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Raw materials for emerging technologies 2021

Mineral raw materials are essential for industrial value chain technological progress and the preservation
of our prosperity. They make an important contribution to the future transformation of our society at all
levels of economy, ecology and socio-cultural development.

With reference to the Federal Government's Raw Materials Strategy of 2010 and 2020 and its measures
to increase security of supply, the German Mineral Resources Agency (DERA) carries out monitoring of
potentially critical mineral raw materials, which are indispensable for the technological progress of our
economy. This study was undertaken by the Fraunhofer Institute for Systems and Innovation Research ISI
and the Fraunhofer Institute for Reliability and Microintegration IZM on behalf of DERA as part of it's raw
materials monitoring.

The aim of DERA's raw materials monitoring is to inform German companies and political stake-holders
about current demand, supply and price trends for primary mineral raw materials and intermediate prod-
ucts of the first stages of the value chain. Critical developments on the international commodity markets
can thus be recognised at an early stage and possible alternative strategies can be developed within the
companies.

The study analyses raw material demand from key and emerging technologies. The focus is on the ques-
tion of which raw materials can be expected to experience possible increases in demand due to future
technological developments over the next 20 years. Unexpected surges in demand due to technological
changes on the market can have a significant impact on future commaodity price and supply risks. The
study is therefore updated every five years in close discussion with the German industry.

&

Dr. Peter Buchholz

Head of the German Mineral Resources Agency (DERA) at the
Federal Institute for Geosciences and Natural Resources (BGR)






1.1

1.2
1.3

1.4

1.5

3.1

3.2

Raw materials for emerging technologies 2021

Background: The Shared Socioeconomic Pathways

1.1.1 Selection of several SSPs as framework scenarios for the Raw Materials for
Emerging Technologies 2021 study

1.1.2 Overviews of the selected SSPs

1.1.3 Further assumptions relating to climate policy
Energy scenarios

Mobility scenarios

1.3.1 Development of vehicle markets

1.3.2 Diffusion of the market by electric vehicles
Digitisation scenarios

1.4.1 Basic understanding: Digital transformation and its technological stimuli for
demand for raw materials

1.4.2 Historical trends and existing future scenarios

1.4.3 Scenarios for the development of digitisation and data volumes in SSP1, SSP2
and SSP5

Diffusion scenarios

Cluster: Mobility and aerospace

3.1.1 Lightweight car construction

3.1.2 Electrical traction engines for motor vehicles
3.1.3 Alloys for lightweight airframe construction
3.1.4 Automatic piloting of motor vehicles

3.1.5 Aircraft for 3D mobility (eVTOL)

3.1.6 Super alloys

3.1.7 Lithium-ion high-performance electricity storage (for mobile applications)
3.1.8 All-solid-state batteries

Cluster: Digitisation and Industry 4.0

3.2.1 Indium tin oxide (ITO) in display technology
3.2.2 Quantum computers

3.2.3 Optoelectronics / photonics

3.2.4 Microelectronic capacitors

3.2.5 Radio frequency microchips

22

23
24
24
25
26
27
29
33

33
35

42
45

53
53
57
62
67
76
83
89
95
101
101
107
111
119
123



Raw materials for emerging technologies 2021

3.3

3.4

3.5

4.1

4.2

4.3

3.2.6 Industrial robotics and Industry 4.0

3.2.7 Additive manufacturing of metal components (‘3D printing’)

3.2.8 Devices in the Internet of Things (loT)

Cluster: Energy technologies and decarbonisation

3.3.1 Thermoelectric generators
3.3.2 Thin-film photovoltaics
3.3.3 Water electrolysis

3.3.4 Direct air capture (DAC)

3.3.5 Stationary solid oxide fuel cells (SOFCs)

3.3.6 CCS — Carbon capture and storage
3.3.7 Redox flow batteries

3.3.8 Wind turbines

3.3.9 High-performance permanent magnets
3.3.10 Synthetic fuels

Cluster: Recycling and water management
3.4.1 Sea water desalination

3.4.2 Raw material recycling (of plastics)
Cluster: Power and data networks

3.5.1 Expansion of the power grid

3.5.2 Fibre-optic cable

3.5.3 5G (6G)

3.5.4 Data centres

3.5.5 Inductive transfer of electrical energy

Gallium

4.1.1 Properties

4.1.2 Deposits and production
4.1.3 Applications

4.1.4 Gallium demand in 2040
Germanium

4.2.1 Properties

4.2.2 Deposits and production
4.2.3 Applications

4.2.4 Germanium demand in 2040
Graphite

4.3.1 Properties

4.3.2 Deposits and production
4.3.3 Applications

4.3.4 Graphite demand in 2040

134
143
148
153
153
156
166
172
176
181
189
193
202
207
211
211
216
221
221
228
232
239
251

257
257
257
258
258
259
259
259
260
260
261
261
262
263
263



4.4

4.5

4.6

4.7

4.8

4.9

Indium

4.4.1 Properties

4.4.2 Deposits and production
4.4.3 Applications

4.4.4 Indium demand in 2040
Cobalt

4.5.1 Properties

4.5.2 Deposits and production
4.5.3 Applications

4.5.4 Cobalt demand in 2040
Copper

4.6.1 Properties

4.6.2 Deposits and production
4.6.3 Applications

4.6.4 Copper demand in 2040
Lithium

4.7.1 Properties

4.7.2 Deposits and production
4.7.3 Applications

4.7.4 Lithium demand in 2040
PGM (ruthenium, iridium, platinum)
4.8.1 Properties

4.8.2 Deposits and production
4.8.3 Applications

4.8.4 PGM demand in 2040
Rhenium

4.9.1 Properties

4.9.2 Deposits and production
4.9.3 Applications

4.9.4 Rhenium demand in 2040

4.10 Scandium

4.1

4.10.1 Properties

4.10.2 Deposits and production

4.10.3 Applications

4.10.4 Scandium demand in 2040

Rare earth metals

4.11.1 Properties

4.11.2 Deposits and production

4.11.3 Applications

4.11.4 Rare earth metal demand in 2040

Raw materials for emerging technologies 2021

264
264
264
265
266
266
267
267
268
269
269
269
270
270
271
272
272
272
273
274
274
275
276
276
276
279
279
279
280
280
281
281
281
282
283
283
284
284
285
287



Raw materials for emerging technologies 2021

4.12 Tantalum 289
4.12.1 Properties 289
4.12.2 Deposits and production 290
4.12.3 Applications 290
4.12.4 Tantalum demand in 2040 291

4.13 Titanium 292
4.13.1 Properties 292
4.13.2 Deposits and production 292
4.13.3 Applications 292
4.13.4 Titanium demand in 2040 294

4.14 Vanadium 294
4.14.1 Properties 295
4.14.2 Deposits and production 295
4.14.3 Applications 296

4.14.4 Vanadium demand in 2040 296



Figure 0.1:

Figure 1.1:
Figure 1.2:
Figure 1.3:

Figure 1.4:
Figure 1.5:
Figure 1.6:
Figure 1.7:

Figure 1.8:

Figure 1.9:

Figure 1.10:
Figure 1.11:
Figure 1.12:
Figure 1.13:

Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:

Raw materials for emerging technologies 2021

Demand for different raw materials for selected emerging technologies in 2018
and in the three scenarios in 2040 as compared to the primary production of
the respective raw materials in 2018

The five Shared Socioeconomic Pathways
Final energy demand of the three selected SSP scenarios

Trend in global new vehicle registrations since 2005 (left-hand scale) and
global GDP (right-hand scale)

Predicted trend in vehicle markets and comparison to GDP growth from SSP
scenarios

Market shares of different vehicle categories in SSP1, SSP2 and SSP5
scenarios for 2030 and 2040

Trend in new registrations for BEV vehicles in the small car category since
2010 and minimum and maximum model fit

Schematic representation of Bass diffusion model with dynamic growth limit

Market shares of electric (BEV, PHEV), fuel cell (FCEV) and combustion
engine (ICE and HEV) drive technologies in SSP1, 2 and 5 scenarios for the
years 2030 and 2040

Market shares and sizes for different drive technologies in the SSP1 scenario
until 2040 for passenger cars (p) and commercial vehicles (c)

Understanding of the digitisation system with a focus on raw material demand
Growth of transmitted data volumes (a) historical; (b), (c) historical + scenarios
Diffusion of a technology as per the saturation model

Trend in sales figures over time for different lifetimes

Schematic overview of the mobility and aerospace cluster

Schematic overview of the digitisation and Industry 4.0 cluster

Schematic overview of the “Energy technologies and decarbonisation” cluster
Potential applications of tailored blanks

Schematic diagram of the airframe of a passenger aircraft, consisting of
fuselage, wings, engine nacelle, cowling, tail and undercarriage

Proportion of composite material in the airframe of current Airbus and Boeing
models and the numbers of each model delivered in 2018

Assumed aircraft deliveries up to 2040 in the SSP2 scenario
Example of sensors in a highly automated series-production vehicle
Fully automated test vehicle with LiDAR technology

Global new registrations of automated cars, levels 2 to 5

Global new registrations of automated commercial vehicles, levels 2 to 5
Unmanned 3D aircraft for application of plant protection agents
Selected application scenarios for manned 3D mobility

Super alloys by end use in 2012

Jet engine

Material development in jet engine construction

Schematic construction of a lithium-ion battery

Construction of battery packs for electronic applications

Estimated proportions of cathode materials to 2040

20
22
26

27

28

28

30
30

31

31
34
44
46
47
50
51
52
55

63

64
65
70
71
73
74
77
77
84
85
87
90
91
93



10

Raw materials for emerging technologies 2021

Figure 3.17:

Figure 3.18:
Figure 3.19:
Figure 3.20:
Figure 3.21:
Figure 3.22:
Figure 3.23:

Figure 3.24:
Figure 3.25:

Figure 3.26:
Figure 3.27:
Figure 3.28:
Figure 3.29:

Figure 3.30:
Figure 3.31:
Figure 3.32:
Figure 3.33:
Figure 3.34:
Figure 3.35:
Figure 3.36:
Figure 3.37:
Figure 3.38:
Figure 3.39:
Figure 3.40:
Figure 3.41:
Figure 3.42:

Figure 3.43:
Figure 3.44:
Figure 3.45:
Figure 3.46:
Figure 3.47:
Figure 3.48:
Figure 3.49:

Figure 3.50:

Figure 3.51:
Figure 3.52:
Figure 3.53:
Figure 3.54:

Schematic representation of the structure of conventional LIB (left) and solid
state battery cells (right)

Schematic construction of an LCD

Schematic construction of an OLED, a) down-emitting stack, b) up-emitting stack
Scenario A — total flat screen surface area with LCD and OLED distribution
Scenario B — total flat screen surface area with LCD and OLED distribution
Growth in the number of qubits

Comparison of selected market size forecasts and projections for the global
quantum computer market from 2017 to 2030 (in million USD)

Principle of optical communication

Left: an optical transceiver from Broadcom, right: diagram showing the main
components of an optical transceiver from Murata

Comparison of the function of VCSEL and EEL lasers
Structure of a distributed Bragg reflector (DBR)
PIN photodiode structure

Growth in worldwide data traffic in data centres (zettabytes per year) according
to CISCO and trend used for forecast until 2040

Market for GaAs wafers in units sold

Market for InP wafers in units sold

Examples of applications of various capacitor technologies

Structure of a tantalum-/niobium-based electrolytic capacitor

Structure of a multilayer ceramic capacitor (MLCC)

Applications of RF communication

Simplified model of terrestrial wireless RF communication

List of substrates used for the main components of RF devices

Diagram of an HBT (heterojunction bipolar transistor) on a GaAs substrate
Cross-section of an InP HEMT device

Cross-section of SiGe layers of different molar ratios on a silicon wafer
Piezoelectric on insulator (POI) smart cut™ process diagram from SOITEC

Market for GaAs wafers (scenario without integration in silicon technology) in
thousands of units sold

Market for LiTaO3 wafers in thousands of units sold

Market for LINbO3 wafers in thousands of units sold

Trend in gallium demand for RF chips

Technologies that drove the various industrial revolutions

Robots: an overview of raw materials, processed materials and components
Relevant raw materials in robots

Sales volume for industrial robots worldwide between 2018 and 2025
(in USD billion)

Sales forecast for industrial robots worldwide between 2016 and 2024
(in USD million)

Phases of additive manufacturing

Reference model for the loT architecture
Structure of a thermoelectric generator
Overview of the various thin-film technologies

97
102
102
103
104
110

110
112

113
114
114
115

116
117
117
120
120
121
124
124
125
126
126
127
128

131
132
132
133
135
137
137

140

140
143
149
154
157



Figure 3.55:

Figure 3.56:
Figure 3.57:
Figure 3.58:
Figure 3.59:
Figure 3.60:
Figure 3.61:
Figure 3.62:

Figure 3.63:
Figure 3.64:
Figure 3.65:
Figure 3.66:
Figure 3.67:
Figure 3.68:
Figure 3.69:

Figure 3.70:
Figure 3.71:
Figure 3.72:
Figure 3.73:
Figure 3.74:
Figure 3.75:
Figure 3.76:

Figure 3.77:
Figure 3.78:
Figure 3.79:

Figure 3.80:

Figure 3.81:
Figure 3.82:
Figure 3.83:
Figure 3.84:

Figure 3.85:
Figure 3.86:
Figure 3.87:
Figure 3.88:
Figure 3.89:
Figure 3.90:

Raw materials for emerging technologies 2021

Share of the total PV market represented by various thin-film cell types
(light blue: CdTe; dark blue: a-Sl; orange: CIGS) with a total global PV
production of 102 GWp in 2018

Structure of an amorphous silicon solar cell

Structure of a GaAs cell

Structure of a) substrate and b) superstrate of chalcogenide solar cells (CdTe, CIGS)

Composition of a thin-layer PV module
Design and working principle of a PEMEL
Addition of electrolysis capacities

Production and expansion of electrolyser stock for SSP5, SSP2-26 and SSP1-
19 scenarios

Direct air capture plant

Chemical process of the two cycles of the absorption process for direct air capture

Permanent storage of CO, through mineralisation in a suitable geological deposit
Design and working principle of a solid oxide fuel cell

Design and working principle of a tubular solid oxide fuel cell

Production of SOFCs

Production and expansion of SOFC stock for SSP5, SSP2-26 and SSP1-19
scenarios

Development stages of CCS system components

Schematic representation of the three carbon capture methods
The chemical looping process

Global CCS projects

Output of power plants with CCS in GW

Design and working principle of a redox flow battery

Components of a wind turbine (left) and dimensions of a wind turbine with a
car for scale (right)

Material demand of a wind turbine
Market shares of technology variants in 2018

Assumptions relating to technology shares in 2040 for global newly built wind
turbines in the different scenarios (onshore and offshore including repowering)

Hysteresis curve of a permanent magnet: B: magnetic flux density, H: magnetic
field strength, BR: remanence, HC: coercitivity

Steering motor of a car
Methods of generating PtL
Process diagram of the most important sea water desalination methods

Trends in global sea water desalination by (a) number and capacity of all and
operational desalination plants and (b) operating capacity by desalination
technology

Estimated accumulated global desalination of sea water capacity, in million m3/d
Possible cycles for carbon in the chemical industry

Plant schematic of the Hamburg pyrolysis process

Fate of plastics in the system change scenario

Schematic representation of the German power grid

Steel-reinforced aluminium cable

158
158
159
160
161
167
168

169
172
173
174
177
177
178

179
182
183
184
185
187
189

194
196
199

200

202
204
208
21

212
215
217
218
220
222
223



12

Raw materials for emerging technologies 2021

Figure 3.91:

Figure 3.92:
Figure 3.93:
Figure 3.94:
Figure 3.95;
Figure 3.96:
Figure 3.97:
Figure 3.98:
Figure 3.99:

Figure 3.100:
Figure 3.101:
Figure 3.102:
Figure 3.103:
Figure 3.104:
Figure 3.105:
Figure 3.106:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Danube pylon' with two 110 kV power circuits (left and right, each with three
lines suspended from insulators) and earth wire on top of the pylon

Expected demand for electrical energy based on the SSP scenarios of the IPCC
Design and working principle of a Fibre-optic cable

Global additional millions of km of fibre-optic cable laid per year

Past and planned band capacities of the LTO standard

Various data growth scenarios until 2040

Comparison of data volumes in the various scenarios, 2018 and 2040
Comparison of scenarios for HDDs

Comparison of scenarios for SSDs

Comparison of scenarios for magnetic tape

Distribution of storage media in 2018 and 2040

Overall distribution of storage media in 2018 and 2040

Demand for silicon for SSDs in tonnes by scenario and year
Induction principle

Components of a wireless system to transfer electrical power

Comparison of total costs for buses with conductive and inductive charger per
kilometre travelled

Gallium primary production in 2018 and demand for emerging technologies in
2018 and 2040

Germanium production in 2018 and demand for emerging technologies in 2018
and 2040

Graphite production in 2018 and demand for emerging technologies in 2018
and 2040

Indium production in 2018 and demand for emerging technologies in 2018

and 2040

Cobalt refinery production in 2018 and demand for emerging technologies in
2018 and 2040

Copper refinery production in 2018 and demand for emerging technologies in
2018 and 2040

Lithium production in 2018 and demand for emerging technologies in 2018
and 2040

Ruthenium production in 2018 and demand for emerging technologies in 2018
and 2040

Iridium production in 2018 and demand for emerging technologies in 2018
and 2040

Platinum production in 2018 and demand for emerging technologies in 2018
and 2040

Rhenium production in 2018 and demand for emerging technologies in 2018
and 2040

Scandium production in 2018 and demand for emerging technologies in 2018
and 2040

Lanthanum production in 2018 and demand for emerging technologies in 2018
and 2040

Neodymium / praseodymium production in 2018 and demand for emerging
technologies in 2018 and 2040

224
226
228
230
240
243
244
245
246
246
247
247
250
252
253

255

259

261

264

266

269

272

274

278

278

278

281

283

288

288



Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

Figure 4.19:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Raw materials for emerging technologies 2021

Yttrium production in 2018 and demand for emerging technologies in 2018
and 2040

Dysprosium / terbium production in 2018 and demand for emerging
technologies in 2018 and 2040

Tantalum mine production in 2018 and demand for emerging technologies in
2018 and 2040

Titanium metal refinery production in 2018 and titanium demand for emerging
technologies in 2018 and 2040

Vanadium mine production in 2018 and demand for emerging technologies in
2018 and 2040

Demand for different raw materials for selected emerging technologies in 2018
and in the SSP1 in 2040 compared to the primary production of the respective
raw materials in 2018

Demand for different raw materials for selected emerging technologies in 2018
and in the SSP2 in 2040 compared to the primary production of the respective
raw materials in 2018

Demand for different raw materials for selected emerging technologies in 2018
and in the SSP5 in 2040 compared to the primary production of the respective
raw materials in 2018

289

289

291

294

296

298

299

300



14

Raw materials for emerging technologies 2021

Table 0.1:

Table 1.1:
Table 1.2:
Table 1.3:
Table 1.4:

Table 1.5:
Table 1.6:
Table 1.7:
Table 1.8:
Table 1.9:
Table 3.1:

Table 3.2:
Table 3.3:
Table 3.4:

Table 3.5:
Table 3.6:

Table 3.7:
Table 3.8:

Table 3.9:

Table 3.10:

Table 3.11:

Table 3.12:
Table 3.13:
Table 3.14:

Table 3.15:
Table 3.16:

Table 3.17:
Table 3.18:

Table 3.19:

Table 3.20:
Table 3.21:
Table 3.22:
Table 3.23:

Global raw material demand as a ratio of production in 2018 for the 33
analysed emerging technologies

Population development in SSP1, 2 and 5
Development in relation to economy and technology in SSP1, 2 and 5
Development in relation to policy and environment in SSP1, 2 and 5

Modelling parameters to represent the SSP scenarios as vehicle markets and
to describe the market diffusion of electric vehicles

Vehicle markets by vehicle category for SSP1, SSP2 and SSP5

New registrations by drive technology in the SSP1 scenario, in million units

New registrations by drive technology in the SSP2 scenario, in million units

New registration figures by drive technology in the SSP5 scenario, in million units
Assumptions relating to the development of digital technologies

Global production (BGR 2021) and calculated raw material demand for
tailored blanks

Magnet mass per engine in kg for various drive technologies and vehicle segments
Market shares of various engine technologies in different price segments in 2040

Scenarios for the development of the Dy component in NdFeB magnets for
engines in EVs (Dy component in 2014)

Specific copper demand for various electric motors in kg/kW

Global production (BGR 2021) and calculated raw material demand for
electrical traction engines for motor vehicles, in tonnes

Alloy components of some commercially available aluminium-lithium alloys

Assumptions relating to airframe composition (proportions of aluminium alloys,
steel, titanium and titanium alloys and composite materials in 2040)

Global production (BGR 2021) and calculated raw material demand for
lightweight alloys for airframes, in tonnes

Driver assistance systems

Average number of system components required

Assumptions made to estimate raw material demand

Percentage by weight of raw materials in Nd:YAG solid-state laser

Global production (BGR 2021) and calculated raw material demand for laser
scanners for autonomous driving of road vehicles, in tonnes

Raw materials in unmanned eVTOL aircraft
Projections of volume of eVTOL aircraft traffic in various studies
Assumptions relating to the weight distribution of components in eVTOL aircraft in kg

Assumptions relating to the number and efficiency of eVTOL aircraft under the
conditions of selected SSP scenarios

Global production (BGR 2021) and calculated raw material demand for 3D
aircraft, in tonnes

Average composition of nickel-based super alloys
Average composition of cobalt-based super alloys
Composition of a heat-resistant titanium alloy

Global production (BGR 2021) and calculated raw material demand for super
alloys, in tonnes

21
24
24
25

29
30
32
32
32
43

57
59
60

61
61

61
63

66

66
69
70
74
75

75
78
80
81

82

82
85
86
86

88



Table 3.24:

Table 3.25:
Table 3.26:
Table 3.27:
Table 3.28:

Table 3.29:
Table 3.30:

Table 3.31:

Table 3.32:

Table 3.33:

Table 3.34:
Table 3.35:

Table 3.36:

Table 3.37:
Table 3.38:

Table 3.39:

Table 3.40:
Table 3.41:
Table 3.42:
Table 3.43:

Table 3.44:
Table 3.45:
Table 3.46:
Table 3.47:

Table 3.48:

Table 3.49:
Table 3.50:
Table 3.51:

Table 3.52:

Table 3.53:

Raw materials for emerging technologies 2021

Global production (BGR 2021) and calculated raw material demand, in tonnes;

on the assumption that ruthenium and rhenium become established in super alloys

Characteristics of various cathode materials for lithium-ion batteries
Quantities of specific metals in battery cathodes [kg/kWh]
Battery sizes by drive technology and size segment in kWh (rounded values)

Global production (BGR 2021) and calculated raw material demand for
lithium-ion high-performance batteries, in tonnes

Recycling plants for LIB worldwide

Selection of ceramic solid-state electrolytes of phosphate, oxide and sulphide
types studied in research

Comparison of SCE, SPE and liquid electrolyte battery cells and parameters
for the calculation of raw material demand

Market volumes for solid state batteries in electromobility in 2040 for different
SSP scenarios

Global production (BGR 2021) and calculated raw material demand for
solid-state battery cells in electromobility applications, in tonnes

OLED and LCD surface area sold

Global production (BGR 2021) and calculated raw material demand for indium
in display technology, in tonnes

Global production (BGR 2021) and calculated demand for copper for quantum
computers, in tonnes

Quantity of Ga, As, In and P per wafer (gross demand)

Global production (BGR 2021) and calculated raw material demand for GaAs
and InP for the optical transceiver market, in tonnes

Global production (BGR 2021) and calculated raw material demand for
microelectronic capacitors, in tonnes

Quantity of Ga, As, In and P per wafer for RF application (gross demand)
Amount of Li, Nb and Ta per ceramic wafer (net content)
Quantity of Ga per wafer for RF application (gross demand)

Global production (BGR 2021) and calculated raw material demand for GaAs,
LiTaO3 and LiNbO3 wafers, in tonnes

Sales trend for industrial robots worldwide to 2040
Raw materials for additive manufacturing
Material composition of selected metal alloys for additive manufacturing [wt%]

Assumptions relating to future raw material demand subject to the conditions
of selected SSP scenarios

Global production and calculated raw material demand for additive
manufacturing in the aerospace and medical technology industries, in tonnes

Basic configuration of the loT
Raw material demand for various storage technologies in the loT, in tonnes/ZB

Thermoelectric properties of insulators, metals and semiconductors at room
temperature

Production-specific raw material demand depending on absorber layer
thickness, efficiency and material inefficiency

Annual installation of CdTe and CIGS solar modules in megawatt peak in
SSP1-19 and SSP2-26 scenarios

91
92
93

94
95

96

98

99

100
104

105

1M
116

118

123
128
129
129

133
141
144
145

147

148
151
151

154

163

164



16

Raw materials for emerging technologies 2021

Table 3.54:

Table 3.55:
Table 3.56:

Table 3.57:

Table 3.58:

Table 3.59:
Table 3.60:

Table 3.61:
Table 3.62:
Table 3.63:
Table 3.64:
Table 3.65:

Table 3.66:
Table 3.67:
Table 3.68:
Table 3.69:

Table 3.70:

Table 3.71:
Table 3.72:
Table 3.73:
Table 3.74:

Table 3.75:

Table 3.76:

Table 3.77:

Table 3.78:
Table 3.79:
Table 3.80:
Table 3.81:

Table 3.82:
Table 3.83:
Table 3.84:
Table 3.85:
Table 3.86:

Global production (BGR 2021) and calculated raw material demand for thin-
layer PV, in tonnes

Specific raw material demand for water electrolysers in g/kW

Global production (BGR 2021) and calculated raw material demand for water
electrolysers, in tonnes

Material demand of DAC plants using the absorption process with a capacity of
1Mt CO2/a

Global production (BGR 2021) and calculated raw material demand for DAC
plants using the absorption process, in tonnes

Specific raw material demand for SOFC in g/kW

Global production (BGR 2021) and calculated raw material demand for
stationary SOFC systems, in tonnes

Quantity of alloying elements for CCS technologies in kg/MWel
Materials for CO2 separation methods

Power generation with CCS for the year 2040 in the selected SSPs
New CCS capacities for power plants to be installed in 2040 [GW]

Global production (BGR 2021) and calculated raw material demand for CCS,
in tonnes

Typical technical parameters of a vanadium RFB
Average raw material demand of a V-RFB
Raw material demand for redox flow batteries

Global production (BGR 2021) and calculated raw material demand for redox
flow batteries, in tonnes

Various drive technologies currently in use in wind turbines (black) or in
development for wind turbines (blue)

Material demand for wind turbines, in tonnes/MW
Demand for rare earths for wind turbines, in tonnes/GW
Scenarios for the energy production and installed output of wind turbines

Additional wind turbine output installed in 2040 due to capacity increase and
repowering, in [GW/a]

Global production (BGR 2021) and calculated raw material demand for WKA,
in tonnes

Global production (BGR 2021) and calculated demand for rare earths for wind
turbines, in tonnes

Global production (BGR 2021) and calculated neodymium demand for magnet
applications in consumer electronics, in tonnes

Composition of a Fischer-Tropsch catalyst from Johnson Matthey
Trend in production of synthetic fuels in the various scenarios
Cumulative and annual production quantities for XtL in 2040

Global production (BGR 2021) and calculated raw material demand for
synthetic fuels, in tonnes

Materials for sea water desalination plants

Raw material demand for RO sea water desalination plants
Raw material demand for thermal sea water desalination plants
New sea water desalination plants in 2040

Global production (BGR 2021) and calculated raw material demand for sea
water desalination, in tonnes

164
170

171

174

176
180

180
186
186
187
187

188
190
191
192

192

195
197
197
198

198

201

201

206
209
209
210

210
213
214
214
215

216



Table 3.87:
Table 3.88:
Table 3.89:
Table 3.90:
Table 3.91:
Table 3.92:

Table 3.93:
Table 3.94:
Table 3.95:

Table 3.96:

Table 3.97:

Table 3.98:
Table 3.99:

Table 3.100:

Table 3.101:
Table 3.102:
Table 3.103:
Table 3.104:
Table 3.105:

Table 3.106:

Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.6:
Table 4.7:
Table 4.8:
Table 4.9:
Table 4.10:
Table 4.11:
Table 4.12:
Table 4.13:
Table 4.14:
Table 4.15:
Table 4.16:
Table 4.17:
Table 4.18:

Raw materials for emerging technologies 2021

Examples of raw material recycling processes
Raw material demand for the Modis MIDI plant
Materials for pyrolysis plants

Specific materials for a pyrolysis plant with a capacity of 6,000 tonnes/year
Assumed amounts of plastic waste for the scenarios, in million tonnes
Global production (BGR 2021) and calculated raw material demand for raw

material recycling of plastics, in tonnes
Material demand per power kilometre for the German power grid
Material demand for HVDC overhead lines or cables

Global production (BGR 2021) and calculated copper demand for transmission

and distribution networks, in tonnes

Global production (BGR 2021) and calculated germanium demand for fibre-

optic cable, in tonnes

Comparison of typical latency times and data rates of various generations of

mobile communications
Frequency bands used for mobile communications in Germany

Global production (BGR 2021) and calculated raw material demand for GaAs-

based amplifiers in frequency filters, in tonnes

Global production (BGR 2021) and calculated raw material demand for optical

transceivers for 5G/6G, in tonnes
Demand for gallium in 2040 for GaN amplifiers in base stations
Number of storage media by scenario

Raw material requirements for HDDs by scenario and year, in tonnes

Raw material demand for SSDs by scenario and year, in tonnes

Global production (BGR 2021) and calculated raw material demand for storage

media in data centres, in tonnes

Global production (BGR 2021) and calculated copper demand for electric

vehicle charging systems, in tonnes

Gallium properties

Gallium supply situation in 2010, 2013 and 2018

Gallium usage in the EU

Gallium demand for selected emerging technologies, in tonnes
Germanium properties

Germanium supply situation in 2010, 2013 and 2018

Worldwide application of germanium

Germanium demand for selected emerging technologies, in tonnes
Graphite properties

Graphite supply situation in 2010, 2013 and 2018

Worldwide application of natural graphite

Graphite demand for selected emerging technologies, in tonnes
Indium properties

Indium supply situation in 2010, 2013 and 2018

Indium usage in the EU

Indium demand for selected emerging technologies, in tonnes
Cobalt properties

Cobalt supply situation in 2010, 2013 and 2018

218
219
219
219
220

221
225
225

227

231

232
232

236

237
238
248
249
250

251

255
257
257
258
258
259
260
260
261
262
262
263
264
264
265
265
266
267
267



18 Raw materials for emerging technologies 2021

Table 4.19:
Table 4.20:
Table 4.21:
Table 4.22:
Table 4.23:
Table 4.24:
Table 4.25:
Table 4.26:
Table 4.27:
Table 4.28:
Table 4.29:
Table 4.30:
Table 4.31:
Table 4.32:
Table 4.33:
Table 4.34:
Table 4.35:
Table 4.36:
Table 4.37:
Table 4.38:
Table 4.39:
Table 4.40:
Table 4.41:
Table 4.42:
Table 4.43:
Table 4.44:
Table 4.45:
Table 4.46:
Table 4.47:
Table 4.48:
Table 4.49:
Table 4.50:

Table 4.51:
Table 4.52:
Table 4.53:
Table 4.54:
Table 4.55:
Table 4.56:
Table 4.57:
Table 4.58:
Table 4.59:
Table 4.60:
Table 4.61:
Table 4.62:

Worldwide application of cobalt

Cobalt demand for selected emerging technologies, in tonnes
Copper properties

Copper supply situation in 2010, 2013 and 2018

Worldwide application of copper

Copper demand for selected emerging technologies, in tonnes
Lithium properties

Lithium supply situation in 2010, 2013 and 2018

Worldwide application of lithium in 2010, 2013, 2019

Lithium demand for selected emerging technologies, in tonnes
Ruthenium, iridium and platinum properties

PGM supply situation in 2010, 2013 and 2018

Worldwide application of ruthenium, iridium and platinum in 2019
Ruthenium demand for selected emerging technologies, in tonnes
Iridium demand for selected emerging technologies, in tonnes
Platinum demand for selected emerging technologies, in tonnes
Rhenium properties

Rhenium supply situation in 2010, 2013 and 2018

Rhenium usage in the EU

Rhenium demand for selected emerging technologies, in tonnes
Scandium properties

Scandium supply situation in 2010, 2013 and 2018

Scandium applications 2017

Scandium demand for selected emerging technologies, in tonnes
Properties of selected light rare earth metals

Properties of selected heavy rare earth metals

Rare earth metals supply situation in 2010, 2013 and 2018
Worldwide application of rare earth metals in 2018

Lanthanum demand for selected emerging technologies, in tonnes
Light rare earth metals demand for selected emerging technologies, in tonnes
Yttrium demand for selected emerging technologies, in tonnes

Heavy rare earth metals (dysprosium, terbium) demand for selected emerging
technologies, in tonnes

Tantalum properties

Tantalum supply situation in 2010, 2013 and 2018

Worldwide application of tantalum

Tantalum demand for selected emerging technologies, in tonnes
Titanium properties

Titanium supply situation in 2010, 2013 and 2018

Titanium usage in the EU

Titanium demand for selected emerging technologies, in tonnes
Vanadium properties

Vanadium supply situation in 2010, 2013 and 2018

Worldwide application of vanadium

Vanadium demand for selected emerging technologies, in tonnes

268
268
269
270
27
27
272
273
273
274
275
275
276
277
277
277
279
279
280
280
281
282
282
283
284
284
286
286
287
287
287

288
290
290
291
291
292
293
293
204
295
295
296
296



Raw materials for emerging technologies 2021

While emerging technologies have the potential to improve efficiency in existing systems, they can also
potentially enable all new technology systems. They can thus trigger revolutionary innovation impulses
beyond the boundaries of individual economic sectors. However, technological change can have a signifi-
cant impact on the demand for individual mineral raw materials. The study “Raw materials for emerging
technologies” was commissioned by the Federal Ministry for Economic Affairs and Energy (BMWi) in 2009
to investigate the demand impulses of future technologies (ANGERER et al. 2009). Together with a follow-up
study commissioned by DERA and published in 2016, results helped bridge considerable knowledge gaps
with regard to raw material demand for emerging technologies (MARSCHEIDER-WEIDEMANN et al. 2016).
With innovation constantly accelerating, the present study updates the state of knowledge on the mineral
raw material requirements of technological change.

In contrast to the previous studies in which emerging technologies were assigned to industrial branches,
the 33 technologies in this study are presented according to clusters. The clusters are “Mobility and aero-
space”, “Digitisation and Industry 4.0”, “Energy technologies and decarbonisation”, “Recycling and water
management”, and “Power and data networks”. Therefore, the clusters also examine technologies that
are not emerging technologies, but are essential for the clusters, like electricity networks.

In order to be able to map the future development of the various technologies as consistently as possible,
the Shared Socioeconomic Pathways (SSPs), which were created as part of the 5th Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC) for climate policy issues, are used as frame-
work scenarios (KRIEGLER et al. 2012). For the selected scenarios SSP1 (Sustainability), SSP2 (Middle
Path), and SSP5 (Fossil Path), the narratives for the individual clusters are supplemented and backed
up with data if these could not be taken directly from the SSP database of the International Institute for
Applied Systems Analysis (IIASA no date).

In line with the two previous studies, results depend very much on the respective technologies and their
market diffusion. For eleven metals, the estimated demand in 2040 from emerging technologies could be
as high as or higher than their 2018 production (see Figure 0.1). However, it can also be seen in the figure
that demand strongly depends on the respective scenarios (see the presentation of results in Section 5).
For example, the demand in SSP1 (Sustainability) is very high for scandium due to its use in hydrogen
technology, or for lithium from the higher demand in electromobility, while the raw material demand of these
two metals in SSP5 (Fossil Path) is below the production volume in 2018. At the same time, the demand
for ruthenium and platinum in SSP5 is particularly high, as large data volumes and storage capacities in
data centers are assumed in this scenario in 2040. Table 0.1 summarises the most important emerging
technologies and their demand for a number of raw materials. Raw material requirements for technologies
outside the scope of this study were not considered.

The figures presented for the SSPs do not represent forecast values, but illustrate various future possibili-
ties that appear realistic given what is known now. The overall scope of this study is to identify relevant
fields of technologies and raw materials in order to encourage further work to address potential challenges
and help develop measures to address those. The following measures can help contribute to a secure
supply of mineral raw materials:

— increase capacities and improve efficiency in mining and processing,

— substitution at the material and technology level,

— resource efficiency in production and application,

— recycling, including design for recycling, return strategies, and efficient recycling technologies.

When developing new technologies, identifying options for securing raw materials should be considered.
Current raw material prices depend on many factors; they are not a measure of the long-term physical or
economic availability of a raw material. Therefore current prices should not be the sole basis for long-term
decisions.
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Ruthenium

The bar length for each raw material is normalised to the respective production in 2018.

