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ABSTRACT

1gh manulaciuring cosis of prolon exchange membrane (PEM) foel cells rematn & significant obstacke 1o thelr widespread
adoplion In tansporiation applications. To address this. moll-o-roll (RZR) processes are proposed 10 Increase production
throughpul and reduce membrane elecirode assembly (MEA) costs. Among E2ZR-compatible coaling processes, shl-die coaling
(S0C) represents the state-of-the-an lechnodogy, while mtary screen printing (RSP) offers adwanlages in structured and
mlermitlent printing, providing additional desipn reedom for catalyst Eyers (C1). This study examines the cost implications of
both coaling processes [or aspecific sel of K2R machines Lo be implemented al Fraunhofer 1ISE- Technical boundary conditions and
operalional hmitatons are evaloated and integrated inlo a comprehensive conlinuous process cosl ol pemership model capluring
expenses Lhronghoul the production chain, (om catalyst mk mw malenals o the [nal seven-layer MEA. A& melhodology =
presented for determining consumable cosls al varows purchasing volumes, combining ieratune values wilh supplier guolations.
Iy Integrating performance dala fmm experimentally produced MEAs with Lhe cost model, an approach ts developed o determine
optimum platinem (P loadings for cost per W for given materials. The identified optimal PL kadings of 0.44-0.54 mgpn cm ™
demonstirate thal the cell performance 15 cructal B further cost reductions of fwel cells

1 | Introduction

It = widely acknowledged thal Increasing the manufaciuring
wvolume reduces Lhe cost of & Mnal product [1). Tiowever, the
critical question cenlers on idenlifying precisely where these
cred savings emerge within the manuacturng process chain and
whal insights can be dertved o farther oplimize the prodoct
design. For prolon exchange membrane foel cells (PEMPCS),
this understanding i pariicularly valoable stnce the membrne
eloctrode assembly (MEA) remains one of the dominant cost
drivers in a complete stack | Z].

While large-scale deployment remains limiled by high costs,
bvw-Lemperalure PEMPC are widely moognioed 2= a key low-

emission lechnobogy for decarbontdng the transporl sector,
which acoounts for approximately 20°% of global CO, emissions.
|2, 4]. Spectal [ocws 15 placed on PEMTFCs [or heavy-duty vehicles,
a5 In Europe they conlribote 2 disproporiionate 2%5% ol ransport
emissions while representing only 2% of all vehicles |3, 6].

Desplle achieving lechnical maturity al laboralory scabe, Lhe
large-scale markel penelration of PEMPCs conlinoes o [ace
economic and production-refated challenges |7, &), The MEA
represents Lhe core component and requires costly as well as
specialioed malerials Hke platinum-based inks and perfluorosal-
fonic ackd membranes. These inks are processed inlo calabyst
layers (C1) using varlous coaling and printing Lechniques such
a8 slok-die coaling (313C), spray coaling, inkjel prinling, gravare
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Impact of Coating Technologies on the Cost of PEMFC
Agenda

1. Scenario Description

2. Consumable Cost Modeling
3. CCM Fabrication

4. MEA, Fabrication

5. Performance Sensitivity
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Fraunhofer-Gesellschaft — Leading Applied Research Organization
76 Institutes — 30.000 staff — € 3 billion revenue

Bridging the gap between conceptual research to commercialization along the innovation value chain.

Public sector and % Fraunhofer Industry

Universities
Bridge between science and technology

Innovation gap

R&D-Expenditure
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Virtual lab tours:

Our Mission in Our Department Fuel Cell
Assisting Global Industry with Scientifically Sound Services

Understanding Fuel Cell Membrane Electrode
Assemblies (MEAs)

Key Performance Indicators 2024:

= 45 researchers plus students

= 9.2 Mio. € annual budget (w/o investments)

= 33% direct revenue by industry contract research

= > 500 m? laboratory area with 13 single cell test
stations, 5 short stack test stations including
temperature chamber (all fully automated for 24/7
operation)

= Focus on transport application
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Scenario
Description

Coating & Drying Line CCM Transfer Line
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Scenario
Description

