
Fuel Cell Types Overview



Fuel Cell Types

• Electrolyte determines the type of fuel cells and 
operation temperature.
– Operation temperature significantly affects the use of other 

components such as catalyst.





Mobile Application







PAFC

• Low T operation: 200
• Pt/C catalyst
• Solidified liquid electrolyte



PAFC

• Electrolyte evaporation
• CO, S poisoning
• Moderate success in commercialization (cost barrier, 

maintenance)
• Emergency power generation

400 kW PAFC (PureCell) by Doosan Fuel Cell (formerly Clear Edge Power Inc)



AFC

• Low T operation: 60~220
• Pt/C(Ni) catalyst
• Liquid electrolyte



AFC

• Carbon dioxide poisoning
• Pure hydrogen & air (oxygen) only
• Special applications such as space mission (Gemini 

project)



MCFC

• High T operation: 650C
• Ni catalyst
• Immobilized Li2CO3 electrolyte in LiOAlO2
• CO2 recycling



MCFC

2.5 MW MCFC power plant by POSCO Energy (in partnership with FuelCell Energy Inc.)
• Stationary power generator
• Demonstration upto MW
• Well demonstrated technology
• High efficiency ( 50%> for CHP system )
• No CO issues (CO as fuel)
• Difficult to increase power density



SOFC’s

• High T operation: 600~1000C
• Ceramic electrolyte: YSZ, SDZ, SDC, GDC, LSGM…
• Anode: Ni/YSZ
• Cathode: LSM, LSC, LSF, LSCF



SOFC’s

200kW Bloombox by Bloom Energy

1 kW Ceres Power SOFC
• Stationary power generator
• Demonstration upto MW
• Fuel flexibility
• High efficiency ( 50%> for CHP system )
• Relatively high power density
• Relatively expensive components/fabrication



SOFC’s



SOFC’s





PEMFC’s

• Low T operation: 30~130C
• Pt/C catalyst
• Polymer membrane: Sulfonated PTFE(Nafion, Dow, 

Membrane-S, Gore..), PBI(Celanese), PEEK, 
Polymide…

• Carbon cloth (paper) electrode



PEMFC’s

• Highest power density
• Fast start-up
• Low operating temperature makes it suitable for portable 

market.
• Poor CO & S tolerence
• Water management issue

1.5kW portable PEMFC system 
by Ballard

Honda fuel cell car platform









Toyota Metal Mesh Flow Field



Toyota Metal Mesh Flow Field

• 박막전해질로역확산을통한물공급
• Counter flow에의한물교환 (수소과급율증가)
• 양극층두께증가



Fuel Cell Vehicle stock exceeded 25,212 as of end of 2019  vs. 12,900 in 2018)

– 95% increase in 2019 (80% in 2018)

– Asia(59%), US(32%), Eu(9%)

– Passenger cars(75%), Buses(17.7%), MDV(7.3%)

– Passenger cars dominate South Korean market
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country. On the other side, publicly available information was collected to fill the gaps and 
cover the complete world. In addition, European data was provided by the FCH 2 JU Program 
Office. The information sources for the data collection on fuel cell vehicles are given in refer-
ences [1] to [15]. Data is as of 31.12.2019 unless otherwise stated in the reference. The num-
bers represent the number of vehicles on the road (registered) with the exception for [9], 
where the data is provided by OEMs and is related to cars sold (cumulative 2013-2019). 
The survey results showed that 25,212 fuel cell vehicles were on the road as of end of 2019 
worldwide. Figure 1 shows the distribution of these vehicles to different countries. Most of 
the vehicles are in the U.S., followed by China, South Korea and Japan. Figure 2 shows that 
59% of the vehicles are in Asia, followed by 32% in North America and 9% in Europe. The total 
number includes passenger cars, buses, light- and medium-duty trucks and heavy-duty trucks. 
As presented in Figure 3, most of the vehicles are passenger cars (75%), followed by buses 
(17.7%) and light- and medium-duty trucks (7.3%). The share of heavy-duty trucks is negligible 
as of end of 2019, however, this number is still monitored, since the application of fuel cells 
for the propulsion of heavy-duty trucks is considered as a very promising technology and there 
are important development efforts worldwide. To track the expected growth in this area, this 
vehicle category is included in the survey for the first time.  
 
