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The concept for this book project grew out of a mutual recognition for 
the need of stronger interdisciplinary collaboration in sustainable energy 
studies. It is the result of in-depth discussions about early stage fuel cell 
technology governance between scientists from very different disciplinary 
backgrounds, broadly including materials science, engineering, sociology, 
and political science (although it should be noted that disciplinary labels 
are becoming less relevant in modern academia).

In particular, an interdisciplinary “back casting” exercise crystalized 
some of the concepts that are followed through in this book. During these 
exchanges the need to “translate” disciplinary language and jargon for a 
non-specialist audience was quickly realized, as well as the need to develop 
a common analytical framework to enable a fruitful interdisciplinary col-
laboration. This is reflected in the structure of the book, which introduces 
the reader to relevant aspects of fuel cells, critical raw materials (CRMs), 
and governance in short, dedicated chapters in a way that is hopefully 
understandable to different portions of the disciplinary spectrum.

This approach of course has limitations, since the scope is rendered by 
only four individuals and does not allow for active participation from other 
actors. While we acknowledge these shortcomings, we hope this text pro-
vokes a more profound discussion on anticipative governance strategies to 
address CRM issues in future sociotechnical pathways related to fuel cells.

� Stephen M. LythFukuoka, Japan

Foreword



vii

	1	�� Introduction�     1
	1.1	��� Climate Change and Decarbonization�     1
	1.2	��� Electrification and Energy Storage�     2
	1.3	��� Critical Raw Materials�     4
	1.4	��� The Hydrogen Economy�     6
	1.5	��� Fuel Cells�     9
	1.6	��� Critical Raw Materials in Fuel Cells�     9
	1.7	��� Governance of CRMs�   10
	1.8	��� Structure of This Book�   11
References�   11

	2	�� Critical Raw Materials�   15
	2.1	��� Defining CRMs�   15
	2.2	��� CRMs in Sustainable Energy Technologies�   18
	2.3	��� Case Study: Cobalt in Lithium-Ion Batteries�   21
	2.4	��� Factors Increasing CRM Supply Risks�   22
	2.5	��� The EU Action Plan on CRMs�   25
	2.6	��� CRMs in Fuel Cell Technologies�   26
	2.7	��� Future-Proofing Fuel Cells�   27
References�   27

	3	�� Critical Raw Materials in Polymer Electrolyte Fuel Cells�   35
	3.1	��� What is a Polymer Electrolyte Fuel Cell?�   35
	3.2	��� History of PEFCs�   38

Contents



viii  Contents

	3.3	��� Modern Fuel Cell Electric Vehicles (FCEVs)�   39
	3.4	��� Comparing PEFCs and Li-Ion Batteries�   42
	3.5	��� Platinum in PEFCs�   45
	3.6	��� CRM Avoidance in PEFCs�   47
	3.7	��� Ultra-Low Platinum Loading�   49
	3.8	��� Platinum Nanoparticle Shape Control�   50
	3.9	��� Platinum Alloys�   51
	3.10	��� Issues with Decreasing the Platinum Loading�   51
	3.11	��� Recycling�   52
	3.12	��� Platinum-Free Catalysts�   52
	3.13	��� Chapter Conclusion�   53
References�   53

	4	�� Critical Raw Materials in Solid Oxide Fuel Cells�   57
	4.1	��� History and Overview of Solid Oxide Fuel Cells (SOFCs)�   57

4.1.1	��� Early Development�   57
4.1.2	��� Operating Principles and Components�   58
4.1.3	��� Advantages and Disadvantages�   60

	4.2	��� Material Choices in SOFCs�   62
4.2.1	��� Electrolytes�   62
4.2.2	��� Cathodes�   63
4.2.3	��� Anodes�   64
4.2.4	��� Interconnects�   65
4.2.5	��� Geometries and Fabrication�   65

	4.3	��� Commercial Production and Applications of SOFCs�   67
4.3.1	��� Portable Electronics Battery Replacements�   67
4.3.2	��� Residential: Combined Heat and Power Systems�   67
4.3.3	��� Automotive: Fuel Cell Vehicles (FCVs)/Range 

Extenders for Battery Electric Vehicles (BEVs)�   68
4.3.4	��� Auxiliary Power Units for Commercial or 

Industrial Enterprises�   69
	4.4	��� Criticality of Materials for SOFCs�   69
	4.5	��� SOFC Research, Development, and Mitigation Strategies 

for CRM Use�   74
4.5.1	��� Key Benchmarks and Targets�   74
4.5.2	��� Development of Alternative Materials�   75
4.5.3	��� Strategies for Reduced Usage�   76
4.5.4	��� Recycling�   76



ix  Contents 

	4.6	��� Chapter Conclusion�   77
References�   78

	5	�� Technology Governance�   83
	5.1	��� What Is Technology Governance?�   83
	5.2	��� CRM Governance in Sustainable Technologies�   86
	5.3	��� Introducing a Research-Oriented Anticipative Governance 