—

Production Scenario (Pilot Plant
Production WO EYNIAEISl 051 -_8h 355- 24h

time Spliced PEM rolls (250m) n1-2 n1-5 : Anode & oating Dy e Catho A
Process 1L 1L S
Yields: CCM Yield [V 91 % 94 % Machine 1: Machine 2:
iald 1] . . . .
GDL Y'_e|d 96 % 99 % Ink Mixing | Coating & Drying
Sub-Gasket Yield 98 % 99.5 % Machine 3: :
MEAdesign | INCOEISCRESY Transfer QUL

Machine 4:
466 Final Assembly
258
Sub-gasket D o
Active area
2 - L@ (283 cm?)
.6
A S ]
: [2] » How do the scenarios affect the cost of the MEA,,?

* Assumption
[1] Wei M et al. (2019): Fuel Cell Systems, Total Cost of Ownership. In: Meyers RA, editor. Encyclopedia of sustainability science and technology. New York, NY: Springer, p. 1-56.
[2] Adapted of “Manufacturer-independent fuel cell stack: an innovative development platform for industry and science”, ZSW, accessed July 2024
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https://www.zsw-bw.de/en/research/fuel-cells/topics/stack-technology.html

Scenario
Description

—

Techno-Economic Analysis of MEA Manufacturing

Price and Technical Data Acquisition

Method

SEMI Standards: E10, E35, E79 .
Technical
data
Employing Fraunhofer ISE's SCost Model [

[1] Nold, Sebastian (2019): Techno-6konomische Bewertung neuer Produktionstechnologien entlang der Photovoltaik-Wertschdpfungskette. Dissertation
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Agenda

1. Scenario Description

2. Consumable Cost Modeling
3. CCM Fabrication

4. MEA, Fabrication

5. Performance Sensitivity

10
©Fraunhofer ISE g H 2 G 0 ‘ ’/\\1 e ‘ NOW ‘ Pt_’ ‘ % F raun hOfe r
Q\—, QL\ ¥

EEEEEEEEE
ISE

\

e Sl
sentrum o




Scenario Consumable
Description Cost Modeling

Cathode Catalyst Powder

Pt: 39.94 EUR,455/9
HSC: 0.12 EUR,455/g, Co: 0.02 EUR,q25/9
Powder (50.0wt%): 20.03 EUR,4,5/9

General Learning Curve — Price Degression:

=T(R)=a *RP+ c!" % Pt 50
T: Specific Total Price : Pt: 33 €,,,,/g
¢: Material prices only (Scenario / Offer specific) : B ED

a, b: Specific Process Cost (defined by dataset) Pt: 31 €,,5/9

Includes Markup, Processing, ect.
R: Purchase quantity from one manufacturer

Specific Total Price / EURg25 g™

! 100 ! 10k ' 1M 100M
Annual Quantity / g a™*

O SA2023 @ Other
Base Cost (c)

[SA 2023] James et al. (2023): DRAFT: Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications: 2023 Update on Heavy-Duty and Medium-Duty Vehicles.
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Scenario Consumable
Description Cost Modeling

Cathode Catalyst Powder

Pt: 39.94 EUR,455/9
HSC: 0.12 EUR,455/g, Co: 0.02 EUR,q25/9
Powder (50.0wt%): 20.03 EUR,4,5/9

General Learning Curve — Price Degression:

=T(R)=a *RP+ c!" % Pt 50
T: Specific Total Price : =19 €,,:/g
¢: Material prices only (Scenario / Offer specific) : B ED

a, b: Specific Process Cost (defined by dataset) ¢ = 15 €,9,5/9

Includes Markup, Processing, ect.
R: Purchase quantity from one manufacturer

Specific Total Price / EURg25 g™

! 100 ! 10k ' 1M 100M

Annual Quantity / g a™*

O SA2023 @ Other
Base Cost (c)

[SA 2023] James et al. (2023): DRAFT: Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications: 2023 Update on Heavy-Duty and Medium-Duty Vehicles.
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Scenario Consumable
Description Cost Modeling

