
1

2022/8 /
2018/2 /
2016/8 /
2012/8-2016/7 /
2007/8-2012/7 /
2007/2-2007/7 /

2006
1998
1996 

2024 ( )
2023 ( )
2022
2020 2021 2023
2018.8 

Prof. Jian-Zhang Chen
Email: jchen@ntu.edu.tw

jianchen@iam.ntu.edu.tw
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(1/4)

4

9 
( steam methane 

reforming SMR) autothermal reforming ATR)
CCS 

1%



(2/4)

5

CCS 
27 

/ (kgCO2eq/kgH2)

2021 12-13 
/

2050 2030 
6-7 / 2050 1 

/

kgCO2eq/kgH2 CO2 equivalent

(3/4)

6

(IPHE (International 
Partnership for Hydrogen and Fuel Cells in the Economy)) 

0 
/



(4/4)

7

10-14 
/

1-5 
/

60% 5-8 /
90%

0.8-6 /

0.7-5 /

( )

(Grey Hydrogen) ( ) (
)

(Brown Hydrogen)
( )

( )

(Blue Hydrogen)
(CCUS)

(Turquoise 
Hydrogen)

( ) (
)

(Green Hydrogen)
+

(
)

(Pink Hydrogen)
+

2030 8



IEA 2023 ( )
IEA 2023 

(LCA life cycle analysis) 

IEA
(IPHE) 1 2 

3 from well to gate

SMR + CCU

1 

2 

3 

9

IEA 2023 ( )
12-13 

/

(CCUS) CCUS 
( )

IPHE (International Partnership for Hydrogen and Fuel Cells in the Economy) IPHE 
(ISO) 

10



11

kgCO2eq/kgH2
/

( )

A < 0 CCS

B 0-0.5

C 0.5-1 99% Partial oxidation CCS 

D 1-1.5 99% Partial oxidation CCS 

E 1.5-2 93% SMR CCS 

F 2-3 CCS 98%
CCS 

G 3-4 93% CCS 

H 4-5.5 CCS 60% SMR

I 5.5-7 CCS 60% SMR

IEA
A 7 /

I

POx (Substoichiometric ) (syngas)

12



(Low carbon hydrogen)
EU sustainable finance taxonomy and the Fit-for-55 package definition of 
low carbon fuels. ( 55 )
Low-carbon threshold refers to 70% below fossil fuel comparator of 94 
gCO2/MJ = 28.2 gCO2/MJ = 3.4 kgCO2eq/kgH2 ( ), 4.0 kgCO2eq/kgH2
( ) as established in the decarbonized gas and hydrogen package.

( 70% 30%)

13

3.4 kgCO2eq/kgH2
CO2 equivalent

LHV HHV
LHV : 120 MJ/kgH2
HHV : 142 MJ/kgH2

(European Commision Document (2023)
70%

= (E F E) / E F

E 

E F 94 gCO2eq/MJ

E ( gCO2eq / MJ fuel)

E = e i + e p + e td + e u e ccs 

e i

e p

e td

e u

e ccs
14



15
Note: RFNBO ~ Renewable fuels of non-biological origin

Low carbon hydrogen 
threshold
3.4 kgCO2eq/kgH2

(1/2)

16
Clean hydrogen production pathways report 2024

+ (

)



(2/2)

17

(Green 
Hydrogen)

+
( )

( )

( )

(Blue 
Hydrogen)

(CCUS)

(Turquoise 
Hydrogen)

( )

/

/

18

+ (

)



2050 100 !

2050 700

385

110 275

239 128 18

Taiwan Hydrogen Application Development and Technology Roadmap 2050

( 240 / )

10%
3,000 /
30MW 

100% 
239 /

,

( 18 / )  

66.3%

0.122 Mt
7.6%

0.014 Mt

17.9%

0.033 Mt

0.5%

0.001 Mt

7.6%
0.014 Mt

18 /
1.8GW 

110 H2 ( )
14GW

( )

20



21
IRENA 2020 Green hydrogen cost reduction

TRL 9 TRL 9 TRL 8

Cell ( ), Stack ( ), System ( )
(1) System ( ):Balance and plant

(
) ( )

( )
(2) Stack ( ) (spacer)

(seal) (frame) (end plate)

(3) Cell ( )
(Gas diffusion layer, GDL)

(Porous transport layer, PTL) (bipolar plate)