Approach�   88
5.3.1	��� Foresight�   90
5.3.2	��� Engagement�   92
5.3.3	��� Integration�   93

	5.4	��� Chapter Conclusion�   94
References�   94

	6	�� The Case for Governance of Critical Raw Materials in Fuel 
Cell Research and Development�   99
	6.1	��� The Need for Anticipative Governance in Fuel Cell 

Research and Development�   99
	6.2	��� The Fuel Cell Research and Development Spectrum� 101
	6.3	��� An Anticipative Governance Approach to Fuel Cell 

Research and Development� 104
6.3.1	��� Foresight: Awareness of CRM-Related Issues� 104
6.3.2	��� Actor Engagement: Communication Between 

Researchers� 107
6.3.3	��� Integration: Tools for Managing Fuel Cell Research 

and Development� 108
	6.4	��� Chapter Conclusion� 113
References� 113

	7	�� Practical Recommendations and Conclusion� 119
	7.1	��� Incentives� 120

7.1.1	��� Increased Funding and New Funding Avenues of 
Research� 120

7.1.2	��� Funding Constraints� 121
7.1.3	��� Prizes� 122

	7.2	��� Education� 123
7.2.1	��� Courses Within Higher Education� 123
7.2.2	��� Communication Between Actors� 124



x  Contents

	7.3	��� Guidelines and Regulation� 126
7.3.1	��� Guidelines and Software Tools� 126
7.3.2	��� Supplier Selection in Laboratory Procurement� 127

	7.4	��� Conclusion� 128
References� 129

��Index� 131



xi

(Ca-, Sr-)LaCrO3	 Lanthanum Chromite Doped with Either Calcium or 
Strontium

BEV	 Battery Electric Vehicle
CAPEX	 Capital Expenditure
CCS	 Carbon Capture and Sequestration
CGO	 Gadolinium-Doped Cerium Oxide
CH4	 Methane
CHP	 Combined Heat and Power
CO	 Carbon Monoxide
Co	 Cobalt
CO2	 Carbon Dioxide
CRM	 Critical Raw Material
DOI	 U.S. Department of Interior
DWSB	 Bismuth Oxide Doped with Tungsten and Dysprosium
Dy	 Dysprosium
ECS	 Electrochemical Society
ESB	 Bismuth Oxide Doped With Erbium
EU	 European Union
FCEV	 Fuel Cell Electric Vehicle
FCH JU	 Fuel Cells and Hydrogen Joint Undertaking
FCV	 Fuel Cell Vehicle
FP7	 Seventh Framework Programme for Research and 

Technological Development
Ge	 Germanium
H2	 Hydrogen
H2O	 Water
IEA	 International Energy Agency

Abbreviations



xii  ABBREVIATIONS

JSPS	 Japanese Society for the Promotion of Science
LCA	 Life-Cycle Analysis
Li	 Lithium
Li-ion	 Lithium-Ion
LSCF	 Strontium-Doped Lanthanum Iron Cobaltite
LSGM	 Lanthanum Gallium Oxide Doped with Strontium and 

Magnesium
LSM	 Strontium-Doped Lanthanum Manganite
LST	 Lanthanum-Doped Strontium Titanate
METI	 Ministry of Economy, Trade and Industry
MHPS	 Mitsubishi Hitachi Power Systems Ltd.
MIECs	 Mixed-Ionic Electronic Conductors
MITEI	 Massachusetts Institute of Technology Energy Initiative
MRS	 Materials Research Society
MRV	 Measurement, Reporting and Verification Tools
NASA	 National Aeronautics and Space Administration
Nd	 Neodymium
NGO	 Non-governmental Organization
Ni	 Nickel
O2	O xygen
OECD	O rganisation for Economic Co-operation and Development
OPEX	O perational Expenses
PEFC	 Polymer Electrolyte Fuel Cell
PGM	 Platinum Group Metal
Q-PIT	 Platform for Inter- and Transdisciplinary Energy Research
RSC	 Royal Society of Chemistry
rSOC	 Reversible Solid Oxide Cell
SDGs	 Sustainable Development Goals
Si	 Silicon
SOEC	 Solid Oxide Electrolyser Cell
SOFC	 Solid Oxide Fuel Cell
TKK	 Tanaka Kikinzoku Kogyo
UN	 United Nations
UNFCCC	 United Nations Framework Convention on Climate Change
US DOE	 United States Department of Energy
WTO	 World Trade Organization
YSZ	 Yttria-Stabilized Zirconia
μSOFC	 Micro-SOFC



xiii

Fig. 1.1	 Periodic table showing changes in CRM assessment  
by the European Commission between 2011 and 2017. 
(Source: Rizzo, A. et al. (2020): The Critical Raw Materials  
in Cutting Tools for Machining Applications: A Review. 
Materials 13/1377: 3. https://doi.org/10.3390/ma13061377 
(CC BY 4.0))� 5