Cathode Catalyst Powder

Pt: 39.94 EUR,p.5/g
. HSC: 0.12 EUR,p,5/g, Co: 0.02 EUR,0,5/g

100 Powder (50.0wt%): 20.03 EUR,q,s/9

General Learning Curve — Price Degression:

= T(R)=a *RP+ ¢!
T: Specific Total Price
¢: Material prices only (Scenario / Offer specific)
a, b: Specific Process Cost (defined by dataset)
Includes Markup, Processing, ect.
R: Purchase quantity from one manufacturer

w U1~

—_
o

Process Cost / EUR5g55 g'1

Specific
W B~ U NOWO

! 100 ! 10k ! 1M ! 100M

Annual Quantity / g a™
O SA2023 @ Other

[SA 2023] James et al. (2023): DRAFT: Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications: 2023 Update on Heavy-Duty and Medium-Duty Vehicles.
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Scenario Consumable
Description Cost Modeling

Cathode Catalyst Powder

General Learning Curve — Price Degression: - 2[— Pt: 39.94 EUR,0,e/3
2 100, . =~ HSC: 0.12 EUR,,s/d, CO: 0.02 EUR,p55/d
§ - ' =~ Powder (50.0wt%): 20.03 EUR,(35/9
“T(R)=a *Rb+ ¢!l £ g e
. . L | = e
T: Specific Total Price S i% T~
. . . P v - b ~ -
¢: Material prices only (Scenario / Offer specific) S "=~ '..\\ ® T~
i . v ] [~ - . = T
a, b: Specific Process Cost (defined by dataset) g E ~. 9 \\ 00% |
. =1 = ~ v ‘
Includes Markup, Processing, ect. £ S~ \?
. Rl 2 3
R: Purchase quantity from one manufacturer = ~ |
@ 1 ]
o — =~
Fitting of the model parameters: 0 . i
' 100 ' 10k ' 1M ' 100M

Annual Quantity / g a!

= Log Transformation of the function and data
DOE/SA 2018 @ SA 2023 @ Other

= Linear Regression: Scikit-learn (2]

[DOE/SA 2018] James et al. (2018): Mass production cost estimation of direct H2 PEM fuel cell systems for transportation applications: 2018 update.

[SA 2023] James et al. (2023): DRAFT: Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications: 2023 Update on Heavy-Duty and Medium-Duty Vehicles.
[1] Lam F. Wong (2012): A Generalized Learning Curve Adapted for Purchasing and Cost Reduction Negotiations.

[2] Pedregosa et al. (2011): Scikit-learn: Machine Learning in Python. In: Journal of Machine Learning Research 12, S. 2825-2830.
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Scenario Consumable
Description Cost Modeling
O O

= Membrane
Thickness
ePTFE reinforcement [1]
Ce in chem. Stabilization [5]
lonomer-EW & Cost [2]
Backing film [1]
= Sub-Gasket
Polymer Cost [4]
Thickness
Backing film [1]

= Catalyst Powder
Pt-Loading & Cost (offer specific)
Carbon Cost [1]
Co-Loading & Cost [5]

= lonomer Dispersion
lonomer-Loading, EW & Cost [2]
Water Cost [3]

= Solvents
Index Price [3, 4]

[1] James et al. (2018): Mass production cost estimation of direct H2 PEM fuel cell systems for transportation applications: 2018 update.

[2] Bernhart et al. (2014): Fuel Cells - A Realistic Alternative for Zero Emission? Auto Tech Review;3(3):18-23.

[3] Kwon et al (2018): The Estimation of Total Cost Through the Financial Assessment of Customized High Purity Industrial Water. J Korean

Soc Environ Eng;40(11):428-37.
[4] https:/businessanalytiq.com/procurementanalytics/index/
[5] https://www.statista.com

15
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= GDL
GDL & MPL Cost [1]
Backing film [1]

= Carrier
Polymer content & Cost [4]
Thickness

= Decal Foil
Polymer content & Cost [4]
Thickness

275 Data points
24 Companies
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https://businessanalytiq.com/procurementanalytics/index/

Scenario Consumable

Description Cost Modeling
¢ ®
Conclusion Machinery at Fraunhofer ISE

= Material based consumable modeling for flexible
scenario variation
Throughput | Material composition

