive one or more resource-efficient process chains for the manufacture 

of PEMFC components from the manifold possibilities of production technology and 

the multitude of requirements placed on PEMFC components. Depending on the 

intended field of application of the PEMFC stack, the requirements as well as the 

quantities to be produced vary. 

According to current studies, BPP is and remains the main cost driver in a PEMFC 

stack, along with the catalyst and its application. This is especially true for quantities 

above 10,000 per year [6–8, 10]. The diagram shown in Fig. 3 gives an overview of the 

trends for four production rate scenarios of metallic BPPs with increasing production 

rates. 

 

Fig. 3: Breakdown of the 2017 projected FC stack cost at 1,000, 10,000, 100,000, and 500,000 units 
per year and Production rate dependent reduction potential of component costs of PEMFC stacks 

starting from 1,000 units/a based on [6–8]. 

3. RESULTS 

3.1. Manufacturing variants of graphitic-composite BPPs 

Graphitic-composite BPPs are mainly manufactured by polymer moulding processes. 

Cavity parallelisation i.e. manufacturing of more parts in one cycle is possible by both 

methods. Thermoset or thermoplastic polymer materials are used as base material of 

the graphite by compression moulding, while only thermoplastics are useful for 
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injection moulding. Compression moulding bears the advantage of permitting a higher 

graphite content in the compound material since viscosity is not critical, while the 

injection moulding process has the advantage of a potentially shorter cycle time and 

better graphite-particle alignment in the BPP. By both methods, ‘casting skin’ is formed 

on the outer surface, and the BPP contact resistance can be significantly reduced if 

the casting skin is removed, e.g. chemically by plasma treatment or mechanically by 

gentle sanding or blasting [11–13]. 

For the design of graphitic-composite BPPs, care must be taken to avoid cantilever 

form elements and thin webs in the area of the manifold channels. The manufacture 

hereof requires more compound material for filling, and the BPPs are more fragile at 

all handling stages. A compact BPP design with internally integrated manifolds 

therefore is advantageous in terms of raw material consumption, production efficiency 

and product robustness. 

3.1.1. Compression moulding 

Compression moulding can be based on a simple production setup (a press, moulding 

tool and the compound material), but many variables must be addressed. Compound 

material de-mixing is a risk in the process and long flow distances should be avoided. 

Nevertheless, it is often preferred to introduce the compound material as compact 

pucks instead of loose material. Positioning of the puck(s) is then crucial to obtain the 

right flow directions. Introducing the compound material over an extended area or 

across several locations (as opposed to placing it all in the centre of the mould) gives 

less control of the curing process and comes at an increased risk of generating pockets 

of encapsulated air. To ensure filling of all cavities an excess amount of compound 

material must be applied. The compound material cures via a chemically irreversible 

process, so the process must be balanced between raw material consumption and 

quality control pass rate. 

3.1.2. Injection moulding 

Injection moulding requires a mould, a pre-heated rotating screw feeder and a barrel 

for raw material. It is advantageous that short cycle times are achievable when 

operating near the glass transition temperature of the thermoplastic compound 

material. Lower excess of raw material is required, and scrap material can to some 

extent be recycled. The disadvantage is that graphite and fibre content must be 

relatively low compared to compression moulding compound materials. This results in 

reduced through-plane conductivity and lower flexural strength [14–16]. 

3.2. Manufacturing variants or process chains for metallic BPPs 

There are some processes which are suitable for the forming of metallic half plates for 

the BPPs. With a view to the targeted expansion of the hydrogen economy [17, 18] 

and the resulting increase in demand for corresponding products suitable base 

materials and production processes have to be identified. This allows a higher 
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productivity, since the transfer is simplified by the fact that this can be realized by the 

coil feed. Otherwise, pre-cutted blanks would have to be fed individually into each work 

sequence (transfer train). The only risk of the follow-on composite strategy is that the 

foil, which is only approx. 0.1 mm thick, cannot be accelerated or fed sufficiently quickly 

and the transfer determines productivity and reduces it accordingly. Furthermore, it 

must be ensured that the trimming residues can be removed from the working area as 

quickly as possible. The forming production of BP-HPs at room temperature is currently 

favoured, particularly for stainless steel. However, in some cases a targeted heating 

of the sheet prior to the forming seems to be reasonable. 