22
IRENA 2020 Green hydrogen cost reduction PEMWE



(Alkaline ALK or AWE) 
(PEM) 

(ALK)
(PEM)

Enapter
(AEM)

23

(Alkaline water electrolysis, ALK, AWE)(1/2)

(70-90 C)
4.5 

~56.0 kWh/kgH2) (NEL Hydrogen )

3
(

)

24



(Alkaline water electrolysis, ALK, AWE)(2/2)

PEM 

( )

10 30 (NEL 
Hydrogen ) PEM

( ) ( /
ALK )

25

(HydrogenPro)

26

( )



(Proton exchange membrane water electrolysis, PEM) (1/2)
H+

50-80 C

PEM 4 
kWh/kgH2) (NEL Hydrogen )

27

(Proton exchange membrane water electrolysis, PEM)(2/2)

( ) ( )
( )(Stack)

PEM 
NEL Hydrogen

PEM 
PEM 

28



(NEL Hydrogen)

29

( )
(Anion exchange membrane water electrolysis, AEM)

OH-

40-60 C

4.8 kWh/Nm3H2 (53.76 kWh/kgH2 ) (Enapter EL4.1)

PEM 

PEM 

PEM 

Enapter (
)

Enapter
35,000

PEM 30



31

AEM (Stack)

Enapter stack

( )

Enapter system

(Solid oxide electrolysis cell, SOEC)
700-850 C

( )
(

( ) )

700-850 C

1 
32



(SOEC) (Stack)

(1) Bloomenergy

( interconnector Bloomenergy)

(2) Ceres

33https://oxeonenergy.com/projects/technology-acceleration-program-tap-initiative -

OxEon Energy

SOEC Stack

: 
( )

1~2%

( )

34



-

-
-

10

35

IRENA 2022

(90%)

( )

( )

( )

(
)

36

5
1



1~2%

37

Starfire Energy   (AEM )

Enapter

38
Methanol as a hydrogen-carrier Advent Technologies

Green hydrogen + carbon 
captured CO2

(1)3H2+CO2 3OH+H2O
(2) H2+CO2 2O, 
CO+2H2 3OH

Reverse reaction
CH3OH+H2 2+CO2



(1) 3H2+CO2 3OH+H2O
(2) H2+CO2 2O, CO+2H2 3OH

39

( )

40



Enapter AEM ( )

41
https://www.enapter.com/application/a-contribution-to-
taiwans-renewable-energy-goals/#50869

( )



. 

20 40

40 200M3/hr

Renewable Power to Gas Solutions

Enapter AEM ( )

1 MW 50 kW (AEM )

NEL Hydrogen PEM



Starfire Energy, USA   (AEM )

45

1~2%

46

Starfire Energy   (AEM )

Enapter



Topsoe, Skovgaard Energy, and Vesta, 
a green ammonia plant in Ramme, 
Northwest Jutland, Denmark.
( / + )

https://nelhydrogen.com/articles/in-depth/worlds-first-dynamic-green-ammonia-plant-officially-opened/

https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-
vestas-and-topsoe

47

Topsoe, Skovgaard Energy, and Vesta, a green ammonia plant in 
Ramme, Northwest Jutland, Denmark.
( / + (NEL Hydrogen Company) )

The plant is a demonstration project, which have 
received funding from the Danish Energy 
Technology Development and Demonstration 
Program (EUDP)
Location: Ramme near Lemvig, Northwest 
Jutland, Denmark.
Output: 5,000 tons of green ammonia annually 
from renewable power. This production will 
prevent 8,200 tons of CO2from being emitted 
into the atmosphere every year.
Power supplied from renewable sources: 50 MW 
new solar panels and 12 MW existing V80-2.0 
MW Vestas wind turbines.

48

August 27, 2024



(Delta Green, France)

49

(Peak shaving)

50

https://www.enapter.com/application/
peak-shaving-with-hydrogen/#21334



51

(Data Center)

52
https://www.siemens-energy.com/global/en/home/products-services/solutions-industry/data-center.html

AI Data Center Data Center gas turbine renewables green 
hydrogen heat pumps power transmission solutions batteries (for storage).



53
https://www.socalgas.com/sustainability/hydrogen/h2home

( )

CH CO

1. 84

2. 12

3.