Comprehensive Cost Model
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Impact of Coating Technologies on the Cost of PEMFC
Agenda

1. Scenario Description

2. Consumable Cost Modeling
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Scenario Consumable CCM Eabrication

Description Cost Modeling
O O ®
Slot Die Coating Screen Printing

Control of wet layer thickness by volume flow and velocity Control of the wet layer thickness by choice of screen

Ink inside a closed ink resevoir thickness

Ink exposed to air during printing process

More degrees of freedom to apply structures
Adaptable to R2R process with rotary screen printing

Less flexible structure of the coated layer
Intermittent & continous coating possible in R2R

18

©Fraunhofer ISE
public

!

Coordinated by: Project Management:

wwwwwwwwww

ananan o 2 ISE



Scenario Consumable o
Description Cost Modeling CCM Fabrication

Pt-Loading [mg,,/cm?] | Cathode | Anode

0,4 0,05
Coating RSP Interm. [ Conti.
Technology ;?E;::rl_ml Interm. | Conti.
SDC,,, Conti. Conti.
Process e YOk 80 pm * |47 mm 1 |- - | -
Tolerances: L erRd 30 um * |3, 6 mm 2 3,6 mmP | - - (
Transfer * - | 200 um
CCM cut * 100 um |-
Sub-Gasket Application * 200 um 200 pm

> How do tolerances /

‘ Inactive
. . . Sub-gasket
inactive area influence 4 area
Active area
the cost of the lVIEA7|_'7 E - ) (283 cm?)
(6
GDL PEM Inactive area
* Assumption
[1] Diehm et al. (2019): Edge Formation in High-Speed Intermittent Slot-Die Coating of Disruptively Stacked Thick Battery Electrodes. Energy Technol.;5:1900137.
[2] Spiegel et al. (2022): Investigation of edge formation during the coating process of Li-ion battery electrodes. J Coat Technol Res;19(1):121-30.
19 : -
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Scenario Consumable o
Description Cost Modeling CCM Fabrication

Minimum Dryer Length

T

 Distance = Contraction Distance to | L

=1L
to hotplate time dried sample const T Vcoat * tary [m]
1.6t Ve 1
= t.in SCaled by wet layer
E thickness of Cathode / Anode [1]
S0 14} ]
(&)
C
s ©
2
A
1.2+ i

0 R | 10
Time /s

[1] Quarz et al. (2024): About drying phenomena of fuel cell and electrolyzer CCM inks: Selectivity of the evaporation of 1-propanol/water mixtures. Fuel Cells;24(2):108-21.[2] Jaiser et al. (2016):
Investigation of film solidification and binder migration during drying of Li-lon battery anodes. J. of Power Sources;318:210-9.
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Scenario Consumable o
Description Cost Modeling CCM Fabrication

Minimum Dryer Length

77
—
Q[ [ ]25%~75% i L=1L + Vopgr * t m
o507 T Range within 1.5/QR conse ¥ Veoat * tary ]
-E 40 + — Median Line i
= | o Mean | ik SCaled by wet layer
5 30t * Outliers 1 thickness of Cathode / Anode [1]

i Values normalized to wet film ||
§ 20+ thickness of 0.4 / 0.05 mg cm™. . .
= | @133 . ty, determined by proportianal
(T . .
o 10 _— Iﬁg_ﬁ 1 scaling of tg, [2] & saftey factor
dE, 0 =132 of 2 to assume min. convection
= Cathode | Anode | Cathode | Anode dryer length

Screen printing Slot-die coating

[1] Quarz et al. (2024): About drying phenomena of fuel cell and electrolyzer CCM inks: Selectivity of the evaporation of 1-propanol/water mixtures. Fuel Cells;24(2):108-21.
[2] Jaiser et al. (2016): Investigation of film solidification and binder migration during drying of Li-lon battery anodes. J. of Power Sources;318:210-9.
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Scenario Consumable CCM Eabrication