 
 
 

 
FIGURE 1: DISTRIBUTION OF FUEL CELL VEHICLES ON THE ROAD AS OF END 2019.  
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FIGURE 2: DISTRIBUTION OF ALL FUEL CELL VEHICLES OVER CONTINENTS AS OF END 2019. 

 

 

 

FIGURE 3: SHARE OF DIFFERENT VEHICLE TYPES IN THE TOTAL NUMBER OF FUEL CELL VEHICLES WORLDWIDE. 

 

After the total overview on all vehicles, we can now focus on passenger cars. As Figure 4 
shows, most of the passenger cars are again in Asia (46%), followed by North America (43%) 
and Europe (11%). From the 8,093 FCEVs in North America, already 98.8% of the cars are in 
the U.S. with 7,997 cars as Figure 5 presents. Looking at the Asian market in Figure 6, we can 
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FIGURE 5: DISTRIBUTION OF PASSENGER CARS IN NORTH AMERICA 

 

 

 

 

 
FIGURE 6: DISTRIBUTION OF PASSENGER CARS IN ASIA 



Most of the buses and LDV operate in Asia

– Buses and LDV dominates Chinese

market

– Rapid increase of number of buses in

China

26

Where Are We Now

’20 IEA

 

AFC TCP - Mobile Fuel Cell Application: Tracking market trends 
6 

 

 

FIGURE 7: DISTRIBUTION OF PASSENGER CARS IN EUROPE 

 

 

 

 

 

FIGURE 8: DISTRIBUTION OF FUEL CELL BUSES (FCB) OVER CONTINENTS. 
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FIGURE 9: FOCUS ON THE CHINESE MARKET 

 

 

 

Finally, Figure 10 monitors the development of the numbers of fuel cell vehicles worldwide 

since 2017 based on the AFC TCP surveys up to now. In 2017, the focus was given to the pas-

senger cars, as the numbers on other vehicle types were low. In 2018, we differentiated for 

the first time between passenger cars and the total number of vehicles since we found out 

that the Chinese market was dominated by commercial vehicles unlike the rest of the world. 

The 2018 numbers for all vehicles given in Figure 10 are based on the number of vehicles in 

stock and not the numbers of registered vehicles for the Chinese market. The number of FCEV 

(passenger cars) already showed an increase of 56% at the end of 2018. At the end of 2019, 

this trend continued with a stronger increase of 69% for the passenger cars in one year. The 

number of all fuel cell vehicles showed an even stronger increase rate with 95% in 2019. The 

strong increase in the number of buses and light- and medium-duty trucks in China was deci-

sive for this growth. Meanwhile, the discrepancy between the numbers in stock and the reg-

istrations do not exist in China.  



Typical FCV specifications

– Toyota MIRAI vs Hyundai NEXO vs Honda CLARITY vs Mercedes Benz GLC F-CELL
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Fuel con-
sumption 
/ Driving 

range 

0.76 kg/100 km com-
bined 

0.80 kg/100 km extra 
urban 

0.69 kg/100 km urban 

666 km WLTP 
756 km NEDC 650 km NEDC 

1 kg / 100 km hydrogen 
478 km NEDC hybrid 

mode 
(50 km battery only) 

Tank system 

700 bar nominal work-
ing pressure 

5.7 wt.% tank storage 
density 

approx. 5 kg fuel tank 
capacity 

Two tanks: 60 l front 
tank, 62.4 l rear tank 

6.33 kg hydrogen 
156.6 l overall capacity, 

3 tanks, each 52.2 l 

700 bar 
5.46 kg hydrogen 

141 l overall capacity, 2 
tanks, 24 l and 117 l 

700 bar 
 4.4 kg hydrogen 

 

Weight 
1,850 kg curb weight 
2,180 kg gross vehicle 

weight 

2,340 kg gross vehicle 
weight 

1,814 ʹ 1,873 kg curb 
weight 

1,875 kg curb weight  

Exterior 

4,890 mm overall 
length 

1,815 mm overall 
width 

1,535 mm overall 
height 

0.29 drag coefficient 

4,670 mm overall 
length 

1,860 mm overall 
width 

1,630 mm overall 
height 

2,790 mm wheelbase 
0.329 drag coefficient 

4,915 mm overall 
length 

 1,875 mm overall 
width 

1,480 mm overall 
height 

2,750 mm wheelbase 

 4,671 mm overall 
length 

2,096 mm overall 
width 

 1,653 mm overall 
height 

2,873 mm wheelbase 

TABLE 1: TECHNICAL SPECIFICATIONS OF TOYOTA MIRAI [16],[17], HYUNDAI NEXO [18],[19], HONDA CLARITY FUEL CELL 
[20],[21], MERCEDES-BENZ GLC F-CELL [22],[23].  