54



(Steam methane reforming, SMR) 

(Autothermal reforming, ATR) 

(Partial oxidation, POx)

55

(Steam methane reforming, SMR) 

(Steam methane reforming) CH 700 C
1,000 C H O H

CO CH4 + H2 2 H298K= + 206 kJ/mol 

(Water gas shift reaction)
CO CO + H2 2 + 

H2 H298K = -41 kJ/mol 
SMR 

(Carbon capture utilization and storage, CCUS) 

56



(Autothermal reforming, ATR) 

CH O CO H O

(CO2) : 2 CH4 + O2 + CO2 2 + 3 CO + H2O
(H2O): 4 CH4 + O2 + 2 H2 2 + 4 CO

(SMR) CH + H H298K= + 206 kJ/mol
(POX) CH + 1/2O H298K= -36 kJ/mol

950 C 1100 C 100 bar
CO CO2

57(Encyclopedia of Electrochemical Power Sources 2009, Pages 238-248)

(Partial oxidation, POx)
(POx) 

POx

CH4 + 1/2 O2 2 + CO H298K= -36 kJ/mol ( )

POX 1300-1500 C 

(Water gas shift reaction)
CO CO + H2 2 + H2 H298K = -41 kJ/mol 

POX 

Shell POX 100% 

IEAGHG SMR ATR POx

POx CCS SMR

POx (LCOH) 10.2% 58



(CCUS)

CCUS 
(

)

2% 3%

84

LPG

(LNG)

59

SMR, ATR, POx+ CCUS

o

o (liquefied natural gas, LNG) 
o

o

o

o ( 94%)

60



SMR, ATR, POx + CCUS

61

ATR+CCUS SMR+CCUS
SMR+CCUS ATR+CCUS 

SMR

90% 

ATR+CCUS 
94% SMR+CCUS

60%  ( CO2
)

ATR

SMR ATR CCUS
ATR

ATR
(IEA) 

(TRL) 
ATR

ATR

62



ATR SMR CCUS 
SMR CCUS 

(ATR) ATR 

ATR TRL 5-6
ATR 

(IEA) SMR 

50 
ATR 600 

ATR SMR CCUS 
63

SMR+CCUS

64



Edmonton, Canada Shell SMR 
2015 SMR 

(EOR) SMR 

SMR 

1982 Oklahoma Enid Fertiliser 2013 Air Products Port 
Arthur, Texas SMR 

2015 Air Liquide Port Jerome, France SMR 

2020 Alberta, Canada Nutrien SMR 

ATR 
SMR 

65

ATR+CCUS

66



67

ATR+CCUS

68



8 Rivers Hydrogen (8RH2)

69

70



Shell Blue Hydrogen Process
Shell gas partial oxidation (SGP)

71

72
Shell Blue Hydrogen Process White Paper



73

SMR CO2
, flue gas process gas.

flue gas

ATR: CO2 process gas

CO2 process gas
CO2

Shell Blue Hydrogen Process White Paper

Shell blue hydrogen process (SBHP), Shell gas partial oxidation (SGP)

Shell (SBHP) (CCUS)
CCUS (SMR) SBHP (LCOH) 

(CO2) SMR SBHP 
SBHP 

SBHP (POx) ADIP ULTRA SMR (ATR) SBHP 
(CO2)

POx POx SMR ATR 
POx

ADIP ULTRA ADIP ULTRA CO2 CO2

SBHP 

CCS SMR 43-76%
POx SMR + CCS 13% ATR + CCS 25%

IEAGHG SMR ATR POx

POx CCS SMR

POx (LCOH) 10.2% 
74
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76

CO + + = -206 kJ/mol)
+ + = -164 kJ/mol)

Nickel is the most widely used catalyst for meth
anation due to its high selectivity and low cost

Methanation
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78
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(Methane splitting)
( )

80



Methane Splitting

(LNG) 

81

Methane Splitting / Methane Pyrolysis

Methane Splitting Methane Pyrolysis CH
H C CO

CH4 2
1000 C

Ni Fe Pt
Hycamite

Hycamite
13% 6 10 kWh

Hycamite

CO

82



Methane Splitting
45%

(LNG) 

TRL 8 TRL 9 
Kvaerner Aker Solutions 1999 Karbomont

Monolith Materials Hazer Group

83

TRL
Monolith Materials: TRL 9

Hazer Group: TRL 7

C-Zero: TRL 6

Huntsman Nanocomp: TRL 6

H-Quest: TRL 6

Hycamite: TRL 7

Hiiroc Hydrogen: TRL 7

Modern Hydrogen: TRL 6

Ekona Power: TRL 6

Levidian: TRL 7

Plenesys: TRL 7

Graforce: TRL 7

Sakowin: (TRL 6)

84



(Methane splitting)

85

Monolith Materials 2020 
14,000 

4,600 / 10 
194,000 / 64,000 /

(TRL) 

Hazer Group 2024 1 
100 / 380 /

Hycamite
2024 

2024 2,000 
6,000 

Graforce

86



Graforce Inc.