Description Cost Modeling
O O O
~ sia-l : ..
25DCjp -1 mmin™ - 1,250 m Coating method variation
S
= 350 292 [ ]vield loss o 200F .
w 300+ . [ ] waste disposal .;450 - 1402|399 (390 [403
— 250t _ [ ]Process consumables| « 8400 | -
~ [ utilities & Parts E 350 -
. i 190 |
= 200 [ Labour w 300 -
o 150+ 257 [ ] Building & Facility ~ 250} .
S 2 42 3 150+ ]
2 S0j142 . © 100} ]
o ofEE : = 50| .
= 9 Q "o == =l ==l = |
8 '50 T |Q T |q I\ O T T T T
et F X N Q << N & 3
o 6Q}\Q 0,0‘3\ QQ’\Q 0,0’3\, ’OQ% QO & QO Q .\:\&, 8
S O & &L S Q.@ Q¢
S e Y W 9
g Q6 (o O &
& O °
\'g <

22

©Fraunhofer ISE
public

| oW | | PI:J | ~ Fraunhofer

NOW- oM H.0E
ISE



Scenario Consumable o
Description Cost Modeling CCM Fabrication

Speed variation Coating method variation

I Capital costs

«d
q,800 .. © [_]Yield loss ,500F -
2700 1640 - 1108 ¢ | waste disposal Z450 (402 [399 |390 |403
~ 8600 | BE . S [L__]Process consumables| « 8400 | .
£ 500 L R '99 NE(U [ utilities & Parts £ 350+ :
W J° T3 3\'_?6 337 |105 — [ Labour w 300+ _
~ 400 ¢ — b 1 — [ Building & Facility ~ 250 .
@ 300 Hyus . O (I Equipment + 200|380 (378 | 366 | | 379 |-
o T m  Median O 150+ .
R PR I 1102 ©O
© 200 378/ 1353 |347| |332( 110 > |- & Production © 100k i
= 100} = S ol ]
Q o Q 50

0 3 A 0 =—== = == B

© S & & & o 0°a O —

N‘\ '\9\ %Q* QQ“ be OOO OO\Q Q \{O:\Q

Yy @ (90 9 Q@ (OQ P
&

Coating speed / m mint, Orientation / °
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Scenario Consumable CCM Eabrication

Description Cost Modeling
¢ ¢ ®
Conclusion Machinery at Fraunhofer ISE

= Coating methods with given assumptions only show
minor impact on cost -> performance to be considered

= Material based consumable modeling for flexible
scenario variation
Throughput | Material composition

Comprehensive Cost Model
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Scenario Consumable S MEA
- : CCM Fabrication L
Description Cost Modeling Fabrication
0C o ) Ak
Machine 1:
Ink Mixing
Machine 3:
Transfer .
Machine 4:

Final Assembly

) 0 d <
; ; : ; "
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Scenario Consumable . MEA,,
Description Cost Modeling CCM Fabrication Fabrication
@ @ @ ®
CCM Preparation Sub-gasket Preparation GDL Preparation

27
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Scenario Consumable . MEA,,
Description Cost Modeling CCM Fabrication Fabrication

@ ® ® ® e

MEA;, Assembly
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Description

Scenario

Consumable

Cost Modeling

CCM Fabrication

MEA,,
Fabrication
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machine
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~ (e .dll

GDL placing

. A\ Y
unit L4

12

| == = [D] CCM preparation

| m [F] MEA assembly

i z=z==: [G] GDL preparation

[E] SG preparation

= [H] GDL, placement
0 GDL, placement &

MEA;, finalization @

Machine boundary

oWt Funded by:
2 * Federal Ministry _NOW
= for Digital —
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Scenario
Description

Consumable
Cost Modeling

CCM Fabrication

MEA,,
Fabrication
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e

machine

] (€,

=

6

~ (e OM

GDL placing

unit

Pilot plant
CCM

preparation \ 3 y,

. e C(._)_\r i

application

|

J:

| == « [D] CCM preparation
i [E] SG preparation

| === [F] MEAgy assembly
il ==zz=: [G] GDL preparation
= [H] GDL, placement

MEA, finalization

0 GDL, placement & @

Machine boundary

N
VAN
N

s, || |(@]

preparation

VAN

GDL
preparation

GDL
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Scenario Consumable N MEA.,
Description Cost Modeling CCM Fabrication Fabrication
O O O O