 

2.3. SUBSIDY SCHEMES AND PURCHASE PRICES IN SELECTED COUNTRIES 

As a new and promising energy conversion technology, the market introduction of fuel cell 
electric vehicles is supported by different incentives worldwide. In this section, selected pos-
sibilities are highlighted on a country basis. This information is complemented with purchase 
prices where possible.  
In California [24],[25], the California Clean Vehicle Rebate Project (CVRP) supports buying or 
leasing battery electric, plug-in hybrid electric, and fuel cell electric vehicles. FCEVs receive 
USD 4,500 support. In addition, a federal tax credit of USD 8,000 is available.  There are com-
petitive leasing programs including fuel from different OEMs: 

- Honda Clarity USD 369/month + tax; 3 years lease with $15,000 fuel allowance, 
- Toyota Mirai USD 349/month + tax; 3 years lease with $15,000 fuel allowance, 
- Hyundai Nexo ~ USD 550/month + tax; 3 years lease with $13,000 fuel allowance. 

In Japan, the subsidies for FCEVs are JPY 2,020,000 (Toyota Mirai) to JPY 2,080,000 (Honda 
Clarity Fuel Cell) excluding subsidies from local governments [26]. The purchase price of a 
Toyota Mirai is JPY 7,409,600 [27] whereas Honda Clarity Fuel Cell has a purchase price of JPY 
7,836,400 [28].  
In Spain, FCEVs receive EUR 8,000 in Castilla la Mancha region, whereas other subsidies are 
possible in other regions [29]. The purchase prices are EUR 69,000 for Hyundai Nexo [30] and 
EUR 82,000 for Toyota Mirai [27].  
In France, the FECVs received up to 2019 EUR 6,000 subsidy, whereas this amount is reduced 



470 HRS in the world as of end 2019 (23% increase vs 15% in 2018)

– Asia(212), Europe()185, North America(69)

– Japan(113), Germany(81), US(64), China(61 with mobile HRS), South Korea(

34), France(25) (South Korea is worst in FCV/station)

– 350 bar (for buses) or 700 bar (for passenger cars) for 10 year operation

28
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On top of the environmental bonus, federal states also have additional funding schemes. For 
example, the federal state NRW supports companies, traders, clubs and associations with a 
location in this state with an additional bonus for commercial battery electric and fuel cell 
electric vehicles with the additional support of EUR 8,000 [45].  
 

3. HYDROGEN REFUELING STATIONS 
In this part, the results of the AFC TCP survey on hydrogen refueling stations are presented. 
As of end of 2019, the total number (public and private) of hydrogen refueling stations (HRS) 
worldwide reached 470. Most of the stations are located in Asia (212), followed by Europe 
(185) and North America (69). Japan is the country with the highest number of stations (113) 
followed by Germany (81) and the U.S. (64). China is in the fourth position (61) ahead of South 
Korea (34) and France (25). The biggest increase was observed for China, thanks to the mobile 
HRS implemented in this country in 2019. The information sources are given in [46]-[60]. All 
data is as of 31.12.2019 unless otherwise stated in the reference. 
 

 
FIGURE 11: OVERVIEW OF PUBLIC AND NON-PUBLIC HYDROGEN REFUELING STATIONS (HRS) WORLDWIDE AS OF END 2019. 