630 (x19)

Scandium

72 (x7.9)

HREE (Dy/Tb)

8,800 (x6.9)
8,100 (x6.4)

Lithium 560,000 (x5.9)
380,000 (x4)
Iridium 34 (x5)
20 (x2.9)
Platinum
810 (x4.3)
Cobalt 490,000 (x3.9)

360,000 (x2.9)

LREE (Nd/Pr)

Tantalum

§ 3,800 (x2.1)

Germanium 240 (x1.7)
250 (x1.7)
280 (x1.9)
Lanthanum 39,000 (x1.1)
11,000 (x0.3)
1,200 (x0.03)
22,000
Graphite 1,000,000 (x0.9)
890,000 (x0.8)
200,000 (x0.2)
Vanadium
69,000 (x0.8)
61,000 (x0.7)
]
Rhenium
Titanum 130,000 (x0.6)
110,000 (x0.6)
140,000 (x0.7)
Yttrium 4,600 (x0.6)
2,300 (x0.3)
1,600 (x0.2)
Indium ® Demand for emerging technologies 2018 [t]
¥ Production 2018 [t]
Copper 5,500,000 (x0.2) Demand for emerging technologies 2040:
7,100,000 (x0.3) . .
m SSP1: Sustainability [t]
. B SSP2: Middle of the Road [t]
Gallium .
B SSP5: Fossil-fueled Development [t]

Figure 0.1: Demand for different raw materials for selected emerging technologies in 2018 and in
the three scenarios in 2040 compared to the primary production of the respective raw
materials in 2018
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Emerging technologies with high
demand

Data centers, super alloys, synthetic fuels
SOFC - Stationary fuel cell, water electrolysis

Electrical traction engines for motor vehicles,
wind turbines

Lithium-ion high-performance electricity
storage, solid-state batteries, alloys for
airframe lightweight construction

Water electrolysis
Data centers

Super alloys, lithium-ion high-performance
electricity storage, solid-state batteries

Electrical traction engines for motor vehicles,
wind turbines, high-performance permanent
magnets, data centers

Super alloys, microelectronic capacitors,
radio frequency microchips, data centers

Fiber optic cable

Solid-state batteries, water electrolysis,
SOFC - Stationary fuel cell

CCS — Carbon capture and storage,
redox flow batteries

Super alloys

Alloys for airframe lightweight construction,
superalloys, solid-state batteries, additive
manufacturing of metal components (“3D
printers”), water electrolysis, seawater
desalination

Automatic piloting of road vehicles, water
electrolysis, SOFC — Stationary fuel cell

Lithium-ion high-performance electricity
storage

Indium tin oxide (ITO) in display technology,
optoelectronics/photonics, thin-film photo-
voltaics

Power grid expansion, electrical traction
engines for motor vehicles, wind turbines,
solid-state batteries, water electrolysis

Radio frequency microchips, thin-film photo-
voltaics
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The five Shared Socioeconomic Pathways (SSPs)
were created from 2011 onwards as part of the
5th Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) for climate pol-
icy issues (KRIEGLER et al. 2012). Given the great
uncertainty surrounding future development, the
SSPs represent different global socioeconomic
developments for the 21st century.

The SSPs serve as a basis for and components
of scenarios (PACHAURI & MEYER 2014) and are
one element of the huge range of potential socio-
economic trajectories into the future. Each SSP
comprises a narrative or storyline and, initially,
quantifications split into various global models
for population (International Institute for Applied
Systems Analysis, IIASA (Kc & Lutz 2017)),
gross domestic product (GDP, separate imple-
mentations into individual models produced in
each case by IIASA (CREsPO CUARESMA 2017),
OECD (DELLINK et al. 2017) and Potsdam Insti-
tute for Climate Impact Research, PIK (LEIMBACH
et al. 2017)) as well as urbanisation (National
Center for Atmospheric Research, NCAR (JIANG
& O'NEILL 2016)). Within this, the development

® SSP5: ® SSP3:
Fossil-fueled Regional
development Rivalry

® SSP2:
Middle of the Road

® SSP1:
Sustainability

® SSP4:
Inequality

Socioeconomic challenges for
mitigating climate change

Socioeconomic challenges for
adapting to climate change

of population is a central driver for the develop-
ment of GDP. Above and beyond this, additional
parameters, such as energy consumption and
land use, have been quantified into various global
Impact Assessment Models (so-called IAMs) on
this basis (LuTz et al. 2019). From the total of five
plausible SSPs, there are four extreme scenarios
and one scenario illustrating the middle ground
between these extremes (see Figure 1.1). The
narratives of all five SSPs are presented below.

SSP1 Sustainability — Taking the green road
(low challenges to mitigation and low chal-
lenges to adaptation)

“The world shifts gradually, but pervasively, toward
a more sustainable path, emphasizing more inclu-
sive development that respects perceived envi-
ronmental boundaries. Management of the global
commons slowly improves, educational and health
investments accelerate the demographic transi-
tion, and the emphasis on economic growth shifts
toward a broader emphasis on human well-being.
Driven by an increasing commitment to achiev-
ing development goals, inequality is reduced
both across and within countries. Consumption
is oriented toward low material growth and lower
resource and energy intensity.” (RiaHI et al. 2017).

SSP2 Middle of the Road (medium challenges
to mitigation and medium challenges to adap-
tation)

“The world follows a path in which social, eco-
nomic, and technological trends do not shift mark-
edly from historical patterns. Development and
income growth proceeds unevenly, with some
countries making relatively good progress while
others fall short of expectations. Global and
national institutions work toward but make slow
progress in achieving sustainable development
goals. Environmental systems experience degra-
dation, although there are some improvements
and overall the intensity of resource and energy
use declines. Global population growth is moder-
ate and levels off in the second half of the century.
Income inequality persists or improves only slowly
and challenges to reducing vulnerability to soci-
etal and environmental changes remain.” (RIAHI et
al. 2017).



SSP3 Regional Rivalry — A Rocky Road (high
challenges to mitigation and high challenges
to adaptation)

“A resurgent nationalism, concerns about compet-
itiveness and security, and regional conflicts push
countries to increasingly focus on domestic or,
at most, regional issues. Policies shift over time
to become increasingly oriented toward national
and regional security issues. Countries focus on
achieving energy and food security goals within
their own regions at the expense of broader-based
development. Investments in education and tech-
nological development decline. Economic devel-
opment is slow, consumption is material-inten-
sive, and inequalities persist or worsen over time.
Population growth is low in industrialized and high
in developing countries. A low international prior-
ity for addressing environmental concerns leads
to strong environmental degradation in some
regions.” (RIAHI et al. 2017).

SSP4 Inequality — A Road divided (low chal-
lenges to mitigation, high challenges to adap-
tation)

“Highly unequal investments in human capital,
combined with increasing disparities in economic
opportunity and political power, lead to increas-
ing inequalities and stratification both across and
within countries. Over time, a gap widens between
an internationally-connected society that con-
tributes to knowledge- and capital-intensive sec-
tors of the global economy, and a fragmented col-
lection of lower-income, poorly educated societies
that work in a labor intensive, low-tech economy.
Social cohesion degrades and conflict and unrest
become increasingly common. Technology devel-
opment is high in the high-tech economy and sec-
tors. The globally connected energy sector diver-
sifies, with investments in both carbon-intensive
fuels like coal and unconventional oil, but also
low-carbon energy sources. Environmental poli-
cies focus on local issues around middle and high
income areas.” (RIAHI et al. 2017).

SSP5 Fossil-fueled development — Taking the
highway (high challenges to mitigation, but low
challenges to adaptation)

“This world places increasing faith in competitive
markets, innovation and participatory societies to
produce rapid technological progress and devel-
opment of human capital as the path to sustain-
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able development. Global markets are increas-
ingly integrated. There are also strong investments
in health, education, and institutions to enhance
human and social capital. At the same time, the
push for economic and social development is
coupled with the exploitation of abundant fossil
fuel resources and the adoption of resource- and
energy-intensive lifestyles around the world. All
these factors lead to rapid growth of the global
economy, while global population peaks and
declines in the 21st century. Local environmental
problems like air pollution are successfully man-
aged. There is faith in the ability to effectively man-
age social and ecological systems, including by
geo-engineering if necessary.” (RIAHI et al. 2017).

The two extreme scenarios SSP1 and SSP5 as
well as the Middle of the Road scenario SSP2
were selected as framework scenarios for this
study and are presented in more detail below.
While overall SSP2 represents the moderate Mid-
dle of the Road scenario it is not the midway point
between SSP1 and SSP5 because to a certain
extent it also takes account of aspects from the
SSP3 and SSP4 extreme scenarios (see Figure
1.1). In particular, SSP1 and SSP5 include very
significant and/or very rapid global development
of education, economy and technology. However,
they differ in terms of their focus and objective: in
SSP1, the international community is striving for
sustainable development taking ecological limits
into consideration. In contrast to this, confidence
in technological innovations and competitive
markets to solve ecological problems dominates
in SSP5 where development is accompanied
by fast economic growth based on fossil fuels.
SSP2 sees an interplay between fossil fuel-based
growth and efforts to develop sustainably, con-
tinuing historical developments to date. However,
global development of education, economy and
technology are slower and weaker overall than
in SSP1 and SSP5. They are constrained by ten-
dencies towards regional rivalry and protectionism
as well as inequalities, each of which is consid-
ered to an even more extreme degree in SSP3
and SSP4. These are important and plausible
potential future developments. However, given the
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extreme constraint of technology development,
they are less relevant for this study than SSP1,
2 and 5. Therefore, SSP3 and 4 are not included
in the technology synopses on the grounds of
capacity constraints.

The tables below once again illustrate the key dif-
ferences and common features of the selected
framework scenarios SSP1, 2 and 5.

In their basic form (basic scenarios), SSPs 1-5
do not include any assumptions on future climate

SSP1

Indicator Sustainability

Population growth Relatively low

Urbanisation high
Education level high
Health level high
Indicator SSP1

Sustainability

International Effective

cooperation

Environmental  Better management of local

policy and global problems, stricter
regulation of harmful
substances

Policy focus Sustainable development

Institutions Effective

Environment

Land use Strong regulation

Middle of the Road

Comparatively weak

Moderate successes

Weak focus on sustain-
ability

Uneven,

modestly effective

Conditions improve with time Continued deterioration
of conditions

Medium regulation

policy measures. Yet without such measures,
the international climate protection goals will be
missed in all five SSPs.

Within this context, failure seems plausible for
SSP5 as a result of which no international climate
policy successes are assumed (SSP5 baseline).
For SSP2, in addition to the basic scenario, this
study assumes that the 2 °C goal and/or limiting
radiative forcing to 2.6 W/m? is achieved through
climate policy measures (SSP2-26). For SSP1, in
addition to the basic scenario, it is assumed that
the 1.5 °C goal and/or limiting radiative forcing to
1.9 W/m? is achieved through a very ambitious cli-
mate policy (SSP1-19).

SSP2 SSP5
Middle of the Road Fossil Path

medium Relatively low

medium high

medium high

medium high
SSP2 SSP5

Fossil Path

Effective for development
goals, weak for environmental
goals

Focus on local problems
with direct link to wellbeing,
low efforts to address global
problems

Economic development,
free markets

Increasingly effective, focus:
free markets

Highly technical solutions,
successful for local problems

Medium regulation



SSP1

Indicator Sustainability

Income growth per
capita

high in medium- and low-
income countries, medium
in high-income countries

reduced between and
within countries

Economic inequalities

International trade medium

connected markets,
regional production

Globalisation

Consumer behaviour low growth in material

consumption
Meat consumption low
Technology fast
development
Technology transfer fast

focus: efficient and renew-
able

Energy technologies

Carbon intensity low

Overall, the SSPs represent very different energy
futures, exhibiting a broad spectrum of potential
energy demand developments and energy sup-
ply structures. This spectrum results from differ-
ent assumptions of the framework conditions for
energy systems, such as costs and the availabil-
ity of future fossil fuel resources, technological
change, economic growth and new energy ser-
vices etc.

The extent and structure of future energy tech-
nologies in the SSP scenarios are key determi-
nants of the challenges of mitigating and adapting
to climate change. For example, the SSP5 basic
scenario is hugely dependent on fossil fuels and
includes an increasing share of coal in the energy
miXx. In contrast to this, SSP1 includes an increas-
ing share of renewable energies and other low-
carbon energy sources. Compared with the other
SSPs, the “Middle of the Road” picture in SSP2
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SSP2
Middle of the Road

medium, irregular

moderate, uneven reduc-
tion between and within
countries

medium

semi-open globalised
economy

material-intensive

medium

medium, irregular

slow

investment in renewables
but continued fossil
dependence

medium

SSP5
Fossil Path

high

significantly reduced,
especially between
countries

high, regional specialisa-
tion in production

strong globalisation and
interconnectedness

materialism,
status consumption,
tourism, mobility

high
fast
fast
fossil, no active pursuit

of alternatives

high

results in a more balanced energy development
based on a continuation of the current energy mix
and its dominance of fossil fuels. This is continu-
ously improved through the use of biomass and
renewable energies. As can be seen in Figure
1.1, in SSP2 medium challenges result in terms
of both adapting to the consequences of climate
change and also avoiding and reducing green-
house gas emissions.

The SSP5 scenario exhibits a more than three-
fold increase in energy demand over the course
of the century (driven primarily by rapid economic
growth), see Figure 1.2. As a result, SSP5 is
characterised by serious challenges to mitigat-
ing climate change. Energy demand in the SSP1
scenario is particularly low, peaks in around 2080
and then falls due to the successful implementa-
tion of energy-efficiency measures and changes
in behaviour. This results in a global decoupling
between energy demand and economic growth. In
line with the intermediate challenges, demand for
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ultimate energy in the SSP2 scenario doubles in
the long term (2100), indicating a middle ground
pathway.

The SSP database of the International Institute
for Applied Systems Analysis (IIASA no date) con-
tains explicit details of the development of tech-
nologies in the SSPs, such as details for wind
energy, solar energy, hydrogen generation, CCS
and the production of synthetic fuels (RIAHI et al.
2017). We have used these to describe the mar-
ket potential in the year 2040 in the corresponding
technology chapters. The database was produced
between 2012 and 2018. Where useful and possi-
ble, short-term influences, such as the COVID-19
pandemic or current discussions on decarbonisa-
tion, have also been taken into account.

We have produced various mobility scenarios on
the basis of the Shared Socioeconomic Pathways
(SSPs) (RiaHI et al. 2017) in order to describe new
registration figures and therefore vehicle sales
and production. The source of data analysed to
describe general new registration figures and

technology-specific new registration figures (this
relates to electric vehicles: EV) was the internal
XEV database of the Fraunhofer ISI. The data-
base was developed in 2014 by Fraunhofer ISI
and has been updated annually ever since. The
last update was in April 2020. The database cov-
ers the global production and sales figures for
conventional vehicles and xEV models, itemised
by country, as well as information about the bat-
tery capacity and range of the vehicles. The data-
base aggregates information made available by
Marklines Co, Ltd (MARKLINES CO Ltp 2020),
the International Organization of Motor Vehicle
Manufacturers (OICA 2020), the European Auto-
mobile Manufacturers Association (ACEA 2020),
the EV sales blog (EV SALEs BLoG 2020) and
other online sources (e.g. websites of automo-
tive OEMs). The ISI xEV database was compared
with the European Alternative Fuels Observatory
(EAFO 2020) and found to be a good match.

Modelling of the new registration figures on the
basis of GDP development in the SSP scenarios
is illustrated below. We have described market dif-
fusion of electric vehicles with the aid of the Bass
diffusion model and adapted to the SSP scenarios.



In the past, we have been able to see that new
registration figures and vehicle markets grow in
parallel with global GDP (see Figure 1.3). Since
2017, new registration figures have deviated from
the GDP growth trend. The reason for this is not
clear. On the one hand, the growth of vehicle mar-
kets can be seen to be clearly slowing down, in
Europe for example, which could indicate that the
market is potentially saturated. In 2019, the reg-
istration figures in China also showed a distinct
drop, which doesn't necessarily indicate market
saturation and could only be a temporary effect.
Over the last few years and during the COVID-19
pandemic in 2020 in particular, vehicle sales have
not therefore been a clear driver of GDP growth.
However, the data does not allow us to conclude
whether the new registration figures translate into
saturation globally and are therefore decoupling
from GDP growth in the long term.

Despite the current deviations, we selected GDP
as a key input parameter for modelling the mobil-
ity scenarios and new registration figures. This
approach simplifies the interdependency between
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GDP and vehicle sales which is currently evident
in reality. GDP growth was used as an exogenous
variable for describing the vehicle market in the
modelling.

Continued proportional development of the vehi-
cle markets and predicted GDP were presumed in
the “Middle of the Road” (SSP2) and “Fossil Path”
(SSP5) scenarios. In the “Sustainability” (SSP1)
scenario, which explicitly presumes that eco-
nomic activities will transition to low-resource and
energy-efficient practices, modelling of the vehicle
markets was only linked to the development of
GDP to a disproportionately low extent. While in
this scenario, we have assumed the same growth
rates for GDP and vehicle markets up until 2019,
GDP growth up until 2040 only results in growth in
the vehicle markets of up to 50 % in this model. In
the transitional period between 2020 and 2040, a
linear decrease in the proportionality from 100 to
50 % is presumed.

As a result of growth of the vehicle market decou-
pling from growth in GDP in the SSP1 scenario,
we see smaller vehicle markets than in the SSP2
and SSP5 scenarios. The total market outlined in
SSP1 thereby grows globally to around 135 mil-
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Figure 1.4: Predicted trend in vehicle markets and comparison to GDP growth from SSP

scenarios

Note: The SSP indicators were standardised for comparison with the size of the vehicle market in 2019.

lion vehicles by 2040. In the SSP5 growth sce-
nario, the total market in 2040 is around 210 mil-
lion vehicles (see Figure 1.4).

As well as modelling the total volume of vehicles,
the market shares of small cars (mini, segments A,
B), compact class cars and vans (compact, seg-
ments C, M) and premium class vehicles (premium
class, segments D, E, F and SUV segments) also
vary. In the SSP2 and SSP5 scenarios, the trend
observed over the last few years of a shift in mar-
ket shares towards premium class vehicles has
been continued. In contrast, in the sustainability
scenario (SSP1) we have presumed that growth
of the premium class segment will flatten off and
even fall from 2030 onwards. On the other hand,
we have assumed correspondingly greater growth
in the mini and compact categories.

While the decoupling of new car registration fig-
ures from GDP growth contained in the SSP1 sce-
nario is motivated by the personal purchase deci-
sions of individuals, more complex consideration
must be given to utility vehicle markets. The issue
of sustainability may bring about a drop in the level
of goods traffic and therefore low growth of the util-
ity vehicle segment, but this would not reflect the
rising GDP otherwise expected in SSP1.

Given the assumptions made, growth of the pas-
senger car markets in the SSP1 scenario are not
a significant driver of growth in GDP. Stimuli for
growth would therefore have to come from other
sectors of the economy. To be able to illustrate
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SSP1 SSP2 SSP5 SSP1 SSP2 SSP5

B Commercial vehicles
B Premium cars

B Compact cars

B Small cars

Figure 1.5: Market shares of different vehicle
categories in SSP1, SSP2 and
SSP5 scenarios for 2030 and 2040
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Model parameters to represent the SSP scenarios

Parameter “Sustainability” “Middle of the  “Fossil Path”
(SSP1) Road” (SSP2) (SSP5)
GDP dependence, Decreasing linearly, 100 % in

passenger car markets

GDP dependence,
commercial vehicle markets

Slowing of growth in premium
segments, higher growth for
small and compact

Vehicle segments

BEV addressable passenger car
market (share of total market, a)

PHEV addressable passenger car
market (share of total market, a)

FCEV addressable passenger car
market (share of total market, a)

XEV addressable commercial vehicle
market (share of total market, a)

Market diffusion EV (p, q)

goods ftraffic rising in line with GDP growth, the
growth rates of the utility vehicle categories in the
SSP1 scenario have continued to be linked pro-
portionally to growth in GDP.

Compared with the status quo (2019), the share
of utility vehicles in the total vehicle market
increases in the SSP1 scenario (21 % in 2019 to
more than 25 % in 2040). In the SSP5 growth sce-
nario on the other hand, the share of utility vehi-
cles remains constant over time at around 21 %.
The same applies to the SSP2 Middle of the Road
scenario.

Predicting how the market for electromobility
(XEV) will develop in the long term and predicting
the resultant demand for energy storage capaci-
ties is complex. While we can now look back over
several years of development (battery electric
vehicles (BEV) and plug-in hybrid electric vehicles
(PHEV) have been around since 2010), there are
various influencing factors. For example, develop-

2019 up to 50 % in 2040

proportional, 100 %

proportional, 100 %

Continued high growth
in premium segments, stagnation
for small and compact

75 % 75 % 10 %
100 % 80 % 33 %
60 % 50 % -
60 % 50 % -
fast medium slow

ment of the size of the total market potential for
electromobility, development of mobility concepts,
battery technology development (including tech-
nical performance parameters and costs), type,
scope and intensity of political framework condi-
tions, acceptance by society and users and social
changes, usage and service models.

After the exponential or logistical diffusion model,
the diffusion model proposed by BAss (1969) is
the simplest model for describing the market
launch and diffusion of innovative products tak-
ing account of the effects of innovation and imi-
tation. This model reproduces with sufficient
accuracy the global development of electric car
sales between 2010 and 2019 in particular and
reflects the range of existing market forecasts for
the future (THIELMANN et al. 2018). The model
considers the share of initial purchases based on
the novelty of the product (innovators, innovation
coefficient p) and/or based on its distribution (imi-
tators, imitation coefficient q).

Figure 1.6 shows an example of development of
global new registration figures between 2010 and
2019 for battery electric vehicles (BEV) in the mini
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ment of the vehicle and electric vehicle markets
in 2020 assume a strong double-digit percentage
decline for 2020 as a whole (BLOOMBERGNEF
2020). To describe the minimum model (slow dif-
fusion), we have used a corresponding model
fit with a hypothetical data point for 2020, which
assumes an 18 % decline in the EV markets.

In order to describe potential market saturation
in the model, when modelling market diffusion of
electric vehicles, we further assumed that the new
registration figures across all types of drive (elec-
tric vehicles (EV) and vehicles with a combustion
engine (ICE), see Table 1.5) depict a natural maxi-
mum limit for growth of the xEV market.

It is however conceivable that battery electric
vehicles (BEV) and plug-in hybrid electric vehi-
cles (PHEV) may not be directly accessible for
the entire vehicle market. Given range or usage
requirements in particular, e.g. with regard to util-
ity vehicles, the diffusion of BEV and PHEV could
only extend to sub-markets in the long term, which
can be described by an appropriately adapted
maximum growth limit within the framework of
the Bass diffusion model. Alongside the innova-
tion and imitation coefficients (p, q), in the model
the addressable share of total market (a) was
selected as a third input parameter in the model
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description. The assumptions for parameter a for
SSP1, 2 and 5 scenarios are listed in Table 1.4. In
the SSP1 scenario, we have assumed that 75%
of the entire car market could be substituted by
BEV. In the SSP2 and SSP5 scenarios, the fig-
ures are just 55 and 10% respectively because
in these scenarios electromobility is not promoted
internationally (SSP2) or is of less importance
overall (SSP5). Higher substitution potential over-
all of 100, 80 and 33% was assumed for PHEV
because these vehicles do not have range lim-
its and remain highly compatible with fossil fuel
energy sources. From 2025 onwards, we have
also assumed diffusion of the market by fuel cell
electric vehicles (FCEV) in the SSP1 and SSP2
scenarios. Because continued use of fossil fuels
means that there is no clear driver for the devel-
opment of this technology, we have assumed no
market launch in the SSP5 scenario. Following a
similar argument, we have rated the potential for
EV substitution in the utility vehicle sector as 60 or
50% (SSP1, 2), while ignoring potential substitu-
tion in the SSP5 scenario.

The applied model prioritises the sale of BEV
amongst drive technologies as the market grows.

(million vehicles)

O m
2020 2025 2030 2035 2040
M pICE cICE M pPHEV ~ M pBEV
B cBEV pFCEV M cFCEV
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SSP1 2025 2030 2035 2040

BEV Small cars 254 917 17.47 2250
BEV Compactcars 0.77 220 549 11.15
BEV Premium cars 12.18 26.55 28.86 26.47
PHEV Small cars 0.04 0.07 0.12 0.19

PHEV Compact
cars

PHEV Premium

cars

FCEV Small cars 0.00 0.04 0.17 0.54
FCEV Compact
cars

FCEV Premium
cars

047 130 330 7.61

464 1475 11.67 7.73

0.02 0.09 0.30 0.89

0.03 021 1.00 3.63

BEV Light utility 0.84 365 1065 17.92

vehicles
BEVHeavy-duty 401 004 011 031
vehicles
BEV Buses 036 070 113 153
FCEVLightutiity 01 044 o058 237
vehicles
FCEVHeavy-duty s 056 236 4.80
vehicles
FCEV Buses 001 004 020 052

BEV can diffuse the market unhindered until their
addressable market share a is reached. Sales of
PHEV (and HEV, not considered any further in this
study) therefore fall in the model as soon as mar-
ket saturation by electric vehicles (xEV) is achieved
and there is direct competition between the three
forms of electric drive technology (HEV, PHEYV,
BEV). The scenarios developed therefore differ
not just in terms of the speed of diffusion of elec-
tric drive technologies (XEV compared with ICE),
but also in terms of the relative shares of the three
electric drive technologies. In the SSP1 scenario
where BEV diffuse the market rapidly, the market
shares of PHEV and HEV fall early on. In the slow
scenario (SSP5) where BEV are able to directly
access a smaller market, PHEV and HEV retain
higher shares of the market in the medium term.

Although the market potential of fuel cell-driven
vehicles (FCEV), which are a type of hybrid of fuel

SSP2 2025 2030 2035 2040

BEV Small cars 219 521 729 827
BEV Compact cars 0.67 155 320 5.54
BEV Premiumcars 8.29 16.71 21.12 24.53
PHEV Small cars 0.02 0.04 0.05 0.07

PHEV Compact
cars

PHEV Premium

cars

FCEV Small cars 0.00 0.03 0.09 0.25
FCEV Compact
cars

FCEV Premium
cars

032 064 128 249

462 10.22 10.53 12.45

0.01 0.05 0.16 0.46

0.01 0.10 0.37 1.10

BEVLightutlity g1 364 808 1307

vehicles
BEV Heavy-duty 441 002 006 0.5
vehicles
BEV Buses 015 025 035 043
FCEVLightutility o 00 504 042 295
vehicles
FCEVHeavy-duty 00 009 032 088
vehicles
FCEV Buses 000 000 002 008

cell and battery electric vehicle, can still not be
clearly predicted today, bringing FCEV to the mar-
ket has been prioritised over all other drive tech-

SSP5 2025 2030 2035 2040

BEV Small cars 0.25 0.61 099 1.26
BEV Compactcars 0.10 0.22 045 0.82
BEV Premiumcars 099 3.15 481 6.06
PHEV Smallcars 0.01 0.01 0.02 0.03

PHEV Compact
cars

PHEV Premium
cars

0.08 015 024 0.38

191 751 10.01 12.08



nologies in the model. No more justifications can
be provided for this assumption, but it will have no
major impact on the market shares of the HEV,
PHEV and BEV drive technologies given the time
period under consideration of up to 2040.

In this study, “digitisation” or “digital transforma-
tion” is understood to mean radial change brought
about through the use of computer systems and
the networking of all areas of society and the
economy (KOHLER et al. 2018). The digital revo-
lution can be classed as the third major change
in the sociological history of mankind after the
neolithic and the industrial revolution (STENGEL et
al. 2017). Its origins can be traced to the 1980s
and the invention and initial spread of the Internet
(STENGEL et al. 2017). In light of the comprehen-
sive digitisation of industrial production that we
are currently witnessing, the term Industry 4.0 or
the Fourth Industrial Revolution has been coined
in Germany. However, these process should actu-
ally be viewed as the second phase of the digital
revolution because micro-electronics remain the
technical basis for these changes (HIRSCH-KRE-
INSEN et al. 2018).

Figure 1.10 shows how digitisation or digital trans-
formation can be viewed with a focus on demand
for raw materials. Here, we see a split into an
economic/social level and a physical level. The
physical or material basis of the digitisation sys-
tem is micro-electronics (integrated circuits) and
micro-system technology (miniaturised, multi-
functional and independently operating sensor/
actuator systems for recording, disseminating and
transferring data). Out of this emerges the “digital
infrastructure”, which can be sub-divided into end
devices, data transfer networks as well as data
storage and processing centres (data centres).
Transmission networks and data centres can be
described under the umbrella term of “central
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digital infrastructure”. Key figures are therefore
storage capacity or stored volume of data, trans-
mission capacity or traffic as well as computing
capacity or annual computing volume (HILBERT &
LéPEZ 2011).

The combination of new trends and paradigms
(e.g. networking, automation, artificial intelligence,
big data, virtual reality), which require the digital
infrastructure to be expanded, and innovation-
based capacity expansion of the digitisation infra-
structure, which makes these new trends/para-
digms possible in the first place, are key to the
past and future development of digitisation (see
Figure 1.10). For example, artificial intelligence
(Al) is currently making great progress because
the fundamental infrastructure components it
requires are currently in place and we were
already aware of the main approaches for devel-
oping Al. In a similar way, 5G is now enabling
Industry 4.0 to be implemented on a wide scale.

Figure 1.10 outlines various digitisation trends at
a social/economic level. Huge transformational
potential is being attributed to combinations of
these trends (WoRLD EcoNoMIC FORuM 2018).
These digital future trends have no particular
abiotic raw material demand but as a result of
data and computing requirements may represent
exceptional demand stimuli for computing infra-
structure (e.g. Al and big data, cloud computing,
virtual realities). These trends are not therefore
considered in individual technology synopses,
rather their demand stimuli for the digital infra-
structure are analysed as part of the “Digitisation
context scenarios” section.

Above and beyond this, several digital emerging
technologies are linked to specific hardware com-
ponents and therefore specific (abiotic) raw mate-
rial demands. These are examined in individual
technology synopses (e.g. “Devices in the Internet
of Things (loT)” in Section 3.2.8, “Industrial robot-
ics and Industry 4.0” in Section 3.2.6). What's
more, these technologies also have demand stim-
uli for the central data infrastructure, which are in
turn considered in the context scenarios.
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Economic/social level

Digitisation trends/

paradigms/processes, including

— computerisation, automation,
networking

— Al & Big Data (pattern analysis and
recognition, machine learning,
knowledge systems, etc.)

— Cloud computing

— Virtual reality

— Software-based efficiency enhancement

— Open Source

Areas of application, including

Demand (today and in 2040)

Agriculture: precision farming
Mobility: autonomous vehicles
Production: Robotics, 3D printing,
Industry 4.0

Retail: E-commerce

Funding: E-payments

Media: Social networks

Health: Telemedicine

Education: E-learning

Smart Home, Smart Living

Further development of the digital
infrastructure fosters new
digitisation trends

Physical level
Terminals

(data acquisition,
data output)

>
<

Systems/devices/components:

— Sensor systems:
Optics, acoustics

— Input & output devices

— Mobile devices
(smartphones,
wearables)

— Screen technology
(e.g. LED, OLED)

— 3D printers

High frequency

Home routers
5G Small Call

Driving digitisation trends;
Expansion/further development of the
digital infrastructure

Transmission
infrastructure

Network infrastructure:

Photonics, radio technology
Al network devices

Feedback effects

—) Data processing
=== and storage infrastructure

— Computer systems
(CPU, TPU, APU, etc.)

— Storage systems (HDD,
SSD, magnetic storage,
Bioinformatics)

Raw material demand of digitisation (today and in 2040)

Specific raw material demand (today and in 2040)

Finally, several technology synopses address
key material-intensive basic technologies of the
digital infrastructure (e.g. data centres, fibre-optic
cables, 5G/6G). Even though these technologies
are not brand new, should these infrastructure
elements grow in an exceptional manner, this may
result in exceptional demand stimuli for raw mate-
rial markets, which are analysed in the technol-
ogy synopses. Context assumptions on growth

of the key figures relating to digital infrastructure
(data transmission, storage, computation) which
are consistent across all synopses are key to this
and are explained in the following sub-chapters.
The purpose of the digitisation context scenarios
is therefore to compare assumptions from tech-
nology synopses on digital infrastructure elements
and explain common drivers.



Three digitisation trends have particular potential
to increase data volumes today and in the future
and thereby drive infrastructure expansion: Al
including machine learning, loT including Industry
4.0, and cloud computing including edge comput-
ing. (As explained at the outset and depicted in
Figure 1.10, conversely, you could say that these
three major trends are made possible thanks to
current advances in the digital infrastructure).
There is a separate technology synopsis on loT
and Industry 4.0; artificial intelligence and cloud
computing are described in more detail in this
chapter under the drivers of expansion of the digi-
tal infrastructure.

Some conventional digital end devices have
already reached a certain degree of market satu-
ration such that exceptional demand stimuli are
not expected of them for 2040 (HILBERT 2015;
Cisco 2019). Devices, such as smartphones,
tablets, PCs, laptops and clients are not therefore
made the subject of individual technology synop-
ses. Specific components are covered in other
synopses (e.g. “5G (6G)” in Section 3.5.3 and
“Microelectronic capacitors” in Section 3.2.4).

This study is most interested in how past and/or
current digitisation trends continue in the future.
The references contain data on past develop-
ment, descriptions of the current situation as well
as scenarios and predictions for the near future
(up until 2025, e.g. HILBERT (2015), REINSEL et
al. (2018), Cisco (2019)). For the medium-term
future up until 2030, you will find firstly an analy-
sis of possible economic and social developments
(STONE et al. 2016; RAO & VERWELJ 2017; BUGHIN
et al. 2018), and secondly quantitative forecasts
of energy demand. The latter are based mainly on
an extrapolation of current trends without further
rationalisation, e.g. ANDRAE & EDLER (2015). Only
more general scenarios, such as the SSPs and
the World Energy Outlook, exist for the period up
until 2040. These provide no or very scant detail
of digitisation trends (RIAHI et al. 2017; IEA 2019).
In the following section, we summarise significant
trends and draw conclusions for the individual
scenarios up until 2040.
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Generally speaking, we see a diffusion of new
technologies such that the portfolio of related
products (including systems, service units, etc.)
produces an S-shaped curve over time (see Sec-
tion 1.5). This empirical finding can be explained
using various models, whereby the epidemiologi-
cal model and cost/benefit model illustrate two
fundamental patterns. With the cost-based mod-
els, we assume that the costs for an innovation fall
over time due to the effects of scale etc., mean-
ing that people with different available budgets
choose to make purchases at different times. This
produces a trend depicting an S-shaped curve.
Following this explanatory approach, the diffu-
sion of technology following an S-shaped curve is
always linked to technological advancement and
corresponding cost reductions.

With many digital technologies, market diffusion
also overlaps with technological advancement
but happens on different scales in comparison to
non-digital technologies. The typical example of
this is Moore's law, which states that the number
of circuitry components on an integrated circuit or
the number of transistors per unit area doubles at
regular intervals. Initially (1965-1970), this inter-
val was roughly every twelve months and then
slowed to 24 months. It remained at this high level
for decades, doubling every two years between
1970 and 2020. Moore's law is key to the level of
computing power available.

Similarly, Edholm's law predicts that the available
bandwidth doubles every 18 months. The work of
HiLBERT & L6PEZ (2011) and HILBERT (2015) inves-
tigates the exponential development of capac-
ity available globally for storing and transmitting
data, initially between 1986 and 2007, and then
updated up until 2014. This work shows that in
the 21 years between 1986 and 2007 data stor-
age capacity grew at a compound annual growth
rate (CAGR) of 31 %, which is roughly five times
that of the global economy. In 2014, global stor-
age capacity reached 4.6 zettabytes (1 ZB =
10%' bytes) while it had been just 2.6 exabytes
(1 EB = 10" bytes) in 1986. Global capacity to
transmit data using information and communi-
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cation technology (ICT) grew from 7.5 petabits
(1 Pb = 10" bits) in 1986 to 25 exabits (1 Eb =
108 bits) by 2014 at a CAGR of 35%. These esti-
mates include all available devices along with all
of their maximum capacities and assume that all
data is compressed as much as possible (HILBERT
& LopPEZ 2011). It therefore represents the theo-
retical maximum potential that is not fully utilised
in reality but can be used to describe develop-
ment over several decades using constant indi-
cators. The growth rates result from the overlap
between advancement and diffusion of technol-
ogy described above. Technological advancement
can then be split once more into hardware devel-
opment and software development. Technologi-
cal advancements in software are an important
and often under-appreciated driver. For example,
in 2007 the same hardware was able to transmit
three times as much data as in 1986 thanks to
formats such as ZIP, GIF, JPEG, MPEG (HILBERT
2014). According to HILBERT (2014), the techno-
logical advancement of hardware and software is
around 2 to 6 times more relevant to the annual
growth rates of storage and transmission capacity
than the diffusion of technology, in other words the
further proliferation of storage and transmission
components. We can therefore conclude that stor-
age and transmission capacity is growing much
faster than the raw material demand needed for it.