Consumables Scenario variation
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B GDL =
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1n = 250m batch length

I Capital costs

[ ]vYield loss

[ ] waste disposal
[ ] Process consumables
[ utilities & Parts

[ Labour
[ ] Building & Facility
I Equipment
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Raw material price
- - Production
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Scenario Consumable N MEA.,
. : CCM Fabrication i
Description Cost Modeling Fabrication
e 1n = 250m batch length
Consumables Scenario variation

Il Ca-Catalyst 22500 | " I Capital costs

B Membrane = 2086 {3x10°5 , |[__] Yield loss

B GDL ' 774 Z [ waste disposal

B Sub-gasket NE‘U [ ] Process consumables

0 cCarrier fox105 = | Utilities & Parts

] An-Catalyst - (B Labour

] lonomer 2 [ ] Building & Facility

B Decal foil l1x105 © | Equipment

I 1-Propanol - = =  Median
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Scenario Consumable N MEA.,
Description Cost Modeling CCM Fabrication Fabrication
O O O O

Consumables Scenario variation
Il Ca-Catalyst Do
B Membrane {3x10° o
B DL =
B Sub-gasket NE“‘
[ carrier {2x10° Z
| An-Catalyst c
|| lonomer 'S
B Decal foil 1x10° ©
Y 1-Propanol 5
B Di-water o
a
0
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Scenario Consumable N MEA.,
Description Cost Modeling CCM Fabrication Fabrication
O O O O

Consumables Scenario variation
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1n = 250m batch length
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Scenario Consumable N MEA.,
Description Cost Modeling CCM Fabrication Fabrication
® ® ® ®
Influence on final MEA,, cost
_ 2250
Research 25500 1 a |
Capex > Membrane o 82150 . i
£ 2100+ S .
w2050 o= O .
= 2000 | .
= Industry 7 1950£ . i
Membrane > Capex 8 1900 3
1 550 A b
L A A 4 A :I A
< 500F 4 1 4 .
= ~20 0 20
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Variation of base value / %
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Scenario Consumable N MEA.,
Description Cost Modeling CCM Fabrication Fabrication
¢ ¢ @ ®

Influence on final MEA,, cost

= Research
Capex > Membrane
Membrane > Tolerances

= Industry
Membrane > Capex
Tolerances > Capex

= Base Value Coating Tolerances:
MD: 4.7 mm
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Variation of Tolerances / mm
01 2 3 456 7 89
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Scenario Consumable S MEA
Description Cost Modeling CCM Fabrication Fabrica’ziLon
O O @ ®
Influence on final MEA,, cost Variation of Tolerances / mm
01 2 3 45 6 7 8 9
= Research o 550 A A L .\I'l . A Membrane, Pilot. n5
Capex > Membrane T 540 | A 1| 4 CAPEX,Pilot. n5
Membrane > Tolerances £ 530r A 7 = Tolerances, Fllot. n5
w 9520 A
~ i L aaAA A A 1
= Industry s o107 AAAA R
Membrane > Capex g 500F % & ]
Tolerances > Capex = 490T R : )
ﬁ 480 % -
=T 0 20

| Variation of base value / %
= Base Value Coating Tolerances:

MD: 4.7 mm
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Scenario Consumable CCM Eabrication MEA,,

Description Cost Modeling Fabrication
O O @ ®
Conclusion

= CCM -> MEA processes add significant complexity to
the manufacturing process
Tighter tolerances become more important at
higher MEA annual volumes
Membrane as crucial cost next to the catalyst

= Coating methods with given assumptions only show
minor impact on cost -> performance to be considered
= Material based consumable modeling for flexible
scenario variation
Throughput | Material composition
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Impact of Coating Technologies on the Cost of PEMFC
Agenda

1. Scenario Description

2. Consumable Cost Modeling
3. CCM Fabrication

4. MEA, Fabrication

5. Performance Sensitivity
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Scenario Consumable CCM Eabrication MEA,, Performance
Description Cost Modeling Fabrication Sensitivity