The three countries with the highest numbers of publicly available hydrogen refueling stations 
have not changed and Japan (113), Germany (81) and the U.S. (48) are still the top three coun-
tries in this category. With these numbers, the publicly available HRS in these three countries 
(242) represent more than half of the total HRS (public and private) worldwide. 
The total number of HRS worldwide showed an increase of 23% in the last year. Thus, the 
increase is stronger than the 15% observed in the year before. 
Based on the HRS numbers presented in this section and the vehicle numbers in the previous 
section, the number of fuel cell vehicles per hydrogen refueling station can be calculated for 
the top six countries having the highest numbers of HRS. The assumption for this simple, the-
oretical analysis lays in a fictive allocation of each registered vehicle to a station. As Figure 12 
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shows, in South Korea, the U.S. and China, the number of vehicles per HRS is higher than 100. 
The extreme case is in Korea, where each HRS is theoretically used by 149.5 fuel cell vehicles. 
In Japan, France and Germany, the rate is lower than 35 vehicles per HRS. This time, the ex-
treme case is in Germany, where every HRS is theoretically used by 8.4 fuel cell vehicles. 
 

 
FIGURE 12: ANALYSIS OF THE NUMBER OF FUEL CELL VEHICLES PER HYDROGEN REFUELING STATION (HRS) IN THE TOP SIX COUNTRIES 

WITH THE HIGHEST NUMBER OF HRS AS OF END 2019. 

 
For the AFC TCP survey, it was difficult to differentiate between public and private (non-public) 
stations sharply. Since the available data is not sufficient to make a distinction for every pos-
sible station, the partly available numbers are not highlighted here.  
Similarly, it is hard to describe the tanking pressure of each station. Most of the stations for 
passenger cars are designed for 700 bar. Stations for buses typically use 350 bar. A snapshot 
of the HRS Availability Map of the FCH JU / European Commission showed 139 public HRS 
stations in Europe, from which 124 stations deliver 700 bar for passenger cars, 40 stations 
350 bar for passenger cars and 16 stations 350 bar for buses. It is clear that many stations 
offer more than one possibility [61].  
Priem analyzed 45 HRS in Europe funded by the FCH 2 JU [62]. This analysis shows that 9x 
350 bar stations operate with delivered hydrogen, 6x 350 bar stations with onsite produced 
hydrogen, 3x 700 bar stations with delivered hydrogen, 10x 700 bar stations with onsite pro-
duced hydrogen, 6x dual stations (350 / 700 bar) with delivered hydrogen, 5x dual stations 
with onsite produced hydrogen, 5x stations at other pressure levels with trucked-in hydrogen 
and 1x other station with onsite produced hydrogen.  
FCH JU presents the state-of-art and future targets, called key performance indicators (KPIs) 
for hydrogen refueling stations on their webpage. Selected indicators are presented in Table 
2. The international state-of-art is based on the year 2017. A full list of indicators, based on 
the multi-annual work plan can be found in the source [63]. 
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FIGURE 13: SELECTION OF ANNOUNCED TARGETS, VISIONS AND PROJECTIONS. 

 

 

5. CONCLUSION 
This report gives a brief overview of the status of the numbers of fuel cell vehicles and hydro-

gen refueling stations worldwide. According to AFC TCP data collection results, the number of 

fuel cell vehicles including passenger cars, buses, light- and medium-duty trucks and heavy-

duty trucks amounted to 25,212. Moreover, 470 hydrogen refueling stations were in opera-

tion at the end of 2019. More than half of the vehicles are operated in Asia. Passenger cars 

dominate the total number with a share of 75%. From that, 46% of the vehicles are registered 

in Asia. A focus on the Chinese market showed a strong increase in the number of buses on 

the road from 421 in 2018 to 4297 in 2019. Similarly, the number of light- and medium-duty 

trucks (commercial vehicles) increased from 412 to 1807. With these numbers, China strongly 

dominated both markets worldwide. The numbers for the passenger cars and hydrogen refu-

eling stations showed an increase of 69% and respectively 23% in 2019, both numbers repre-

senting a stronger increase rate than 2018. The total number of vehicles showed a much 

stronger increase of 95%. 

A combined analysis of the number of vehicles and stations for the top 6 countries having the 

highest number of hydrogen refueling stations showed that in Korea, the U.S. and China the 

number of cars per station is more than 100, whereas this number is lower than 35 for Japan, 
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Japanese Deployment Plan

’17 NEDO  

Two 700 atm-H2 FC bus
es in Tokyo, 2017 (100 b
y 2020)

38 FC Forklifts in 2
017

Japan has a reasonable plan of infrastructure-first approach.