Cisco (2017) provides historical data on ftraffic,
in other words the amount of data actually trans-
mitted, see Figure 1.11. These values also result
from the overlapping of the diffusion of technol-
ogy, i.e. the further proliferation of components,
and technological advancement, i.e. the greater
possibilities available per component thanks to
hardware and software innovations. For example,
the CAGR for data transmitted via a fixed Inter-
net for the 20 years between 1997 and 2017 is
67 %. This is similar to the current growth rates
for mobile traffic (e.g. 2012-2017: 68 % CAGR).
We can also see from Figure 1.11, however, that
annual growth rates are falling, which produces
a trend depicting an S-shaped curve. This is no
surprise because transferred data have a very
short life (close to 0) (see Figure 1.13 in Section
1.5). We would expect to see a similar trend in
growth rates for the amounts of energy needed,
although it will be slightly curbed because the
increases in efficiency/performance made pos-
sible through hardware and software innovations
grow at a slower rate. This curbing also affects the

raw material demand for the corresponding com-
ponents. However, we should also note that these
components have a long life (BELKHIR & ELMELIGI
2018), meaning that the curve trend over time
should correspond more to the first derivative of
a compressed curve as in Figure 1.12, see also
Figure 1.13 in Section 1.5.

It therefore follows that compared with the devel-
opment of transferred quantities of data, the
development of raw material demand is curbed
significantly, firstly by advancements in efficiency
and secondly by the fact that data is being trans-
mitted permanently while infrastructure compo-
nents are only replaced over longer intervals.

This difference is also obvious if we compare
the growth in annual global investment in data
centres. Depending on the source used, for the
period between 2010 and 2014 we find a CAGR
of 15% (DATACENTERDYNAMICS 2015) and for the
period between 2012 and 2019 a CAGR of 6%
(GARTNER 2020).

Forecasts for the near future (until around 2025)
contain similarly impressive growth rates for data
transmission and also the generation of data
(REINSEL et al. 2018; Cisco 2019), as seen in the
historical data. For example, Cisco (2018) pre-
dicted growth in data centre traffic between 2016
and 2021 from 6 ZB to 19.5 ZB, including data
from both business and consumers (CAGR 27 %).
Busy-hour traffic dictates expansion of infrastruc-
ture and is growing by a factor of 4.6 (Cisco 2019).
The amount of data stored in data centres grew
over the same period at a CAGR of 36 % to 1.3 ZB
in 2021. Big data’s share of this data increased
from 18 % to 30 %. According to Cisco (2018), 5.9
ZB of data was stored on end devices in 2021.
Figure 1.11 shows that current forecasts indicate
continued growth at ever decreasing rates. There-
fore, historical trends indicate that we will prob-
ably see high, but ever decreasing growth rates
for the amounts of data transmitted and stored in
the future.

In parallel to this, the data centre market is fore-
cast to grow at lower rates. TECHNAvIO (2019)
anticipates a CAGR of 17 % for the global data
centre market between 2019 and 2023. MARKET
RESEARCH FUTURE (2021) assumes growth at a
CAGR of 11 % between 2017 and 2023. This con-
firms the effect described previously; namely that



improvements in technological efficiency translate
into lower growth for infrastructure components
than volumes of data.

This is even more striking in the scenarios for
infrastructure components themselves. BERWALD
et al. (2015) assume that the number of servers
in Europe will increase from 9.3 million in 2014 to
12.8 million in 2030, yet admittedly the computing
power of these servers cannot be compared.

In order to better understand the development
of volumes of data and underlying infrastructure
components, it is worth looking at the historical,
current and future drivers of technology diffusion
and technological advancement at a global level.
A basic distinction can be made here between (A)
fundamental access to the digital infrastructure
and (B) intensity of use. The roles of fundamental
access to the digital infrastructure and intensity of
use for the development of transmitted and stored
data can be better understood if we distinguish
between various countries depending on their
level of income. By analogy with HILBERT (2015;
2019) as well as DUTTA & LANVIN (2019) we use
the World Bank classification of assigning coun-
tries to four income groups: (1) high, (2) upper-
middle, (3) lower-middle and (4) low.

Participation in the global, digital infrastructure
correlates closely with the income level of the
respective countries. HILBERT (2015; 2019) calls
this the “digital divide” and uses the ratio of the
shares of countries with a high income level to
the rest of the world as an indicator. In terms of
fundamental access to infrastructure, this ratio
has been constantly falling for a long time such
that we can talk of widespread global diffusion.
Because comparably large numbers of people
have access, this growth is gradually flattening off.
It is driven by macroeconomic development and
not technological innovation. In 2018, for exam-
ple, 51 % of the world’s population had access to
the Internet and, according to Cisco (2019), that
figure will rise to 66 % in 2023, which represents a
CAGR of 6 %. The percentage of people who own
a mobile phone is set to grow from 66 % of the
world’s population in 2018 to 71 % in 2023 (CAGR
2%, (Cisco 2019)). In countries with a low level of
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income, more people have a mobile phone than
fixed access to the Internet meaning that smart-
phones have a major role to play in primary Inter-
net access.

With regard to the available bandwidth, the ratio
of applicable shares in countries with a high
income compared with the rest of the world (“digi-
tal divide”) also fell up until the year 2000, which
can be explained by the global diffusion of 2G and
narrow brand transmission. In the years between
2001 and 2008, the digital divide increased due
to the introduction of broadband technology (both
fixed and mobile) in countries with a high level of
income. Since 2008, we can see the digital divide
falling away again thanks to the global diffusion of
broadband technology. A similarly staggered devel-
opment is also likely for future infrastructure inno-
vations. In 2007, countries with a high income level
had 18 times more broadband per capita while the
same figure for 2017 was just 2.6 times more.

According to DUTTA & LANVIN (2019), countries
with a high level of income will also be better
equipped to profit from digital transformation. Not
only have they invested more in ICT in the past,
but will continue to do so in the near future. What's
more, they have better opportunities for identify-
ing emerging technologies and investing in them.
DUTTA & LANVIN (2019) therefore believe that a
general trend emerges: the lower a country’s level
of income, the lower its network readiness index.
Furthermore, countries with a high income level
are also more incentivised to invest in automation
etc. because they have higher labour costs (RAo
& VERWEIJ 2017; BUGHIN et al. 2018). Al technolo-
gies are therefore adopted to a much lesser extent
and/or much more slowly in countries with a lower
income level. On the other hand, they have huge
potential for leapfrogging (RAO & VERWEL 2017):
as they develop their economies, today's low-
income countries can jump certain phases which
today’s high-income countries have had to pass
through. For example, their first mobile phone
could well be a smartphone or rather than paper-
based distance learning, they may go straight to
e-learning.

Alongside the level of income, political measures
also have a major impact on the opportunities that
different countries have for digital participation
(HiLBERT 2015). For example, at the start of 2000
Japan and South Korea invested huge amounts
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in expanding their fibre-optic infrastructure. Band-
width in China and Russia has also risen sharply
since 2010 (HiLBERT 2015). China has a pro-
nounced Al strategy and already ranks second
to the USA in terms of the number of Al patents
held (BUGHIN et al. 2018). RAo & VERWEWJ (2017)
anticipate that the USA will continue to dominate
Al in the near future but will then be overtaken by
China. China is also expected to be able to gain
the most globally from Al technologies because its
economy is heavily focused on production and it
will be able to tap into the great potential offered
by automation and digitisation.

SSP2 maps out a path where the differences we
currently see between various countries continue
while SSP1 and SSP5 assume greater alignment
and/or countries with a lower income level catch-
ing up rapidly.

In 2017, countries with a high income made up
25% of access but 43 % of broadband (HILBERT
2019) while being home to 15% of the world pop-
ulation. New technological applications, which are
generally data intensive, are the main growth dri-
vers for volumes of data in countries with a high
income (Cisco 2018; Cisco 2019). While growth
rates are similar in all regions of the world (approx.
30% up until 2023, (Cisco 2016)), the growth of
data in countries with a high income level, driven
by innovation, will have a greater impact on global
data growth because while it may grow at a simi-
lar CAGR it is starting from a much higher base
level. The most important developments in coun-
tries with a high income level are explained below.

Cloud computing describes the central provision
of storage space, computing power or application
software on servers, which is made available on
end devices through the use of digital transmis-
sion infrastructure. These capacities no longer
need to be available on individual end devices and
can also be accessed from various end devices.

Cloud computing is currently considered the main
driver of growth in data traffic and expanding data
storage in data centres (Cisco 2018). Contrary to
this, local data storage is increasingly diminishing
in importance (REINSEL et al. 2018). This in turn
is down to the greater number of opportunities

afforded by enhanced transmission technologies,
currently e.g. 5G, as well as new architectures
such as multicloud and hybrid cloud, making them
attractive, especially for business (TECHNAVIO
2019). Back in 2014, 20-40 % of all data was
stored on the cloud according to HILBERT (2015).
Current trends also include a decentralisation of
cloud storage, firstly in the form of semi-central
storage systems (edge computing), and secondly
in the form of the increasing proportion of cloud
services outside the USA, meaning that data cen-
tres are more spread around different parts of
the world. Both improve latency periods, scope
for monitoring and make data transport more
efficient. Further improvements in efficiency are
expected from increased use of hyper-scale data
centres. These improvements in efficiency in turn
pave the way for greater overall demand as prices
fall and make new applications possible such that
we can expect to see traffic and storage increase
overall. According to Cisco (2018), cloud appli-
cations made up 88% of overall traffic in 2016;
this figure is predicted to rise to 95% for 2021.
Again here distinctions should be made as stored
data is a holding which is added to year on year
whereas traffic isn't permanent but instead rep-
resents annual volume. Streaming, gaming and
social media make up the lion’s share of cloud
traffic generated by consumers, and these figures
are growing all the time (Cisco 2018).

Technical details and developments relating to the
loT can be found in Section 3.2.8. High growth
stimuli for volumes of data are expected of the loT
because many applications include video func-
tions as well as it needing a high resolution and
low latency (e.g. autonomous driving). Indeed the
volume of data generated is two orders of mag-
nitude greater than the volume of stored data
(Cisco 2018). Nonetheless, we expect that loT
applications will be powerful drivers for cloud stor-
age (REINSEL et al. 2018).

Collectively, we expect video applications to act
as the greatest growth stimuli for data storage and
transmission. In China, according to REINSEL et
al. (2018), video monitoring will assume a key role



in video applications. In contrast, we expect the
greatest growth in countries with a high income
level to be in the entertainment sector, caused
by streaming, gaming and social media. Cisco
(2019), for example, assumes further uptake of
smart TVs with ever higher resolutions: 66 % of all
the new TVs purchased in 2023 are expected to
be capable of UHD (CAGR 30 %). UHD (Ultra High
Definition) or 4K offers twice the resolution of HD
(High Definition), which in turn provides 9 times
the resolution of SD (Standard Definition). Accord-
ing to Cisco (2019), this trend is set to continue
beyond 2023 with 8K and wall TV. As described at
the outset, new applications need better transmis-
sion rates and more storage and/or faster rates of
transmission, and better storage capabilities make
new applications possible. In theory, this causal
relationship could continue for ever and saturation
does not seem to be in sight. It is conceivable that
the trend will diminish if there are interesting devel-
opments in other consumer markets in the future.
For example, we have already seen applications in
the robotics sector where there was a low level of
purchase interest (STONE et al. 2016). The growth
trend may, however, also weaken if consumption
is limited to a level within sustainable limits. This
latter scenario can be seen in SSP1, while unlim-
ited consumption can be seen in SSP5.

The trend in mobile data transfer basically maps
the development of data transmission via fixed
Internet connections (see Figure 1.11). Because
this technological development started later, the
growth rates are currently still higher. Again, video
applications are the main driver for data traffic,
representing 59 % of mobile data transmission in
2017. Compared with transmission using the fixed
Internet, mobile data transfer is much more energy
intensive. According to Cisco (2019), between
2018 and 2023 loT devices on mobile networks
(e.g. GPS in cars, mobile monitoring of goods in
production and transport, patient monitoring) grew
at a CAGR of 30 %. Smartphones, however, only
grew at a CAGR of 8 % with other types of mobile
phone actually falling globally resulting overall in
a CAGR of 8% for devices on mobile networks
(Cisco 2019). The diffusion of smartphones since
2014 has also resulted in bandwidths increasing
overall in countries with upper-middle incomes in
Asia.
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In terms of the speeds of transmission as an
enabler for new developments in streaming, gam-
ing and social media, the following increases are
predicted (Cisco 2019) between 2018 and 2023:

— broadband 46 Mbps — 110 Mbps,
— mobile data 13 Mbps — 44 Mbps,
—  WIiFi 20 Mbps — 92 Mbps.

In countries with a high level of income, Low-
Power-Wide-Area networks (LPWA) could
become established as a new network system for
loT applications. These place few demands on
broadband but require a high level of geographi-
cal coverage (e.g. for monitoring pets).

The term artificial intelligence (Al) is used differ-
ently by different stakeholders. RA0 & VERWEIJ
(2017) provide a good description of various
aspects. They understand Al to be computer sys-
tems, which are able to perceive their surround-
ings, and are able to learn, make decisions and
perform actions on the basis of these perceptions
and their programmed objectives. Sensor technol-
ogy, e.g. for recording videos, therefore also falls
under the term Al. The first distinction made within
these systems is whether they support human
actions or decisions or act completely autono-
mously. The second distinction relates to whether
the systems are continually learning and adapting
or whether their reactions are fixed. The automa-
tion of routine tasks that is now very widespread is
therefore also considered as artificial intelligence.
Huge potential in the future is however ascribed
to the possibilities of machine learning based on
neuronal networks. This includes pattern recogni-
tion and reinforcement learning. The recognition
of patterns in large volumes of data can be used,
for example, in natural language processing,
recognising peculiarities in medical images and
traffic planning in cities. Reinforcement learning
describes a scenario in which a computer system
works out its capabilities through trial and error on
the basis of basic settings. Machines can therefore
learn to make the right decisions within defined
limits or assist with decision-making. Perhaps
the most well-known example is AlphaGoZero,
which has used trial-and-error learning to become
the world’s best chess system. Other than gam-
ing clients, we still need to establish the practical
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applications of reinforcement learning; for exam-
ple, certain forms of process optimisation may
be conceivable (WoRLD EcoNomiCc FORuUM 2018).
Some of the successes achieved by artificial intel-
ligence are impressive but the capabilities of an
Al system are limited to very specific applications
(STONE et al. 2016). We are not yet able to transfer
what one system has learnt to a slightly different
task (WorLD Economic FORUM 2018). STONE et al.
(2016) also include crowdsourcing projects like
Wikipedia under the term Al. This shows just how
hard it is to define the scope of the term. Accord-
ing to the WoRLD EcoNomic FORuM (2018), Al is
the most pervasive, most fundamental digitisation
trend and therefore the trend which will have the
most far-reaching implications.

Developments in the sphere of artificial intelli-
gence are still very much in their infancy and will
display more and more potential in the medium
to long term (STONE et al. 2016; RA0 & VERWEIJ
2017; BUGHIN et al. 2018). RAo & VERWEL (2017)
forecast that Al applications will allow global GDP
to grow by 14 % by the year 2030. Around 40 % of
this will be due to increases in productivity, which
are the focus for the near future, and around 60 %
will be due to new purchasing stimuli, which will
gain in importance in the more distant future. The
new purchasing stimuli can be put down to per-
sonalised and optimised products, with the time
savings gained through increased automation
etc. being of less importance according to Rao &
VERWELJ (2017). “More intelligent” products can in
turn collect more or different data, which in turn
leads to the development of new products such
that the development is self-reinforcing. BUGHIN
et al. (2018) are even anticipating a net increase
in global GDP of 16 % by 2030 and this is after
transaction costs have been deducted, mean-
ing that pure growth is forecast to be 26 %. They
assume that by 2030 around 70 % of businesses
will have implemented at least one Al applica-
tion, while less than 50 % of businesses will have
exhausted all the Al opportunities available to
them. 7% growth in GDP is expected from inno-
vative products alone. These scenarios of course
all come with huge levels of uncertainty; the diffu-
sion of Al technologies could progress at a slower
rate, for example (RAo & VERWEIJ 2017). Despite
this, it is generally assumed that Al technologies
will realise their full potential over the next few
decades (HERWEIJER et al. 2020).

The reasons given for why now or the near to
more distant future is considered the right time
for widespread market diffusion of Al technologies
in the mass market include the following (STONE
et al. 2016; BUGHIN et al. 2018; WORLD ECoNOMIC
Forum 2018):

— increase in data, this includes structured data
(tables and databases) as well as unstruc-
tured data (text, images, video, audio), e.g.
GPS data and sensor data from mobile
phones and vehicles,

— the processing of these large volumes of data
becomes possible, thanks to cloud computing,
new hardware systems, such as GPU (Global
Processing Unit) rather than CPU (Central
Processing Unit), SoM (System on a Module)
and SoC (System on a Chip), making more
complex systems possible in mobile applica-
tions,

— new algorithms — machine learning,

— better global networking — faster transfer of
knowledge, crowdsourcing, open source,

— the pressure of competition.

Hardware innovation, especially neuromorphic
systems will be of relevance to future develop-
ment up until 2040; after which quantum com-
puters (see Section 3.2.2) will have a role to play
(WoRrLD EcoNomic FORuUM 2018).

Until 2030, the development of artificial intel-
ligence will continue to be restricted to specific
applications and progress will vary greatly by eco-
nomic sector and application (STONE et al. 2016;
RAo & VERWEIJ 2017):

— health sector: diagnostic support through
pattern recognition, especially in imaging
methods, patient monitoring and coaching,

— mobility: autonomous driving and mainte-
nance, traffic planning,

— financial sector: automation of processes,
security of transactions, personalised financial
advice,

— retail: personalised products, demand fore-
casts, stock management

— entertainment and communication: person-
alised advertising, automated media genera-
tion, virtual reality,

— production: on-demand, optimisation, mainte-
nance,

— agriculture: precision farming,



— energy: smart metering, grid optimisation,
predictive maintenance,

— logistics: autonomous driving, controlling traf-
fic,

— robotics: delivery, cleaning,

— education: personalised offerings for the gen-
eral public (improved efficiency and effective-
ness, reduced costs, new opportunities for
countries with a low level of income),

— security: visual monitoring (especially in
China (REINSEL et al. 2018), USA (STONE et
al. 2016)).

Generally speaking, development in areas with
a high proportion of hardware (e.g. robotics) will
advance more slowly than in other areas because
hardware cannot be developed and scaled up as
quickly and cheaply as software (STONE et al.
2016). It is also harder to create a suitable and
secure learning environment for robots. For exam-
ple, the first robot vacuum cleaners were launched
in 2001; but the product still hasn’t gained wide-
scale acceptance. It therefore seems plausible
that the latest trends we see today will be able to
gain significant shares of the market by 2040 and
be of relevance for raw material demand. Regula-
tions and a lack of trust amongst the population
may also slow down developments.

Alongside specific further development for cer-
tain applications, if incremental, continuous fur-
ther development is typical for Al, we can expect
to see neither radical leaps in innovation nor the
emergence of a super intelligence by 2040 (STONE
et al. 2016).

Overall, we therefore expect to see far-reaching
and long-term impacts (beyond 2040) from Al
technologies. Different speeds of diffusion are
covered within the scenarios with SSP2 depicting
slow development and SSP1 and SSP5 very fast
development.

If digital transformation is to contribute to the attain-
ment of the United Nations’ Sustainable Develop-
ment Goals (SDGs), it must be steered in the right
direction by politicians, technology developers,
investors, economists and civil society through
the use of appropriate governance (WORLD
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Economic ForuM 2018; DUTTA & LANVIN 2019;
WBGU 2019). Otherwise it threatens to contribute
to the goals being missed (TWI12050 2018; WBGU
2019). The areas covered by the SDGs include
education, health, economic development and
environmental protection. It is generally assumed
that levels of prosperity are raised by digital tech-
nologies, but not necessarily evenly distributed.
This applies in particular to the loss of jobs brought
about by automation and digitisation, which puts
the issues of a fair distribution of wealth and uni-
versal basic income on the agenda (STONE et al.
2016; RAao & VERWEIJ 2017; BUGHIN et al. 2018).
Overcoming differences in how people partake in
digital opportunities between different countries is
also a significant challenge (see above).

The SSP2 scenario assumes a continuation
of historical trends, in other words, differences
remaining between different countries. In contrast,
SSP1 and SSP5 presume that countries with a
low level of income will massively catch up such
that they also assume that digitisation will contrib-
ute globally to rapid improvements in the areas of
health, education and ensuring a level of prosper-
ity to secure people's livelihood.

Environmental protection is not usually men-
tioned in general scenarios and forecasts on the
future development of digitisation (STONE et al.
2016; BUGHIN et al. 2018). Potential energy sav-
ings achieved through gains in efficiency are the
features most likely to be mentioned but mainly
just in passing. Studies specifically dedicated to
the potential of digitisation to protect the envi-
ronment also focus on these potential savings
(WoRLD EcoNomMmic FORUM 2018; HERWEIJER et al.
2020), while stating that they should be viewed in
relation to the resulting increase in demand and
the energy and resource demands of digitisation
itself (KOGHLER et al. 2018). Indeed, the huge gains
in efficiency achieved in the past have always
resulted in increased output and greater demand,
in turn producing increasing levels of energy and
resource consumption overall (GOSSART 2015).
HERWEIJER et al. (2020) predict that the potential
of Al applications for environmental protection
will cut greenhouse gas emissions by 1.5-4 %
and raise GDP by 3.1-4 % by 2030. Comparing
this with the fact that the same institution (Rao
& VERWELJ 2017) forecast GDP to rise generally
as a result of Al by 14 % clearly shows the minor
role assigned to environmental applications. The
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greatest prospects for applications are antici-
pated in Europe (HERWEIJER et al. 2020). Above
and beyond direct potential savings, the potential
for environmental protection is often seen to arise
from improved monitoring, e.g. WORLD ECONOMIC
ForuM (2018). It should be remembered that in
many areas of environmental protection there is
no lack of awareness of problems but simply no
measures to tackle them.

SSP1 assumes that technical development will
progress at roughly the same speed as that in
SSP5, in other words much faster than in SSP2.
The focus in SSP1 is much more on environmen-
tal protection applications while the volumes of
data overall in SSP2 and SSP5 are the same.
SSP1 also assumes that we will not run applica-
tions which consume vast amounts of resources
and energy but deliver little added value or only
slightly contribute to the attainment of the SDGs.
This includes, for example, streaming and gam-
ing at ever higher resolutions, which contributes
greatly to the overall amounts of data transmitted
and stored. So an alternative development path
is indicated here in which future improvements in
efficiency actually result in savings in the sense of
lower growth rates rather than continuous growth
fuelled by increased output and greater demand.
SSP1 therefore assumes that data transmission
and storage will grow to a lesser extent than in
SSP2 and SSP5.

The IEA (2019) describes how we should expect
electricity demand for digital technologies to
increase up until 2040 and how in countries with
a high level of income this increase roughly cor-
responds to the savings that can be achieved
through efficiency measures in all economic and
social areas. To a certain extent, we can interpret
this as a macroeconomic rebound effect: the sav-
ings achieved through efficiency measures are
reinvested in new applications. At the same time,
the IEA (2019) sees digitisation technologies as
an enabler for efficiency measures and optimisa-
tion.

Table 1.9 illustrates several assumptions on the
future development of digitisation within the three
context scenarios SSP1, SSP2 and SSP5 (see
Section 1.1).

In SSP2, the general future development follows
the historical pattern, which is also assumed to
apply to digitisation in this scenario. Improve-
ments in the efficiency of digital technologies
brought about through cost reductions also con-
tinue to fuel rising demand and greater produc-
tivity and/or new digitisation trends, which collec-
tively produces a further increase in data storage,
transmission and processing. Figure 1.11 illus-
trates the continuation of historical developments
for data transmission: the growth rates continue
to drop off but remain at a very high level overall.
The “digital divide” is gradually reduced, but still
present: countries with a low level of income only
slowly catch up in line with the historical pattern.

Thanks to international cooperation, SSP5 envis-
ages a rapid alignment of the digital connectivity
in countries with a low income level, which con-
tributes to a more rapid improvement in economic
conditions. Digital technologies also enable rapid
progress to be made in the areas of health and
education, by making leapfrogging possible, for
example. Overall, technological development
still gathers speed. Even in countries with a
high income level, digital consumption increases
unchecked, while the rest of the world adopts this
consumption pattern as best it can. Figure 1.11
shows how this could result in accelerated or
greater growth in volumes of data compared with
historical patterns (SSP2).

SSP1 also assumes faster technological progress
than SSP2, as a result, in particular, of good inter-



SSP1

Technological progress very high
(technology generations and leaps) (focus on
sustainability)

International interconnectedness very high
Use of digital technologies medium high
oriented to

sustainability goals

Data volumes medium high
Trend in demand for digital medium high
products/technologies

Level of digitisation of industrial high

sectors

Increase in material efficiency very high
Recycling very high
Expansion of fibre-optic cable in very high
countries with previously weak

digital infrastructure

Expansion of fibre-optic cable in low

countries with already strong
digital infrastructure

national cooperation. However, unlike SSP5, fur-
ther development here focuses on applications
in health, education and environmental protec-
tion. In particular, potential for saving energy and
raw materials through digital technologies is fully
exploited. Given the good international coopera-
tion, countries with low or middle income levels
rapidly make progress in catching up in terms of
their economies and technologies. On the other
hand, the level of consumption in countries with
a high income level does not continue to rise
unchecked. This is the point at which this scenario
deviates from the historical pattern. In the past,
increases in the efficiency of digital technologies
have always resulted in greater demand and pro-
ductivity, but not to absolute energy and raw mate-
rial savings in the sector. In SSP1, it is assumed
that gains in efficiency lead for the first time to a
decoupling of economic growth from energy and
raw material demands.
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SSP2 SSP5
medium very high
medium very high

unevenly distributed,
dependent on income
growth

very high,
all that is possible

medium, varying in
different countries

very high,
all that is possible

medium very high
medium very high
medium high
(profitable potential
fully exploited)
medium high
where profitable,
otherwise medium
medium very high
low-medium medium high

The greatest driver for transmitted and stored vol-
umes of data is video applications (Cisco 2019).
These cover a series of applications of relevance
to health (e.g. telemedicine, patient monitoring)
and education (e.g. online teaching) as well as
environmental protection (e.g. precision farming,
environmental monitoring, smart energy supply
networks). These applications will grow more in
SSP1 than in SSP2. At the same time, stream-
ing, gaming and social media in an ever increas-
ing resolution and the rising level of consumption
makes up the lion’s share of data volumes and are
also seen as the greatest future factors for growth
in volumes of data. The sustainability potential of
increasing resolution levels and greater use of
these applications is considered to be low com-
pared with their consumption of resources mean-
ing that these applications grow less strongly in
SSP1 than in SSP2. Overall, this results in the
lowest growth of data volumes in SSP1 (see
Figure 1.11). Compared with the fixed Internet,
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growth in mobile data is also weaker because
mobile data has a worse environmental footprint.
After 2028, growth in SSP1 once again diminishes
more clearly than in the other scenarios because
at roughly this date the greatest potential for

resource efficiency has been fully exploited and
new products are coming to the fore (RA0 & VER-
WEIJ 2017).
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A diminishing of growth resulting from less eco-
nomic growth and weaker technological develop-
ment is also conceivable, but is not considered
here in more detail because exceptional stimuli
for raw material demand would not be anticipated
in such a scenario (similar to SSP3 & 4 with the
higher-level scenarios).

The scenarios serve to illustrate possible develop-
ments and are not forecasts. Growth in demand
for raw materials cannot be derived directly from
the scenarios because firstly we expect huge
improvements in efficiency driven by hardware
and software innovations and secondly transmit-
ted data volumes are accrued afresh every year
while the underlying infrastructure is retained
for longer periods and only changes if added to,
replaced or modernised.

The method used to estimate future raw material
demand was described in BMWI1 (2007). The influ-
ences of technical and economic development
are considered separately and then combined as
factors:

(1) B=b-A
B Raw material demand of one particular
application, in tonnes/year
b Specific raw material demand
of the application (tonnes/unit)
A Rate of activity (production volume)
of the application (units/year)

( ) 82040 — b2040 A2040

B2018 b2018 A2018

The ratio of raw material demand for the year
2040 to the raw material demand of the year 2018
is calculated in (2). The factor bj:i describes the
change in specific raw material demand per appli-
cation brought Ebout by technological change
and the factor AZZZOS describes the influence of
economic development between the base year of

2018 and the target year of the projection 2040.

The application units in this study may include km
of fibre-optic cable, number of battery-powered
vehicles, kW of installed capacity in wind turbines.
The number of application units produced in 2018
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(Az018) and the specific material demand per unit
(b2o1g) are data, which theoretically can be calcu-
lated with accuracy. However, in reality recording
global production figures proves difficult due to
the many different manufacturers, product types
and markets etc. In some cases, data could not
therefore be established, while in other cases,
deviating estimates were found to exist. Determin-
ing the material demand per application unit also
proved to be problematic in many cases. The spe-
cific material demand differs by manufacturer and
type of technology and is sometimes guarded as
a trade secret. When determining specific mate-
rial demand, consideration needs to be given to
not just the material contained in the product unit
but also production waste and rejects.

The corresponding data for 2040 cannot be deter-
mined. This study attempts to use scenarios to
forecast which future developments are possible
or probable on the basis of what we know today.

The development of specific material demand up
until 2040 (b,o4) differs greatly for different tech-
nologies and is established in each case on the
basis of research and questioning of experts.
Some general basic considerations are explained
below. Generally speaking, increasing demands
on performance and functionality result in higher
specific material demands. In contrast with this
trend, increases in efficiency and substitution
lead to a reduction in specific material demand.
We would expect greater potential savings in this
regard for technologies, which are still at an early
stage of development. What’'s more, the greater
the potential savings, the greater the awareness
of the problem and the more research effort is
made in the respective sectors. The more specific
the function of the material for the application in
question, the more unlikely there is to be a substi-
tution. Despite this, an unforeseeable innovation
(for example, substitution by a new, more suited
material) may dramatically change the specific
material demand.

The forecast of application units produced in 2040
(Ax40) is also provided individually for all tech-
nologies because the technologies differ greatly
in terms of criteria of relevance to global market
development. The most important criterion for the
prevalence of a technology is its benefit. There
are some technologies which provide a totally new
and additional benefit and some which may take
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the place of existing technologies because they
offer benefits over the old ones. The benefits of
such displacement technologies may be so great
that they fully capture an existing market (e.g.
flatscreen TVs/CRT TVs). However, several tech-
nologies may also be in permanent competition
because all offer certain benefits, which take effect
to different extents in different applications (e.g.
different generator technologies for wind turbines).
In addition to the prevalence of the application in
2040, we also need to produce scenarios for the
market share of the different technologies in these
cases. We should also bear in mind that today’s
emerging technologies may also be displaced in
the near future by unforeseeable innovations.

The way in which a technology market grows
globally also depends on the extent to which it
spreads exclusively or predominantly in certain

regions, cultures or socioeconomic spheres.
The openness of users to new products and the
infrastructure required for the actual prevalence
of emerging technologies are key here. What’s
more, the development of some of the technolo-
gies under consideration depends greatly on polit-
ical support (e.g. wind turbines, traction motors for
electric cars).

We have economic models depicting the diffu-
sion of new technologies. These initially show
exponential growth, which flattens off as a satu-
ration value is approached, resulting in S-shaped
curves (see Figure 1.12). These curves describe
the development of the total stock. The devel-
opment of annual sales figures only follows this
curve for products with a very short life (virtually
0, e.g. as with energy raw materials). With very
long product lives (virtually infinite), annual sales

T
P,-S

T P@)= P ¥ (S=Py) et

Inventory

Corresponds to sales figures
if service life = 0 1

1st derivative

Corresponds to sales figures -
if service life = «

r 2 derivative

T T

Corresponds to changes
in sales figures
if service life = « b

t =time
P = total quantity of the product at t
P, = initial value

S = saturation value
k = growth constant




figures illustrate the first derivative of the stock
curve (see Figure 1.12). Figure 1.13 illustrates the
theoretical progress of lives between 0 and infin-
ity. The compound annual growth rates (CAGR)
frequently cited in market studies are the change
in sales figures and therefore the first derivative
of sales figures. They also correspond to the sec-
ond derivative of stock when the product’s life is
infinite. Figure 1.12 clearly shows that the CAGR
falls and may even become negative as the prod-
uct becomes more mature even though stock is
continuing to grow.
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We often don’t know what the level of saturation is
or when it will be reached. At the end of the day,
even complex model calculations are therefore
only as good as the assumed coefficients. Given
these huge uncertainties, we will restrict ourselves
to simple models.

On a global scale, a distinction needs to be made
between regions with different levels of develop-
ment, infrastructures and cultures. The global
growth in demand for a technology is therefore the
overlap of growth in different regions as it occurs
at different points in time.

Sales figuresfor:/'
lifetime = 0

0 < lifetime < «

lifetime = «
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The early growth phase of new technologies is
generally marked by exponential growth with
high exponents for stock and sales figures (see
Figure 1.12). Growth of the global economy also
impacts on the growth of emerging technologies.
The development of GDP in the various SSPs
outlined in Section 1.1.2 serves as a basis for
predicting market diffusion. However, this applies
to different extents for different technologies and
depends, for example, on whether we are talking
about a general technology, which is contained in
many other technologies, or a special technology
with one individual and very specific application.
Exceptional stimuli for raw material demand stem
mainly from technologies, which grow with growth
exponents way beyond that of the global economy
over a certain period of time.



The technologies which are presented and ana-
lysed in depth in the following sections were
selected on the basis of a list of potential emerging
technologies. Emerging technologies are defined
as technical capabilities which can be exploited by
industry and trigger revolutionary boosts in inno-
vation far exceeding the boundaries of individual
economic sectors. This list was produced for the
preceding study and contains 168 emerging tech-
nologies (MARSCHEIDER-WEIDEMANN et al. 2016).
Targeted research into emerging technologies
was used to update this list.

A workshop of experts, held at the German Mineral
Resources Agency (DERA) in November 2019,
also added to the list of technologies. Represen-
tatives from industrial associations in the metal
industry, raw material manufacturers and indus-
trial firms which use highly critical raw materials
attended this workshop. One of the fundamental
findings of this workshop was that the selection
of emerging technologies and their market devel-
opments should focus on the 1.5 degrees goal of
the Paris Agreement (UNITED NATIONS 2015). The
technologies should also be presented in clusters
in order to contribute to appropriate discussion in
other areas, such as that relating to raw material
demand during the energy transition in Germany.

The technology synopses in this study are
therefore presented in clusters and not listed by
affected industries, as has previously been the
case. Technologies which are not considered
innovative but are essential to a cluster, are there-
fore also analysed in this report. Overviews of
the clusters in diagram form were produced, as
can be seen in Figures 2.1 to 2.3, for the “Mobil-
ity and aerospace”, “Digitisation and Industry 4.0”
and “Energy technologies and decarbonisation”
clusters in order to analyse how essential they
are. The technologies investigated in this study
are highlighted in blue. You can see that some
technologies are used in several clusters and that
some technologies provide an essential basis for
other technologies to work. These technologies
were arranged in the two clusters “Recycling and
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water management” (desalination of sea water
and raw material recycling) and “Power and data
networks” (expansion of the power grid, fibre-optic
cable, 5G (6G), data centres and inductive trans-
mission of electric energy).

The following criteria also applied to selection of
the ten new technology synopses: What was the
status of the technology in the 2018 base year? Is
there potentially a future market for the technol-
ogy in 2040? What will the raw material demand
and recycling potential look like in 20407 Technol-
ogies which do not require inorganic mineral raw
materials are not considered, such as DNA syn-
thesis, artificial intelligence and browser technolo-
gies. 33 technologies were selected at the end of
the process.
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Digitisation paradigms
— Artificial Intelligence and Big Data:

(pattern analysis and recognition,

Machine learning, knowledge systems, etc.)
— Cloud computing and edge computing
— P2P computing and open source software
— Blockchain and encryption
— Other: Open Data, Scrum, etc.

Areas of application

— Public infrastructures & services
(transport, energy, water/wastewater,
waste management, administration, health,
building, ... and sector coupling in the
Smart City and Smart Country)

— Private sector production & consumption
(Industry 4.0, Trade 4.0, Consumption 4.0,
Recycling 4.0, etc. and Sector coupling in the
societal metabolism)

—Smart Living (Smart Home, Smart Mobility,
Digital work, ... and smart life management)

— Other: Safety, etc.
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ICT infrastructure

(storage & processing; transmission and networking)

— Data centres (server, cooling: standard materials)

— High-precision clocks (atomic clocks: Cs, Rb) for aerial
navigation, GPS, Internet and mobile phone transmission

— Satellites for telecommunications

(drives: Xe, Pr; PV: Ge; synchronisation: Cs, Rb)
- Fibre-optic cables: submarine cables (corrosion, pressure: ?),
terrestrial fibre-optic cable network (pan-European, last mile: Ge

Rb?)