87

88



89

90



91

92



93

94



Graforce datasheet ( )

(INPUT)
(Feed gas) (natural gas) (LNG) (LPG)

(flare gas) (biomethane)
3 MW (98 % ) 1,200 kg/h

1.3 - 1.6 bar(a) (note: bar(a) Bar(g) )
3 MW 3,000 kW

1,200 kW
(OUTPUT)

(Hydrogen)

98 %vol. 99.999 %vol.
1.3 - 25 bar(a) ( )

(solid carbon) (carbon black)
( ) 

875 kg/h
98 % wt.
250 

(Thermal energy) 1,470 kWh ( 300 C; 8 bar)
(no direct emissions)

20 % 
(Carbon Capture and Storage)

95

(Waste to hydrogen)

96



(waste to hydrogen, WtH)

1.

2.

3.
97

4. 

5. 

6. 

1.

98

WtH



2.

99

3.

100

(thermochemical)
(biochemical)

(electrochemical)



3.1 ( thermochemical )

101

(thermochemical)
(syngas)

(Water gas shift reaction) CO + H2 2 + H2

3.2 ( biochemical )

102

(biochemical) (microorganism) (enzyme) (fermentation)
(anaerobic digestion)

(biogas) (dry 
reforming, also known as carbon dioxide reforming)
(syngas)

CO CH syngas
H CO 800-850 C

Ni CH4 + CO2 2



3.3 ( electrochemical )

103

(electrochemical) (electrolysis)

4.

104

(Pressure 
swing adsorption, PSA) ( )

Pressure Swing Adsorption, PSA
PSA 



5.

105

6.

106

(pipeline) 3,500 
1,000 0.15 /

121 
1,000 0.12 /

2030 2.28 2.74 
1,000 3.3 /

1,000 8.5 /

1 1.5 
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o ( )

o

o

(CAPEX) 
60%

TRL 8 
Fortum 2013 BTG 
Bioliquids 2015 2021 

108

(
)

o

TRL 8 9 Enerkem 
2016 Edmonton, Canada 2024 

Enerkem Plagazi Boson Energy 



Eqtec 2011 

Enerkem Alberta, canada 2025 Varrenes
Carbon Recycling

Ecoplanta

BtX Energy 2020 2022 

Haffner Energy Hynoca Industrial 2021 Hynoca

Indeloop Zagreb 2023 

KEW 2021 

WaysH2 2021 

Green Hydrogen Technology 2023 

Xylergy 2024 

Catagen 2023 

Compact Syngas Solutions (CSS) 2023 109

110



Enerkem 2016 Edmonton, Canada 2024 

Plagazi
2011 

Boson Energy

Green Hydrogen Technology 2023 

Powerhouse Peel Plastic Park, UK

SGH2 3,800 /

Raven 2,400 /

FusionOne 111

112



(Hyundai)

113

Hyundai E&C Hyundai Engineering

(Waste to hydrogen, W2H)

(Plastic to hydrogen, P2H)

(Green hydrogen production)

114
https://www.hyundaimotorgroup.com/story/CONT0000000000159534
https://www.hyundai.com/worldwide/en/company/innovation/hydrogen-value-chain
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116



30 -

https://www.agriharvest.tw/archives/29875

117

118

( )

( )



119

100kW

120

( ) , 
, (

, 

( )
( )



( )

121

PEMFC( ) , 
( ) 

, 
, 

PEMFC 

Biogas CH4 CO2 CH4

122



123

99.9%
99.999% 

124





EUV EUV Carrier gas
EUV

EUV

-
Hydrogen Recycling System HRS

EUV
70%

80%

HRS
/
EUV

Edwards
5 49%

2

128

https://youtu.be/cnwQGYi5J0w?si=t6ia5qQHdml9ZkRL

https://www.digitimes.com.tw/tech/dt/n/shwnws.asp?i
d=0000699886_XAV95EVE70UPPW7VPJZ13



1. H

2. PEM

3.