Two Toyoda FC bus under operation since 2017 in Tokyo.

Technology and supply chain sharing is the key advantage.

Toyota Bus Example

32
‘18 Toyota
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US Deployment

’20 DOE  

15U.S. DEPARTMENT OF ENERGY       OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY FUEL CELL TECHNOLOGIES OFFICE

Hydrogen fuel cell cars on the road in select U.S. regions 

0
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2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000

Jun-14 Jun-16 Jun-18

Fuel Cell Cars sold or 
leased in the U.S. 

Over 8,300 fuel 
cell cars on the 

road
18U.S. DEPARTMENT OF ENERGY       OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY FUEL CELL TECHNOLOGIES OFFICE

Real World Applications – In The U.S.Bus and long-range, heavy duty applications emerging 
UPS unveils first extended range fuel cell 

electric delivery vehicle
The Nikola Badger, a fuel cell truck with 

a 966 km range

1st Hydrogen ferry under construction in U.S.ProGen-powered Fedex operates more than 
10,000 miles on-road
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Low, medium and high volume scenarios

FC global deployment expectation

35
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Table 9: Global deployment scenarios in number of units 

Application Comments Units 

2024 2030 

L M H L M H 

FCEV 

Passenger cars and light 

commercial vehicles 

(LCV) 

millions 0.33 0.90 1.8 1.6 5.5 10 

FC Buses  thousands 16 24 35 61 120 190 

HGV  thousands 3.0 3.8 10 20 37 80 

FC Forklifts  thousands 48 67 93 85 140 230 

Trains and light 

rail 
 units 87 190 490 420 1,200 2,400 

Maritime and 

inland boats 
 units 16 38 110 75 240 520 

HRS  thousands 0.76 1.9 3.9 3.5 11 20 

Micro CHP 1-5 kWe millions 0.75 1.4 1.7 2.3 4.8 7.0 

Commercial CHP 5-100 kWe thousands 4.7 7.3 26 31 72 200 

Large CHP > 100 kWe thousands 7.3 14 27 17 45 97 

Back-up power 

and gensets 
 thousands 42 60 75 85 150 230 

Electrolysers 
Not applicable as stack 

sizes vary significantly 
       

Table 10: Global capacity deployment scenarios in watts 

Application Comments Units 

2024 2030 

L M H L M H 

FCEV 

Passenger cars and light 

commercial vehicles 

(LCV) 

GW 34 84 170 170 560 1,000 

FC Buses  GW 2.0 3.0 4.5 8.0 16 26 

HGV  GW 0.60 0.75 2.1 3.9 7.5 16 

FC Forklifts  MW 240 340 470 420 710 1,100 

Trains and light 

rail 
 MW 26 58 150 130 360 710 

Maritime and 

inland boats 
 MW 9.4 23 65 45 140 310 

HRS Not applicable        

Micro CHP 1-5 kW GW 0.8 1.5 1.8 3.0 5.7 10 

Commercial CHP 5-100 kW GW 0.5 0.7 2.6 3.1 7.2 20 

Large CHP > 100 kW GW 7.3 14 27 17 45 97 

Back-up power 

and gensets 
 MW 70 140 150 190 400 570 

Electrolysers  GW 1.6 3.2 4.5 5.6 12 21 
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Example of a fuel cell heavy truck
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Why So Ambitious?
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Why So Ambitious?

38‘17 FCH

A viable option for 0-emission heavy-duty/long-haul trucking from a payload 

perspective

14

In principle, analysts see FCH as a viable option for 0-emission 
heavy-duty/long-haul trucking – esp. from a payload perspective

161
3.5 ton 1,217

1,230

10,479
18 ton

34,551

27,938
44 ton 34,321

-87%

-44%

0%

-19%

-5%

-1%

-23%

-1%

13,684
13,720

5.2 ton
1,457

2,597
2,744

Trade-off between alternative powertrains and payload acc. to US DOE

Payload benchmark of alternative powertrains Trade-off considerations

> Assumption: payload considered at 800 km 
driving range

> Fuel cell trucks only compromise up to 5% of 
the payload of the incumbent diesel 
technology