—5G mobile network (base stations, antennas: ?,
lasers and receivers; InP; Wireless in Asia: RF GaAs, HTS for

wireless networks: TI)
— Wireless infrastructure local area (WLAN; bu
Cu, fibre-optic cable; DECT, Bluetooth, etc.)
— Other: DAB, DVB, conductive textiles, etc.

ICT end products

Stand-alone
— Mobile di
E-readers, notebooks, etc.

— Stationary digital devices: Flat screens (ITO, Y, Eu), PC

Other: TV, radio, etc.

In and on the body

—Wearables: Data glove, VR glasses, smart watches,

smart shoes, industrial clothing design, ...

— Electronic implants: Retina display, cochlear implant,

microchips, brain-computer interface, ...
—other exoskeletons, smart tattoo, etc.

Embedded systems

—Devices in the loT: EE and non-EE devices, smart meters

n-fold microelectronic minimum unit for Internet)

— Robots/autonomous systems: humanoid robots (incl. Soft
Robotics), service robots (incl. vacuum cleaner robots), Indus-
trial robots, autonomous vehicles (on water: e.g. maintenance
robots, on land: e.g. motor vehicles, in the air: e.g. drones)

— Other: Control cabinets and control rooms in plants, ...

(bi

al devices: 5G smartphones, tablets and

-

-

Hardware components

Microelectronics (CPU, components, contacts, PCB):

— High-power ICs (GaAs)

— Quantum computing (Rb)

— Optoelectronics/photonics (chips, 5D storage: Si, GeAsSe, GaAs)

—flexible and printable electronics (OLED, polymers, etc.)

— Microelectronic capacitors (Ta)

— High-performance permanent magnets (HDD, speaker/micro: SEE)

— Lead-free solders (Ag, Bi, Sn)

—BiTeO paste in printed circuit board production

— Transistors and amplifiers in mobile phones (GaAs, Si, SiGe)

— Other: Nanoelectronics (CNT, graphene transistors, nanowires,
Sprintronics), biomolecular electronics (DNA computing & storage),
Neuromorphic chips and computers, etc.

Interfaces to the environment (ID, location, context)

—RFID (antenna: Cu, Al; Chip: Ni, Si)

— Biometric recognition (fingerprint, iris scan, etc.)

— Satellite signal receivers (GPS, Galileo, etc.) for location, navigation
and location-based services (Rb, Cs)

— IR detectors in night vision devices (microbolometer: V), for thermal
(Cs, Rb, Ge in lenses), short-wave IR (InGaAs), IR detection and
IR transmission (TI)

— Hyperspectral cameras (visible, IR, UV)

— Photoelectronic cells (CS, Rb), laser diodes (IR/visible: InP, GaAs)

— Augmented Reality (VR glasses, windscreen: ?)

—Industry 4.0 (detectors for temperature, flow, pressure & gases)

— Other: Barcode scanners, OCR, chip cards

User interfaces (haptic, visual, acoustic)

—ITO in display technology (In, Sn)

— LED backlighting for displays (cf. white LED)

— Holographic displays

— 3D digital camera

— Microphone/natural language processing/loudspeaker
— Detection of movements (hand, motion detector; Rb)
— Other touch screens, flexible displays

Energy supply

— Battery (Li-ion rechargeable batteries: Li, Co)

— Micro-energy harvesting

— Other: Cable (Cu, fibre optic), PV, H2, UPS, etc.
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Figure 2.3: Schematic overview of the “Energy technologies and decarbonisation” cluster
(source: own representation)



Reducing the weight of vehicles is a permanent
challenge for vehicle manufacturers, one which
has become even more important due to efforts
to protect the environment and increase the range
of electric vehicles. The vehicle resistance is com-
posed of the air, rolling, climbing and acceleration
resistance. Except for air resistance, all of these
are directly proportional to the vehicle's mass.
This means that, with increasing vehicle mass,
greater drive power is also required. A reduction in
the vehicle weight of 100 kg lowers the fuel con-
sumption of conventional passenger cars by an
average of 0.5 1/100 km and reduces CO, emis-
sions by 12 g/km (KLEIN 2012).

Legislation and customer demands are increas-
ing the requirements for safety technology and
comfort features, resulting in the average vehi-
cle weight rising sharply in the past. In passen-
ger cars, for example, these features include the
side impact protection, ABS, ESP, the exhaust
gas catalytic converters, but also air condition-
ing systems and motors for window lifters, seat
adjustment and other comfort devices. Due to the
increasing weight of the vehicle, higher engine
outputs are also required to avoid any loss of
vehicle dynamics. The increasing engine power
in turn results in a higher engine weight, creat-
ing a continuing weight spiral and so the mass
of new vehicles steadily increases. To counter-
act this weight spiral, lightweight construction is
increasingly being used in vehicle construction.
For battery-powered electric vehicles in particular,
lightweight construction is an essential success
factor to counteract the range problem caused by
limited battery capacities. With decreasing body
weight, either the total weight of the vehicle can
be reduced, resulting in reduced energy demand
due to decreasing vehicle resistances, or a larger
battery can be used while keeping the total weight
the same. In both cases, the range of an elec-
tric vehicle can be increased through lightweight
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construction, even if there are limits to lightweight
construction for reasons of technology, economy
and safety.

There are various lightweight construction strate-
gies designed to reduce the mass of structures
while maintaining the same mechanical stress
capacity (FRIEDRICH 2013):

Lightweight material construction: in light-
weight material construction, weight reduc-
tion is achieved by substituting the original
material with a material of lower density while
maintaining the same shape. When high-
strength steel replaces conventional steel,
this is referred to as lightweight steel con-
struction. Other metals for lightweight material
construction are aluminium or magnesium,
which can achieve weight savings of 40 %
and 49 %, respectively. Audi in particular
relied on lightweight aluminium construction
with the Audi Space Frame, which reduced
the body weight of the 2015 Q7 model by 71
kg (Aubi 2017). In addition to metallic materi-
als, fibre-reinforced composites such as GRP
(glass fibre) with a lightweight construction
potential of 20 % or CFRP (carbon fibre) with
a lightweight construction potential of over

50 % can also be used. In the Mercedes Benz
SL 500, for example, 4.5 kg of weight could
be saved in the tailgate alone by making it
out of GRP instead of steel while maintaining
the same shape (FRIEDRICH 2013). BMW also
uses composite materials, for example in the
BMW i3 electric vehicle.

Lightweight manufacturing: lightweight con-
struction measures, which are made pos-
sible by the production process, are grouped
together under lightweight manufacturing.

The further development of laser welding, for
example, has led to new possibilities in joining
technology. The new flow-forming process
allows material to be consolidated during form-
ing in such a way that weight savings of up to
15 % can be achieved in rim production. Using
gas or water injection technology, hollow plas-
tic components can be manufactured in one
step, replacing the original solid components
and thus saving weight (FRIEDRICH 2013).

Lightweight mould construction: in lightweight
mould construction, the material of a com-
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ponent is distributed in such a way that it is
adapted to the stress so that material can be
saved at less stressed points. Design mea-
sures for reinforcement include, for example,
ribs, beading or a shell shape. The structural
simulation (e.g. finite element method) of
components under load allows the shape to
be perfectly adapted to the load.

— Conditional lightweight construction: external
influencing factors such as stress capacity,
legislation or expected service life have an
impact on the weight of vehicles. Through
conditional lightweight construction, these are
adapted to implement lightweight construction.

— Conceptual lightweight construction: concep-
tual lightweight construction refers to the con-
struction method, which is differentiated into
differential, integral and integrating construc-
tion methods. In the differential construction
method, several components are assembled
additively by joining to form a structure,
whereas in the integral construction method,
the aim is to create a structure from just one
component, which then has a higher form
complexity. The integrating design combines
integration and differentiation (KLEIN 2012).

Many real-world approaches to lightweight vehicle
construction cannot be fully ascribed to a light-
weight strategy. The steel industry developed a
lightweight construction approach with tailored
blanks, with the Thyssen Stahl AG doing the
pioneering work. The technology began in 1985
with the welding of large-format steel sheets that
were wider than could be produced with the rolling
equipment of the time. With the advent of laser
beam welding, the possibility was recognised of
joining sheets of different thickness, strength and
surface coating into a pre-product, which is subse-
quently deep-drawn into a body component on the
customer's site (MERTENS & KocH 2003). With this
technology, sheets in thicknesses of 0.6—-3 mm
are adapted to the different local mechanical
requirements on the finished component. High-
strength steel is inserted where the local load
requires it and the sheet thickness is reinforced
where high stiffness is needed. By adapting the
material, the material quality and the surface finish
to the local loads occurring in the component, the
sheet thicknesses can be reduced, while reinforc-
ing parts and flanges for overlap joints are no lon-

ger required. Tailored blanks thus have elements
of lightweight material, lightweight manufacturing
and conceptual lightweight construction. The dif-
ferent processes for producing tailored blanks are
described below (MERKLEIN et al. 2014):

— Tailor-welded blanks: welding of sheets with
different material properties.

— Patchwork blanks: Local reinforcement by
overlapping sheets.

— Tailor rolled blanks: Sheets which have a con-
tinuous change in thickness due to a rolling
process.

— Tailor heat-treated blanks: Locally different
heat treatment of sheets.

The technology is used for the production of doors,
tailgates, side panels, A- and B-pillars, roofs,
wheel arches, floor panels, side members, engine
mounts, bumpers and strut mounts. Today, all
major steel manufacturers supply tailored blanks,
including Salzgitter Europlatinen GmbH, from
whose website Figure 3.1 is taken. The graphic
shows the body shell of a car and highlights the
components that are subject to particular stress.

The technology of laser-welded, customised sheet
metal blanks allows weight savings on the body
shell of 25 %. For a VW Golf class vehicle with a
body weight of 360 kg, this equates to 90 kg. So as
well as reducing weight, tailored blanks also help
conserve resources compared to conventional
sheet metal construction. Using tailored blanks
can also reduce costs because material is saved.

Technology development is still in flux. In the
meantime, even sheet metal joints that are not
straight can be welded. The laser beam follows the
curve of any joint contours. The joining of steel and
aluminium sheets to form hybrid tailored blanks is
also being experimented with and was success-
fully implemented back in 2004 by the Chair of
Forming Technology and Foundry Engineering at
the TU Munich using laser roll seam joining. Other
processes for producing hybrid tailored blanks are
friction stir welding and the cold metal transfer
process (FRIEDRICH 2013). When steel is welded
to aluminium by conventional methods, an inter-
metallic phase forms in the joining zone that has
brittle properties. As a result, the part can only be
formed or deep-drawn to a limited extent, making
it unsuitable for most automotive body applica-
tions. To avoid intermetallic phase formation, the



Raw materials for emerging technologies 2021

Fraunhofer IWS developed a special process for
joining aluminium and steel. For this, an interme-
diate joining element (known as a transition joint)
is produced, which is a steel-aluminium bimetal-
lic strip. This is produced in a rolling process with
simultaneous heating by means of laser radiation
in the joining zone. By precisely adjusting the ther-
momechanical conditions, a material bond with an
extremely thin intermetallic phase is created. As a
result, the transition joint has excellent deforma-
tion properties and strength. The transition joint
is then used as an intermediate element of the
sheets to be joined by welding the steel part to
the steel component and the aluminium part to the
aluminium component (WAGNER et al. 2014).

The underlying new lightweight construction strat-
egy is multi-material design, the aim of which is to
use the best material for the application at every
point (KLEIN 2012). The use of aluminium in tai-
lored blanks allows the weight of components to
be reduced even further; for example, the weight
of a bumper could be reduced by 30 % with almost
unchanged deformation behaviour in the event of
a crash (WAGNER et al. 2014).

Since tailored blanks play an essential role in car
body construction at present and in the future
and will have an impact on the future raw materi-
als market due to the use of metals, only tailored
blanks will be examined below.
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Classic tailored blanks are made of different
steels, i.e. an alloy of iron and carbon, to which
further alloying elements may be added. Weld-
able and high-strength steels to absorb local load
peaks have a key role to play in tailored blanks.
They are a prerequisite for the weight saving
because they make it possible to reduce the sheet
thicknesses at the load point and also at the other
less stressed points. The high-strength steels
used have tensile strengths of around 1,000 N/
mm? and more. The strength of steel can be
increased by increasing the carbon content, heat
treatment and mechanical deformation. However,
with a carbon content of more than 0.22 %, weld-
ability and toughness decrease rapidly (DUBBEL
1983). Both of these properties are indispensable
for welded and deep-drawn tailored blanks. The
strength of weldable steels is therefore increased
by the formation of a fine-grained microstructure.
On the one hand, this is done by adding minute
quantities of alloying elements that refine the
grain, including aluminium, niobium and vana-
dium in proportions of less than 0.1 wt%. On the
other hand, the microstructure is influenced by
heat treatment and rolling. The batch annealing
stage after cold rolling plays a major role in the
formation of the microstructure and properties of
car body panels.

Names such as TRIP steel (Transformation
Induced Plasticity), DP steel (dual-phase steel),
CP steel (complex-phase steel) and others have
emerged for the optimised high-strength special
steels used in vehicle construction. What they
have in common is that martensitic islands are
formed in a ferritic (DP) or ferritic-austenitic (TRIP)
matrix by special heat treatment and mechanical
forming, which increase the tensile strength and
at the same time keep the yield strength low for
good formability during deep drawing. Important
alloying elements of dual-phase steel are man-
ganese (0.8-2 %), silicon (0.1-0.5 %) and alu-
minium (up to 0.2 %). Austenitic steels, including
TRIP steel, additionally contain austenite formers
such as nickel, cobalt and manganese. Materi-
als development is still very much in flux. High-
strength manganese-boron steels are a more
recent development (VoLLMERS 2008; BARTOS
2014).

In 1991, Volkswagen's Golf Ill was the world's
first vehicle to use tailored blanks in series pro-
duction. Large manufacturers of tailored blanks
include, for example, Salzgitter Europlatinen and
Bao Steel, which, with Wisco Tailored Blanks,
took over the pioneer in this field, ThyssenKrupp
Tailored Blanks. Currently no study on the market
penetration of tailored blanks could be located.
Therefore, the current share of tailored blanks can
only be estimated, so it is assumed to be 40 % of
the body shell.

The mastery of laser beam welding of any seam
shape opens up further applications for the
technology and additional potential for weight
reduction. The costs of tailored blanks are also
expected to fall in the future due to an increase
in expertise and large-scale production. Since
tailored blanks are particularly advantageous for
components with inhomogeneous loads, it cannot
be assumed that the entire car body will be made
up of tailored blanks in the future. Therefore, it is
estimated that the share of tailored blanks in the
body shell will double to 80 % by 2040.

Hybrid tailored blanks are currently still the sub-
ject of research and are therefore not yet used
in series production in vehicles (HILDENBRAND
2019). Challenges with different materials are the
reduction of electrochemical corrosion and the
control of different thermal expansion coefficients.
Since it is not yet foreseeable when and whether
hybrid tailored blanks will become established on
the market, they are not included in the scenario
for the raw material demands of car bodies.

The main area of application for tailored blanks
is the automotive industry. However, there is also
potential for use in other sectors, such as the
household appliance industry, mechanical engi-
neering and plant construction.

To estimate the raw material demand for tailored
blanks in the future, the mobility scenarios SSP1,
SSP2 and SSP5 are used, which have already
been described in more detail in this report. The
current and future vehicle production figures



. Production
Unit in 2018
Vehicle production million units 85.1
Demand for auto body Kilotonnes 39,799
sheet
Crude steel production kilotonnes 1,820,366

are shown in Table 3.1 and include both private
and commercial vehicles. It is assumed that the
average newly registered vehicle weighs around
1,800 kg (ABUELSAMID 2019) and that the body
makes up 25.5 % of the total weight of the vehicle
(Lutsey 2010). The composition of vehicle bodies
is assumed as described in the Foresight indus-
trial use. Only the crude steel without alloying
elements is considered, as the alloying elements
used and their concentrations in the steel vary
greatly depending on the application and produc-
tion technology.

In 2018, the production of vehicle bodies
accounted for 2.2 % of total crude steel produc-
tion. By using tailored blanks, an average weight
saving of 11 % can be achieved compared to cur-
rent vehicle bodies. The demand for raw materi-
als for car bodies thus increases by only 42 %,
63 % or 117 % depending on the scenario, while
the number of vehicles produced increases by
59 %, 84 % or 145 % in the period under con-
sideration. In addition to a positive effect of the
weight reduction on the energy requirement for
vehicle operation, tailored blanks can also reduce
the raw material demand per vehicle. With crude
steel production on the rise, it is therefore pos-
sible to reduce the share of vehicle bodies in the
total demand for steel. This is an example of the
potential of lightweight construction strategies to
decouple economic growth from the demand for
raw materials.

Tailored blanks, like other steel products, are fully
recyclable. The elimination of sealing compound
creates advantages in the recycling process
compared to conventional car bodies (FRIEDRICH

Raw materials for emerging technologies 2021

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

135.5 156.4 208.2

56,328 65,017 86,550

2013). The recycling effort increases for hybrid tai-
lored blanks made of several metals, for example
aluminium and steel, as they contain different raw
materials within one component which then have
to be separated mechanically or metallurgically for
recycling. However, by heating the joining zone, a
type of intermetallic phase growth can be gener-
ated in the transition joint which is accompanied
by a brittle failure of the joining zone even at low
loads, so that a mechanical separation is made
easier by the embrittlement of the joining zone
(WAGNER 2020).

Based on the scenarios for future vehicle sales
and fleet shares of the electric drive concepts
(Section 1.3), the material requirements for elec-
trical traction engines are analysed in this tech-
nology synopsis. Only passenger cars are consid-
ered, not commercial vehicles, trains and buses.

In general, efficiency is a motor's most important
quality feature. In motor vehicles, high engine
efficiency should be ensured over a wide range
of speeds and torques. It is also important for
the overall efficiency of the vehicle that the trac-
tion engine takes up as little space as possible
and contributes as little as possible to the over-
all mass. An essential criterion is therefore a high
power and torque density of the engine. Low
maintenance, high reliability and low noise are
also among the basic requirements. Cost com-
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petitiveness and availability of materials also need
to be considered in engine selection (BRADSHAW
et al. 2013b; CHAU & Li 2014a).

In the past, DC motors were used in electric vehi-
cles because it was a simple and mature technol-
ogy. Their biggest disadvantage, however, is the
rectifier, which requires a lot of maintenance and
wear and also produces carbon dust (BRADSHAW
et al. 2013b). In the future, DC motors will there-
fore at most be used in motor vehicle concepts
aimed at simplicity (CHAU & LI 2014a). Three-
phase machines will dominate. Synchronous and
asynchronous motors, as well as switched reluc-
tance motors, are used in electric vehicles.

Synchronous and asynchronous motors work
according to the principle of the Lorentz force.
Copper coils on the stator generate a rotating
magnetic field so that the rotor, to which a mag-
netic field is also applied or induced, is set in
motion. If it rotates synchronously with the mag-
netic field of the stator, it is a synchronous motor.
If the rotor rotates more slowly, it is called an
asynchronous motor.

Asynchronous motors (ASM) are also referred
to as induction motors. Their rotor (“squirrel cage
rotor” or “cage rotor”) usually consists of a short-
circuited cage made of aluminium or copper
embedded in sheet iron (see Section 4.6). The
main advantage of asynchronous motors is their
low cost. They are also low-maintenance, effi-
cient and technologically mature. The main dis-
advantage is that the mass and volume are large
compared to other engine types with the same
power output (BRADSHAW et al. 2013a; CHAU &
L1 2014b).

The magnetic field on the rotor of a synchronous
motor can be generated by permanent magnets
or induced electrically by copper coils. A combi-
nation of both is also conceivable (BURKHARDT et
al. 2014). The permanent magnets can be surface
mounted (SPM) or integrated (IPM). Electrically
excited synchronous motors (ESM) are asso-
ciated with lower costs, but also have lower effi-
ciency compared to permanent-magnet excited
synchronous motors and are larger and heavier
for the same power.

Permanent magnet excited synchronous
motors (PSM) feature the highest power density
and are also low-maintenance and very efficient.
However, the neodymium-iron-boron magnets
used (NdFeB magnets, cf. Section 3.3.9) cause
high costs due to the rare earth elements neo-
dymium and dysprosium they contain. Moreover,
PSMs cannot be switched off, but always recuper-
ate when they are not driving the axle. However,
recuperation is only desired when braking, not,
for example, when driving at a constant speed
on the motorway when neither braking nor accel-
erating. Therefore, the ASM can be particularly
advantageous for frequent long-distance journeys
(OPPENHEIMER 2020).

Reluctance motors are based on the alignment
of a ferromagnetic rotor in the magnetic field of
the stator caused by magnetic resistance (reluc-
tance). Switched reluctance (SR) motors are used
as traction engines in electric motor vehicles,
in which a rotating magnetic field is created at
the stator by switching copper coils on and off.
Switched reluctance motors are low-maintenance,
efficient and low-cost, but have a lower power
density than permanent magnet excited synchro-
nous motors. A major disadvantage is their high
noise level (CHAU & LI 2014a). The decisive fac-
tor for their future market penetration will there-
fore be the extent to which this volume can still
be reduced in the further development of the rela-
tively new technology.

Hybrid engines (HSM) combine the reluctance
principle with the use of permanent magnets. How-
ever, the magnets are located on the stator. Com-
pared to PSM, these motors have the advantage
that they can be switched off and thus do not cause
unwanted recuperation (MERWERTH 2014). Their
power density and efficiency are higher than that
of ASM and ESM (MERWERTH 2014; KANE 2020).

The specific material requirements of a motor
vehicle's traction engine depend greatly on the
engine size, which in turn is influenced by the seg-
ment (small to luxury cars) and the drive techno-
logy (HEV, PHEV, BEV, FCEV, REEV). The raw
material demands of the different engine types
differ too.



In conventionally combustion-engine powered
motor vehicles, smaller quantities of copper are
needed for the starter motor and generator. By
contrast, electric traction engines generate signifi-
cant additional demand for copper. Copper coils
are used to generate magnetic fields on the stator
of an electric motor and on the rotor of electrically
excited synchronous motors. The squirrel-cage
rotor on the rotor of the asynchronous motors is
made of copper or aluminium.

Neodymium-iron-boron magnets (NdFeB mag-
nets), which contain the rare earth element neo-
dymium (Nd), are used in permanently excited
synchronous motors and hybrid motors. To opti-
mise the magnetic properties (see Section 3.3.9),
part of the neodymium is substituted by the rare
earth element dysprosium (Dy).

Current information regarding the magnetic mass
per traction engine fluctuates between 1.2-3 kg.
Table 3.2 provides an overview of the magnetic
masses used by vehicle segment and drive tech-
nology based on GLOSER-CHAHOUD & TERCERO
EsPINOzA (2015). This is based on the non-linear
relationship between motor power and magnet
mass.

Information on the dysprosium content varies
greatly in some cases, but is usually between
6.6 % and 12 % Dy. The mean value of 8.3 % Dy
calculated in GLOSER-CHAHOUD & TERCERO EsPI-
NOzA (2015) is assumed, resulting in 23.7 % Nd
(with a total of 32 % rare earth elements). The
partial substitution of Nd and Dy by praseodym-
ium (Pr) and terbium (Tb) is possible, which is dis-
cussed in more detail in Section 3.3.9.

HEV PHEV BEV/FCEV
Small cars 1.2 1.7 1.7
Compact 15 %3 25
cars
Premium

2.0 2.8 3.0
cars
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The number of XEVs sold in 2040 is taken directly
from the electric mobility framework scenarios.
For the corresponding demand for the rare earths
Nd/Pr and Dy/Tb, the extent to which the vari-
ous motor concepts for traction engines become
established will be crucial. The engine concepts
currently used and the market positions of the
companies behind them, which are examined
below, provide indications of this.

The manufacturers with the highest market
shares in the PHEV and BEV segments in 2020
are (PoNTEs 2021):

— Tesla, Inc.

— SAIC Motor Co Ltd (formerly Shanghai Auto-
motive),

— Volkswagen AG,

— Renault SA — Nissan Motor Co., Ltd,

— BYD Co Ltd,

- BMWAG.

Other manufacturers with relevant xEV sales
figures are Hyundai, Audi, Volvo, Chery, Wul-
ing, BAIC (Beijing Automotive) and Great Wall
Automotive. The high number of Chinese auto-
motive companies (SAIC, BYD, Wuling, Great
Wall Automotive, Chery) is striking. Other Asian
countries such as India, Indonesia, Thailand
and Vietnam also have increasingly relevant
automotive production. Companies such as
SAIC and Hyundai are planning major invest-
ments in India (MORDOR INTELLIGENCE 2020b).
Globally, most cars are produced in China,
with resident automotive companies focus-
ing on increasing production and sales of xEVs
domestically (MORDOR INTELLIGENCE 2020b).
Many Chinese companies have joint ventures or
partnerships with foreign companies, e.g:

— Volkswagen/General Motors — SAIC/Wuling,
— BMW - Great Wall Automotive,

— Daimler — BYD,

— Daimler — BAIC,

— Jaguar Land Rover — Chery,

— Volvo — Geely.
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BEV categories ESM PSM
Small cars 0.3 0.3

Compact cars 0 0.45
Premium cars 0 0.15

Tesla is the only foreign company that sells XxEVs
in China without having a joint venture with a Chi-
nese company. Tesla itself has large production
facilities in China for this purpose. Overall, it can
be assumed that the xEVs produced in China use
similar technologies to the foreign companies.

Currently, the following variants are used in com-
mercially available xEVs (for technical details, see
technology description):

— permanent magnet excited synchronous
motors (PSM),

— inductively excited synchronous motors
(ESM),

— electrically excited asynchronous motors
(ASM),

— Hybrid motors (HSM), which operate with
permanent magnets on the stator according
to the reluctance principle.

ESMs are more likely to be used in the price-
sensitive segment, i.e. in small cars such as the
Renault Zoe and Smart, due to their lower costs
but have disadvantages with regard to extreme
driving performance (OPPENHEIMER 2020).

PSMs are used in almost all hybrid cars due to
their advantages in efficiency and power density
(OPPENHEIMER 2020). Many manufacturers also
use these powerful but comparatively expensive
motors for fully electric cars; for example, the
Nissan Leaf, Hyundai lonigq, Hyundai Kona, BYD
Qin, BYD e6, BYD F3DM, JAC iEV6E and SAIC
Roewe E50 all run on PSM.

ASMs are used primarily in the high-price seg-
ment, e.g. in the Audi e-tron, due to their advan-
tages for long-distance journeys. Also popular in
the high-price segment are combinations of PSMs
and ASMs, through which the respective advan-

ASM HSM PSM + ASM HSM + ASM
0 0.4 0 0
0 0.45 0 0.1
0.2 0.2 0.15 0.3

tages of both concepts are exploited to the full
(LANG 2019; OPPENHEIMER 2020).

In 2013, BMW was the first company to use series-
production-ready HSMs (MERWERTH 2014) which
had market-relevant distribution in the BMW i3
model. In the past, Tesla relied on asynchronous
motors as a matter of principle; the company's
name honours the inventor of the asynchronous
motor. Since 2019, however, hybrid engine tech-
nology has also been used. The newer models
each have one engine on the front axle and 1 to 2
engines on the rear axle. ASM and HSM are used
for this purpose (LAMBERT 2018; KANE 2020).

In the assumptions on the future use of differ-
ent engine concepts (Table 3.3) for BEVs, the
strengths and weaknesses of the different con-
cepts are considered with regard to the different
price segments. It is also assumed that the com-
paratively new concepts of hybrid engines and the
combination of different engines will gain in impor-
tance in the future. For HEVs and PHEVs, on the
other hand, it is assumed that PSM technology
will be used 100 % here. These vehicles have
to accommodate an electric and a conventional
drive motor, so the advantages of PSM in terms
of power density and efficiency take clear priority.

The average quantities of magnets required are
based on the assumptions regarding the share of
different engine technologies in 2040 in different
price segments (Table 3.3) and the magnet quan-
tities required in different price segments (Table
3.2). It is assumed that an HSM requires only
60 % as much magnetic material as a PSM (BLA-
GOEVA et al. 2019). A combination of ASM and



PSM also halves the amount of magnet required.
With a combination of HSM and ASM, the amount
of magnet required is thus only about 30 % of the
amount needed with a pure PSM solution.

For the specific dysprosium demand in 2040,
the scenarios shown in Table 3.4 are consid-
ered due to numerous research efforts to reduce
the dysprosium content in NdFeB magnets.
Since dysprosium and neodymium substitute for
each other in magnetic materials, a reduction in
dysprosium means an increase in the neodymium
content in all material science approaches.
It is assumed that there is little effort in SSP5
towards material efficiency in general, but at the

Scenario Reduction in Dy component
through advances in R&D
SSP1 [Dy percentage 2014] — 50 %
SSP2 [Dy percentage 2014] — 25%
SSP5 [Dy percentage 2014] — 25%
ESM PSM
Copper 0.16 0.09
Raw material Production in Demand in
2018 2018
Neodymium / 23,900 (R) 1430
praseodymium 7,500 (R) ’
Dysprosium / 1,000 (R) 500
terbium 280 (R)
o 20,590,600 (M) 33.200

24,137,000 (R)

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

Dy component in NdFeB
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same time general scientific progress is rapid and
there is sufficient incentive for material efficiency
improvement due to the high prices for dyspro-
sium. Similar savings are assumed in SSP2,
although scientific progress is slower here, how-
ever moderate savings should still be possible by
2040. In the sustainability scenario SSP1, a stron-
ger focus on material efficiency and thus a signifi-
cant reduction of the Dy content is assumed.

This synopsis only considers the raw material
demand for traction engines of e-cars. For infor-
mation on the demand for NdFeB magnet mate-
rial for other automotive applications, see Section
3.3.9 on high-performance permanent magnets.

Nd component in NdFeB

magnets in EV engines 2040 magnets in EV engines 2040

4.2% 27.8%
6.2% 25.8%
6.2% 25.8%
ASM HSM PSM + ASM HSM + ASM
0.16 0.04 0.125 0.1
Demand foresight for 2040
SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
34,050 31,350 31,960
5,140 7,530 7,680
800,000 816,000 772,600
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Table 3.6 shows the demand resulting from the
scenarios for the rare earths neodymium (or sub-
stitute praseodymium) and dysprosium (or substi-
tute terbium, for details see Section 3.3.9) in 2040.
The aggregate extraction volume of rare earths
in 2018 was 151,200 tonnes in metal content,
according to BGR (2021). The very similar values
for Nd in all three scenarios result from the over-
lapping of different effects. Thus, while there are
significantly more BEVs in SSP1 in 2040, there
are also significantly fewer HEVs than in SSP2
and SSP5. Due to the dominance of PSM engine
technology in HEVs and PHEVs, the overall
demand expectations for neodymium are compa-
rable. For dysprosium, the demand expectations
in SSP2 and SSP5 are even significantly higher
than SSP1, since in SSP1 a stronger reduction of
the Dy content in the magnets is assumed due to
efficiency efforts. The values for 2018 were also
calculated from estimates for the current share of
different engine technologies and the sales fig-
ures of the mobility framework scenarios.

To calculate the copper demand for electrical trac-
tion engines, a study by IDTechX for the Copper
Association is used (ICA 2020) in which average
specific copper demands of between 0.04 and
0.16 kg/kW are given for different motor types,
compare Table 3.5. Assuming engine outputs of
50, 85 and 150 kW in 2040 for the mini, compact
and luxury class vehicle segments and the reg-
istration figures for electric vehicles from Section
1.3.2, the copper requirements are calculated as
shown in Table 3.6.

In Germany, traction engines from electric cars
that are to be disposed of are currently gener-
ally fed into the copper recycling stream (BAST et
al. 2015). It is technically possible to remove the
NdFeB magnets from the motors without destroy-
ing them and to reuse them. However, the use of
different geometries and alloys and the continu-
ous development of magnet and motor technolo-
gies make direct reuse more difficult. However,
if NdFeB magnets can be collected by type in a
separate waste stream, material recycling through
hydrogen embrittlement is possible, but this leads
to losses in remanence (residual magnetisation)
of approx. 3 %. Through raw material recycling

using hydrometallurgical processing, pure rare
earths can be recovered as oxides. In Germany,
however, the reduction of these oxides to pure
metals is currently not technically possible (BAsT
et al. 2015).

In 2040, the recycling of NdFeB magnets after
their use in electric car traction engines in Ger-
many is likely to be economical, although this will
depend on volume, raw material prices and the
share of the more expensive heavy rare earth ele-
ments dysprosium and terbium (BAsST et al. 2015).

The airframe represents the mechanical struc-
ture of an aircraft. It includes the fuselage, wings,
engine nacelles, cowling, tail and landing gear
(see Figure 3.2 and AVIATION SAFETY BUREAU
2007). The optimisation of the materials used for
the airframe plays a significant role in the devel-
opment of new aircraft models. The basic require-
ments for a suitable material are high corrosion
and fatigue resistance, damage tolerance, rigidity
and strength. It is particularly important that the
density of the material is as low as possible, which
leads to a reduction in the weight of the aircraft
and thus to fuel savings. The performance, weight
and cost of suitable materials must then be con-
sidered. Due to their lightness, aluminium alloys
have been the dominant materials in lightweight
airframe construction for decades. However, they
face strong competition from composites, which
increasingly make up a large proportion of the
aircraft structure in newly developed airframes
(FROST & SULLIVAN 2016; AIRBUS 2018; FROST &
SULLIVAN 2019).
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Aluminium alloys have proven themselves in light-
weight airframe construction. Despite the consider-
able increase in the use of composites in newer air-
craft models (see below), aluminium alloys remain
the most widely used material in aircraft construc-
tion (FROST & SULLIVAN 2016; FROST & SULLIVAN

2019). This is due to the large number of short- and
medium-haul aircraft (e.g. the Airbus 320 family
and Boeing 737) compared to wide-body aircraft
(see Figure 3.3). On regional aircraft, aluminium is
also at least partly preferred in more recent devel-
opments (MRAz 2014; MoRIMOTO et al. 2017).

Conventional aluminium materials have to be riv-
eted. However, recent developments, especially
aluminium-lithium alloys (Al-Li), allow welding with
lasers and/or friction stir welding, which enables

Alloy Li Cu Mn Mg Ag Zr

2098 0.8t01.3% 3.2t03.8% Max. 0.35% 0.25t00.80% 0.25t00.60% 0.041t00.18%
2195 0.8t01.2% 3.7t04.3% Max. 0.25% 0.25t00.80% 0.25t00.60% 0.08 to 0.16%
2065 0.8t01.5% 38t04.7% 0.15t00.50% 0.25t00.80% 0.15t00.50% 0,051t00.15%
2198 0.8t01.1% 29t03.5% Max. 0.50% 0.25t00.80% 0.10t00.50% 0.04t00.18%
2196 1.4t02.1% 2.5t03.3% Max. 0.35% 0.25t00.80% 0.25t00.60% Max. 0.35%
2050 0.7t01.3% 32t039% 0.20t00.50% 0.20t00.60% 0.20t00.70% 0.06 to 0.14%
2297 1.1t101.7% 25t03.1% 0.10t00.50% Max. 0.25% 0.08 t0 0.15%

Notes: All of the alloys shown also contain up to 0.12 % Si and up to 0.15 % Fe; most of them also contain up to 0.10 % Ti
and up to 0.35 % Zn.
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considerable cost savings (ANGERER et al. 2009;
e.g.see CONSTELLIUM 2017¢; CONSTELLIUM 2017f).
The addition of scandium (Sc) also allows weld-
ing with lasers (ANGERER et al. 2009). However,
due to the high price of scandium, Al-Sc alloys are
currently not competitive in aircraft construction
and are only used on niche markets (DJUKANOVIC
2017; DoRIN et al. 2018).

Unlike Al-Sc alloys, Al-Li alloys are gaining impor-
tance and are used commercially as sheets, plates
or castings, e.g. in the Boeing 787 and Airbus
A350 XWB and A380 (CONSTELLIUM n.d.; CON-
STELLIUM 2013; ALUMINIUM FAIR 2014; ARCONIC
2020). The weight-saving aluminium components
can be added to existing series with no or only
minor changes to the aircraft design (ALUMINIUM
FAIR 2014). The composition of some commer-
cially available Al-Li alloys is shown in Table 3.7.

Titanium and its alloys also have a definite place
in aircraft construction due to their low density,
high corrosion resistance and strength, even at
elevated temperatures (FROST & SULLIVAN 2016;
PERvAIZ et al. 2019). Titanium alloys are preferred
in composite structures because corrosion occurs
at the junction between aluminium and composite
components. Consequently, the use of titanium
increases as the use of composites increases
(AIRBUS 2018). From a weight share of less
than 10 % in the past (SiBum et al. 2003-2020),

the weight share of titanium and titanium alloys in
the composite-rich Boeing 787 and Airbus A350
XWB reaches 14-15 % (DURSUN & SouTis 2014;
FROST & SuLLIVAN 2016).