4.

129

130

H

https://youtu.be/oJiMe26wFBw?si=W59uSjGX_3oVKOas

HPR LTHO



(HPR)
(HPR) : (ECHP)

(PCAP)
ECHP , PCAP .. ; 

, HPR
ECHP PCAP, 

, 

(LTHO)

100 (CO2) (NOx)
4000ppm

131
https://youtu.be/oJiMe26wFBw?si=W59uSjGX_3oVKOas

132
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Bloom Energy o-type SOFC

(Proton exchange membrane fuel cells, PEMFCs)

(Direct methanol fuel cells, DMFCs)

(Solid oxide fuel cells, SOFCs)

(Phosphoric acid fuel cells, PAFCs)

(Molten carbonate fuel cells, MCFCs)

134



Fuel cells divided based on their power ratings and applications.

DOI: (10.1021/acs.energyfuels.4c05357) 

Natl Sci Rev, Volume 4, Issue 2, March 2017, Pages 163 166, https://doi.org/10.1093/nsr/nww099

The content of this slide may be subject to copyright: please see the slide notes for details.

Fuel cell types, showing the general trend in the relationship 
between the operation temperature, efficiency, ...

500-1000 C

120-180 C



(Proton exchange membrane fuel cells, PEMFCs)

137

60-110 C (HT-PEMFCs) 120-
160 C

40-55% (CHP) 70-90%
(

Nafion)
1,000W/kg (FCVs) 

4.4 kW/L ( Mirai)
2,000-3,000 1 

( )

PEMFCs (CO) 

( ) 

(UAVs) (APUs)
(FCVs)

(CHP) 

A Recent Comprehensive Review of Fuel Cells: History, Types, and Applications

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 26 August 2024, DOI: (10.1155/2024/7271748) 



(HT-PEMFCs)
PEMFCs 120

160 C PEMFCs

80 C PEMFCs PEMFCs

CO (CO) 

CO Nafion PEMFCs
10ppm

PEMFCs phosphoric acid-doped polybenzimidazole
PEMFCs

(PEMFCs) (Platinum, Pt)
PEMFC

(Pt) PEMFC

(catalyst layer, CL) PEMFC

PEMFCs
41%

- (platinum scandium) - (platinum molybdenum) 
(PGM-free) /

- -
(CO) PEMFCs (HT-PEMFCs) 

(CO) 
CO Nafion PEMFCs 10ppm



- ( )

PEMFC
** MEA **

Pt
PEMFC Mirai 0.365 mgPt cm

35 mgPt cm
Pt Pt

Pt Duan Pt
13.6 A mgPt

PGM-free
PGM-free Pt Fe N C M N C

PGM-free PEM Pt

- ( )

PFSA Nafion

SSC PFSA Aquivion

PFSA
PA PBI

CO
** HOPIs **

ORR
GDL

GDL MEA
/ /

MPL
.



- ( )

/

MEA
MEA

LSC
SSC

zeta

CCM
R2R

Pt

- ( )

GDL PEM
MEA GDL

MEA MEA
Pt

Nafion NSTF

MEA
/

PEM GDL

Pt



- ( )

MEA X
3

MEA
MEA

** AI **

PEM

Pt
PGM-free R2R MEAs

(Direct methanol fuel cells, DMFCs)

146

70-130 C
20-30% 40% (CHP) 80%

72W/kg 53.6W/kg PEMFCs
(>800 /kg) ( 6,000 Wh/kg)

1,000-4,500 

MEA 
PEMFCs 



(a) Illustration of DMFC technology. (b) Fuel cells divided based on their power ratings and applications.

DOI: (10.1021/acs.energyfuels.4c05357) 

148



149

(DMFCs) (Platinum, Pt)
(cathode catalyst layer) (Pt)

( ) ( ) 
( ) 

(Electrochemical surface area, ECSA) 

(ECSA) 
20% 35%

DMFCs ( )

150

DMFC PEMFCs
Pt PtRu Nafion

Methanol Crossover
DMFC

CO

DMFCs
Ru

DMFC 1000



DMFCs ( )

151

DMFC
CO

DMFC
DMFC

DMFC CO
LCAs DMFC

DMFC
MEA

( )