Working with pre-coated metal is the favourite variant from process or manufacturing 

costs point of view. Fig. 4. illustrates a process flow chart with different options for 

realization. The order of the main operation sequences, starting from the pre-coated 

coil, begins with the forming insertion of the flow field into a sheet or foil, the trimming 

to the half plate and ends with the joining of the half plates (anode plate with cathode 

plate) to the BPP. However, it may make sense to adjust this sequence or to add an 

intermediate stage. This depends, for example, on the forming process used, the target 

set with regard to the desired production rate and the geometry of the flow field. 

Furthermore, the occurrence of unwanted side effects, such as residual stresses 

introduced as a result of machining, can lead to a distortion (curvature) of the half 

plates. The processing sequence 'forming, separating and joining' shown in Fig. 4 is 

relevant for the use of hollow embossing or hydroforming. Irrespective of whether a 

pre-coated coil is used or whether the coating process takes place after, the BP-HPs 

have to be joined to form the BPP. 

 

Fig. 4: Process flow chart for metallic BPPs. 

  



Fuel Cell Conference FC³  Chemnitz, 26.11. – 27.11.2019 

8 

Hollow embossing 

In hollow embossing [19], the sheet metal is preferably embossed hollow with two hard 

tool counterforms, whereby a rubber pad can also be pressed against a metallic die. 

In order to reduce the formation of wrinkles, a blank holder is used. However, this can 

only work in the edge area, since the flow field structure is too filigree to separate it for 

the rib area in order to clamp the sheet there. 

Hydroforming 

The operating principle of hydroforming [20] results in advantages and disadvantages 

compared to processes that work exclusively with shape-related active tools. The 

advantage of this principle lies in the fact that the forming capacity of a material can be 

better utilised, which enables a certain extension of the forming limits compared e.g. 

to single-stage hollow embossing under cold forming conditions. The comparatively 

low production rate is a disadvantage, insofar as high quantities are required. 

Rolling 

Rolling metallic BPPs can provide an opportunity to further increase the production 

rate compared to hollow embossing. This is a decisive factor in terms of production 

costs (effectiveness) and saturation of a strong market demand and by this an 

important decision criterion. In [21], experimental test results were published. In the 

summary, the results obtained were estimated in such a way that the roll forming 

process is in principle suitable for bipolar plate channel geometries in industrial form. 

The necessity of reducing unwanted side-effects with negative impact on the forming 

result, as well as the transfer of the collected knowledge into real geometries with 

regard to complexity and dimensions, represent challenges to be solved and thus the 

future development potential. 

3.3. Differences in terms of output and quality 

As object for the following consideration of hollow embossing and hydroforming, a 

stack of Proton Motor, normalised on 100 FCs and 200 BP-HPs was selected. 

Boundary conditions therefore resulted from influencing criteria such as the number of 

stacks/a, production rate (stacks/h), labour costs, investments for machines and 

required equipment, and maintenance requirements. The maintenance costs were 

calculated as ~1.5 % of capital expenditure/a. One scenario was considered: three-

shift operations with an efficiency of 85 % of 265 d/a, with one working week 

comprising of 40 working hours. This leads to an annual number of machine hours of 

5406 h. 

3.3.1. Polymer Composite BPPs 

The raw material cost of compound materials independent of manufacturing method is 

relatively high, constituting 40–60 % of the total manufacturing cost. The current price 

on the market is up to 15 €/kg [22]. Injection moulding is most advantageous in terms 
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of cost reduction through automated mass manufacture, while compression moulding 

has advantages in terms of versatility. Semi-automated injection moulding becomes 

more advantageous at production volumes exceeding 20,000 annually [22]. 

3.3.2. Metallic BPPs 

To estimate a possible cycle time for hollow embossing, a production scenario is 

calculated with 60 strokes/min, which with one HP tool leads to a production rate of 

60 BP-HPs/min. This result, under the assumptions made, in a production capacity of 

the required number of BP-HPs for over 97,000 ‘100 cell PEMFC stack/a’. 