The processing of metal components for aircraft
construction is traditionally subtractive: solid
metal semi-finished products are often milled to
the desired final shape (LOPEz DE LACALLE et
al. 2011). This removes well over 80 % of the
material (LOPEz DE LACALLE et al. 2011; AIRBUS
2018). This is changing at the moment through
the use of additive manufacturing processes (AIR-
BUS 2018). Titanium alloys as well as aluminium
alloys are being developed for this purpose and
are already commercially available (APWORKS
n.d.; AIRBUS GROUP 2015; METAL AM 2020).

High-performance Al alloys remain an important
component in civil airfframe construction, but are
losing their clear dominance due to the increased
use of composites, mainly carbon fibre-reinforced
plastics (DURSUN & SouTis 2014). At around
50 wt% (AIRWISE 2013), these composite materi-
als are already the main components of the Boe-
ing 787 Dreamliner wide-body aircraft (maiden
flight: 2009) and Airbus A350 (maiden flight:
2013). Al alloys now account for only 20 wt%.



Completed before the A350, the Airbus A380
(maiden flight: 2005) still consists of 25 wt% com-
posites, of which 85 wt% are CFRPs (WoIDASKY
& JEANVRE 2015). Figure 3.3 shows the compos-
ite content of various Airbus and Boeing aircraft
models. Since narrow-body aircraft also require
thinner sheet metal for the outer skin, the weight
saving from using composites is also lower there
(SLoaN 2020), and these smaller, much more
frequently sold models are mainly made of alu-
minium alloys (see Figure 3.3). The production of
composite parts in the required quantities for the
Airbus A320 family and Boeing 373 series is also
not possible with the technology that is currently
dominant. The development of corresponding
solutions is being driven forward (SLoAN 2020).

The three aircraft manufacturers Airbus, Boe-
ing and Bombardier provide and publish detailed
forecasts for the global aircraft markets. In the lat-
est editions, all three assume strong and steady
growth in aircraft demand, supported mainly
by economic growth and a variety of other driv-
ers (BoMBARDIER 2017; AIRBUS 2019a; BOEING
2019a). The expectation is a little more than dou-
bling of the aircraft fleet over the next 20 years.
The growth of the aircraft fleet is mainly driven by
narrow-body aircraft, which are even expected to
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expand their large share (currently approx. 70 %)
of the aircraft fleet.

Even before the outbreak of the COVID-19 pan-
demic, Airbus and Boeing addressed the resil-
ience of the aviation sector using historical data
from past geopolitical and economic crises (AIR-
BUS 2019a; BOEING 2019a). These crises had
the effect that passenger numbers stagnated or
declined slightly for 1 to 3 years, only to show the
same or even stronger growth again afterwards.
However, the COVID-19 pandemic is different and
has so far led to a sharp drop, not stagnation, in
passenger numbers. Aircraft production at both
major manufacturers has fallen sharply in the first
half of 2020 (about 40 % for Airbus, over 50 %
for Boeing in Q1 2020; ARGUS MEDIA 2020). It is
therefore to be expected that the effects will be
more pronounced and longer-lasting, so that the
only recently published forecasts appear rather
optimistic from today's perspective, despite the
sector's historical resilience.

The following assumptions were made for the
estimation of the passenger aircraft market:

— Aircraft categories like Boeing (BOEING
2019a): Narrow-body and wide-body aircraft,
as these correlate better with aircraft com-
position than the categories used by Airbus
(small, medium, large), because the medium
category includes not only aluminium but also
CFRP-heavy aircraft.

— Growth rate of aircraft deliveries: 2.7 % for
narrow-body and 0.9 % for wide-body air-
craft based on AIRBUS (2019a) and BOEING
(2019a) forecasts.

— COVID-19 adjustment: 40 % drop in aircraft
deliveries in 2020, with the drop in narrow-
body aircraft being greater than in wide-body
aircraft, and an upwards climb to “normal” by
2024. This results in a total of 11 % fewer air-
craft deliveries in 2040 (about 1,900 narrow-
body as well as about 440 wide-body aircraft)
compared to the projections in AIRBUS
(2019a) and BOEING (2019a) and comparable
to BOEING (2020).

— ltis assumed that the aircraft manufactur-
ers' forecasts correspond most closely to
the SSP2 scenario. Since aircraft deliver-
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ies correlate well with economic growth, the
scenario in Figure 3.4 is first scaled using the
GDP scenarios (DELLINK et al. 2017; RIAHI

et al. 2017). In the SSP5 “Fossil Path”, a
much higher increase in air traffic is expected,
driven by very strong economic growth
coupled with weak environmental aware-
ness (cf. Table 1.2), resulting in a demand
for approximately 3,250 (instead of 2,350 in
SSP2) aircraft in 2040. In the SSP1 scenario,
the increase in air traffic is not as strong
despite high economic growth due to signifi-
cant environmental awareness, so that the
need for new aircraft is put at a total of about
2,200.

The aviation industry will continue to use a wide
mix of materials until 2040 (cf. AIRBUS 2018).
Currently, a certain dichotomy is emerging in
which wide-body aircraft prefer to use composite
materials and narrow-body aircraft prefer to use
aluminium materials. However, redesigns of the
top-selling Airbus A320s and Boeing 737s (for nar-

Category Unladen weight Al
Narrow-body 40 tonnes 72%
Wide-body 110 tonnes 20%

Raw material Production in Demand in
2018 2018
Lithium 95,170 (M) low
Silver 28,083 (M) low
Titanium 260,548 (R) 57,000

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

row-body aircraft) are expected during this period,
and these may involve increased use of compos-
ites at the expense of aluminium (SLoaN 2020).
However, weight is not the only factor in the choice
of materials; recent developments in narrow-body
aircraft also rely on aluminium instead of compos-
ites (MorIMOTO et al. 2017; AIRBUS 2018). The
increased use of 3D printing in aircraft manufac-
turing is creating new opportunities for metal alloys
(AIRBUS 2018).

It is therefore assumed that aluminium materi-
als will dominate airframe construction in the
narrow-body aircraft segment by 2040. It is also
assumed that Al-Li alloys will replace conven-
tional aluminium materials by 2040. For the wide-
body segment, it is assumed that the dominance
of composites will consolidate by 2040 and the
material mix will approximate that of the A350
XWB and B787.

The exact proportions of alloying elements in Al-Li
alloys are usually a trade secret. To determine
an approximate order of magnitude of the lithium
requirement for Al-Li alloys in airframe construc-
tion, the product data in Table 3.7 is used as a
guide, covering a wide range of tasks in airframe

Steel Ti Composite materials
10% 12% 6%
8% 15% 51%

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
12,000 13,000 18,000
4,200 4,400 6,200
1,200 1,300 1,800
75,000 80,000 110,000



construction. The mean values of the indicated
concentration ranges are 1.2 % Li, 3.5 % Cu,
0.25 % Mn, 0.5 % Mg, 0.35 % Ag and 0.1 % Zr.
For simplification purposes, titanium alloys are
considered to be titanium.

The impact of the COVID-19 pandemic is mod-
elled in a simplified way as follows: 40 % decline in
aircraft manufacturing in 2020 compared to 2019,
with a return to pre-crisis levels in 2024. Growth is
then calculated based on the growth forecasts of
the major aircraft manufacturers (see Figure 3.4).
The difference in raw material demands between
the aircraft manufacturers' pre-COVID-19 fore-
casts and the simple COVID-19 adjustment in the
SSP2 scenario is 9-12 % in 2040, depending on
the material.

The interplay of these assumptions and sce-
narios results in requirements of 330,000 to
480,000 tonnes Al, 4,200 to 6,200 tonnes Li,
12,000 to 18,000 tonnes Cu, 1,700 to 2,600
tonnes Mg, 1,200 to 1,800 tonnes Ag and 75,000
to 110,000 tonnes titanium for 2040. Copper is
already being used today in aluminium alloys.
These estimates refer to the raw materials
required for aircraft fuselage production, not to the
raw material content of the aircraft. A lot of pro-
duction waste is generated, especially in the case
of metallic materials (AIRBUS 2018).

The recycling of aluminium alloys from aircraft
construction is already well established. This fol-
lows from the unfavourable ratio between pur-
chased material and material in the final product
(the buy-to-fly ratio, as it is known, AIRBUS 2018)
as well as the high intrinsic value of the alloys.
Aluminium suppliers for aircraft construction
therefore only use about 25 % primary aluminium
and 75 % production scrap (MICHAELS 2018). Alu-
minium recycling from old products is also well
established. The disposal of old aircraft or their
components is mainly shaped by strict regulations
or traceability and documentation. The value of
reusing the parts is many times higher than the
material value. The recovery of high-quality alu-
minium alloys from old aircraft is possible through
identification and separation. However, these are
not reused in structural parts (WOIDASKY & JEAN-
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VRE 2015; WoIDASKY et al. 2017). In addition, the
alloys evolve over time and are therefore not nec-
essarily usable today for their originally intended
function.

The scrapping of larger quantities of aircraft
with significant proportions of composites is not
expected until after 2030. At present, therefore, it
is mainly production scrap from composite materi-
als that is produced, but its quantity is estimated
to be comparatively small (AIRBUS 2018). In
addition, the recycling or disposal of composites
is generally associated with many technical dif-
ficulties. There are parallels in this area to the
construction of wind turbines. Active research
is currently going on into the recycling of these
materials.

It is expected that the greater use of additive pro-
cesses will lead to better buy-to-fly ratios (AIR-
BUS 2018). Given the high recycling rates for
production scrap, the effect on primary demand
should remain low.

If a computer-controlled system takes over the
driving task from the driver in any means of
transport, then the technical term used is “auto-
mated driving” or the “automatic piloting of motor
vehicles”. Colloquially, however, the term "auton-
omous driving" is still often used. The extent to
which driving tasks are taken over can vary greatly
because the majority of vehicle manufacturers
and suppliers are introducing automated driving in
evolutionary stages. In this context, vehicle manu-
facturers have settled on the following five stages
of automated driving, based on the work of the
SAE (Society of Automotive Engineers):

Stage 1 — Assisted driving

The preliminary stage on the way to automated
driving is assisted driving using driving assistance
systems. Here, within certain limits, either the lon-
gitudinal or lateral guidance of the vehicle is taken
over, although the driver must constantly monitor
the system and be ready to intervene.
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Stage 2 — Semi-automated driving

In semi-automated driving, the system takes over
both the longitudinal and lateral guidance of the
vehicle for a certain period of time or in specific
situations. However, the driver must still monitor
the system permanently and be able to take over
the driving completely at any time.

Stage 3 — Highly automated driving

The main distinguishing feature of highly auto-
mated driving functions compared to the previ-
ous automation levels is that the vehicle takes
over longitudinal and lateral guidance for a lim-
ited period of time or in specific situations and the
driver no longer has to permanently monitor the
system. However, he must always be able to take
over the driving again completely and safely with
an appropriate time reserve when called upon to
do so.

Stage 4 — Fully automated driving

In fully automated driving, the system takes over
the driving of the vehicle completely in a defined
practical situation and handles all related situa-
tions automatically.

Stage 5 — Driverless driving

In driverless driving, the highest level of automa-
tion, the system takes over complete control of the
vehicle from start to finish on all types of roads, at
all speeds and in all environments and weather
conditions. All persons in the vehicle thus become
passengers.

The automatic piloting of motor vehicles thus
starts with the partial automation stage accord-
ing to the 5-stage scheme. Today, motor vehi-
cles on the road are already on the threshold of
level 3, highly automated driving, to level 4, fully
automated driving. 2018 saw the launch of the
Audi A8, the first series vehicle to offer Stage 3.
Waymo has already been working with fully auto-
mated vehicles in taxi operations (Waymo One)
in various cities in the USA since autumn 2020.
In rail and air transport, on the other hand, fully
automated systems have been in place for many
years. However, the introduction of automation in
road traffic began with a variety of driver assis-
tance systems (ADAS — Advanced Driver Assis-
tance Systems) in the 1950s with the standard
introduction of brake boosters and power steer-
ing. In 1958, Chrysler offered cruise control in
a series vehicle for the first time. The anti-lock

braking system (ABS) and, derived from it, the
anti-slip control (ASR) and the automatically shift-
ing all-wheel drive have been available in series
vehicles since 1985. In 1987, Toyota launched
the first GPS-guided navigation system and Elec-
tronic Stability Control (ESP) has been available
since 1995. Today, numerous control units are
installed in new vehicles, in addition to the engine
control, especially for assistance systems.
The speed of innovation in assistance systems
has developed very dynamically in recent years.
A major reason for this is the parallel develop-
ment of automated motor vehicles outside the
classic automotive industry. Large IT companies
such as Google (with Waymo) and Apple, but
also new players in the automotive industry such
as Tesla, are setting a fast pace. The classic
OEMs and suppliers want to and have to keep
up in order not to be degraded to mere producers
of the driveable shell. From a technical point of
view, the main drivers of this dynamic develop-
ment are the increasing performance of proces-
sors and memories, sensors and actuators, the
development of algorithms for handling big data
in combination with artificial intelligence and the
constantly falling prices of these components.

Table 3.10 shows examples of assistance sys-
tems grouped according to their stage of devel-
opment. The overview shows the technological
diversity of support functions, but does not claim
to be exhaustive. Individual systems are listed
along with clusters that bundle several individual
systems, as is the case with “semi-automated
driving”. “On the market” means that the system
can be ordered from vehicle manufacturers as
equipment for series vehicles.

Assistance systems as well as all of the automa-
tion functions required for piloted driving depend
on powerful sensors and control units that pro-
vide valid information about the vehicle environ-
ment at all times and under all general conditions
and weather situations. OEMs sometimes take
very different approaches to the composition of
these system components in order to meet the
requirements for a particular level of automa-
tion. While Tesla, for example, currently relies
on the interaction of up to eight cameras, one
long-range and one short-range RaDAR as well
as nine ultrasonic sensors for the full self-driving
function (corresponding to automation level 4),
Audi equips its vehicles such as the A8 for auto-
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System

Power brake (servo brake)
Power steering

Cruise control

ABS

Traction control (ASR)
Automatic four-wheel drive
GPS navigation

ESP

Adaptive cruise control (ACC)
Hill start assist

Parking assist

Driver alertness assistant
High beam assistant
Pedestrian protection system
Infrared camera for night vision

Curve light assistant

Emergency brake assist (collision avoidance system)

Tyre pressure monitoring

Rear view camera

Side wind assist

Safety belt pretensioners
Lane-keeping assistant

Lane change assistant
Semi-automated driving

Phone assistant

Blind spot assistant

Traffic sign detection

Wrong-way warning system
Accident assistant (location reporting etc.)
Platooning for lorries
Remote-controlled automatic parking
Intelligent speed limit adaptation
Automatic junction assistant

Highly automated driving

Fully automated driving

Driverless driving
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State of development

On the market since the 1950s
Market launch 1951
Market launch 1958
Market launch 1985
Market launch 1985
Market launch 1985
Market launch 1987
Market launch 1995
On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

On the market

In market launch
On the market

On the market

On the market

On the market

In market launch

In development
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Components Level 1 Level 2
Ultrasound 9 9
Radar 2 4
LIiDAR 0 0
Camera 0 2
DSRC 1 1
GNSS positioning 1 1
V2X module 1 1
Controllers 1 1

mation level 3 with five cameras, four mid-range
RaDARs, one long-range RaDAR, twelve ultra-
sonic sensors and one laser scanner (LiDAR).
However, with the exception of Tesla, all other
OEMs currently rely on at least one LIiDAR when
equipping vehicles with sensors. Based on
expert interviews and the evaluation of second-
ary literature, KRAIL et al. (2019) estimated the
most frequent distribution and number of system

Level 3 Level 4 Level 5
9 9 9
4 8 8
1 1 1
5 & 5
1 1 1
1 1 1
1 1 1
2 3 3

components required per automation level (see
Table 3.11).

The information about the driving environment
in the available series production vehicles, but
also in the prototypes of the OEMs, suppliers and
other manufacturers (Waymo, etc.) is thus cur-
rently obtained by optical cameras in the visible
and IR light wave spectrum using ultrasonic sen-




sors, radar sensors and laser scanners or LiDAR
sensors. Figure 3.5 shows the sensor equipment
of the first highly automated series production
vehicle available with level 3, the Audi A8.

A central component for obtaining data to cre-
ate a spatial image of the surroundings is the
laser scanner. The laser scanner is technically a
LiDAR (Light Detection And Ranging), which can
measure distance and speed in the near and far
range by optical means using monochromatic
laser radiation. The LiDAR's evaluation proces-
sor calculates a centimetre-precise image of the
vehicle's surroundings by comparing the emitted
and reflected laser radiation. LiDARs are power-
ful but still comparatively expensive components.
Google's first autonomous test vehicle is equipped
with the HDL-64E High Definition LiDAR from Cal-
ifornia-based Velodyne Lidar, Inc (Figure 3.6). It
has a maximum range of 120 m, measures with an
accuracy of less than 2 cm and still cost more than
USD 70,000 in 2015. In the meantime, LiDARs
have been significantly optimised in terms of size,
performance and price (between USD 10,000
and 18,000). Velodyne now installs Alpha Prime
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LiDARs in Ford vehicles with ranges of up to
245 m and significantly smaller dimensions.

Conventional LiDARs work with a laser. The gen-
erated laser beam is then directed onto the mea-
suring surface via oscillating rotating mirrors. The
Velodyne Alpha Prime VLS-128 does without
rotating mirrors, but is equipped with 128 lasers
that generate a vertical beam fan. The rotation
of the laser head scans the 360° field of view.
Class 1 lasers are used with a beam power of less
than 1 mW, which is harmless to the human eye.
The laser operates at a wavelength of 905 nm in
the invisible infra-red range (VELODYNE 2020). It is
not clear from Velodyne's information what kind
of lasers are installed, but they could be InGaAs
lasers whose material composition and geometry
are not known.

Control units are the components in automated
vehicles where sensor data is converted into com-
mands for the actuators in the vehicles. These
must already be very powerful for automation lev-
els 2 and 3 and be able to perform up to 30 tril-
lion TOPS (operations per second). For fully auto-
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mated and driverless driving, the control units must
be even more powerful. Nvidia, as one of the most
significant manufacturers of CPU units in the con-
trol units of automated vehicles, currently offers the
NVIDIA Drive AGX Pegasus platform for this pur-
pose. According to the manufacturer, it can execute
up to 320 trillion TOPS. While automation levels 2
and 3 require a CPU (with eight processor cores),
a GPU, a DLA (Deep Learning Accelerator), a PVA
(Programmable Vision Accelerator), an ISP (image
signal processor) and a 256-bit LPDDR4 memory,
levels 4 and 5 require twice the amount of these
units plus a further two graphics processors.

LiDARSs in highly and fully automated vehicles
are designed with solid-state or semiconductor
lasers. Neodymium-doped YAG lasers (Nd:YAG
lasers) are commercially widely available. This
solid-state laser uses a transparent yttrium-alu-
minium-garnet single crystal (Y;Al;0,,) as the host
material. The active material is neodymium, which
replaces about one atomic per cent of yttrium.
During doping, Y?3* ions are replaced by Nd** ions.
The energetically dominant laser radiation of the
Nd:YAG crystal is in the infra-red range and has
a wavelength of 1064 nm, which can be brought
to 532 nm by frequency doubling. 532 nm is per-
ceived by the eye as a greenish light. Gallium
arsenide laser diodes are used for pumping, emit-
ting light at a wavelength of 808 nm into the YAG
crystal. In addition, Peltier elements, for exam-
ple bismuth telluride (Bi,Tes), are present on the
pump laser and the YAG crystal for temperature
stabilisation. The frequency is fine-tuned using
piezo-ceramic technology by subjecting the YAG
crystal to a mechanical voltage. Lead zirconate
titanant (Pb[Zr,Ti;.]Os, 0 < x < 1), for example, is
used as the piezo ceramic. The mineral potassium
titanium oxide phosphate with the summation for-
mula KTiOPQ, is suitable for frequency doubling
(EICHENSEER 2003).

Radar sensors for distance measurement, for
example for parking assistants, can now be built
in a highly integrated way. A consortium of KIT,
Robert Bosch GmbH and other partners has
developed a miniaturised radar sensor that can be
mass-produced at a cost of less than one Euro.
The high-frequency components, the transmitting
and receiving antennas and the evaluation elec-

tronics are housed on an 8 x 8 mm SiGe chip.
The sensor works with electromagnetic waves at
a frequency of 122 GHz. According to the devel-
opers, the distance of objects at a distance of sev-
eral metres can be determined with an accuracy
of less than 1 mm (KIT 2012).

Ultrasonic sensors for distance measurement
use piezoelectric ceramics or piezoelectric plas-
tics for sound generation and detection. In this
process, the piezoelectric material is made to
vibrate by alternating voltage (piezo loudspeaker).
The reverse principle is used for the detection of
the reflected wave. The incoming wave hits piezo-
active material. The transmitted vibration gener-
ates electrical signals that are interpreted by the
evaluation electronics.

In addition to the active semiconductor materials
of the various sensors, copper, solder, gold as
contact material, circuit boards as circuit carriers
and a large number of passive components such
as ohmic and inductive resistors and capacitors
are used for the electronic circuits. However, the
amounts of material required for the electronic
components and their sensors are far from critical.

The market for assistance and/or automation
systems has been developing very dynamically
for several years. While in the meantime the
optimism of a rapid market introduction of
automation level 4 has given way to realism
due to some accident-related setbacks
and partly hasty or poorly prepared market
launches of autopilot systems on the road,
the current efforts of some manufacturers are
already showing the first signs of success.
Based on expert interviews with decision-makers
from the automotive industry, the introduction
of automation level 4 can be expected as early
as within the next few years. Roadmaps from
various associations, such as the VDA or the
European ERTRAC, confirm these expectations.
However, experts question whether and when
the final automation level 5 can be realised.
However, as the functionalities between level
4 and level 5 do not differ significantly and the
scope of automated driving is only limited by the
framework conditions (road conditions, weather
situation, availability of high-resolution maps
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and coverage with fast mobile radio) at level 4,
the introduction of level 5 is not crucial for the
development of the technology and with it the
demand for raw materials.

KRAIL et al. (2019) have estimated possible mar-
ket ramp-up curves for cars, trucks and buses
in different size classes and for the five automa-
tion levels for the German market on the basis of
learning curves at system component level and
the acceptance around or willingness to pay a
premium. If the findings on market ramp-up are
transferred to the global market for passenger
cars and commercial vehicles, the result is the
outlined market ramp-up for passenger cars and
commercial vehicles that will be equipped with
systems of automation levels from 2 (partially
automated driving) to 5 (driverless driving) and
newly registered worldwide by 2040.

The basis for the calculation is first an estimate
of the development of new registrations of pas-
senger cars and commercial vehicles (CVs)
by 2040. This estimate assumes an increase in
global new car registrations from 74.2 million in
2019 to 99.6 million cars in 2040, and for commer-
cial vehicles from 18.7 million in 2019 to 24.7 mil-
lion in 2040. Assuming that only the markets in

industrialised countries follow the same path
or the same speed of market ramp-up, and that
markets in emerging and developing countries fol-
low with a time lag of five and ten years respec-
tively, the following picture emerges (see Figure
3.7 and Figure 3.8). For passenger cars, the esti-
mate suggests that between 34 million (for sce-
nario SSP1) and 54.6 million passenger cars (for
scenario SSP5) could be equipped with systems
that enable piloted driving with different levels of
automation by 2040. For commercial vehicles,
the number of new registrations of automated
vehicles climbs to figures of between 17.8 million
(for scenario SSP2) and 24.2 million commercial
vehicles (for scenario SSP5) by 2040.

The technical concept of the Velodyne LiDAR
Alpha Prime VLS-128, which is already close
to the implementation stage, is to be used as
the basis for estimating future raw material
demands. It contains 128 laser systems. It is fur-
ther assumed that, as in the previously mentioned
BMW i3 self-parking research vehicle, four LIDAR
are used per vehicle (PRIEMER 2015). The geo-
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metric dimensions of the lasers in the Alpha Prime
VLS-128 are not known. The assumptions set out
in Table 3.12 are used as a basis for estimating
the future demand for raw materials.

With these assumptions, the weight of the indi-
vidual YAG crystal is calculated to be 0.32 g, or
40.96 g YAG per LiDAR and per vehicle with 128
lasers installed. Accordingly, equipping 78.8 mil-
lion passenger cars and commercial vehicles with
LiDAR laser scanners creates an annual demand
for YAG crystal of 3,228 tonnes.

The chemical summation formula for YAG doped
with 1 atomic % neodymium is Y, g;Ndgo3Al501,.
The molecular weight of this material is 595.3 g.
According to Table 3.13, it contains 0.72 wt%
neodymium and about 44 wt% yttrium. Based on
the assumptions made, this results in an annual
demand of about 14.7 to 22.2 tonnes of neodym-
ium and 928 to 1,401 tonnes of yttrium, if the vehi-
cles produced in 2040 according to the estimates
in scenario SSP1 (about 52.2 million) and in SSP5
(about 78.8 million) were to be equipped with laser
scanners (Table 3.14). To account for the uncer-
tainties, the formulated scenario is an estimate
of potential and represents the upper limit for the
application's expected raw material demand.

YAG host crystal

Active material 1 atomic % Nd

Diameter 3 mm,
length 10 mm

YAG density 4.55 g/cm?
No. of lasers per LIDAR 128
No. of LiDAR per vehicle 1

52.2 to 78.8 million
vehicles per year

YAG dimensions

Vehicle production
in 2040

The comparison of the expected raw material vol-
ume potential for laser scanners with global pro-
duction shows that no critical demand segment
is emerging in this application. This assessment
also applies to the other vehicle sensors.

Based on the estimated number of vehicles (pas-
senger cars and commercial vehicles) for 2040,
the demand for control units is 105—-160 million
CPUs and 210-320 million GPUs.
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Element Atomic weight No. of atoms Molecular weight Percentage by
g/Mol g/Mol weight wt%
Yttrium 88.9 297 264.0 44.35
Neodymium 144.2 0.03 4.3 0.72
Aluminium 27.0 5 135.0 22.68
Oxygen 16.0 12 192.0 32.25
Nd:YAG 20 595.3 100.00
Demand foresight for 2040

Raw material Production in Demand in

Sustainability Middle of the Road Fossil Path
Neodymium 23,900 (R) ~0 14.7 16.2 22.2
Yttrium 7,600 (R) ~0 928 1,050 1,401
Aluminium 63,756,000 (R) ~0 480 540 720

R: Refinery production (tonnes of metal content)

The laser scanner is one of the central sensor
components for making the piloted driving of road
vehicles possible. By quickly scanning the vehi-
cle's surroundings around 360° with numerous
laser beams (laser scanners with up to 128 lasers
are now available on the market), a reliable and
high-resolution image of the surroundings can
be generated in combination with other sensors.
Laser radiation is monochromatic and can there-
fore be focused very effectively. This means that,
even at greater distances, the scanning beam
is narrow and able to resolve fine structures. To
date, the laser scanner has been an elementary
component in almost all automated vehicle con-
cepts developed, as the performance of low-cost
ultrasonic and radar sensors has not been able
to be increased to such an extent that they can
generate the required high-precision image of the
vehicle environment on their own. The only alter-
native would be pattern recognition methods that
evaluate the image from optical stereo cameras.
Tesla is the only manufacturer to rely heavily on
camera technology, but has also added laser

scanners to its systems following a number of
accidents.

It is possible to create the LiDAR of laser scan-
ners with different semiconductor and solid-state
laser systems. Ford's research vehicles use laser
scanners from the Velodyne Laser Incorporation,
which presumably use InGaAs semiconductor
lasers to generate the 903 nm laser radiation. But
even with the common Nd:YAG solid-state laser,
wavelengths close to the InGaAs laser radiation
can be created with 946 nm and 1,064 nm.

For the disposal of used cars, the End-of-Life
Vehicles Ordinance sets demanding recycling tar-
gets. Since 1 January 2015, 95 % of the empty
weight must be reused or recycled for materials or
energy. Energy recovery is limited in that at least
85 % must be reused or recycled (END-OF-LIFE
VEHICLES ORDINANCE 2016). The legal require-
ments are being circumvented to a considerable
extent by exporting very old used vehicles, includ-
ing, it is assumed, scrap cars, to developing coun-
tries and Eastern Europe (EUWID 2015). Sensors,
actuators and processors cannot be reused at the
end of a car's life because technological change
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does not allow this after more than a decade.
For this complex electronic waste, the options for
material recovery are also unsatisfactory for tech-
nical and economic reasons. It is to be expected
that a not inconsiderable proportion of these com-
ponents will be recycled for energy (circuit boards,
insulation, plastic housings) or disposed of.

A central accompanying effect of piloted driving
is accident avoidance. Initial field studies with
automated vehicles at European level (e.g. the
EU projects euroFOT, AdaptiVe or L3Pilot) have
confirmed on the basis of millions of test kilome-
tres that 90 to 100 % of accidents can be avoided
by automated systems in motor vehicles. The
avoided scrapping and reconditioning of accident
vehicles improves raw material efficiency. Assis-
tance systems help to avoid traffic jams, make
better use of parking space (depaving) and sup-
port disabled and elderly people with limited sen-
sory abilities. They improve energy efficiency and
reduce CO, and pollutant emissions by steering
the vehicle drive around the best operating point
(see KRAIL et al. 2019).

Moreover, automated driving can usher in a revo-
lutionary surge of innovation that will reach its cul-
mination with driverless cars on the road. It will be
associated with considerable social implications,
characteristic of an emerging technology. Taxis will
become driverless robot taxis that are requested
by smartphone and given the destination by voice
command. Car sharing or car pooling services are
becoming increasingly flexible and enable conve-
nient door-to-door journeys without waiting times.
The requested vehicle drives up to the house at
the specified time without a driver and is ready to
board. At the end of the journey, it automatically
heads for the next job. The user hardly notices any
difference compared to owning a car and switches
to car-sharing without any loss of comfort.The
existing vehicle fleet is utilised more efficiently,
while new production and the amount of raw
materials required decrease. Such effects on the
demand for raw materials cannot be assessed with
the necessary certainty even today, as nhumerous
other aspects that drive or slow down this develop-
ment are not yet clear. These are, on the one hand,
the technical framework conditions especially in
urban traffic, the legal framework conditions as well
as the question of acceptance and aspects such as
the desire for privacy.

The terminology for aircraft for 3D mobility is very
inconsistent. 3D mobility is used for passenger
transport, sometimes including freight transport.
Often unmanned aerial vehicles (UAV) are called
“drones”, but manned aerial vehicles are called
“air taxis/flying cars” or “passenger drones”.
By referring to urban areas, the term “urban air
mobility” excludes the respective applications of
the same technology in rural areas. In this tech-
nology synopsis, the term 3D mobility is used
and covers both manned and unmanned areas
of application.

3D mobility is achieved with small and light air-
craft that can take off and land vertically or over
short distances. In contrast to large aircraft with
jet engines, these small aircraft require only small
infrastructure units for take-off and landing. Verti-
cal take-off and landing aircraft (VTOL) can take
the form of multicopters, dual-phase, tilt-wing and
modular car quadrocopters, while short take-off
and landing (STOL) can be achieved with gyro-
copter and roadable aircraft. Possible propulsion
types are electric (battery and fuel cell), hybrid
propulsion, distributed propulsion, helicopter pro-
pulsion and turbo-electric (Duwe et al. 2019). 3D
aircraft are controlled by pilots, semi-automatically
or autonomously (Xu 2020). For simplification, the
text below refers to electric VTOL aircraft (eVTOL
aircraft), including short and vertical take-off and
landing.

In recent years, the power density of batteries has
been increasing and with it their widespread use
in various applications, including eVTOL aircraft.
The electric propulsion of eVTOL aircraft causes
significantly lower noise emissions and no local
pollutant emissions compared to conventional jet
or helicopter engines. For this reason, deploy-
ment scenarios for eVTOL aircraft are also being
developed for densely populated areas (cf. Figure
3.10). Central to achieving economically attractive
flight speeds and ranges are lightweight construc-
tion concepts for both the airframe and the mov-
ing parts such as rotors or extendable wings.
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In passenger transport, there are several poten-
tial uses for eVTOL aircraft. Core areas are pas-
senger mobility, for example, in individual aircraft
for commuting and private transport, security
and rescue (including air ambulances), and com-
mercial travel purposes and services (including
urban air taxi, inner-city air transport, flying airport
shuttle or ferry alternative), compare Figure 3.10.

Typically, aircraft for 3D mobility have space for
two to four people.

Aircraft for 3D mobility are being developed in
collaborations by major manufacturers and by
over 80 start-ups with financially strong partners,
including Kitty Hawk and Joby Aviation, and in
Germany Volocopter and Lilium.
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In terms of their main function, unmanned civil
eVTOL aircraft can be divided into three types
(DRONEII 2020):

— Transport of goods (e.g. for the delivery of
parcels)

— Spraying (e.g. of pesticides or seedlings)

— Image recording (e.g. for inspection/mainte-
nance, monitoring, mapping, observation, film/
photography, localisation/detection)

The main motives for the use of unmanned
eVTOL air vehicles are savings in time and costs
as well as improvements in quality and occu-
pational health and safety (DRONEII 2020).
Unmanned eVTOL aircraft for civil use are divided
into the weight classes 'Micro' and 'Nano' (lighter
than 2 kg), 'Mini' (lighter than 20 kg) and 'Small'
(heavier than 20 kg), based on their take-off
weight. The sizes 'Medium' (150-600 kg) and
'‘Large' (over 600 kg) are predominantly or exclu-
sively used for military purposes (BMVI 2020).
Most models are developed or manufactured for
unmanned aerial vehicles in the “Mini” size class.

Raw material Areas of application

The global civilian drone market (recreational and
business) is currently dominated by DJI and its
competitors Parrot and Yuneec, which however
have been suffering from DJI's aggressive pricing
strategy (GLoBAL DATA 2019). Important develop-
ers and providers of unmanned aerial systems in
Germany are Microdrones and HeightTech. Active
companies in the freight transport sector include
DHL, Deutsche Post AG, Zookal, Google, Amazon
and FedEx.

Table 3.15 shows an overview of the raw materi-
als used in unmanned eVTOL aircraft.

The raw material spectrum and its areas of appli-
cation in eVTOL air vehicles are heterogeneous.
eVTOL air vehicles are among the systemic inno-
vations that combine several components already
established or further developed on the market.
In view of the large number of different system
configurations and thus also raw materials in their

Alloys, communication equipment and integrated wiring networks, electrooptical systems

Be and undercarriage

Cu Super alloys and CuBe alloys, communication systems

Ga GaAs and GaN for communication, identification and electrooptical systems

Ge On-board electronics, inertial navigation systems and identification systems for combat
In Components for electrooptical systems

Al Lightweight high-performance alloys for airframe, drive housing and avionics

Hf NiHf super alloys for high-strength, high-temperature applications

Fe Special steels for structural and mechanical parts

Mg High-performance AIMg alloys

Ni Ni and NiTi alloys (ductile and corrosion-resistant) for turbine and mechanical parts
Nb Ferroniobium for high-strength structural parts

Sc AlSc alloys for lightweight, high-strength parts and moulded parts

Ti Ti alloys for lightweight and high-strength reinforcements, e.g. in 3D printing, airframe,

wings, fans and compressors
Nd, Pr, Dy (SEE)
Li Lithium-ion batteries

Co Lithium-ion batteries

Electric motors with electronic speed control (rotors)



components, a selection of components and pur-
poses must be made for an assessment of the
raw material content. Essential main components
are the airframe and the wings/rotors, the electric
motor, the battery, the avionics and — if the mis-
sion purpose is to record images — the camera.

For competitive reasons, only a few quantitative
technical specifications are given for eVTOL air-
craft. There are currently over 40 development
projects for the wingless multi-rotor concept, over
20 for the aeroplane-like lift & cruise concept and
over 50 for the tilt-wing/rotor concept (HECKMANN
2020). Lilium's electric jet (5-seater), with its 36
swivelling electric motors (2,000 HP), is expected
to eventually fly at up to 300 km/h and have a
range of 300 km. The weight is around one and a
half tonnes, the wingspan is 11 metres. The Volo-
copter (2-seater) has 18 rotors (MUNDER 2017).
For the prototype of a smaller model (2-seater),
an empty weight of 440 kg (maximum take-off
mass 640 kg), a range of 300 km and a top speed
of 300 km/h are stated, with the 36 electric motors
together producing 320 kW (MATTKE 2020).

The electric drive with battery limits the payload
and range due to their high weight, which is why
eVTOL aircraft are manufactured using lightweight
construction. Carbon fibre-reinforced polymers in
particular are used for this purpose due to their low
specific weight and strength (Xu 2020). Although
projections for composites (airframes, wings and
rotors) point to strong growth, the unmanned air-
craft segment will remain a small share of the
composites market for aviation as a whole.