Single cell: 80°C, 100% RH, 2 bara
Reference: 75°C, 100% RH, 1.4 bara

0.421 mg cm
0.316 mg cm
0.162 mg cm ]

] 0.199 mg cm i

! X 0.4 mg cm™ Reference|-
99‘-'%: i g |
0.6 * = T
Ave m
Ay om ]

v om
Ay @ n

-2
-2
) i
-2

0.4

Potential / V

0.2 . . R B .
0 1 2 3 4 5 6

Current density / A cm™

[Reference] Ney et al. (2024): From Catalyst Ink to PEM Fuel Cell Stack: First Full-Size Screen Printed Catalyst Layers Tested within a Generic Stack. ECS Trans.;114(5):315-23.
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Scenario Consumable CCM Eabrication MEA., Performance
Description Cost Modeling Fabrication Sensitivity
O O O O O

N Single cell: 80°C, 100% RH, 2 bara
= Reference: 75°C, 100% RH, 1.4 bara
© 0.7 ——0.7 500 | —~
= 06 | loe E L 0T S
= O6r SV EFIT 198 S S 4601 SPFPPE LR
< *vre = 440} - ]
> 0.5¢F - 4105 © | __._....‘l--

: v - ] = W 420 -w- u- §- 8 -

S 04l « - lo.a — 400 f = -
~ VA o N _ it = 200 [ [Piot. n5 R&D nl ]
= 0.3F A /l/ B Pt-loading 10.3 & 8 &~ |- 4= CAPEX =-a- =
> i — - Fitted Pt-loading = O - a- Ptprice - a- Ca o
%’ 0.2 = A ® Power density I 0.2 g ,:1120 - ‘j L. AT -
c 0.1l — - Fitted power density|] 5 1 £I3 < D A e al--

% A Ref power denS|ty ] E g 100 ':t_' :_ :- £ 'f 4 4 - f

0.0 : 0.0

O 50 100 150 200 250 -25 0 25 50

&;) Roughness factor / cm? cm? Variation of base value / %
[Reference] Ney et al. (2024): From Catalyst Ink to PEM Fuel Cell Stack: First Full-Size Screen Printed Catalyst Layers Tested within a Generic Stack. ECS Trans.;114(5):315-23.
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Scenario Consumable CCM Eabrication MEA., Performance
Description Cost Modeling Fabrication Sensitivity
O O O O O
N Slngle Ce": 80°C, 100% RH, 2 bara Cathode Pt_loadlng / mg Cm'2
= Reference: 75°C, 100% RH, 1.4 bara 0.3 0.4 0.5 0.6
© 0.7 0.7 500 — ' —
S -7 c < 480] | = e
0.6} _ ~- == <106 |, .

~ P /’ (&) ;460 | = _.:_' I
> 05 B 7 ” - 05 o = 440 B ‘ '~‘—._‘- . " - == -
~ [ « _ c W 420w - g-ETTE L 3
~ 0.4} . - 104 Z = 400k o= ReDn1| T
S . - : _ 5 3 380 [ ilot. n5 &Dn i
< 03 ,l/ B Pt-loading 10.3 & o +~ |- A= CAPEX =-=- =
> M- -] — = Fitted Pt-loading S O - 4-  Ptprice - m- AT

%’ 0.2 = A ® Power density I 0.2 ,:1120 (|- 4-  Ptload. - ®- | 4-- A=~ a
c 0.1l — - Fitted power density|| 5 1 2 < Y -1 ‘_‘j_ PV S
o A Ref power denS|ty |77 S W 100F - 4-

T 00— - 0.0 & = L
O 50 100 150 200 250 -25 O 25 50
c§> Roughness factor / cm? cm? Variation of base value / %

ol

[Reference] Ney et al. (2024): From Catalyst Ink to PEM Fuel Cell Stack: First Full-Size Screen Printed Catalyst Layers Tested within a Generic Stack. ECS Trans.;114(5):315-23.
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Scenario Consumable CCM Eabrication MEA,, Performance