> BEV trucks offer between 19 and 87% less 
available cargo payload

> Please note: 
– 800 km driving range is at the upper limit of 

feasible mileage per day
– Currently available batteries are 

economically not fit to match a 800 km 
driving range. Size and weight of necessary 
units are show stoppers

Source: US Department Of Energy - Medium and Heavy Duty Fuel Cell Electric Truck Targets (2016), Roland Berger

Diesel

BEV
FCEV

Available payload for different truck categories and powertrains [kg]

FCEV trucks are an attractive 
option to replace regional and 
long distance diesel trucks –
from an payload point of view

Key 
take-
away

B
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’18 DOE  

FCEVs : Lower cost for large size classes and longer driving range



FCEC shares >60% system with BEV

But,   FCEV ≠BEV            FCEV = ???

40

Electric Vehicles 
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Fuel Cell Vehicle System

'18 KISTEP

FC Stack
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Toyota MIRAI Architecture

‘18 ANL Report
: Fuel cell system, M-BOP and hydrogen tank

Over 60% of FCEV system is shareable with BEV.

This does NOT mean the rest are simple.



Toyota MIRAI component layout

43
‘18 ANL Report



Heavy Duty Vehicle FC System

44
‘18 DOE

Fuel cell vehicles use new and conventional components.

– Hydrogen tank, humidifier, radiators, pumps, compressor, injectors, ejectors, valves, 

pipings



Well to Wheel Efficiency

45
‘20 Delloite

Vehicle Type
Well to Tank Tank to Well

Overall
Efficiency

Production Delivery Use

FCEV

23~69%

H2 productio
n method de

pendent

54~80%

Loss during 
H2 compress

ion &
transportatio

n

36~45%

FCEV system
Loss

4~25%

BEV

35~60%

Electricity pro
duction meth

od

81~84.6%

Transmission 
loss

65~82%

EV system lo
ss

18~42%

ICEV

82~87%

Fuel producti
on loss

~99%

Transportatio
n loss

17~21%

ICEV loss
14~18%



Fuel Cell Vehicle stock exceeded 12,900 as of end 2018.

– 80% increase in 2018

376 HRS in the world (Japan(100), Germany(60), US(44))

FC Vehicle Supply Chain

46
’18 E4tech, FCH



FC technology is mature enough.

Mass production is the key factor.

FC System Cost Analysis

47
‘18 DOE
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FCEV Challenges

’16 DOE  

Major cost components - examples

– Manufacturing volume and scale is important



22,000 euro in high volume scenario for 80kWe and >500,000 production

FCEV Challenges

49

‘20 FCH

                                EU FCH Value chains 
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Table 18: PEMFC system cost breakdown for cars 

 2024 2030 

 Low Medium High Low Medium High 
System cost Φ ϭϭ,ϬϬϬ Φ 8.600 Φ 7,700 Φ ϴ,800 Φ 7,000 Φ 6,400 
System integration Φ ϮϵϬ Φ ϮϲϬ Φ ϮϱϬ Φ ϮϳϬ Φ ϮϰϬ Φ ϮϯϬ 
Storage system (Type IV) Φ ϯ,ϴϬϬ Φ 3,100 Φ Ϯ,ϴϬϬ Φ ϯ,ϭϬϬ Φ Ϯ,ϲϬϬ Φ Ϯ,ϰϬϬ 
BOP Φ Ϯ,ϲϬϬ Φ ϭ,ϵϬϬ Φ ϭ,ϳϬϬ Φ Ϯ,ϬϬϬ Φ ϭ,ϱϬϬ Φ ϭ,ϯϬϬ 
Projected stack cost Φ 4,300 Φ 3,300 Φ 3,000 Φ 3,400 Φ 2,700 Φ 2,400 
Balance of stack Φ ϭϬϬ Φ ϵϯ Φ ϴϵ Φ ϵϰ Φ ϴϱ Φ ϴϮ 
Bipolar plates (BPP) Φ ϰϰϬ Φ ϰϬϬ Φ ϯϴϬ Φ ϰϬϬ Φ ϯϲϬ Φ ϯϱϬ 
Membrane electrode 
assemblies (MEA) 