In the field of airborne passenger transport, safety
aspects play an even greater role than in the field
of unmanned aerial vehicles (including crash
tests, collision with birds, loading conditions, flight
envelope, shielding of rotors, information about
abnormal operating conditions). The Volocopter
and Lilium systems are therefore designed with
a high degree of redundancy: they have several
motors and numerous battery cells operating
independently of each other to enable a safe land-
ing if individual components fail (JETzKE 2018).

The order volume for unmanned aircraft propul-
sion systems is relatively small. For this reason,
in the past, an existing electric drive was usually
used and adapted. The new development of drive
concepts is subject to strict secrecy (HEGMANN
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2019), which is why no information on the use of
copper and NdFeB is available for this.

The mass deployment of eVTOL aircraft could
possibly trigger significant demand impetus for
lithium batteries. The battery contributes about
one third of the empty weight (Xu 2020). The
development goal is to increase the energy density
from 220 Wh/kg in the finished package to more
than 500 Wh/kg in 2025. A 420 kg battery would
then be able to provide at least 210 kilowatt hours
of electricity on board of a Lilium jet (HEGMANN
2019).

The components for eVTOL's avionics are not
very specific for 3D aircraft. 3D aircraft can
operate via GNSS/GPS positioning (+/-0.5 to
1.5 m) or line-of-sight positioning (+/-0.1 to
0.3 m) in the environment. The “Paketcopter”
micro drone uses magnetometers for navigation,
which measure the earth's magnetic field
in its spatial extent. Other magnetometer
technologies include fluxgate magnetometers,
superconducting quantum interference devices,
proton magnetometers, helium-3 and helium-4
magnetometers and alkali magnetometers (K,
Cs, Rb) (HovDE et al. 2013). GNSS/GPS and
magnetometers are also combined into units.
In sensor technology, including barometers,
gyrometers and accelerometers, there is a strong
trend towards micro-electromechanical systems
(MEMS), mostly silicon-based. In avionics,
manufacturers are increasingly relying on
automation and artificial intelligence, especially
machine learning.

For the growth segment of remote sensing for the
targeted cultivation of agricultural land (precision
agriculture), IR and multi-spectral sensors
are mainly used (COLOMINA & MoOLINA 2014).
Germanium has an important role to play in IR
and optical sensors. Such germanium-containing
camera lenses can also be used for other image
recording purposes. Recreational drones are
assumed to be equipped with a camera as
standard (SESAR 2016).

The main drivers of and barriers to 3D mobility
include the availability of end-to-end solutions
(“Drones as a Service”), the Internet of Things
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(IoT) and legislation (GLoBAL DATA 2019). In Ger-
many, the Air Traffic Act and air traffic regulations,
among others, regulate the use of manned and
unmanned aviation systems. Accordingly, no per-
mit is required for drones weighing up to 5 kg.
Permission can be granted for the operation of
unmanned aerial vehicles with a total mass of no
more than 25 kg within sight of the controller if the
flight altitude is no more than 100 metres above
ground and the craft does not fly over crowds of
people, residential properties, police operations
sites, etc. (BMVI 2020).

In a survey of drone manufacturers and users,
54 % said the COVID-19 pandemic would tend
to have positive effects on the drone industry in
the long term, 17 % expected negative effects and
29 % had no opinion (DRONEII 2020).

Context Object of scenario
and assumptions made
Unmanned Recreational drones:
eVTOL in USA 1.32 million units in existence
(FAA 2020) Commercial: 385,000 units
in existence; strong growth
Unmanned Recreational: 1-1.5 million
eVTOL in EU drones in existence
(SESAR 2016) Commercial and state:
10,000 drones in existence
Strong growth; scenarios
deviating from baseline:
conservative and high
acceptance
Manned Market entry 2025 with 500

eVTOL globally
(GRANDL et al.
2018)

passenger drones in existence,
diffusion in 2035 in Asia

(45 %), Europe (35 %) and
America (20 %) / theoretical
potential with full expansion

of infrastructure (including
vertiports)

Manned eVTOL
in US cities
(NASA 2018)

Air metro (standardised air
travel routes, autonomously
piloted, with an average of
three passengers)

For both unmanned and manned 3D aircraft, there
are a number of market studies (by Frost&Sullivan,
Roland Berger and Meticulous Research, Grand-
view Research, among others) looking at the
development of unit numbers. Science-based stud-
ies for unmanned 3D aircraft are available for the
USA (FAA 2020) and Europe (SESAR 2016). For
manned 3D aircraft, two studies make important
differentiations, one for the USA (NASA 2018) and
one from a global perspective (GRANDL et al. 2018).

It is currently not foreseeable which technolo-
gies and systems will become established for
unmanned and manned 3D mobility in the long
term. In 2018, rotary wings dominated the market
for commercial drones in Germany; rigid wings
and hybrid concepts accounted for the remainder,
amounting to about one-eighth and less than one-
sixteenth of the market, respectively (GRAND VIEW
RESEARCH 2019).

Year
referred to

2019/ not
determined

2035/2050

2035/
not
determined

2030

Projected traffic

Recreational drones saturation:
1.5 million units

7 million recreational drones in exis-
tence; market saturation with 1 million
sales per year achieved in 2025.
200,000 (2025), 395,000 (2035),
415,000 (2050) drones for commercial
and state use in existence;
conservative (230,000 and 265,000)
and high acceptance (830,000 and
910,000)

15,000 passenger drones in existence;
theoretical potential: 200,000
passenger drones in existence;
realistic potential: 40,000-75,000
passenger drones for megacities and
major urban centres (upper value with
enlarged vertiport infrastructure)

740 million passenger trips with 23,000
aircraft, 100-300 vertiports per city
(3—6 VTOL in parallel)

For comparison (GRANDL et al. 2018): In 2035, the global number of automobiles is expected to reach 1.7 billion and the
number of aircraft with more than 100 seats or payload of more than 10 tonnes is expected to reach 42,000.



For the estimation of future raw material demands,
three typical configurations of eVTOL aircraft have
been defined which differ primarily in terms of
their payload and thus also their weight.

The identification of the material composition was
based on a life cycle assessment for a freight
transport drone (KoiwaNiT 2018). According to
this source, the copper content of the electric
motors is 35 %, while the magnetic material con-
tent Nd,Fe,B is 10 %. The weight percentage of
neodymium in Nd,Fe 4B is 27 wt%, whereby neo-
dymium can also be replaced by praseodymium
up to a maximum of one quarter for price reasons
(MARSCHEIDER-WEIDEMANN et al. 2016). The
quantity shares for electric motors were trans-
ferred to the other 3D aircraft.

The quantities of lithium polymer batteries were
estimated for the eVTOL aircraft from various sets
of data’. The lithium content in lithium-polymer
batteries for lithium-ion high-performance storage
for passenger cars is around 80-120 g Li/kWh; cf.
Section 3.1.7. The batteries' energy storage quan-
tity can be used to estimate the lithium require-
ment per eVTOL aircraft?. For the germanium con-
tent, GoPro cameras are assumed. These action
cameras are also multi-spectral or equipped for
night vision. For the IR/multi-spectral cameras, a

Imaging
Payload Camera
Weight without payload 1
Airframe and propeller 0.25
Motors 0.1
Battery 0.5
Avionics 0.1
Unspecified 0.05

(goods transport and spraying)
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value of 4.2 g of germanium per lens was identi-
fied from a life cycle assessment for lens manu-
facturing for night vision systems (BHUTTO & JAL-
BANI 2012).

For 3D aircraft used for inspection flights or recre-
ational purposes, the estimated lifetime is 7 years
(SESAR 2016), for transporting goods 11 years
(AUVSI 2013) and for transporting people 15
years.

The following specific assumptions were made:

— eVTOL aircraft for commercial and govern-
ment purposes are distributed in the 2040
inventory as follows: 25 % for cargo and 75 %
for image capture, based on the quantity
structure of SESAR (2016).

— 25 % of the eVTOL aircraft in agriculture
will be used for pesticide and seed delivery
(cargo) and 75 % for image capture in 2040.

— Of the eVTOL aircraft for image capture in
2040, 100 % in agriculture, 50 % in industry/
infrastructure, 25 % for government and 5 %
for recreation have a multi-spectral/IR camera
with a germanium lens.

— The global unit numbers of 3D aircraft in 2040
were projected using the future unit numbers
for Europe (SESAR 2016) and Europe's share

eVTOL aircraft type

Freight Passenger transport

10 kg load 6 passengers
10 1,000
8 300
0.5 150
1 500
0.25 25
0.25 25

' 350 g (LiPo) and 90 g for a camera drone (RIT camera), 297-468 g for a consumer drone (DJI 2020), 440 g for an 8.8 kg drone for spray-
ing agricultural chemicals (FPV 2020), 680 g for a delivery drone (KoiwaNIT 2018) and about a 200 kg battery for a 530 kg passenger drone

(KHAVARIAN and KOCKELMAN 2020).

21,000 kWh batteries are assumed for passenger transport (80-120 kg Li per aircraft), 100 Wh batteries for image capture (8-12 g Li per

aircraft) and 1 kWh battery for freight transport (80-120 g Li per aircraft).
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of global built-up area in 2040 (for govern-
ment purposes and freight transport), global
agricultural area in 2040 (for agricultural land)
and GDP (for other commercial purposes)

in the SSP scenarios. The projections of the
stock of eVTOL aircraft for recreational pur-
poses in 2040 are based on the classification
of the population by low, middle and high-
income countries (UNITED NATIONS 2019)3.

With regard to the metal requirements for the
motors and batteries, different material efficiency
progress has been assumed for the different
SSPs (see Section 1.1), but not for the germa-
nium requirements of the mature infra-red (IR)
and multi-spectral cameras.

Taking these assumptions into account, the raw
material demands for 2040 are calculated accord-

ing to each scenario (see Table 3.19).

Scenario
Factor Unit SSP1 SSP2 SSP5
Sustainability = Middle of the Road Fossil Path
eVTOL units in the
State purposes 2040 inventory 1,400,000 1,200,000 1,000,000
eVTOL units in the
Agriculture 2040 inventory 12 e lsejeu s
eVTOL units in the
Goods transport 2040 inventory +0 el IAEee A0 e
eVTOL units in the
Other commercial purposes 2040 inventory 666,667 666,667 666,667
eVTOL units in the 7,312,586 12,604,181 20,312,069
Recreational purposes 2040 inventory
eVTOL units in the
Passenger transport 2040 inventory 10,000 30,000 50,000
Material efficiency Change o o o
Motors and batteries 2018-2040 50% 35% 20%
Demand foresight for 2040

Raw material Production in Demand in

2018 2018 SSP1 SSP2 SSP5

Sustainability Middle of the Road Fossil Path
20,590,600 (M)

Copper 24.137,000 (R) n/a 150 390 900
Neodymium 23,900 (R) n/a 11 30 70
Lithium 95,170 (M) n/a 210 660 1.630
Germanium 143.1 (R) n/a 0.76 1.3 1.5

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

3 In SSP1, the figures for the degree of equipment are 0.25 %, 0.1 % and 0.01 %; in SSP2, 0.5 %, 0.15 % and 0.03 %; and in SSP5, 1 %, 0.2 %

and 0.05 %.



Compared to electric cars, the future raw mate-
rial demands in terms of lithium, copper and neo-
dymium for eVTOL air vehicles are very low. This
is in particular due to the relatively small number
of units that go on sale each year. For germanium
alone, the demand in the SSP5 scenario for 2040
is about 1 % of the refinery production in 2018
and for lithium about 2 % of the mine production.
Also in the SSP5 scenario, the induced demand
for raw materials would be easily met, all other
things being equal.

The demand for germanium for the IR/multi-spec-
tral lenses could experience a noticeable boost in
demand in the future when 3D aircraft are used en
masse for agricultural imaging, surveillance and
recreational purposes. The rather conservatively
calculated germanium demand should be easily
covered if no other technologies disruptively influ-
ence the germanium market.

For other raw materials not investigated in Table
3.19 (cf. MARSCHEIDER-WEIDEMANN et al. 2016),
significant relative demand is only possible in the
case of special metals with small production vol-
umes. However, this presupposes a dedicated
research interest in the special metals, for example
for avionics, and a corresponding availability of
data, which is not available in sufficient quantity
today.

Currently, many technologies and components
compete on the markets for manned 3D aero-
space systems. The field of unmanned systems
is more mature, but even here there are a mul-
titude of possible material configurations. The
influence of raw material prices or bottlenecks on
the design of eVTOL air vehicles currently seems
to be of secondary importance compared to the
achievement of functionality.

No meaningful information is available on the
recycling and resource efficiency of eVTOL air-
craft. The loss of unmanned eVTOL aircraft
through crashes is likely to be an important gap
in the material cycle, while safety requirements
for manned systems should minimise crashes.
The low specific material quantities compared to
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aircraft and the use of composite materials make
recycling difficult.

Super alloys are materials with a complex com-
position for high-temperature applications. These
are usually nickel, cobalt or iron-based alloys to
which a large number of other alloying elements
are added, in some cases also in higher con-
centrations. Important alloy components include
in particular platinum, chromium, molybdenum,
tungsten, rhenium, ruthenium, tantalum, niobium,
aluminium, titanium, manganese, zirconium, car-
bon and boron. Super alloys are mostly resis-
tant to scale and high temperatures. Unlike other
alloys, super alloys are designed to have high
strength, corrosion resistance, creep resistance
and surface stability, even at high temperatures.
This extends the application range of super alloys
compared to steels, for example. They can be
produced either using melting metallurgy or pow-
der metallurgy.

The quality of a thermodynamic cycle, as it is
technically achieved in combustion engines, tur-
bines and jet engines, is determined by the Car-
not efficiency:

T
(1)'7c=1—TZ

nc: Carnot efficiency
To: Outlet temperature
Te: Inlet temperature

The equation shows that the efficiency of the
driven machine is better the lower the outlet tem-
perature T, and the higher the inlet temperature
Te of the process. Since the outlet temperature
cannot usually be lowered below the ambient
temperature, the only way to improve efficiency is
to increase the inlet temperature. Materials devel-
opment is therefore striving to increase the mate-
rials' heat resistance. The carbon-based fuels
used today — oil, gas, coal and biomass — release
CO, when burned. Improving efficiency and thus
reducing fuel consumption is therefore always a
contribution to climate protection.
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Other
2%

Oil & gas

Automotive 3%

3%
Industrial \

T%—

Gas turbine
(mechanical)
10 %

Aerospace
. 55 %
Gas turbine
(electrical)

20 %

The application limit of high-temperature steels
is around 850 °C. With ferritic stainless steels,
service temperatures of up to 1,350 °C can be
achieved, however the strength at these tempera-
tures is low. These steels are thus heat-resistant
(corrosion-inhibiting), but not creep-resistant (i.e.
without good mechanical properties). For higher
strength requirements, super alloys and compos-
ites of ceramics and metals (cermets) are used.
The working temperatures of creep-resistant
nickel-based super alloys in gas turbines today
reach 1,230 °C.

To achieve an economically attractive service life
of the components, creep-resistant materials have
to meet further requirements in addition to high
strength. These include resistance to oxidation,
corrosion, abrasion and a low tendency to creep.
The term “super alloy” has become established
for materials that meet these demanding require-
ments at high working temperatures.

High-temperature applications are of great eco-
nomic importance in numerous sectors, pro-
cesses and products. In aerospace engines,
stationary gas and steam turbines, diesel and
petrol engines for motor vehicles, boilers for heat-
ing buildings, in the iron and steel industry, non-
ferrous metal production, metal processing and
machining, the chemical and petrochemical indus-
try, in the melting of glass products and in the

burning of cement and lime, to name but a few.
Figure 3.11 indicates the demand for super alloys
according to the sectors described.

Nickel and cobalt-based alloys are described
below as common super alloys. Titanium alloys
and cermets are also listed as other high-temper-
ature materials.

There are a large number of high-temperature
super alloys. The most economically significant
are the nickel-based alloys. They were originally
developed for jet engines to improve their perfor-
mance (thrust) and fuel consumption. The rotor
blades and guide vanes of the gas turbine on
these engines reach peak temperatures of over
1,000 °C. Today, they are made of nickel-based
super alloys, as are the turbine rotor in the com-
bustion chambers and the exhaust unit with the

jet pipe.

Figure 3.12 shows an older jet engine with the
main components clearly visible. Today, turbofan
engines are used with separate coaxial shafts for
the compressor and turbine stages.

Super alloys have moved from aerospace into
many other applications. Examples include
exhaust valves in internal combustion engines,
components of automotive exhaust catalytic con-
verters, high-temperature springs, forging tools,
drilling tools in oil and gas production and heat
exchangers. Brand names for nickel-based super
alloys are Inconel®, Incoloy®, Hastelloy®, Nimo-
mic®, Waspaloy®, Cronifer® and Nicrofer®. The
composition of nickel-based alloys is shown in
Table 3.20 as an average of common alloys.

The high chromium content provides corro-
sion and scale resistance (oxidation), but has
a negative effect on the material's creep resis-
tance (STRASSBURG 2019). Molybdenum, tung-
sten and cobalt are added to increase strength.
Titanium and aluminium hinder the creep of the
material through the formation of intermetal-
lic phases. Small amounts of cerium, hafnium,
zirconium and yttrium are also used as cor-
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Centrifugal compressor,
directly driven by the turbine

Compressor for
the pressurised cabin

Compressor for
the pneumatic
system

Engine
air intake

Flange for the non-
mounted starter motor

Fuel supply lines to
the fuel nozzles in
the combustion chambers

Flange around
the jet pipe
(supplies the
cabin with
warm air)

Turbine stator

Jet pipe

Turbine cone

Main shaft
connecting
the turbine
and compressor

16 combustion chambers
arranged around the engine

rosion inhibitors (DuBBEL 1983). Rhenium, a
metal with the second highest melting point after
tungsten, is added in proportions of 3-6 % as
an alloy component for certain highly stressed
components, e.g. in jet engines (KONTER 2012).

Alloying element Percentage by weight [wt%]

Nickel 57
Chromium 17
Cobalt 10
Iron 1.4
Molybdenum 3
Aluminium 1.7
Titanium 1.6
Niobium 1.3
Carbon 0.07

BEDDER & BAvLIs (2013) assume that 75 % of
the rhenium is consumed in nickel-based alloys,
which is why continuous efforts are being made to
save rhenium.

Another group of super alloys are the cobalt-
based alloys. They are characterised by high
abrasion resistance, and their resistance to abra-
sion and corrosion is not lost even at higher tem-
peratures. However, the creep strength is lower
than that of the nickel-based alloys. The creep
strength is the tensile stress that causes a mate-
rial to break at a certain temperature (e.g. 600 °C)
over a certain period of stress (e.g. 10,000 hours).
The creep strength determines a component's
permissible operating life.

One of the main alloying components of cobalt-
based alloys is chromium. Depending on the
application, molybdenum, tungsten, nickel and
other metals are added. They are used for com-
ponents that are exposed to high abrasion loads,

85



86

Raw materials for emerging technologies 2021

Alloying element Percentage by weight [wt%]

Cobalt 55
Chromium 21.5
Molybdenum 0.4
Tungsten 8.4
Iron 2.6
Nickel 8.3
Tantalum 1.7
Niobium 0.4
Titanium 0.5
Boron <04
Zirconium 0.1
Carbon <0.85

such as cutting tools, chain saw rails, gun barrel
linings and sliding couples of artificial joints. Table
3.21 shows the average composition of common
cobalt-based alloys.

The use of titanium alloys began around 1950, 50
years after the first experiments with nickel and
cobalt-based alloys. Originally confined to the
aerospace industry, titanium's unrivalled strength-
to-weight ratio has seen it make its way into

Alloying element Percentage by weight [wt%]

Titanium 86.45
Aluminium 5.50
Tin 3.50
Zirconium 3.00
Niobium 1.00
Silicon 0.30
Molybdenum 0.25

countless applications. Today, high-temperature,
corrosion-resistant titanium alloys are available
for working temperatures up to 600 °C (SiBum et
al. 2017). They thus almost reach the application
limit of high-temperature steels. Table 3.22 shows
the composition of the titanium alloy IMI 829 for
high-temperature technologies. Other alloying
elements used in specific applications are copper,
manganese, vanadium and others.

Cermets are another material for creep-resis-
tant and abrasion-resistant materials. These are
metal-ceramic composites in which ceramic sub-
stances or carbides are embedded in a metal
phase, for example tungsten carbide in cobalt,
titanium carbide in nickel, aluminium oxide (Al,O5)
in chromium or thorium oxide (ThO,) in tungsten.
The use of metal as a binder eliminates the brittle-
ness that is typical of pure ceramics. Cermets are
used as hard metals in cutting tools for metal and
stone, for high-temperature applications such as
thermocouple protection tubes, as cathodes in
electron beam tubes and as a gliding ball in ball-
point pens, to name a few. They are produced by
powder metallurgy.

The use of nickel-chromium alloys dates back to
the beginning of the 20th century. Their use has
increased steadily since then, and more recently
they have received new impetus from efforts to
contribute to climate protection with energy effi-
ciency and lightweight construction and to offset
the sharply rising costs of fuel. Applications of
super alloys have been discussed in the previous
sections. They are extremely diverse and are diffi-
cult to quantify in terms of the volume of their cur-
rent and future use. The world trade statistics of
the United Nations (UN COMTRADE) also do not
provide any usable information for estimating the
global demand for super alloys.

Super alloys combine several advantageous prop-
erties that have already been pointed out. Their
application sometimes leads to enormous improve-
ments in product development. According to G.
W. Meetham, of Rolls-Royce plc, UK, the use of
a high-temperature titanium alloy in a jet engine,



for example, reduced fuel consumption by 13 %
and weight by 18 % and increased thrust by 42 %
compared to steel (MEETHAM 2012). For diesel
engines, the same source considers an increase in
efficiency from 38 to 65 % possible through the use
of high-temperature ceramics (MEETHAM 2012).

The material development of super alloys is by
no means complete, as can be seen from the
fact that the number of patents on super alloys
increased steadily by 24 % between 2015 and
2019 (FROST & SULLIVAN 2020b). The focus of past
research has shifted towards nickel-based alloys
over the last five years, with a significant increase
in interest, while the number of research papers
on cobalt and iron-based alloys has declined
(FROST & SULLIVAN 2020b). In addition to the fur-
ther development of new alloys, the machining of
super alloy components is also being investigated
in greater depth, as this often proves difficult due
to their high heat resistance and strength. The
particular focus here is on methods for mechani-
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cal processing (THELLAPUTTA et al. 2017) and for
welding super alloys (SASHANK et al. 2020).

The proliferation of super alloys is creating
demand for nickel, chromium, cobalt and titanium
in particular. Figure 3.13 shows that the composi-
tion of super alloys evolves significantly over time.
One obstacle to the growth of super alloys is the
increasingly complex material composition. To the
increasing requirements in terms of mechanical
properties and corrosion resistance, the propor-
tions of expensive elements such as rhenium or
ruthenium are increasing, pushing up the costs of
super alloys (FROST & SuLLIVAN 2020b).

Global demand for 2018 is reported by NETL
(2019) to be 287 kilotonnes of nickel-based super
alloys. According to BEDDER & BAyLis (2013), 95 %
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of the super alloys used are also nickel-based
alloys. Within the raw material demand scenario
formed, it is assumed that the remaining 5 %
are cobalt-based alloys, as iron-based alloys are
rather rare among the super alloys. This results in
a demand of 15 kilotonnes of cobalt-based alloys
in 2018.

Based on the average compositions of the nickel-
and cobalt-based super alloys, which are shown
in Table 3.20 and Table 3.21, the demand for the
respective alloying elements can be calculated
for 2018. This is shown in Table 3.23 and is com-
pared to the metal production of the same year.

To estimate the growth of the super alloy market,
a distinction is made between the areas of appli-
cation for super alloys as given in Figure 3.11. The
use of super alloys for aerospace is assumed to
be constant to the number of aircraft produced as
described in Section 3.1.3. Use in the other areas
of application is considered to grow constantly
with GDP based on to individual scenarios.

The raw material composition of the super alloys
is assumed to be constant over the period con-
sidered, but may change in reality due to new
alloy constituents and compositions. With the
assumed growth, the estimated demand for
2040 is just under 520 to 720 kilotonnes of super
alloys. This results in the raw material demand
forecast shown in Table 3.23. The demand for
raw materials proves to be particularly critical in
scenario SSP5, as the largest growth in aircraft
construction is assumed within this scenario.
For cobalt, for example, the SSP5 scenario results
in a critical demand for 2040 of about 70 % of
the annual production of 2018. In contrast, how-
ever, there is a trend towards more nickel-based
alloys instead of cobalt-based alloys, which could
not be taken into account any further within the
scenario. However, cobalt is also used for nickel-
based alloys with a mass fraction of up to 20 %
(STRASBOURG 2019). In the SSP5 scenario, high
demands for nickel and tantalum also have to be
considered, which correspond to 18 % and 33 %
of the current production, respectively. There will
also be smaller impacts on the market for niobium
(13 % of 2018 production) and molybdenum (8 %

Demand foresight for 2040

Raw material Production in Demand in
2018 2018
Nickel 2,189,313 (R) 164,000
Chromium 27,000,000 (M) 52,000
Cobalt 126,019 (R) 37,000
Niobium 68,200 (M) 4,000
Iron 1,520,000,000 (M) 4,000
Molybdenum 265,582 (M) 9,000
Aluminium 63,756,032 (R) 5,000
Titanium 260,548 (R) 5,000
Tungsten 77,080 (M) 1,300
Tantalum 1,832 (M) 260
Boron N/A' 60
Zirconium 1,256,3622 (M) 20

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

" No meaningful data available, as production data for individual countries is based on different boron products/boron content

2 Production of zirconium minerals

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

301,000 283,000 392,000
95,000 89,000 124,000
68,000 63,000 88,000
6,900 6,500 9,000
8,100 7,600 10,500
16,000 15,000 21,000
8,900 8,400 11,600
8,500 8,000 11,100
2,300 2,200 3,000
470 440 610
110 100 140
28 26 36



of 2018 production). The SSP1 and SSP2 sce-
narios each have lower raw material demands,
with the SSP2 scenario being the lowest despite
a higher volume of aircraft production due to the
lower assumed economic growth.

In the assumptions described above, the compo-
sition of the super alloys is assumed to remain
constant. In the future, however, up to 4 % rhe-
nium and 5 % ruthenium could be added to nickel-
based alloys (FROST & SuLLIVAN 2020b). Table
3.24 shows that, in the SSP5 scenario, 58 % of
current global rhenium production could be used
for super alloys by 2040, so a significant impact
on the rhenium market could be expected if this
alloy became established. Even more critical is
the ruthenium demand forecast, where the esti-
mated demand for super alloys in the 2040 SSP5
scenario is 109 % of 2018 mine production. All
three scenarios are expected to have a significant
impact on the rhenium and ruthenium markets in
particular.

Since super alloys, as shown above, are used in
large turbines, among other things, and their com-
position is known partly, they can be efficiently col-
lected for recycling. However, the complex com-
position and change of alloy components, which
is shown in Figure 3.13, represent a major tech-
nical and consequently also economic challenge
for the recycling of super alloys. Nevertheless, the
high price of raw materials and the scarce avail-
ability of some alloy components of super alloys
are drivers for recycling. In addition to remelting

Production in Demand in

Raw material 2018 2018

Ruthenium 33" (R) 15

Rhenium 50 (M) 12

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

1 Source: JM 2020
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with primary material to produce new super alloys,
there are also pyro- and hydrometallurgical pro-
cesses available to recover the individual metals
of the super alloy (SRIVASTAVA et al. 2014). Particu-
larly scarce metals such as ruthenium and rhe-
nium could be substituted in the future.

Electromobility has been a growing sector for
years and also receives a lot of attention from
the media. Due to current political debates such
as the diesel driving ban and political goals to
make Europe climate-neutral by 2050, a mobil-
ity turnaround is also necessary, which includes
the promotion and expansion of electromobility
(EUROPEAN CommMmissiON 2019). Unlike combus-
tion engines, electric vehicles do not cause local
greenhouse gas emissions such as CO, or other
air pollutants such as nitrogen oxides when in
use. While fossil fuels are generally still used to
produce electricity today, emission-free use may
be possible in future if “green energy sources”
are used to generate electricity. When examin-
ing the life cycle of an electric vehicle compared
to a diesel or petrol car, many studies conclude
that electric vehicles already have a positive cli-
mate balance, which will improve further with an
expansion of CO,-neutral electricity generation
(AGORA VERKEHRSWENDE 2019a; REUTER et al.
2019). Some critical voices see it as more sensi-
ble, among other things, to use green power in the

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
28 26 36
22 21 29
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charge
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charge
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Li*
Li*
discharge Li*
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Negative (Li*- conductive) Positive
current collector current collector
(copper) (aluminium)

electricity grid in the medium term and thus sub-
stitute coal-fired power, for example. The promo-
tion of electric cars with the current energy source
mix in the electricity grid should therefore lead to
approx. 75 % more GHG emissions for electric
cars compared to diesel vehicles (ScHMIDT 2020).
In scientific discourse, however, these calcula-
tions are contradicted (WIETSCHEL 2020).

The four main components of a lithium-ion cell are
the cathode, the anode, the electrolyte and the
separator (Figure 3.14). During the discharging
process, the cathode acts as the positive elec-
trode and the anode as the negative electrode,
which is reversed during the charging process
(KORTHAUER 2013).

Depending on the application, amorphous carbon
(hard and soft carbon), graphite, lithium titanate
(LTO) or silicon composites are currently used as
anode materials. Amorphous carbon as well as
graphite occur naturally, but can also be produced
synthetically (KORTHAUER 2013).

Transitional metal layer oxides are predominantly
used as the positive electrode material at the
cathode (KurzwelL & DIETLMEIER 2018). Con-
ventional cathode materials for mostly small elec-

tronic applications such as smartphones, laptops
or tablets use lithium cobalt oxide (LCO). Due to
the low thermal stability of cobalt oxide and its
high material price, it is not used in electromobility
(Zusl et al. 2018). The following electrode materi-
als are used for this purpose:

— Lithium manganese oxide (LMO)

— Lithium nickel manganese cobalt oxide (NMC)
— Lithium nickel cobalt aluminium oxide (NCA)
— Lithium iron phosphate (LFP)

A battery pack required for electric vehicles con-
sists of individual cells which in turn are made up
of cell components that contain certain metals as
chemical compounds (Figure 3.15).

In contrast to nickel-cadmium (NiCd) and nickel-
metal hydride (NiMH) batteries with energy den-
sities of up to 60 Wh/kg and 80 Wh/kg, today's
3.7 V lithium-ion batteries achieve specific energy
densities of up to 270 Wh/kg (Table 3.25) (Kurz-
WEIL & DIETLMEIER 2018). A high energy density is
particularly important for mobile applications such
as mobile phones, laptops or electric vehicles,
since the greater the energy density, the lighter
or smaller the battery becomes while the capacity
remains the same (RAHIMZEI et al. 2015).
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Materials Cell components Cells tﬁ
lithium, aluminium, cathode, anode, LCO, NMC, )
copper, graphite, separator, NCA, LMO, Battery pack

cobalt, nickel, electrolyte, LFP Mobile
iron, etc. foils, etc. electronic
applications
Cathode LCO LMO NMC NCA LFP
.. . LiMn,O, o o .
Empirical formula LiCoO, (spinel) LiNi;Mn,Co,.,.,0,  LiNiCoAIO, LiFePO,
Energy density atcell 454 599 100 to 140 150 to 270 20010270  90to 120
level [Wh/kg]
Thermal runaway [°C] 150 250 210 150 270
Cell voltage [V] 3.6t03.9 3.7t04.0 3.6t03.7 3.6t0 3.8 3.1t03.3
Practical capacity 145 120 150 to 180 190 to 200 160
[Ah/kg]
Costs high low medium medium low
Safety low medium high - very high

In contrast to the classic lithium-ion battery, the
lithium-sulphur and the lithium-air battery are
seen as emerging technologies, which have a
fundamentally different cell structure and can
have a higher energy density (KORTHAUER 2013).
Lithium-sulphur batteries can have energy densi-
ties of 300—350 Wh/kg, while lithium-air batteries
could reach energy densities of 700-1,700 Wh/
kg (KORTHAUER 2013; Kim et al. 2019). These
battery types are not included in the forecast for
2040, as their introduction by then and their use in
electromobility is unclear.

For NMC batteries, there are different composi-
tions within their formula, related to the content of
nickel, manganese and cobalt. In addition to the
classic NMC 111 with equal proportions of nickel,
manganese and cobalt, there are also NMC 433
(ratio 4:3:3), NMC 532 (ratio 5:3:2), NMC 622

(ratio 6:2:2), NMC 811 (ratio 8:1:1) (THIELMANN et
al. 2015). Research is being conducted into fur-
ther cobalt savings, right through to cobalt-free
batteries.

The high nickel content improves the capacity of
the battery, increasing that of an NMC 811, for
example, by almost 50 % compared to NMC 111
to around 200 mAh/g (RESEARCH INTERFACES
2020). While this does not represent a major leap
compared to the classic NMC cathodes of the
current generation, it is nevertheless predicted
that NMC, with a wide variety of compositions,
will dominate 75 % of the battery market in 2030
(ZHA0 2018).

Calculations of the cathode material and metal
requirements per kWh were carried out below
on the basis of typical formation losses as they
occur today in graphite anodes. The results are
displayed in Table 3.26.
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Cathode material Li Co Ni
NMC 111 0.120 0.333 0.333
NMC 433 0.117 0.298 0.395
NMC 532 0.121 0.205 0.512
NMC 622 0.104 0.176 0.525
NMC 811 0.096 0.082 0.653
HE-NMC 2030 0.123 0 0.106
NCA15 0.098 0.125 0.661
NCA 5 0.095 0.065 0.725
LFP 0.084 0 0
LMO 0.080 0 0

As things stand today, lithium-ion technology is
best able, out of the storage technology systems
available, to meet the high requirements of a large
storage system in the electric vehicle sector in
terms of service life, safety and power and energy
density (KAMPKER et al. 2018).

The trend in cathode materials for LIBs is towards
low-cobalt and high-nickel raw materials in order
to reduce material costs and substitute potentially
critical materials as much as possible. With a high
nickel content, the electrical conductivity and the
Li* diffusivity also increase, which increases mate-
rial performance (THIELMANN et al. 2018).

NMC 622 represents the state of the technologi-
cal art in the automotive industry. NMC 811 is
currently being commercialised due to its higher
specific energy density (DING et al. 2019). In addi-
tion to the increased energy density through the
use of NMC 811, the battery costs are significantly
reduced due to the reduction of cobalt in NMC 811
(10 wt%), which is currently more expensive than
nickel, in contrast to NMC 111 (33.3 wt%) (DING et
al. 2019).

High-energy NMC (HE-NMC) are lithium-rich “inte-
grated” composite materials that aim to increase
energy density and also offer a price advantage
over nickel-rich materials due to their high manga-
nese content (RozIER & TARASCON 2015; THIEL-
MANN et al. 2017). The technology could enter the

Mn Fe P Al (0]
0.312 0 0 0 0.550
0.278 0 0 0 0.539
0.191 0 0 0 0.558
0.164 0 0 0 0.476
0.076 0 0 0 0.445
0.491 0 0 0 0.456
0 0 0 0.019 0.451
0 0 0 0.011 0.439
0 0.674 0.374 0 0.772
1.266 0 0 0 0.738

market in 2025, provided that the current difficul-
ties are overcome (THIELMANN et al. 2017).

LFP cathodes, which have been the focus of
attention for many years, do not currently appear
to be realistic competitors in the automotive sector
in the medium term due to the low energy den-
sity of 90-120 Wh/kg that can be achieved at cell
level, but they could experience a revival if eco-
logical criteria become more important (ZuBl et
al. 2018; Wu et al. 2020). Today, the LFP battery
plays a marginal role in electric vehicles, while
it achieves better success in e-bikes as well as
offering great potential for use in off-grid and grid-
connected power systems (Zusl et al. 2018).

Among the four main chemistries for LIB, LMO
shows moderate safety and relatively low specific
energy (DING et al. 2019). Although LMO cells
were originally used in some electric vehicles,
interest in this material has waned (Zusli et al.
2018). Based on these trends, an estimate was
carried out of the shares of cathode materials by
2040 (Figure 3.16).

In contrast to the sole use of graphite as anode
materials in LIBs, silicon-carbon composites are
regarded as promising. Si-based admixtures are
already being used in LIBs today. A continuous
increase in the Si content can be expected. The
maturity of Si-rich technologies and their imple-
mentation in production technology is expected by
2025 (THIELMANN et al. 2017).



3.1.7.4 Foresight raw material
demand

To calculate the future demand for raw materi-
als, the average battery size is determined from
extensive literature research into drive technolo-
gies and vehicle segments (Table 3.27) and an
estimate carried out of the shares of cathode
materials by 2040 (Figure 3.16).

Raw materials for emerging technologies 2021

The subsequent calculation of the raw material
demand is carried out using the specific metal
quantities of the battery cathodes, the proportions
of the cathode materials and the total capacities of
the scenarios calculated in Section 1.3 (Table 3.28).