Fig. 1.2	 Schematic representation of the hydrogen economy. © National 
Renewable Energy Laboratory� 7

Fig. 2.1	 Illustration of the current supply risks of selected raw  
materials for nine key technologies in three different sectors. 
(Source: EU Commision, 2020e, S. 10)� 19

Fig. 2.2	 List of CRMs associated with sustainable technologies. 
(Adapted from EU Commission (2020e))� 20

Fig. 2.3	 The number of battery electric vehicles (BEVs) and plug-in 
hybrid electric vehicles (PHEVs) currently in operation. 
(Source: IEA (2020))� 22

Fig. 2.4	 Regional distribution of CRMs. (Source: EU Commission 
(2020d, p. 4))� 24

Fig. 2.5	 Relevant raw materials used in fuel cells. (Source: EU 
Commission (2020e, S. 25))� 26

Fig. 3.1	 Schematic of a simple polymer electrolyte fuel cell (PEFC)� 36
Fig. 3.2	 The newly released Toyota MIRAI FCEV. ©Stephen Lyth, 2021� 40
Fig. 3.3	 Schematic comparing some of the advantages of FCEVs  

and BEVs� 43
Fig. 3.4	 Comparison of the relationship between cost and range for 

FCEVs and BEVs today, and projected costs for 2040 for  
(a) cars and (b) trucks (Cano et al., 2018)� 44

List of Figures



xiv  List of Figures

Fig. 3.5	 Breakdown of the cost of different components in a fuel cell 
stack, for production scales of (a) 3000 and (b) 500,000 units 
per annum. (Source: data taken from Thompson et al., 2018)� 45

Fig. 3.6	 (a) Transmission of electron micrograph and (b) schematic of a 
typical platinum-decorated carbon black catalyst used in PEFC 
research. (Image courtesy of David Rivera, 2018)� 49

Fig. 4.1	 Schematics of a metal oxide crystal lattice. (a) “Perfect” crystal 
structure. (b) Crystal structure with oxygen deficiency due to 
the introduction of a dopant, allowing for oxygen ion transport 
to take place� 58

Fig. 4.2	 Schematic of the operational principles and components of 
an SOFC� 59

Fig. 4.3	 SOFC designs and geometries� 66
Fig. 4.4	 Prototypical SOFC designs used to estimate the amounts of 

CRMs needed for residential, grid-scale, and automotive 
applications� 72

Fig. 6.1	 The fuel cell development spectrum, demonstrating the range 
of research being carried out on fuel cell technologies� 102



xv

Table 2.1	 Critical raw materials 2020 (new as compared to 2017 in bold)� 17
Table 4.1	 The annual amount of raw materials required for the three 

SOFC designs to satisfy the residential, grid, and automotive 
applications, compared to the annual production in 2019 
(U.S. Geological Survey, 2020). The percentage of annual 
production required for each application is calculated. The 
production of each rare earth element is estimated from the 
average percentage found in mineral deposits (European 
Union, 2014) combined with total production. Critical raw 
materials are labelled as defined by the European Union 
Commission in 2020 (European Commission, 2020)� 73

Table 5.1	 Recent early studies of governance approaches to CRMs,  
in chronological order� 87

Table 5.2	 Roadmap for a hydrogen society� 91

List of Tables



1© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2021
M. David et al., Future-Proofing Fuel Cells, 
https://doi.org/10.1007/978-3-030-76806-5_1

CHAPTER 1

Introduction

1.1    Climate Change and Decarbonization

The burning of fossil fuels releases carbon dioxide into the atmosphere. 
This greenhouse gas causes climate change, which is the biggest threat to 
the survival of our species. In 1997, the urgency of this issue was recog-
nized at the United Nations Framework Convention on Climate Change 
(UNFCCC), in the form of the Kyoto Protocol. This formed the corner-
stone of international climate policy. In 2015, the international commu-
nity negotiated the landmark Paris Agreement, which entered into force in 
2016 and committed the signatory UN member states to hold “the 
increase in the global average temperature to well below 2 °C above pre-
industrial levels and pursuing efforts to limit the temperature increase to 
1.5 °C above pre-industrial levels” (UNFCCC, 2015, S. 3). Around the 
same time, the Agenda for Sustainable Development, with its 17 
Sustainable Development Goals (SDGs), was agreed upon. SDG 7 was 
specifically formulated to ensure access to affordable, reliable, sustainable, 
and modern energy for all people in the world by 2030 (UN, 2015). 
These agreements have framed current efforts to deploy renewable energy 
technologies for decarbonization in the ongoing global energy transition.

However, progress on decarbonization of the world’s energy systems 
has been slow, and global energy demand is set to increase even further. 
The International Energy Agency (IEA) recently stated that “the pace and 
scale of the global clean energy transition is not in line with climate 
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