Φ Ϯ,800 Φ 2,100 Φ ϭ,800 Φ 2,200 Φ 1,700 Φ 1,500 

Membrane Φ ϱϲϬ Φ ϰϭϬ Φ ϯϲϬ Φ ϰϯϬ Φ ϯϮϬ Φ ϮϴϬ 
Catalyst Φ 1,300 Φ 1,000 Φ 950 Φ 1,100 Φ 880 Φ 810 
Gas diffusion layer (GDL) Φ ϯϳϬ Φ ϭϵϬ Φ ϭϰϬ Φ ϮϭϬ Φ ϭϭϬ Φ ϴϯ 

4.2.2.2 Buses  

Buses with a 160 kWnet fuel cell systems and 40 kg of on-board hydrogen storage are summarized in Table 
19. Stack components for all transport applications will have some similarity, though the need for longer 
lifetimes for heavy duty vehicles points towards some differentiation (perhaps increased catalyst loadings or 
graphite rather than metal bipolar plates).  

Table 19: PEMFC system cost breakdown for buses 

 2024 2030 

 Low Medium High Low Medium High 
System cost Φ ϱϴ,ϬϬϬ Φ ϱϭ,ϬϬϬ Φ ϰϲ,ϬϬϬ Φ ϰϲ,ϬϬϬ Φ ϯϵ,ϬϬϬ Φ ϯϰ,ϬϬϬ 
System integration Φ 500 Φ 480 Φ 460 Φ 460 Φ ϰ30 Φ 410 
Storage system (Type IV) Φ 33,000 Φ 30,000 Φ 28,000 Φ 28,000 Φ 25,000 Φ 23,000 
BOP Φ 6,700 Φ 5,900 Φ 5,200 Φ 5,200 Φ 4,300 Φ 3,800 
Projected stack cost Φ 18,000 Φ 14,000 Φ 12,000 Φ 12,000 Φ 9,100 Φ 7,400 
Balance of stack Φ 1,100 Φ 1,000 Φ 1,000 Φ 1,000 Φ 940 Φ 900 
Bipolar plates (BPP) Φ 750 Φ 720 Φ 690 Φ 690 Φ 650 Φ 620 
Membrane electrode 
assemblies (MEA) 

Φ 12,000 Φ 9,400 Φ 7,400 Φ 7,600 Φ 5,400 Φ 4,200 

Membrane Φ 1,400 Φ 1,200 Φ 1,100 Φ 1,100 Φ 920 Φ 800 
Catalyst Φ 2,700 Φ 2,500 Φ 2,300 Φ 2,300 Φ 2,000 Φ 1,900 
Gas diffusion layer (GDL) Φ ϭ,900 Φ ϭ,500 Φ ϭ,ϭϬϬ Φ ϭ,ϭϬϬ Φ 740 Φ 550 

4.2.2.3 Heavy goods vehicles 

HGVs with a 200 kWnet fuel cell systems and 40 kg of on-board hydrogen storage are summarized in Table 20.  









Anode Reaction

CH3OH + s1*      à CH3OH(ad)1

CH3OH(ad)1 à CO(ad)1 + 4 H+ + 4 e-

H2O + s2*            à OH(ad)2 + H+ + e-

CO(ad)1 + OH(ad)2 à CO2 + H+ + e- + s1* + s2*
-------------------------------------------------------------

CH3OH + H2O   à CO2 + 6 H+ + 6 e-

Cathode Reaction

3/2 O2 + 6 H+ + 6 e- à 3 H2O

rds

DMFC Electrode Reaction Steps



• Methanol crossover from anode to cathode

- Dilution (5-15% in water)
- Electro-osmotic drag of water
- Reduces fuel utilization
- Competing reactions at the cathode
- Polarizes the cathode (poisons catalytic sites for O2)
- Reduces overall cell potential

• Poor oxidation kinetics

- Anode polarization dominates cell performance
- Need for good anode catalyst

• Reduce or eliminate precious metal catalysts

Best performance :  0.4 Ω/cm2 at 130 oC using 3 atm. O2 at cathode

Problems with Nafion DMFC



Methanol Concentration Control



Direct Formic Acid Fuel Cells



Borohydride Fuel Cells



Borohydride Fuel Cells



Borohydride Fuel Cells



Membraneless Fuel Cells