Share [GWh.-%)]

100 % -
90 % 1
80 % -
70 % |
60 % -
50 % -
40 % -
30 % 1
20 % |
10 % |
0% -

1

2018 2020 2025

B LFP B NMC622 = NCA15 B NMC433 ®NMC811
ENCA5 BENMC532 BEHE-NMC ®NMC1N ELCO

2030 2035 2040

Figure 3.16: Estimated proportions of cathode materials to 2040 (source: own representation)

Table 3.27: Battery sizes by drive technology and size segment in kWh (rounded values)

HEV HEV PHEV
until after until
Vehicle segment 2020 2020 2020

PHEV BEV BEV FCEV FCEV
after until after until after
2020 2020 2020 2020 2020

Average battery capacity [kWh]

Small cars - 1
Compact cars 1 1 11
Premium cars - 2 12

Light utility vehicles - -
Heavy duty vehicles - -
Buses = = =

* estimated

24 25 30 1* 1.6*
12 35 51 1* 1.6*
14 83 83 1 1.6
14 29 50 1* 1.6
41 307 10*
= 193 10*
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Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
311,000 270,400 59,830
2,003,000 1,742,000 385,400
530,500 461,300 102,000
377,300 328,100 72,600
1,019,000 886,400 196,000

Raw material Production in Demand in
2018 2018
151,059 (M)

Cobalt 126,019 (R) 12,750
. 2,327,499 (M)

Nickel 2189313 (R) 32,320

Manganese 20,300,000 (M) 11,140

Lithium 95,170 (M) 7,460

Flake graphite 1,156,300 (M)

(natural)

— 21,900
raphite

(synthetic) 1,573,000

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

Most existing recycling plants for lithium-ion
batteries focus mainly on the recovery of cobalt,
nickel and copper, but not lithium. The reasons
for this are, firstly, that recycling plants have to
focus on recovering older LIBs (mainly LCO),
which are now reaching the end of their life,
and secondly, that cobalt is by far the most
valuable metal in lithium-ion batteries and thus
responsible for the profitability in recycling (OR et
al. 2020). Table 3.29 lists a number of recycling
plants without any claim to completeness.
Some recyclers recover “black mass” as an
intermediate product containing electrode-active
materials and conducting salts and which is
further processed by other companies.In the near
future, NMC 111 will be increasingly replaced by
NMC 622 and NMC 811. The optimised cells will
contain lower amounts of cobalt and a higher
nickel content. Recycling plants should therefore
be able to handle all cathode chemistries with
high efficiency in the future, if possible, in order
to fully exploit the recycling potential. At present,
the technical feasibility of lithium recovery is
still difficult. Given the background of the long-
term forecast requirements for LIBs, recovery
should also be striven for here. Ideally, recycling
plants should also use processes that have
lower energy use and environmental impact. The

proposal for a regulation on batteries and waste
batteries, repealing Directive 2006/66/EC and
amending Regulation (EU) 2019/1020, published
in December 2020, also provides for recycling
efficiencies for lithium-ion batteries and material
recovery rates for their contained raw materials
cobalt, nickel, lithium and copper (EUROPEAN
CommissioN 2020c).

Graphite is and will remain an essential
component of lithium-ion batteries and will
also be used in the future as a combination
with high-performance compounds such as
silicon or silicon-metal alloys (ASENBAUER et al.
2020). Although the recycling of graphite from
spent lithium-ion batteries plays an important
role in terms of environmental protection and
future graphite resource shortages, it has not
yet attracted much attention because recycled
graphite is not suitable for reuse in batteries
(Gao et al. 2020; Liu et al. 2020b). The Australian
company EcoGraf Limited has developed a
promising purification process that aims to
recover high-purity anode material for batteries
from used lithium-ion battery materials (ECOGRAF
2020).



Recycling plant

Input stream
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Recovered materials

Lithium recovery

Co, Ni, Cu, Fe, CoCl, No

Co, Ni, Fe No

Ni, Cu, Co No

Slack mase. LiCo;
CoO No

LiCO, Li,COs, LizPO,
MeO Li,CO;

Co, Cu powder, Fe No
NMC(OH), Li,CO;

Metal oxides Li,CO,

Cell cathode powder Li,CO,
CoC,0,, Al Li-Ni solution
Co, Mn, Ni Li,CO,

Ni, Co, Cu No

Ni, Co, Cu unknown
NMC(OH), unknown
Co, Ni No

Co, Ni No

Co and Ni salts Li,CO,

Umicore Battery Recycling (BE) LIB, NiMH
Inmetco (US) LIB, NiMH, NiCd
Nickelhitte Aue (Germany) LIB, NiMH
(Ag;’r:]eacnsfcyc"”g GmbH LIB, NiMH, NiCd
Sumitomo-Sony (Japan) LIB

Recupyl S.A. LIB, primary Li
Retriev Technologies (Toxco) LIB, primary Li
Akkuser (Finland) LIB

Battery Resources LIB

LithoRec (Duesenfeld) (Germany) LIB

OnTo (USA) LIB

Aalto University (Finland) LIB

Sung Eel (Korea) LIB

Kyoei Seiko (Japan) LIB

Dowa (Japan) LIB

Brunp (China) LIB

GEM (China) LIB

Huayou Cobalt (China) LIB

Ganzhou Highpower (China) LIB

All-solid-state batteries (ASSB) are electrochemi-
cal systems in which the ionic and electronic
charge transport and storage is carried out exclu-
sively by solids. Compared to conventional lithi-
um-ion batteries (Section 3.1.7), ASSB differ in
particular in the electrolytes used in the cell con-
cepts (THIELMANN et al. 2017; THIELMANN et al.
2019).

Many of the safety hazards in conventional LIBs
stem from the use of liquid, highly flammable or
explosive electrolytes. The compatibility of many
active materials in the electrochemical system is
also determined by the properties of the electro-
lytes. The organic solvents and salts commonly

used, for example, limit the cell voltage that can
be achieved in practice. Many of the ageing
effects in LIBs are the result of the interaction
between the electrolyte and the particle surface of
the active materials.

Using solid electrolytes and thus enabling solid
batteries can both improve the safety properties
of the cells and enable new material combina-
tions and thus improve the batteries' performance
parameters. In particular, the use of metallic
lithium as an anode in Li-based ASSB promi-
ses enormous increases in energy density up
to values of over 1,000 Wh/I or over 350 Wh/kg
(THIELMANN et al. 2017; GREEN CAR CONGRESS
2019; RurrFo 2019). Solid electrolytes could
enable metallic anodes, as their hard structure
could suppress the dendritic growth of lithium dur-
ing cycling, which can otherwise lead to short-cir-
cuiting and create huge safety problems.
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Material LATP LAGP LLZO LLTO LGPS LSPS1 LSPS2 LPS

Empirical Lij4Alg4Tise LiisAlgs  LizLasZr,O4, Ligsslagst LiigGeos LizsSios  LigsaSisza  LiggP3Si2

formula (PO,)s Ge, 5(PO,)s TiOzes  SNgsP2S:;  PogSs  P1448117:Clos

Type NASICON NASICON Gamet S [ISICON LISICON Tetragonal o'
kite gonal

Density (g/cm?®) 2.93 3.42 5.02 4.82 2.03 1.93 1.90 1.91

lonic conduc-

tivity at room 2 4 3 0.9 9 6.7 25 1.2

temperature

(mS/cm)

Different classes of solid electrolytes are currently
still being investigated in research and industry.
These include glasses, inorganic ceramics (SCE
solid ceramic electrolytes) and also polymer-metal
salt complexes (SPE solid polymer electrolytes)
(TAkADA 2013). Some of the known oxide ceram-
ics show high voltage stability and thus allow the
use of high-voltage cathodes. A general weak-
ness of oxide ceramic solid-state batteries results
from the frequently low ionic conductivity and the
high interface resistances between cell compo-
nents. Such batteries often have to be operated
at increased temperatures. Sulphidic solid elec-
trolytes sometimes exhibit significantly higher
conductivities, which facilitates their use at room
temperature. However, the materials often do not
have good chemical stability, which places special
demands on their processing and protective coat-
ings. In addition to oxides and sulphides, phos-
phates, for example, are being investigated for
their suitability as solid electrolytes.

Table 3.30 lists examples of various ceramic solid
electrolytes and their properties. Among the sys-
tems investigated, those that have a high ionic
conductivity (sulphides, e.g. LSPS, lithium tin
phosphorus sulphide) or can be produced from
inexpensive raw materials (e.g. LATP, lithium alu-
minium titanium phosphate) are particularly inter-
esting. In particular, compounds containing ger-
manium, for example, are therefore ruled out for
commercial application from a cost perspective.

Polymers can be made ion-conductive by com-
plexing them with Li salts. In the process, the salts
are dissolved in the polymer chains. lon transport
occurs via the mobility of the polymer chains. The

best-known representative of this class is poly-
ethylene oxide (PEO) in combination with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt.
SPE usually have a low ionic conductivity at room
temperature, which prevents their practical use.
Examples from literature, for example, describe
the complex formation of PEO and a LiNO; or
LiTFSI salt with a concentration of ethylene oxide
groups to Li of 20:1 to 10:1 and ionic conductivity
of 0.1 to 1 mS/cm. Polymer electrolytes promise
high compatibility with established manufacturing
processes in battery cell production, as roll-to-roll
processes could be applied.

The conductivity of polymer electrolytes can be
significantly increased by combining them with
ceramic or metallo-organic nanoparticles to form
composite electrolytes (CPE composite polymer
electrolytes). SPE/CPE polymer electrolytes are
distinct from so-called gel polymers, as they are
already used in LIBs today. These are electrolyte
formulations which are very similar to conven-
tional liquid electrolytes. By using CPE with ion-
conducting ceramic filling materials, the transition
from polymer electrolytes to ceramic electrolytes
becomes fluid. In use, a combination of poly-
mer matrix, which supports processability, and
ceramic fillers, which increase the conductivity
and prevent the growth of Li dendrites, could pre-
vail. However, from today's perspective, it is still
unclear which of the materials and combinations
mentioned can ultimately lead to the commercial
use of solid-state batteries.

Various options are also conceivable for the cell
design. In principle, all common formats are possi-
ble, at least for polymer electrolyte cells, since the
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Figure 3.17: Schematic representation of the structure of conventional LIB (left) and solid state
battery cells (right) (source: THIELMANN et al. 2019)

Notes: In a conventional LIB, the liquid electrolyte permeates the porous system comprising anode, separator and cathode.
In an ASSB the cathode consists of an active material/solid electrolyte composite. The metallic Li layer could be of dense
construction. The change of volume in the Li layer during cyclization may require a buffer layer.

electrolyte can be wound. Purely ceramic electro-
lyte layers could require stacking of the electrodes.
As shown in Figure 3.17, the volume change of the
anode during cycling could require a buffer layer.
In this case, double-sided use of the current col-
lector foils, as used in liquid electrolyte LIBs, is not
possible, at least for one of the electrodes.

3.1.8.2 Raw material demand

The raw material demand for the metals lithium,
titanium, lanthanum, copper, manganese, cobalt
and nickel (aluminium was not considered) for
ASSB results from the use in the active materi-
als, the solid electrolyte and the current collectors
of the battery cells. The raw material demand for
the battery module or at pack level was not con-
sidered. Compared to conventional, liquid elec-
trolyte-based LIBs, there are changes in the raw
material demands for the anode, the electrolyte
and, if necessary, also the cathode.

In ASSB, similar cathode materials are to be used
as is the case with liquid electrolyte LIBs. Although
the chemical reactivity of some of the solid elec-
trolytes investigated with respect to many current
cathode materials still precludes these material
combinations, it can be assumed that suitable
protective coatings can be developed (CULVER
et al. 2019). This should allow materials such as
NMC and high-voltage spinel (LMNO) in particular
to be used in future ASSB.

The raw material demand per Wh by the cath-
ode active materials is thus basically the same
as the demand for conventional LIBs described
in Section 3.1.7. In the future, however, this may
no longer apply. The dimensioning of the cathode
and anode in LIBs must be designed not only for
suitable reversible surface capacities but also for
irreversible chemical reactions. If silicon-contain-
ing high-capacity anodes are used in the future,
irreversible chemical reactions at the anode could
dominate during cell formation. The underlying
processes consume Li, which would have to be
introduced into the cell by an excess of cathode
material (ARAVINDAN et al. 2017).

In solid-state batteries with a metallic Li anode, on
the other hand, the amount of cyclable Li in the
cell could be controlled not only by the cathode but
also by the thickness of the initial Li metal layer. As
a result, better utilisation of the cathode capacity
could be possible, especially over the later course
of the battery lifetime, which translates into lower
demand for cathode material per Wh.

At present, there is no final concept for the design
of metallic Li anodes. It is possible that, in the
future, initially Li-free anodes (LEE et al. 2020) will
be installed in ASSBs, which in turn means that all
the lithium required for the electrochemical reac-
tions must be introduced through the cathode.
However, initial thin Li layers (e.g. a few ym) on
the anode current collector foils are also conceiv-
able. Compared to conventional liquid electro-
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Comparison of the lithium requirements of different electrolyte systems

System

Material combination

Concentration of Li
in the electrolyte

Concentration of Ti, La
in the electrolyte

Assumptions:
Electrolyte

Assumptions:
Cathode

Assumptions: Anode

Assumptions: Anode

SCE SPE
As a mix of 25 % LLZO, PEO.LITFSI
25 % LATP and 50 % LSPS
See molecular formulas 15:1(EO:Li)

As a mix, 8.3 wt%
See molecular formulas. -
As a mix, 5 wt% (Ti)
or 12.5 wt% (La)

SCE layer 5 um, 25 %
porosity

SCE 20 % by volume
in cathode composite

corresponding to 0.73 wt%

SPE layer 10 ym

SPE 20 % by volume
in cathode composite

6 mAh/cm? area loading
Metallic Li, 5 pm

Cu, 5 uym, coated on one side

Liquid
EC/DMC/DEC:LiPF6

1M corresponding to
0.55 wt%

Electrolyte requirement
2 g/Ah at cell level

Cu, 6 um,

current collector

Raw material demand 15 (anode)

Li g/kWh 27.2 (electrolyte)
Raw material demand

Ti g/kWh 16.3 (electrolyte)
Raw material demand

Cu g/kWh

Raw material demand

La g/kWh 40.9 (electrolyte)

210 (current collector)

coated on both sides

15 (anode)

1.3 (electrolyte) 3.1 (electrolyte)

126 (current collector)

Note: For SCE, the raw material demand was calculated as a material mix with equal proportions of LLZO, LATP and LSPS.

lyte LIBs with graphite anodes, this variant has
a higher raw material demand for lithium for the
anode. In the calculations in Table 3.31, a thin ini-
tial lithium layer was assumed.

The biggest changes in terms of raw material
demand result from the change of electrolyte.
The concentration (e.g. 1 mol/l) of Li salts in liquid
electrolytes corresponds to a small weight share
of lithium. Compared to the proportion of lithium
in the cathode materials, the raw material demand
for lithium through the electrolyte is therefore
almost negligible.

The situation is similar with solid polymer electro-
lytes (SPE), whose salt concentration in the elec-
trolyte is of a similar order of magnitude. However,
by using a more or less smooth Li metal anode in
SPE, the amount of electrolyte needed to fill the

pores of the (graphite) anode can be saved com-
pared to liquid electrolyte LIBs.

Solid ceramic electrolytes (SCE) with one or more
Li atoms per formula unit, on the other hand,
have a significantly higher Li concentration. Espe-
cially in the case of sulphide electrolytes, lithium
accounts for more than 10 wt%. Depending on the
specific compound, other raw materials consid-
ered in this study may be required by the use of
solid ceramic electrolytes, e.g. lanthanum in LATP.

Overall, this results in a comparable raw material
demand for liquid electrolyte LIBs and pure SPE
LIBs. Ceramic SCE or hybrid forms of SPE and
SCE can have a significantly higher Li demand.



Solid-state batteries are currently still a topic of
research and development. Large-scale indus-
trial use and production in particular pose some
challenges, starting with the selection of mate-
rial systems and ending with the development
of a manufacturing process for the battery cells
that is suitable for mass production. Compared to
conventional LIBs, significant adjustments have
to be made to the production processes in terms
of material production, electrode production and
stacking as well as formation. Nevertheless, solid-
state batteries are now an integral part of the
technology roadmaps of major international cell
and automotive manufacturers.

In the USA in particular, several start-ups such as
lonic Materials (IoNIc MATERIALS 2020), Pathion
(PATHION 2020) or TeraWatt (TERAWATT TECH-
NOLOGY 2020) are involved in the development
and production of solid electrolytes and solid
battery cells. Likewise, companies already fully
established in the LIB value chain, such as Toray
or Asashi Kasei, are involved in the development
of solid-state batteries. Among car manufactur-
ers, Toyota in particular communicates its com-
mercialisation goals and development progress to
the public. For example, small-scale production of
battery cells is planned for 2025 (STEFFEN 2020).
Their use in Toyota vehicles could possibly take
place in a few years' time.

The first commercial uses of solid-state cells for
electric vehicles could therefore be between 2025
and 2030. If the development goals in terms of
energy density and safety can be implemented,
solid-state batteries will likely be able to gain
significant market share in the automotive sec-
tor. The speed of market penetration will also
depend on the investments required in production
infrastructure, so that even when the technology

SSP1 Sustainability

Market volume
ASSB 2040

1,244 GWh (25 % of total
market volume)

360 GWh (10 % of total
market volume)
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reaches a high level of technical maturity, a sud-
den switch from conventional to solid-state batter-
ies cannot be expected.

The differentiation of the three SSP future sce-
narios allows the modelling of possible ranges
of market penetration for ASSB. In sustainability
scenario SSP1, significant research work in the
area of battery storage and electromobility can
be assumed, so that the market maturity of ASSB
could be reached very early. By 2040, a market
share of 25 % solid batteries is assumed on the
electromobility market. In the SSP5 growth sce-
nario, the commercialisation of solid-state batter-
ies could be delayed or limited to niche segments
due to a lack of incentives. By 2040, a market
share of 5 % was assumed for ASSB. In the mod-
erate scenario SSP2, a market share of 10 % for
ASSB was assumed accordingly. According to the
mobility scenarios and vehicle battery sizes dis-
cussed in Section 1.3, the resulting market sizes
are shown in Table 3.32.

As discussed, the material combinations and solid
electrolytes suitable for commercial use are still
under development today. To map different trends
with regard to the fast-charging capability, costs
and processability of the materials, a mix of 75 %
ceramic materials and 25 % polymer electrolytes
(here PEO.LITFSI) was assumed for the use of
solid electrolytes in 2040. Among the ceramic
materials, a mix of 50 % of a sulphidic material
(LSPS), 25 % of an oxidic material (LLZO) and
25 % of a phosphate (LATP) was assumed. The
purpose of putting a stronger emphasis on sul-
phidic material is to take into account the currently
promising results on this class of material from
research. The assumed mix is intended to rep-
resent the uncertainties for subsequent industrial
use and is not to be understood as a combination
of materials within a single battery cell.

SSP2 Middle of the Road SSP5 Fossil Path

38 GWh (5% of total
market volume)

Note: The remaining market shares (95 % in SSP5 to 75 % in SSP1) are covered by conventional LIBs (see 3.1.7).
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Raw material Production in Demand in
2018 2018

Lithium 95,170 (M) -

Titanium 260,548 (R) -

Manganese 20,300,000 (M) -
151,059 (M)

Cobalt 126,019 (R) -
. 2,327,499 (M)

Nickel 2,189,313 (R) -

Copper 20,590,600 (M) 3
PP 24,137,000 (R)

Lanthanum 35,800 (R) -

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

For the calculation of the future raw mate-
rial demand, the same cathode materials were
assumed as for conventional LIBs (see Sec-
tion 3.1.7). The raw material demands for battery
cells for the assumed material mix of solid electro-
lytes are shown in Table 3.33.

Similar to the recycling of conventional LIBs, pro-
cesses can be used for solid-state batteries that
allow the recovery of the transition metals or even
the lithium. Possible processes concentrate on
the cathode and the solid electrolyte, as there is
practically no metallic lithium on the anode when
the cells are discharged.

Basically, there are different requirements for the
recycling process of ASSB due to the absence of
organic solvents. When mechanically crushing
vehicle batteries, the flammability of organic lig-
uid electrolytes poses a safety risk that does not
exist for solid electrolytes. In today's established
processes, the liquid electrolyte is first evaporated
by heating and thus the electrochemical system is
also inactivated. Reuse of the electrolyte is there-

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
177,000 47,000 5,000

15,000 4,400 500
187,000 49,000 5,100
109,000 28,000 3,000
702,000 183,000 19,000
261,000 76,000 8,000

38,000 11,000 1,200

fore not possible. This step could be omitted for
solid-state cells. The metallic components of solid
electrolytes, like those of the cathode, are acces-
sible through pyro- or hydrometallurgical recycling
processes. The higher proportion of lithium per
kWh, especially of the ceramic solid-state cells,
could increase the incentives to also recover this
metal in the process. For all-solid-state batteries,
however, there is also the fundamental possibil-
ity of recovering the electrolyte materials directly,
processing them and using them to produce new
battery cells (TAN et al. 2020b). So far, however,
there are no studies that investigate the practical
separability of cathode and electrolyte materials
(TAN et al. 2020a).

From an industry perspective, it is unlikely that
separate recycling processes will be set up for
conventional LIB and solid-state batteries, as this
would require further pre-sorting of batteries and
delay the achievement of economic efficiency due
to large batch sizes. With a significant return of
used solid-state cells, e.g. from 2040, recycling
processes may need to be adapted for appropri-
ate compatibility.

As already demonstrated, many different solid
electrolytes are currently being investigated and
optimised with regard to their technical suitability
for use in batteries. Ceramic electrolytes in par-
ticular differ greatly in their content of different



metals and thus also in the specific material costs.
Similar to the development of cathode materials
in the last ten years, material developments are
therefore also likely in the long term which aim to
reduce the costs per kWh of solid-state batteries.

The world nowadays is characterised by mobile
information transfer and processing, which is very
much dependent on the visualisation of multi-
media data and user input. In this day and age,
challenges are predominantly being overcome
by high-resolution, electronic thin-film transistor
(TFT) displays that are increasingly touchscreen-
based, because they simply have the largest
information transfer density. Various display tech-
nologies have thus become an absolutely indis-
pensable part of modern society and are being
used as more than just everyday communication
and information portals; applications also include
security, healthcare, entertainment, industry and
commerce (CHEN et al. 2016).

Cathode ray tubes (CRTs) have dominated the
market for over a century since they were first
invented. It was only the development of flat-
panel displays (FPDs; also known as flat screens)
— starting with segmented liquid crystal displays
(LCDs) for mass production — that heralded the
gradual decline of this first display technology.
The years that followed saw passive-matrix LCDs
with an initially poor resolution further developed
until LCD technology finally achieved its break-
through in the late 1990s with the mass produc-
tion of active-matrix LCDs based on thin-film tran-
sistor (TFT) technology (CHEN et al. 2016). Liquid
crystal displays (LCDs) have dominated the dis-
play market since manufacturers stopped making
plasma screens in 2013 and 2014 (KATZMEYER
2014). Organic light-emitting diode (OLED) tech-
nology, which was first demonstrated in 1987
and has since become the mainstream in enter-
tainment technology, is another competitor to
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LCD technology. OLED technology’s advantages
include the likes of its self-illuminating capabili-
ties, transparency, improved colour display and
high resolution, not to mention the possibility of
a flexible or a bendable design. But these ben-
efits command higher prices (SALEHI et al. 2019).
So the display market is currently dominated by
these two technologies, with the scales signifi-
cantly tipped in LCDs’ favour. We are in a tran-
sition period at present, where the deciding fac-
tors with regard to market dominance are LCDs’
innovation potential and OLED technology’s price
potential (BLANKENBACH 2016). Both this aspect
and unpredictable technology innovations make
forecasting a highly complicated business, espe-
cially up to the year 2040.

Transparent conducting oxides (TCOs) that are
doped ZnO or SnO, in most cases are used
as transparent electrodes. ZnO is doped with
aluminium, for example, and SnO, with indium
(indium tin oxide, or ITO for short) or fluorine. A
British consortium has developed a procedure
for printing antimony-doped tin oxide (ATO) as a
transparent electrode on glass as another, more
affordable alternative to ITO. ATO is 90 % tin and
10 % antimony, which is more affordable and
more readily available than indium (BusH 2006).

ITO is used to produce the electrode layers in
LCDs, OLEDs, PDPs and FEDs. The structural
principles of LCDs and OLEDs are described
below.

LCDs are made in lots of process steps to struc-
ture and apply the various functional layers. The
ITO layer is applied to the front and back glass
plates as an electrode (Figure 3.18). Then, a
polymer layer is applied to a glass substrate. This
layer is structured so that it helps with the LC mol-
ecules’ alignment later on. The two glass plates
are aligned, joined together to form a panel and
cured in the hot press furnace. The next step is
to add liquid crystals and apply the polarising foils
(FRAUNHOFER Institute for Reliability and Microin-
tegration (1ZM) 2007, STEINFELDT et al. 2004).
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Figure 3.18: Schematic construction of an LCD (source: FRAUNHOFER IZM 2007)

(a)

Mg/Ag 200 nm

Undoped Alg; 35 nm
-Alg; + doping agent 35 nm

NPB 50 nm
CuPc 20 nm
ITO 100 nm
Metal 10 nm
Undoped Alg; 35 nm
DPVBi + doping agent 35 nm
NPB 50 nm
CuPc 20 nm

Metallic anode

(b)

Figure 3.19: Schematic construction of an
OLED, a) down-emitting stack,
b) up-emitting stack
(source: own representation
based on STEINFELDT et al. 2004)

Organic light-emitting diode displays
(OLED displays)

During the OLED display manufacturing process,
the transparent ITO layer is applied to a glass
substrate for each stack (see Figure 3.19). The
next steps involve applying all the other organic
and metallic layers (including silver) by evapora-
tion. Afterwards, the front panel is attached, and
the whole thing is encapsulated so that it is airtight
(FRAUNHOFER IZM 2007, STEINFELDT et al. 2004).

3.2.1.2 Raw material content

A study conducted by the German Federal Envi-
ronment Agency found that there are variations
of indium area density — both between individual
device types and their panel sizes (WoLF et al.
2017). In the case of LCDs, which use two ITO
layers to display images, analyses conducted as
part of the German Federal Environment Agen-
cy’s e-Recmet project revealed an area density of
613—-931 mg/m? for various sizes of PC monitors,
laptops and flat-screen TVs (BONI et al. 2015).
These values are in line with the ones provided in
the previous report. A blanket average of 700 mg/
m? is the assumption incorporated for LCD panels
in the following calculations. This is based on an



analysis conducted by RASENACK & GOLDMANN
(2014), also for various devices.

The assumed area density for OLED displays was
350 mg/m?, since the data sample was only small.
This basis of this assumption was OLED panels’
structure. As has been mentioned previously,
OLED screens use just one transparent electrode
layer (i.e. one ITO) instead of two. The assump-
tion here, therefore, is that OLED devices have on
average only half (i.e. 350 mg/m?) of the indium
area density compared to LCDs.

3.2.1.3 Foresight industrial use

The square meterage of global OLED and LCD
panel sales was used to calculate the global
indium demand for display panels. No distinctions
were made regarding the device type they were
used for, since the total area produced could not be
determined using the sales figures for the device
types (TV, mobile phone, etc.) in conjunction with
the associated panel size and display technology.
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DispLAY DAILY (2020a) and IHS MARKIT (2019)
provided data for the total flat screen area from
2014 to 2019. A display area of 424 million m?2
in 2040 was modelled using an s-curved pro-
gression based on the average growth rate of
6.9 % in 2018. The data on the current spread
of OLED and LCD displays was collected
from DispLAY DAILY (2020b) and JPCIC (2020).
The technology spread in 2040 was also modelled
based on the growth that both technologies are
experiencing at present. OLED technology’s cur-
rent trend of rapid growth lasts longer in Scenario A,
while it tapers off more rapidly in Scenario B. Sce-
nario A thus describes the technology spread as
30 % LCD and 70 % OLED in 2040, whereas in
Scenario B the market is dominated by 80 % LCD
and OLED technology trails behind with only 20 %.
Diagrams depicting both scenarios can be found
in Figures 3.20 and 3.21. As has been discussed
previously, it is difficult to make an exact predic-
tion, which is why these forecasted scenarios aim
to cover a wide range.

Table 3.34 lists the display areas for 2018 (the
base year) and the various scenarios for the year
2040.

450
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Figure 3.20: Scenario A — total flat screen surface area with LCD and OLED distribution

(source: own representation)
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Figure 3.21: Scenario B — total flat screen surface area with LCD and OLED distribution

(source: own representation)

Table 3.34: OLED and LCD surface area sold
(sources for baseline year of 2018:

DispLAY DAiLY 2020a,
IHS MARrkiT 2019)
Baseline Scenario Scenario
year A B

Year 2018 2040 2040
OLED (million m?) 6.7 297 85
LCD (million m?) 207.7 127 339
Total (million m?) 214.4 424 424

3.2.1.4 Foresight raw material
demand

It is possible to calculate the displays’ raw mate-
rial content using the LCDs’ or OLEDs’ square
metre numbers with the corresponding area den-
sity. Studies conducted by MARWEDE & RELLER
(2014) established the net efficiency of the sput-
tering processes for display production to be at
80 % for 2018 (the base year). So, of the total

material usage (material in the sputtering tar-
get), approx. 20 % is neither recycled (production
waste recycling of overspray and target residues),
and nor is it incorporated in the product (in other
words, it is disposed of). Technological advance-
ment and improving recycling measures within the
manufacturing processes resulted in an assumed
90 % net efficiency for all three scenarios in 2040.
These 20 % or 10 % have to be added to the dis-
plays’ indium content to reveal the actual produc-
tion demand.

Table 3.35 lists the global indium production and
the demand for both products and in production
for 2018 (the base year). The different scenarios’
projected demand is shown too.

The calculated data leads to the hypothesis that
indium demand within display production accounts
for a significant percentage of global production.
The indium demand that is actually consumed (in
production) amounts to 23% in 2018 (the base
year). Compared to the previous report (MAR-
SCHEIDER-WEIDEMANN et al. 2016), which consid-
ered 2013 as the base year, this is an additional



Raw material Production in 2018
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Demand foresight for 2040

Demand in 2018

Scenario A Scenario B

148 tonnes 193 tonnes 267 tonnes

. (in products) (in products) (in products)
lden A0SR 185 tonnes 214 tonnes 297 tonnes

(in products)

R: Refinery production (tonnes of metal content)

indium demand in excess of approx. 68 tonnes,
taking the mean value at that time into account.
Reasons for this rapid rise include this report’s
methodical approach to data collection. The pre-
vious report, for instance, used sales figures to
determine screen panels’ total area, potentially
causing some screen sizes or device types to be
excluded. This report has taken data on the sold
displays’ total area into consideration.

Since an identical total display area was assumed
for both scenarios, the higher indium demand
in Scenario B can only be attributed to the dif-
ferent technology spread. As explained above,
OLED has a lower indium area density, so the
forecasted indium demand in Scenario A is far
lower. These projections would result in a global
indium demand of 27 % in Scenario Aand 37 % in
Scenario B, relative to global production in 2018.
These figures are roughly in line with the ones
provided in the previous report for the year 2035.
The difference here, however, is that the indium
area density for OLED displays was assumed to
be considerably higher and the total display areas
smaller; they have been revised sharply down-
wards here. Scenario B with the higher demand
of 297 tonnes is included in the estimated indium
demand; see Section 4.4.4.

It is becoming clear that, as display area sales fig-
ures continue to rise, we ought to better exploit
opportunities for minimisation, substitution or
improved raw material recycling. These points are
addressed in the final chapter of this technology
synopsis.

(in products) (in products)

The flat screen industry is aware of just how
critical indium is and of its associated price fluc-
tuations. So it is focusing its research and devel-
opment efforts on finding alternatives to ITO.
Material-intrinsic factors are playing a role too,
and ITO’s rarity and associated value aren’t the
only reasons why it is worth looking for alterna-
tives. Although ITO is advantageous in that it
offers low sheet resistance and high transparency,
it has poor mechanical properties, toxicity and
high processing costs, not to mention the high
metal price (CHEN et al. 2016; ZHANG et al. 2018).

While ITO still has a 90 % share of the market at
present, in the TFT segment at least (ZHANG et al.
2018), there are alternatives, indium-free TCOs.
Examples particularly include aluminium-doped
zinc oxide (AZO) or fluorine-doped tin oxide
(FTO). Both of these alternatives are industrially
produced at a cheaper cost than ITO. However,
they are not equally suitable. While new, amor-
phous TCOs like indium gallium zinc oxide (IGZO
/1ZG0), indium zinc oxide (I1Z0) and zinc tin oxide
have similar or even better properties than ITO,
they are still five years away from market maturity
and some still use indium to some extent. TCOs
aren’t the only possible solutions. Development
is ongoing on a number of other transparent and
conductive thin-film technologies that could offer
an alternative to ITO in the future:

— Ultra-thin metal foils and zinc metal oxide
multilayers.

— Carbon nanotubes (CNTs): Industrial experi-
ence of this technology in this field. CNTs
could equal ITO’s performance with peak val-

105



Raw materials for emerging technologies 2021

ues. But this might not be enough as a direct
competitor to ITO, which is why the industry is
particularly keen to capitalise on the material’s
high flexibility (GHAFFARZADEH 2018).

— Metal nanowire foils: Silver nanowire foils
in particular have a certain chance of suc-
cess as an alternative to ITO (ZHou & LEE
2020) and are moving towards achieving
commercial breakthrough. They are already
being used in low-cost mobile phones and
in large multi-touch displays. Since the sales
market for foldable mobile phones is growing,
an opportunity to become established could
emerge in the medium to long term (GHAF-
FARZADEH 2018).

— Organic transparent conductors
(PEDOT:PSS): Poly-3,4-ethylenedioxythio-
phene is a transparent, electrically conduc-
tive polymer that has also been touted as an
alternative to ITO for some time. But previous
generations’ properties were poor. Research
into improvements continued because of the
material’s low price. But PEDOT could never
quite match ITO’s properties. At the time
when PEDOT showed noticeable improve-
ments, the price of ITO dropped too, so it was
eliminated as an alternative (GHAFFARZADEH
2018).

— Printed metal lattice: Here, too, there have
already been successful attempts to estab-
lish the market. The likes of Microsoft was
already using this technology in its Surface
model, as were other major laptop manufac-
turers. It should be noted in this regard that
printed metal lattice is not a technology in its
own right. Rather, it is merely an umbrella
term that covers various manufacturing
processes designed to produce metal lat-
tice films. Although they are not listed below,
each procedure has different advantages,
disadvantages and levels of market maturity
(GHAFFARZADEH 2018).

The search for alternatives to ITO started from the
new field of flexible electronics (e.g. OLEDs on
foils). ITO’s low mechanical stability limits display
flexibility. An organic, transparent and conductive
PEDOT:PSS with printed silver contacts is replac-
ing ITO in a flexible OLED display prototype. The
rigid OLED displays on glass (which are already

being used for mobile phones at present) still use
ITO. Alternatives to ITO-free displays are LED dis-
plays for signs or large ‘screens’. However, InGaN
is used for the blue and white diode. In conclu-
sion, there is currently no alternative to ITO for the
flat screen display industry (TERCERO ESPINOZA
et al. 2014).

Display recycling with subsequent indium recov-
ery is not taken into account in the above consid-
erations. In the case of LCD panels, which have
dominated the market to date and of which the
likes of conventional LCD CCFL televisions and
LCD CCFL monitors each have an average life-
time of ten and eight years respectively, and which
accounted for 96.9 % and 98.8 % of sales figures
up to 2009, the volume of waste disposed of in
Germany was projected to be 11 million units for
2020 (WoLF et al. 2017). With an average indium
content of 180 mg per LCD TV screen and 60 mg
per LCD monitor, this would generate a consid-
erable volume for this market segment alone. In
the OLED devices segment, we cannot currently
predict what future disposal volumes will be like.
This is due to the constantly improving and initially
low lifetime of 10,000 operating hours on the one
hand, and a highly dynamic market on the other
(WoLF et al. 2017). In the indium recycling seg-
ment, there are already several patents in place
that specifically deal with extracting the valu-
able metal from end-of-life LCD panels. China,
South Korea and Taiwan are pioneers in this area
(AMATO & BEOLCHINI 2018). Unfortunately, recov-
ery is not considered to be economical given the
small amount of indium produced as a target ele-
ment per device unit (WoLF et al. 2017). A Swiss
study conducted by GROESSER & BRECHBUEHLER-
PeskovA (2015) came to the same conclusion,
but found that this was only partly true. If indium
recovery were considered in isolation, a proce-
dure would not be economically viable; on the
other hand, the costs would be moderate if indium
recycling were integrated into the existing recy-
cling system. Indium in particular is most likely to
meet the recycling requirements when compared
to the metals found in electrical and electronic
equipment (GROESSER & BRECHBUEHLER-PES-
KOVA 2015). This gives us good reason to hope
for extensive indium recovery in the near future
— both in ecological and economical interests and
with the gradual goal of resource self-sufficiency
in mind. Since the return flow quantities will con-
tinue increasing in the future, economies of scale



could make the recycling of indium from displays
economical — possibly in combination with other
waste streams containing indium like CIGS solar
cells or production waste.