To estimate a possible cycle time for hydroforming, a production scenario is calculated 

with 6,7 BP–HP/min (Open tool ~1 s, Handling ~2 s, close tool ~1 s, clamping ~2 s, 

Forming ~3 s results in sum ~9 s). This results in a production capacity of the required 

number of BPPs for ~11,000 ‘100 cell PEMFC stack/a’. With hydroforming, it is also 

conceivable that the 'stroke rate' and thus the production rate can be increased even 

further. However, the process is more complex than with pure hollow embossing due 

to the more complexity plant, especially the higher number of aggregates. 

3.3.3. Comparison of production processes in terms of selected material 

There are already some comparative considerations of production processes for the 

manufacture of metallic or graphitic BPPs or BP-HPs, e.g. in references [23, 24]. In 

Table 1, a comparison of the estimated costs for selected processes for the production 

of metallic and graphitic BP-HPs is presented. In addition, importance was attached to 

standardise the boundary conditions as far as possible: 

 Plate areas 

 Indication of the production rate in BP–HP/min 

This approach is based on the idea of obtaining ideally comparable results based on 

uniform starting conditions. For this reason, the processes for cost estimation in Table 

1 were not parallelized. Some of the processes listed in the table are easier or more 

effective to parallelise in one system (press) than others. 

Nevertheless, in Table 1 there are deviations from the approach of uniform 

requirements or starting conditions. These can be explained, by the fact that no 

comparable BP-HPs can currently be produced by the injection moulding process. 

However, it does not seem to make sense to limit the other processes under 

consideration in this respect. However, it should be borne in mind here that from the 

point of view of production technology or press shop technology, it can make sense to 

manufacture in a single 'press', either with a single grade or not in parallel. If a failure 

occurs in a tool or if an accident occurs elsewhere, the entire production stands still. 

This fact or risk should be taken into account when deciding on the preferred variant. 
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The following approaches must also be taken into account when interpreting Table 1. 

Investment costs were estimated on the basis of machinery and plant technology 

available on the market: 

 Use of standard semi-finished products 

 Estimated costs do not include the required additional peripherals, such as 

those required for automation 

 Labour costs are not included 

Table 1: Comparison of researched and assumed values of selected BP-HP manufacturing processes. 

 Compression 

moulding 

Injection 

moulding 

Hollow 

embossing*1 

Hydroforming*2 Rolling 

Plate area (total) 500 cm2 300 cm2 *3 500 cm2 500 cm2 500 cm2 

Forming or 

moulding force 

10,000 kN 15,000 kN 

(closing force) 

3,000 bar 

(injection pressure) 

8,000 kN 50,000 kN 

(closing force) 

3,000 bar 

(forming pressure) 

500 kN 

Plate material 

and price 

Composite 

12–18 €/kg*4 

Composite 

12–18 €/kg*4 

Stainless steel 

2–10 €/kg*5 

Stainless steel 

2–10 €/kg*5 

Stainless steel 

2–10 €/kg*5 

Machine capital 

cost 

~1.5 Mio. € ~3 Mio. € ~1.3 Mio. € ~3.5 Mio. € ~2 Mio. € 

Production rate 0.5 BP–HP/min 3 BP–HP/min 60 BP–HP/min 6.7 BP–HP/min >60 BP–HP/min 

Die set cost ~50,000 € ~120,000 € ~300,000 € ~250,000 € ~150,000 € 
 

*1 = Costs for trimming (cutting and punching) are included in the costs estimation for hollow embossing 

*2 = Costs for trimming (cutting and punching) are not included in the costs estimation for hydroforming 

*3 = Currently known technological limit 

*4 = Costs depend on the selected basic material and delivery form (mixing ratio of bulk moulding
 compound ingredients, powder or solid preform (e.g. pucks)). 
*5 = Costs depend on the selected base material (alloy, coated or uncoated) 
 

Several of the processes considered in Table 1 are easier to parallelise in a press than 

others. This means, for example, that two dies or progressive dies can be set up in one 

press cavity. Parallelization is most meaningful for hollow embossing and compression 

moulding. The additional investment involved in the parallelisation of these processes 

is mainly based on higher costs for the press (press size with constant press rigidity, 

press force) and the higher number of tools. 