152

DMFCs

DMFCs
DMFCs 600 Wh kg 1

DMFCs

DMFCs
DMFCs

Smart Fuel Cell AG 2003 DMFC Smart Fuel Cell C25
1.1 25 M125 150 125 20

7 DMFC 25 4000 200

Panasonic Fujitsu NEC Samsung Electronics DMFC
DoCoMo 30% 5.4V 700mA Fujitsu DoCoMo

90%
Toshiba Dynario DMFC 2
Smart Fuel Cell Company DMFC Jenny 600 80%

350 350 W h 1

Fujikura 1 DMFC MEA



( )

153

ICEs
100 /

DMFC 100 1.3
DMFC

Neah Power EKO DMFC
Smart Fuel Cell AG EFOY DMFC + 500

Oorja Protonics 2008 Oorja Pack DMFC
DMFC

Smart Fuel Cell 2013 Jenny 600 Jenny 1200

SFC 500 Emily DMFC

( )

154

DMFCs
DMFCs

DMFCs

DMFCs
DMFC 200 24

6000

DMFCs

DMFC



(Solid oxide fuel cells, SOFCs)

155

600-1,000 C SOFCs 400-
650 C 

25-50% 60% 85-90%
70%

( (YSZ))
100W/kg 50,000 

60 
( )

(CHP)

(UAVs) (APUs)

156
Interdisciplinary Materials, Volume: 2, Issue: 1, Pages: 111-136, First published: 06 January 
2023, DOI: (10.1002/idm2.12068) 



157
Chemical Engineering Journal

Volume 429, 1 February 2022, 132158

A Review on Solid Oxide Fuel Cell Technology: An Efficient Energy Conversion System

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 14 May 2024, DOI: (10.1155/2024/6443247) 



A Review on Solid Oxide Fuel Cell Technology: An Efficient Energy Conversion System

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 14 May 2024, DOI: (10.1155/2024/6443247) 

160Porite ( ) interconnector ( ) for SOFC and SOEC



BloomEnergy SOFC

161

162



163

BloomEnergy SOFC 

164



( )

165

(Current Status)
SOFC 

SOFC 
SOFC 

SOFC 250-500 1-5
100-500

Sulzer Hexis 1 5 SOFC 1
SOFC CHP Ceramic Fuel Cells Ltd. Ceres Power 
Ltd. CHP 

(PEMFC) SOFC (CO) 
Delphi 5 (APU)

SOFC SOFC APU 

2021 SOFC Bloom Energy 100 SOFC
SOFC SOFC 

( )

166

(Advantages)
SOFC 

- 82.1%
9.8 100%

/ SOFC 
SOFC CO 

SOFC 

(CHP) 
SOFC 

SOFC 

SOFC (GT) (ST) 
SOFC-GT 50-70%

SOFC 

Electrolyte-Free Fuel Cell



( )

167

(Disadvantages and Limitations)

SOFC 850 C

SOFC 

SOFC 

SOFC 
SOFC 

SOFC 

SOFC SOFC-GT 
SOFC GT 

( )

168

(Future Outlook)
SOFC 

SOFC 
(PCFC) SOFC PCFC 

SOFC 

SOFC 
SOFC SOFC 

SOFC 

SOFC 
SOFC 



(Phosphoric acid fuel cells, PAFCs)

169

150-220 C
37% (CHP) 87% 40-50% (CHP) 

85% 
(H3PO4)

50,000 

(CHP)

A Recent Comprehensive Review of Fuel Cells: History, Types, and Applications

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 26 August 2024, DOI: (10.1155/2024/7271748) 

anode

cathode



(Alkaline fuel cells, AFCs)

171

60-250 C 70 C 
60% 60% 60-

70% (CHP) 80% 

5 150 kW 8,000 

( )
(CO2) CO2 

PEMFCs

( ) (
PEMFCs )

A Recent Comprehensive Review of Fuel Cells: History, Types, and Applications

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 26 August 2024, DOI: (10.1155/2024/7271748) 



(AFCs)

(AFCs) 
AFCs (Ni) AFCs

AFCs 100 250 C 
70 C AFCs 

(Molten carbonate fuel cells, MCFCs)

174

500-700 C
65% 85% 

50-60%

7,000-8,000 
10 



A Recent Comprehensive Review of Fuel Cells: History, Types, and Applications

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 26 August 2024, DOI: (10.1155/2024/7271748) 

MCFC Ni Cr/Ni Al 

MCFC NiO
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(1/3)
Clean hydrogen production pathways report 2024, Hydrogen Europe.
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