Description Cost Modeling Fabrication Sensitivity
¢ ¢ @ @ ¢
Conclusion

= Methodology for cost-per-kW optimal Pt-loadings
for a given material selection
= CCM -> MEA processes add significant complexity to
the manufacturing process
Tighter tolerances become more important at
higher MEA annual volumes
Membrane as crucial cost next to the catalyst
= Coating methods with given assumptions only show
minor impact on cost -> performance to be considered
= Material based consumable modeling for flexible
scenario variation
Throughput | Material composition

43

©Fraunhofer ISE
public

\

Coordinated by: : Project Management:

v P ~ Fraunhofer

wwwwwwwwww

L ISE




WILEY-VCH

| RESEARCH ARTICLE

~ Fraunhofer

Techno-Economic Assessment of Manufacturing Membrane
Electrode Assemblies for PEM Fuel Cells: Focus on Coating
Technologies

Jakob itog™ | Diepo MataliGoya | Juleswild | Linda Mey O | Mada Famel

ISE

Fraunhefer Institule for Solar Energy Systemes, Frelburg, CGermany

Correspondence: lakob Hog {akoh oggutse. raunhoferde)
Received: 18 Movember 225 | Bevised: 21 January 22% | Accepted: 10 Fobnmary 2026
Keywords: MEA pricluction | PEM lisel coll | PL-leading | rofary screen printing | shol-die coating | iechno-eoomomikc asessment

Thank You
for Your

ABSTRACT

1gh manulaciuring cosis of prolon exchange membrane (PEM) foel cells rematn & significant obstacke 1o thelr widespread
adoplion In tansporiation applications. To address this. moll-o-roll (RZR) processes are proposed 10 Increase production
throughpul and reduce membrane elecirode assembly (MEA) costs. Among E2ZR-compatible coaling processes, shl-die coaling
(S0C) represents the state-of-the-an lechnodogy, while mtary screen printing (RSP) offers adwanlages in structured and
mlermitlent printing, providing additional desipn reedom for catalyst Eyers (C1). This study examines the cost implications of
both coaling processes [or aspecific sel of R2R machines Lo be implemented al Fraunhofer 1ISE- Technical boundary conditions and
operalional hmitatons are evaloated and integrated inlo a comprehensive conlinuous process cosl ol pemership model capluring > - %_#
expenses throughoot the production chain, from catalyst ink mw materals o the Bnal seven-layer MEA. A methodology & e = = — = e »

presented for determining consumable costs al variows purchasing volumes, combining lilerature values with supplier quotations. = JaAk@_G—*HQ"g; j\'_

jakob.hog@ise.fraunhofer.de

f{fftt-e ntion!

optimum platinem (P loadings for cost per W for given materials. The identified optimal PL kadings of 0.44-0.54 mgpn cm ™
demonstirate thal the cell performance 15 cructal B further cost reductions of fwel cells

1 | Introduoction emission lechnobogy for decarbontdng the transporl sector,

which acoounts for approximately 20°% of global CO, emissions.

It = widely acknowledged thal Increasing the manufaciuring
wolume redwuces Lthe cost of 2 Onal product 1] Nowewer, the
critical question cenlers on idenlifying precisely where these
cred savings emerge within the manuacturng process chain and
whal insights can be dertved o farther oplimize the prodoct
design. For prolon exchange membrane foel cells (PEMPCS),
this understanding i pariicularly valoable stnce the membrne
eloctrode assembly (MEA) remains one of the dominant cost
drivers in a complete stack | Z].

|2, 4]. Spectal [ocws 15 placed on PEMTFCs [or heavy-duty vehicles,
a5 In Furope they contrbote 2 disproporiionate 23% off ransport
emissions while representing only 2% of all vehicles |3, 6].

Desplle achieving lechnical maturity al laboralory scabe, Lhe
larpe-scale markel penelration of PEMPCs conlinoes o [ace
economic and production-refated challenges |7, &), The MEA
represents Lhe core component and requires costly as well as
.q:a:l.lltr:ai malerials Hke pl.nllrmm—bmed Ink= and |n'ﬂn|:|n:ml
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