4. DISCUSSION 

The following BPP production processes have been investigated: 

 Metallic based BPP: 

o Hollow embossing 

o Hydroforming 

o Roller forming 

 Graphitic based polymer compound BPP: 

o Compression moulding 

o Injection moulding 
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All methods for the production of BPPs described in this article have technology-related 

properties which may represent an advantage and or a disadvantage for the respective 

application. Basically, this is a result of the manufacturing processes and the used 

materials. In addition, properties of the BPPs produced in one way or another are more 

or less suitable for the respective application. However, the best flow field is of no use 

if it cannot be produced technologically and cost effective in the required quantities. 

The comparison showed that for a mass production, as it is necessary in the mobile 

and above all automotive sector (passenger cars), only the forming processes for the 

production of metallically based BPP are target oriented. Here, however, the plates 

produced in this way have not yet reached or been proven to have enough service life 

for commercial vehicles (light duty, heavy-duty, long-haul, busses etc.). Due to the very 

long cycle times in the production of graphitic based polymer composite BPP, the 

compression moulding process is currently not competitive for these applications. 

Alternative manufacturing process based on injection moulding or hot stamping by 

rollers are currently under investigation and largely not commercially available yet but 

could represent a solution to this dilemma. In fact, there may be still a considerable 

need for development. 

If all technological aspects can be reconciled, production rates are conceivable that 

will result in a considerable reduction in costs per BPP. The fulfilment of this objective 

is of immense importance in order to achieve a necessary contribution to the reduction 

of the overall costs for the PEMFC stack. Meeting the cost objectives [2], would enable 

the replacement of conventional fossil powered vehicles through full cell electric 

vehicles in the commercial automotive sector. 

5. CONCLUSION 

For the assessment of the optimal BPP and/or the optimal production route several 

factors have to be taken in account. Some processes and building principles are in 

direct competition with each other, each of which has advantages and disadvantages 

due to technology. There is no best solution for all purposes. It is therefore necessary 

to decide on a case-by-case basis which technology and which process is most 

appropriate. 

When considering the cost situation of the respective manufacturing process, it is very 

important not only to consider the specific costs for the starting material and the actual 

embossing process, but also to consider the production of BPP holistically in terms of 

total cost of ownership (TCO). The costs arising from the joining of both half plates, 

e.g. through welding, sealing, adhesive bonding, etc., are usually not negligible. Any 

post-treatment such as plasma treatment, coating etc. must also be taken into account. 

The process cycle time will determine the choice of the appropriate forming process 

(beside investment efforts, infrastructural conditions or personnel costs). In general, 

the production of graphite BP–HPs takes significantly longer than that of metal. To 

increase the overall production rate, the suitable processes for processing both 
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materials can theoretically be parallelized or multiplied in parallel as often as required. 

Based on the previous process analyses, it is possible to give a rough estimate or 

orientation on the production rate. This is ~120 seconds to produce a graphitic half 

plate, while a metallic half plate can be produced in ~1 seconds. 

Assuming conditions close to series production, it remains to be demonstrated that 

metallic plates can reach the same level of durability as graphitic. Until then, graphitic 

based polymer composite plates will be competitive for the target applications (such 

as commercial traffic and transport but also stationary) not in terms of price or 

performance, but in reliability and service life. 
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ABBREVATIONS 

The following abbreviations are used in this manuscript: 
 
a  Annum, year  
BPP 
BP–HP 

Bipolar plate 
Bipolar half plate 

FC Fuel cell  
Fit-4-AMandA  Acronym of the EU funded project: “Fit for Automatic Manufacturing and Assembly” 
h Hour  
MEA Membrane Electrode Assembly possibly consisting of 3, 5 or 7 layers  
PEMFC Proton Exchange Membrane or Polymer Electrolyte Membrane Fuel Cell 
TCO Total cost of ownership 
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