Coating waste is already being recycled today. In
the future, two advances in technology will sig-
nificantly enhance the efficiency of raw materi-
als. Firstly, the use of rotating instead of planar
sputtering targets means that more material is
removed. Secondly, optimised process control
means more material can land on the substrate.

Quantum computers are considered to be the
new generation of computers that, until now, have
incorporated conventional microprocessors. Clas-
sic computer systems based on CMOS* transis-
tors, which have been around since 1971, use
Boolean logic to process data on electronic cir-
cuits developed mainly on silicon substrates. In
simple terms, the architecture comprises input and
output devices for receiving data and retrieving
information, a processor as the computing core,
memories and paths that enable data exchange.
Computation is performed by manipulating the
electrical voltage so the transistors are switched
between two voltage values known as binary bits:
the binary values logical 1 and logical 0.

Quantum computers use a computing paradigm
that extends beyond Boolean logic, the founda-
tions of which lie in quantum physics. Quantum
computers’ basic computing units are called ‘quan-
tum bits’ or ‘qubits’. Qubits adopt energy states
that can be measured as 0 or 1, in a similar way to
classic computers. However, before the measure-
ments are performed, qubits’ energy states are 0,
1 or any value in between. This is referred to as
‘superposition’. These simultaneous intermediate
states made possible by quantum phenomena
allow much more information to be stored and pro-
cessed compared to binary systems.

In other words, a single qubit enables two simul-
taneous calculations. This translates into a higher

4 Complementary metal oxide semiconductor
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degree of parallel computation, which doubles with
each additional qubit and thus increases expo-
nentially. For example, three qubits permit eight
calculations in parallel, while four qubits allow
double that (16 calculations). With 275 qubits, a
quantum computer can perform more calculations
than there are atoms in the visible universe (ViL-
LANUEVA 2009). So quantum computers are more
powerful than ordinary ones, and they can poten-
tially solve highly complex problems that no clas-
sic computer can solve in a limited period of time.
This concept is called ‘quantum supremacy’.

To achieve quantum supremacy, a certain number
of qubits have to be created, but this is challeng-
ing for several reasons. Qubits can experience
decoherence, meaning they lose their quantum
behaviour and this suppresses the computational
advantage. A qubit can become decoherent due
to internal imperfections or weak interactions
with its surroundings. During operations involving
qubits, mistakes can occur as a result of deco-
herence and quantum noise. A viable strategy for
correcting mistakes is to distribute the informa-
tion of one qubit (logical qubit) to several qubits
(physical qubit) simultaneously. In this way, dis-
turbances that affect each qubit individually have
less of an impact on the quantum state as a whole
(IBM n.d.). However, this involves a significant
overhead that may require thousands of physi-
cal qubits to encode an error-tolerant logical qubit
(MassIMO et al. 2018).

Quantum computers have the potential to revolu-
tionise computing and are enabling new computa-
tional discoveries in many areas of scientific and
practical interest that aren’t possible with classic
computers. Finance, machine learning, commu-
nication systems, quantum cryptography, virtual
quantum experiments, chemistry and materials
science all stand to benefit greatly from quantum
computers. However, many of these applications
require a large number of (several hundred or
thousand) qubits, and this prospect simply is not
in sight yet. Quantum computers that are power-
ful enough to solve these challenging problems
require scalable quantum computer development
(GRUMBLING & HOROWITZ 2019).
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There are various qubit technologies, including
superconducting, trapped ion, photonic, semi-
conductor spin and topological technologies.
The leading candidates among these technolo-
gies are superconducting and trapped ion qubits
(SAavAGE 2018). Superconducting qubits cooled
down to nearly absolute zero can be monitored
and integrated into circuits more easily than other
types of qubits. However, as the number of qubits
increases, they are more likely to interact with the
outside world and lose their coherence (SAVAGE
2018).

The trapped ion quantum computer uses high-
precision, isolated atomic particles and uses
lasers to perform operations. Trapped ions as
qubits have a better coherence time compared to
superconducting qubits (FERRARO & PRATI 2020).
However, mastery of this technology is not at the
level of superconducting qubits yet, and they are
operated at lower speeds.

Photons are non-interacting and so, as qubits,
they do not suffer from the short coherence time
caused by interaction with their surroundings. But
this property makes performing two-qubit opera-
tions difficult. The qubits enable these opera-
tions by interacting with one another, and these
operations are essential for quantum computation
(GEORGESscu 2020). Photonic quantum comput-
ers may also need additional devices like optical
quantum memories to delay or store photons.
Each of these considerations requires additional
resources, creating a large overhead (SLUSSA-
RENKO & PRYDE 2019).

Semiconductor spin qubits offer a longer coher-
ence time, which makes them suitable for mass
scalability (FERRARO & PRATI 2020). On the
downside, though, they require virtually perfect
materials and have to be operated with extreme
precision. The technology is not mature yet, and
its performance needs to be improved so connec-
tions can be established between multiple qubits
(IBM n.d.).

Topological quantum computation is a quantum
information processing approach that eliminates
decoherence on account of its immunity to all
forms of noise. So the technology promises fun-
damental breakthroughs if and when physical

implementation is successful. The models of topo-
logical qubits are only theoretical at present.

Quantum computers’ raw material demand is
determined from various sections. This report
focuses on the key areas of raw material demand
in qubit production and the cooling vacuum sys-
tems needed to run quantum computers.

Superconducting qubits are widely used in existing
quantum processor implementations. The compo-
nents consist of what is known as a ‘Josephson
junction’ with a nano-thin insulator layer arranged
between two superconducting electrodes.

Superconducting qubits for digital quantum com-
puting and quantum simulation are most com-
monly made from aluminium wiring and alu-
minium/aluminium oxide/aluminium junctions on
silicon or sapphire substrates. Aluminium is widely
used as a non-conducting layer in the middle of
the junction. Commercial versions of supercon-
ducting quantum processors with a large number
of qubits use either aluminium or niobium for the
wiring and the metal electrodes (GRUMBLING &
HorowiTz 2019).

Ytterbium atoms were used in a commercial ver-
sion for trapped ion qubits. Ytterbium is a rare
earth metal whose atoms are all identical and can
maintain their states over long periods of time
(loNQ no date). Basic ion capture and ion control
have been demonstrated with almost all alkaline
earth and alkaline earth-like ions, which offer dif-
ferent trade-offs for quantum systems. Strontium,
cadmium, beryllium, barium, calcium and magne-
sium are other elements that are most commonly
used in quantum computers in ionised form.

Different materials offer certain advantages when
it comes to creating a photonic quantum com-
puter. Lithium niobate, a material that is already
well established in classic integrated photonics,
has advantageous properties for optical quantum
computers too. The material is an efficient and
flexible platform for photon sources that enables
fast on-chip electro-optical modulation. Silicon



photonics also provides high component density,
low losses, advanced integration technologies
and industrial potential. Extensive research is
being conducted into many other material plat-
forms that are useful for optical quantum comput-
ers (SLUSSARENKO & PRYDE 2019).

Topological quantum computers use non-Abelian
forms of matter like Majorana fermions and any-
ons to store quantum information. The most prom-
ising developments in topological quantum com-
puting can be traced back to a non-Abelian mesh
of Majorana fermions.This is a massless fermionic
particle proposed long ago in theoretical physics
(L1AN et al. 2018; THE QUANTUM DAILY 2020).

The qubits and, accordingly, the metal parts that
they consist of are on the nanoscale. Although
they form the computational heart of quantum
computers, it is small volumes that make up the
entire system. For example, roughly 10" g alu-
minium is used for superconducting on-chip qubit
designs made from pure aluminium (WINKEL et al.
2020).

Most of quantum computers’ physical volume is
required for cooling systems, since the devices
have to be completely isolated from all sources of
noise and cooled down to nearly absolute zero to
prevent mistakes (D-WAVE SySTEMS INC. 2015).
Cooling systems are also required for other qubit
technologies like trapped ions and semiconductor
spin qubits. However, different quantum comput-
ers’ exact operating temperatures vary; they are in
the extremely low milli-Kelvins for superconduct-
ing technologies.

These cooling systems contain various metallic
components like copper, aluminium, high-grade
steel and other materials (PROUVE et al. 2007,
MaRX et al. 2014; MIckEe et al. 2019). The volume
of materials required depends on the cooling sys-
tems’ size, performance and type.

This study shows that rough estimates of the
average low and high copper requirements (cop-
per being the main raw material based on various
cryogenic cooling systems that are used for quan-
tum computing) could range from 12 to 240 kg.This
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estimated amount for the quantum computer pro-
duction volume under consideration may be lower
if the technology develops more robust qubits that
are capable of operation at higher temperatures.

While quantum computers are still in the early
stages of development, they have made rapid
progress in recent years. The number of qubits
has been steadily increased, reaching 128 in
2019 and exceeding previous expectations. The
diagram below (Figure 3.22) illustrates the rise in
the number of qubits, incorporating various tech-
nologies, that has been achieved in recent years.

Progress in quantum computing allows us to solve
problems that classic computers cannot. This may
potentially translate into considerable growth in
various branches of industry and service sectors
as quantum computers give rise to new prod-
ucts and highly optimised product development
approaches. Extensive trial-and-error-based cal-
culations are essential — particularly in the fields
of material design, the chemicals industry and the
pharmaceutical industry. This adds to the time
needed to design and model new products. The
situation may change completely if quantum simu-
lation could support these laboratory processes,
thereby reducing trial and error and speeding up
the discovery of new material combinations and
products (LANGIONE et al. 2019).

In its report, the Boston Consulting Group (BCG)
predicts (LANGIONE et al. 2019) that quantum
computers will undergo three phases of progress.
Faulty qubits are expected to remain an issue in
the next progress phase (i.e. in the next three to
five years). During this phase, improvements in
error prevention techniques will be highly signifi-
cant in moving towards and maximising the util-
ity of medium-scale quantum computers. We can
expect growth in global value creation in various
end consumer industries, including material-
focused industries, financial services, computa-
tional fluid dynamics, pharmaceuticals and other
segments like transport, logistics, energy and
metrology (LANGIONE et al. 2019).

Quantum computers’ second progress phase
would take place in the next 10 to 20 years. There
are expectations that high quantum scalability
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1998 — IBM, Oxford, Berkeley, Stanford, MIT

2000 — Technical University of Munich

2000 — Los Alamos National Laboratory

2006 — MIT and Institute for Quantum Computing,...

2008 — D-Wave Systems

2017 — IBM

2018 — Intel

2018 — Google

2019 — Rigetti 128

Figure 3.22: Growth in the number of qubits (source: diagram based on FELDMAN 2019)
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Figure 3.23: Comparison of selected market size forecasts and projections for the global
quantum computer market from 2017 to 2030 (in million USD)
(source: STATISTA 2019c)




Raw material Production in 2018

20,590,600 (M)

Copper 24,137,000 (R)

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

and reliability will be achieved during this period,
enabling significant experimental advantages.
This scenario is followed by a third period of exten-
sive progress, leading to fully scalable and error-
tolerant quantum computers. These advances
would promise a huge reduction in computational
complexity and deliver considerable capacity for
various industrial sectors. For this scenario, it is
expected that operational income will rise signifi-
cantly, in the range of hundreds of billions of USD,
by 2050.

The scenarios discussed above are based on
the assumption that improvements in materi-
als, production and qubit control would continue
smoothly. In the more optimistic case, quantum
computers may see higher growth due to break-
throughs that are capable of revolutionising the
field and its industrial end user sectors. Since
quantum computers are still at an early stage of
development and are not marketable yet, market
growth forecasts cannot be compared with one
another and the impact is difficult to predict. Fig-
ure 3.23 shows a comparison of different predic-
tions and illustrates two things. On the one hand,
the market is usually predicted to be worth billions
of USD; on the other, the expected market size
varies considerably.

Various scenarios developed based on expert
opinions include initial quantum computer applica-
tions ranging from one qubit to several thousand
in the near to medium term (MOORE & NORDRUM
2018; BupDE & VoLz 2019). At this level of pre-
dicted progress, it is expected that by 2040 many
laboratories, data centres and companies around
the world will be kitted out with quantum comput-
ers. Accordingly, Yole Développement’s market
forecast, which predicts a moderate growth rate,
appears to be a solid basis. Yole is predicting a
27 % compound annual growth rate (CAGR) until
2030 for the quantum hardware sector (YOLE
DEVELOPPEMENT 2020d).

Demand in 2018
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Demand foresight for 2040

0.3 -6 57-1,153

Research into existing quantum computers
reveals that, in 2018, there were about 25 indus-
trial quantum computers, including superconduct-
ing and trapped ion technologies. Table 3.36 out-
lines the estimated copper demand for quantum
computers in 2040. The estimate is based on a
copper demand of 12-240 kg for each quantum
computer’s cooling and vacuum systems and the
assumption that the average annual growth rate
until 2040 is about 27 % (YOLE DEVELOPPEMENT
2020d).

The materials used in dilution refrigerators for
quantum computers are not currently recycled
because the technology is new and undergoing
further development. Generally speaking, over
70 % of the copper in end-of-life products is recy-
cled (EURIC AisBL 2020).

Optoelectronics is based on the quantum mechani-
cal effects that light has on electronic materials,
especially semiconductors. Optoelectronics is the
study and application of electronic devices that
source, detect and modulate photons to electrons in
an electrical circuit (SWEENEY & MUKHERJEE 2017).

Optoelectronic devices have already made their
way into many different aspects of our lives.
Examples include barcode scanning systems in
supermarkets, the CDs, DVDs and Blu-ray discs
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we watch at home, computer mouse positioning
solutions, the laser printers we use in our offices,
and so on. The best-known optoelectronic object
is the light-emitting diode (LED): an LED can emit
a brilliant light by applying an electric current that
travels through its multiple, complex semiconduc-
tor layers. All optoelectronic devices are based on
the same type of electron/photon interaction in a
semiconductor. Not only do they emit light (LED
or laser diode); they modulate (modulator) and
detect (photodiode) it too.

Optoelectronic devices are mainly used in:

— lighting (general lighting, automotive, horticul-
ture and display lighting)

— sensing (LIDAR, cameras, gas sensors, etc.)

— telecommunications (optical transceivers)

— photovoltaics (solar cells)

In this report, we will focus on the telecommunica-
tions application, and more specifically on optical
telecommunication, since it is based on optoelec-
tronic components. “Optical telecommunication”
refers to the transmission of information over dis-
tances in the form of light.

An optical telecommunication system consists of:

— atransmitter that receives the electrical sig-
nal, which it converts into an optical signal

— atransmission medium that carries the signal
(optical fibre)

— areceiver that receives the optical signal,
which it converts back into an electrical signal

The principle of optical communications is sum-
marized in Figure 3.24 (MAssA 2000).

The materials used in fibre-optic cables are listed
in Section 3.5.2 on fibre-optic cables.

An optical transceiver contains a transmitter
and a receiver in a single housing. An example
is shown in Figure 3.25. An optical transceiver
contains, among other things, a controller chip,
an RF (radio frequency) circuit, lenses and mir-
rors, as well as a light source (laser diode) and
a light detector (photodiode). The last two com-
ponents are photonic parts, and their composi-
tion will be outlined further. According to YOLE
DEVELOPPEMENT (2020c), the laser diode makes
up 20 to 30 % of the module, and the photodiode
510 20 %.

A laser diode can directly convert electric cur-
rent into photons of light by exploiting the unique
properties of some semiconductor devices. These
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are known as “Ill - V compounds” and include the
likes of GaAs, InP, GaSb, GaN and their alloys
(SWEENEY & MUKHERJEE 2017). The IlI-V active
layer (whose properties define the laser charac-
teristics) is built up on a substrate (‘wafer’). While
the substrate is mainly used as a physical car-
rier, its properties must also be compatible with
the active layer (crystal lattice and coefficient of
thermal expansion). This is why a wide range of
wafers are used in optoelectronics.

There are two laser diode technologies available
on the market:

— Vertical-cavity surface-emitting laser (VCSEL)
— Edge-emitting laser (EEL)

VCSELs emit light from the top of the chip, while
EELs emit light from the edge of the structure, as
illustrated in Figure 3.26.

A VCSEL consists of two highly reflective distrib-
uted Bragg reflectors (DBRs), which are mirror
structures with an active region comprising one or
more quantum wells for laser light generation (Fig-
ure 3.27). The DBR mirror structure is made up
of layers of high- and low-refractive-index mate-
rials. The two mirrors provide very high reflectiv-
ity of the light back into the active layer, allowing
the VCSEL to amplify the optical performance.
The light thus oscillates perpendicular to the lay-
ers and escapes through the top (or bottom) of

the device (PRINCETON OPTRONICS, no date). This
structure is much more complex than an EEL’s.

In contrast, an EEL is made up of bars that have
been cleaved from the wafer. Due to the high con-
trast in refractive index between air and the semi-
conductor material, the two cleaved parts act as
mirrors. In the case of an edge-emitter, the light
thus oscillates parallel to the layers and escapes
sideways. There are several EEL designs:

— Fabry Pérot (FP) lasers

— Distributed Bragg Reflector (DBR) lasers
— Distributed feedback (DF) lasers

— Quantum cascade lasers

The type of laser diode used for an optical trans-
ceiver depends on the reach distance (YOLE
DEVELOPPEMENT 2020b):

— short reach (0—100 m): GaAs VCSEL laser
diode

— intermediate reach (500 m—10 km): silicon
photonics and InP EEL laser diode

— long reach: InP EEL laser diode (> 10 km)

GaAs EELs are also used for telecommunications
in fibre sensors and in telecom instrumentation
systems. But GaAs is still mainly used for 850 nm
VCSELSs for the purpose of data communication
(i.e. telecommunication over short distances and
using glass fiber) (MuTiG 2010). GaAs EELs are
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Figure 3.26: Comparison of the function of VCSEL and EEL lasers (source: PRINCETON OPTRONICS,

no date)

associated with data centres in particular. The
transceiver types for GaAs-based data commu-
nication are Ethernet, fibre channel and optical
interconnects (YOLE DEVELOPPEMENT 2019a).

The photodiode as a light detector

A photodiode detects the optical signal and con-
verts it into an electrical signal. The photodiode
responds to different wavelength ranges depend-
ing on the semiconductor type. In telecommunica-
tions, there are two types of photodiode:

The PIN diode is the most common optical
detector. Its structure is shown in Figure 3.28.
The absorbed photons create carriers (elec-
trons or holes) that generate a current.

An avalanche photodiode (APD) is used for
long-distance and low-power detection. An
“avalanche process” occurs in this type of
photodiode, i.e., excited carriers can generate
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Figure 3.27: Structure of a distributed Bragg
reflector (DBR)
(source: ENLITECH no date)
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other new carriers and thus effectively amplify
the electrical signal (RP PHOTONICS ENCY-
CLOPEDIA 2019).

For telecommunication purposes, InP and GaAs
are the two types of substrate used to develop the
photodiode devices. The InGaAs on InP wafer is
now the standard material used for high-speed
applications. While silicon and germanium are
also used for photodiodes, they are more used for
other applications than telecommunications.

A PIC is a device that integrates at least two pho-
tonic functions. The most widely used platform for
PIC is InP substrates, which allows the integration
of active functions (e.g. light emission, detection,
amplification) with passive functions (light guid-
ing, filtering, coupling). The biggest advantages
of InP-PICs are low loss and high optical perfor-
mance, as all functions are integrated on a single
chip. The disadvantages of this approach are,
firstly, the high costs and, secondly, the limited
size of the InP wafers (SmiIT et al. 2019).

Another platform that is currently used for optical
transceivers in particular is the silicon platform. In
silicon photonics, optical components based on
InP (laser and detector) are integrated into a sili-
con chip. This approach reduces the amount of Il|
— V materials incorporated into the optical trans-
ceiver (see Section 3.2.3.5 under “Substitution”)
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and increases the production capacity by manu-
facturing on 300 mm silicon wafers. While other
platforms like silicon nitride (SiN), glass, polymer,
silicon dioxide (SiO,) and LiNbO; exist, they are
less versatile than silicon and InP.

The production of laser diodes and photodi-
odes requires a substrate (GaAs, InP in the
case of telecommunications) that multiple and
complex active layers are built up on (InGaAsP,
InP, AlGaAs, GaAs, etc.). This crystal growth
is called epitaxy. Depending on the device, the
epitaxy layer can be up to 12 ym thick (GUINA et
al. 2017). Since the epitaxy layers are still much
thinner than the substrate thickness, we will
take into account in this report only the material
contained in the substrate. However, it must be
pointed out that the material utilisation during epi-
taxy can be very low. A 2013 report explains that
a MOVPE (metal organic vapour-phase epitaxy)
reactor can lead to around 30 % atom-for-atom
utilisation of the Il sources (indium and gallium)
and to 20 % atom-for-atom utilisation for the V
sources (arsenic and phosphorus) (WOODHOUSE
& GoobRIcH 2013). Moreover, the complexity
of some lasers can also generate a low manu-
facturing yield. For example, a GaAs VCSEL
can be up to 10 ym thick with up to 400 layers
(YoLE DEVELOPPEMENT 2020b). The epitaxy pro-
cess itself leads to significant material loss, but
the complexity and variety of layer composition
mean we cannot cover it in this report.

This is why we will exclude the epitaxy materials
from the following calculation and only count the
substrates. The net amount of Ga, As, In and P
is calculated based on the wafer thickness (AXT
2020; FREIBERGER COMPOUND MATERIALS 2020a),
the GaAs and InP densities (5.315 g/cm® and
4.81 g/cm? respectively) and the molecular weight
(see Table 3.37). The gross percentage of the
semiconductor element takes into account the
material loss during wafer production. In GaAs
production, the material utilisation rate is around
45 % (CLEMM et al. 2017). This figure includes
inner loop recycling, where intermediate waste is
reintroduced in wafer synthesis. No data could be
found on material utilisation for InP wafer produc-
tion, which is why we assumed the rate would be
the same as for GaAs wafer production.
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GaAs InP

Wafers Wafers
Wafer size 6” 4’
Thickness 675 um 600 um
Material utilisation rate in 459% 459%

wafer production
Gallium demand per wafer  70.1g
Arsenic demand per wafer 75.3g

Indium demand per wafer 42.7 g

Phosphorus demand per

wafer 159

Note: Gross demand is the amount needed for wafer
production, including material losses during production.

The forecast in this study is based on Yole’s esti-
mate to 2025. The trend towards high-speed opti-
cal transceivers is expected to boost InP sales,
since this material is particularly advantageous for
high performance. The compound annual growth
rate (CAGR) of InP wafer sales is 31 % for data
centre communications between 2017 and 2023
alone (YOLE DEVELOPPEMENT 2019a). The CAGR
for InP wafer sales for optical transceivers with a
data rate above 100 GB/s is experiencing very
strong growth: 149 %, from 150 to 90,000 InP
wafer units between 2017 and 2023. The growth
in data centre traffic forecast by Cisco (2018) is
taken into account to forecast wafer sales from
2026 to 2040; it is expected to increase from
6.8 zettabytes (ZB) in 2016 to 20.6 ZB in 2021
(Figure 3.29). This study assumes that this growth
will continue in a linear fashion until 2040. Wafer
sales will not follow the growth in data centre traffic
shown in Figure 3.29 exactly, so it will be reduced
with an additional raw materials ratio, which is dif-
ferent for GaAs and InP wafers. For GaAs, it is the
ratio of wafer market growth to data centre traffic
growth in 2019 and 2020, and is equal to 0.3. The
ratio is identical for InP, but it is 0.8 for the market
growth in 2023 and 2024.
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Figure 3.30 shows projected GaAs wafer sales for
VCSELs in optical transceivers, which could dou-
ble by 2040 and potentially reach 28,000 wafers
that year. Wafer sales for VCSELs remain small
compared to the RF market (see Section 3.2.5
‘Radio frequency microchips’) with potentially
1.5 million wafers in 2040. Figure 3.31 shows
the amount of InP wafers that will be required in
future for data communication (in blue). This fore-
cast is based on the current market segmentation
between InP and silicon photonics. The silicon
photonics market could grow faster than InP and
gain market segments against InP in the future.
But silicon photonics is still dependent on InP
wafers for the active components (light source
and detection). This forecast should be viewed as
a worst-case scenario, where InP use remains the
core technology. The volume of InP wafers for data
communication will grow rapidly until 2024 (2017—-
2024 CAGR =31 %) according to YOLE DEVELOPPE-
MENT (2019a). In 2040, InP wafer sales could reach
27,000 wafers annually if demand for optical trans-
ceivers in data centres remains this high.

5G technology will lead to many more base sta-
tions than 4G. This will require tens of millions
of transceivers, which will consume a significant
number of InP wafers used for laser detectors
and photodetectors alike. This study expects
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Figure 3.30: Market for GaAs wafers in units sold

(source: 2019to 2025: YoLE DeEveLoPPEMENT 2019a, 2026—2040: own forecast)
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Figure 3.31: Market for InP wafers in units sold

(source: 2017 to 2024: YoLE DeEveLoPPEMENT 2019a, 2025-2040: own forecast)

the InP wafers for telecommunications market
to develop identically to the RF devices market
(see Section 3.2.5 ‘Radio frequency microchips’),
since 5G is the main driver. Yole is forecast-
ing 9 % annual growth between 2019 and 2024,

driven by 5G applications (YOLE DEVELOPPEMENT
2019a). Between 2025 and 2040, sales of InP
wafers for telecommunications are expected to
follow mobile internet data’s annual growth (see
Section 1.4 ‘Digitisation scenarios’). Since wafer
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sales will not follow this growth exactly as shown
in the data centre graph, it will be reduced with
an additional raw materials ratio, which is the ratio
of wafer sales growth to mobile internet traffic in
2023 and 2024 and is equal to 0.3. Figure 3.31
shows sales forecasts for InP wafers designed for
data centres and telecommunications. Given that
the three scenarios do not differ significantly from
one another with respect to mobile internet traf-
fic’s growth rates, only one scenario is considered
in this calculation.

Based on wafers’ raw material demand (Table
3.37) and on wafer forecasts (Figures 3.30
and 3.31), we can estimate the raw material
demand for 2040 below.

Table 3.38 compares global production in 2018,
the amount of material for the optical trans-
ceiver market in 2018 and the demand forecast
for 2040 for each element. The amounts of gal-
lium and arsenic are not expected to increase
significantly in the future. Volumes in wafer sales
remain small compared to the RF market (see
Section 3.2.5 ‘Radio frequency microchips’). Then
again, demand for indium, which is essential for
photodiodes and laser diodes, will triple by 2040.
This forecast is based on a worst-case scenario
in which InP technology will remain the main plat-
form. Silicon photonics is currently replacing the
InP platform to cut costs and boost performance
(see Section 3.2.3.5 under ‘Substitution’). Since
there is no specific evidence from the SSP nar-
ratives and the amounts are comparatively small,
the SSPs make no further distinction.

Raw material Production in Demand in
2018 2018
Gallium 413 (R) 1
Arsenic 32,783 (M) 1
Indium 808 (R) 5

M: Mine production (tonnes of As,0; content)
R: Refinery production (tonnes of metal content)

Gallium and indium from end-of-life electronic
products are not recycled at present. The reasons
for this include the greater economic incentive to
pyrometallurgically recycle the precious metals
that the components contain (EUROPEAN COM-
MISSION 2020b). The hydrometallurgical recycling
of gallium from production waste from photovol-
taic production is technically feasible (MARWEDE
2013). So far, however, there have been no
attempts to determine whether extraction from
components is also possible. The multitude of
chemical elements in the component, the low gal-
lium and indium concentrations in the component
and the need previously to identify and separate
the components from the electronic scrap cast
doubt on the economic feasibility. The fine distri-
bution of these elements in different products and
components also makes it difficult to collect suf-
ficient quantities for recycling.

However, pre-consumer recycling (from indus-
trial waste) is an important secondary source of
gallium and indium. Closed loop recycling often
occurs in the industry, mainly for economic rea-
sons. The manufacturing processes of GaAs and
GaN wafers are considered the most important
secondary source of the metal, with about 60 %
scrap being produced and recycled in a “closed
loop” (LICHT et al. 2015; EUROPEAN COMMISSION
2020b). A material flow analysis of GaAs wafer
production conducted by Freiberger Compound
Materials GmbH reveals that 55 % of the Ga and
As introduced in the manufacturing process is not

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
2 2 2
2 2 2
35 35 35



contained in the wafer. Gallium can be extracted
from this waste by electrochemical processes and
reused (CLEMM et al. 2016).

Another platform that is currently used for optical
transceivers in particular is the silicon platform. In
silicon photonics, optical components based on
InP (laser and detector) are integrated into a sili-
con chip. The biggest advantages of InP-PICs are
low loss and high optical performance, as all func-
tions are integrated on a single chip.

Silicon photonic PICs use IlI-V materials for the
active functions only and use silicon for the oth-
ers. As a matter of fact, Si-based lasers are very
inefficient emitters and detectors of light. This
approach reduces the amount of IlI-V materi-
als incorporated into the optical transceiver and
increases the production capacity by manufactur-
ing on 300 mm silicon wafers. While other plat-
forms like silicon nitride (SiN), glass, polymer, sili-
con dioxide (SiO,) and LiNbO; exist, they are less
versatile than silicon and InP.

Capacitors are used to store electrical charge and
their uses include maintaining a steady current in
integrated circuits (ICs). The miniaturisation trend
in microelectronics favours compact designs and
thus, indirectly, dielectrics in capacitors with a
high dielectric constant.

Electrolyte and ceramic-based capacitor tech-
nologies are an important line of distinction. There
are electrolytic capacitors with aluminium, tanta-
lum or niobium electrodes. Tantalum electrolytic
capacitors achieve the highest charge density per
volume, while ceramic-based capacitors are the
most affordable. Electrolytic capacitors with Ta,Os
as dielectric have been on the market for five to
six decades now. The first components suitable for
surface mounting (SMDs) were introduced in the
1980s. The extremely cyclical market trends with
corresponding price and availability issues — not
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to mention ethical concerns regarding tantalum (a
conflict metal) — have given rise to efforts to find
substitutes since around 2007 (ZVEI 2019). For
example, multilayer ceramic capacitors (MLCCs)
have replaced tantalum capacitors in many appli-
cations, especially in portable ICT devices, on
account of technical improvements and the asso-
ciated expansion of the range of applications
(RoskiLL 2018; ZeDNICEK 2019; ZVEI 2019).
However, the industry’s high innovation dynamics
have presumably already led to the substitution
potential being highly exploited (DAMM 2018).

Figure 3.32 shows sample applications of differ-
ent capacitor technologies as a function of voltage
and capacitance.

In tantalum-based electrolytic capacitors’ per-
formance range (i.e. low voltage with medium
capacitance), there are overlaps particularly with
niobium-based electrolytic capacitors, not to men-
tion aluminium-based electrolytic capacitors and
ceramic capacitors.

Below is a description of the design and work-
ing principle of the two main types of tantalum-
based/niobium-based electrolytic capacitors (Fig-
ure 3.33) and MLCCs (Figure 3.34).

The relative dielectric constant of Ta,Os and
Nb,Os is 27 and 41 respectively. However,
Nb,Os’s greater dielectric constant is more than
compensated for by the thicker oxide layer, so the
designs containing tantalum can be more com-
pact. In case of the tantalum electrolytic capacitor
(Ta capacitor), the anode is made from tantalum,
on which a uniform, dielectric tantalum pentoxide
layer was created by anodic oxidation. A liquid or
solid electrolyte like manganese dioxide forms the
cathode. A conductive polymer (polypyrrole (PPy)
or polythiophene (PEDQOT)) replaces the electro-
lyte in polymer capacitors (AvNET ABAcuUs 2020).

Comparing tantalum and niobium capacitors
reveals the following suitability preferences (ZED-
NICEK 2006):

— Tantalum capacitors with MnO, electrodes
are suitable for high-temperature applications
(up to 200 °C), high voltages (up to 50 V) and
reliability requirements. This is why they can
particularly be found in segments that have
high qualification requirements — in the likes
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Figure 3.32: Examples of applications of various capacitor technologies
(source: Elcap, Cepheiden, Wikimedia)

of commercial and military aerospace, medi-
cal applications and sub-sectors of industrial
electronics (ZVEI 2019).

Manganese dioxide

Sintered and \ Graphite

oxidised tantalum anode / Silver Soldering

Welding — Before the turn of the millennium, various

manufacturers developed capacitors with a
conductive polymer as the cathode material
(polymer capacitors). Here, the manganese
dioxide (MnO,) that was used previously was
substituted by a conductive plastic mate-
rial (ZVEI 2019). Tantalum capacitors with
Cathode polymer electrodes are suitable for applica-
connection tions with lower electrical requirements, such

Tantalum
wire

Insulating
washer

Anode Pressed housing
connection

as DC/DC converters in notebooks, PDAs,

telecommunications and other applications
Figure 3.33: Structure of a tantalum-/niobium- (ZVEI 2019).
based electrolytic capacitor
(source: Elcap, Wikimedia)



— Niobium oxide capacitors are an alternative to
tantalum capacitors and offer good value for
money. Given their reliability, they are used in
more than just the consumer segment; they
can be found in the high-end segment too.
However, niobium capacitors still have limited
dielectric strength at present (STENZEL 2021),
which is why STENZzEL (2021) assumes that
niobium will not do away with tantalum on a
large scale, partly due to the limited number
of manufacturers.

An MLCC capacitor consists of a multitude of indi-
vidual ceramic capacitors that are layered one on
top of the other and contacted via the connection
surfaces. The starting material for all MLCCs is a
finely ground mixture of ferroelectric base materi-
als like barium titanate (BaTiO;) that are modified
by adding zirconium, niobium, magnesium, cobalt
and strontium, which foils are made from. They
are then further processed by electrode pressure,
lamination, sintering, and so on. It is vital that man-
ufacturers of ceramic capacitors are familiar with
the composition and size of the powder particles.

With regard to MLCCs’ electrode material, silver-
palladium electrodes have lost their share of the
market to nickel electrodes and copper elec-
trodes. Pd-based MLCCs’ share of the market has
declined from around 85 % in the mid-1990s to

MLCC electrode versions

NME = Noble Metal Electrode
BME = Base Metal Electrode

Connection
surface

Electrode NME = AgPd

BME = NiCu
Connection metallisation = NME BME
1) Electrode contacting Ag Cu
2) Barrier layer Ni Ni
3) External connection surface Sn Sn
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10-15 % in the late 2000s (NASSAR 2015). Now-
adays, palladium in MLCCs is only used in high-
end products in automotive, medical and military
applications, so even a slight decline in demand
from the electronics sector could be observed here
(JM 2019). In the previous report ‘Raw materials
for emerging technologies’ (MARSCHEIDER-WEIDE-
MANN et al. 2016), it was still assumed that 50 %
of MLCC capacitors have AgPd electrodes. So, in
the 2016 forecast, out of all the materials used for
MLCCs only the projected amount of palladium in
2035 was significant compared to global produc-
tion in 2013. Since MLCCs with AgPd electrodes
are only used in special applications nowadays, no
demand scenarios are being created for MLCCs
in this update. Silver and manganese from Ta
capacitors and niobium from Nb capacitors incon-
sequential in the forecasts too, so only tantalum
in tantalum capacitors is considered in this report.

According to investigations conducted by the Ger-
man Mineral Resources Agency (DERA), a tan-
talum content of 53 wt% was determined for a
tantalum capacitor measuring 3.9 mm x 3.1 mm
x 2.3 mm (L x W x H). But since only two mea-
surements were performed, the value should not
be considered representative (BOOKHAGEN et al.
2018). Further analyses of tantalum capacitors
from smartphones measuring 2 mm x 1.25 mm
x 1 mm (L x W x H) revealed a maximum tanta-
lum content of 40 wt% per capacitor (REINHOLD
2020). This value validates the maximum content
of 42.6 wt% tantalum per capacitor (ZVEI 2003).

Since there are no publicly available market fig-
ures on the capacitor market's turnover (mea-
sured in capacitors sold) and the fluctuation
margin of tantalum volume per capacitor is also
very high due to the different sizes or capacities,
the amount is estimated using the cap-grade Ta
powder sold. Not all the manufacturers are repre-
sented in the statistics published by the ‘Tantalum-
Niobium International Study Centre’ (TIC). The
TIC (2020b) states that 573 tonnes of cap-grade
Ta powder were sold in 2018. However, there was
a shortage of MLCC capacitors in 2018 (STENZEL
2021) and thus greater demand for capacitors,
so the quantity sold in 2018 is rather high. The
numbers fluctuate a lot. This is why, in the con-
text of this study, it is assumed that demand has
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grown by 3.1 % on average since 2009 based on
the (TIC 2020b) figures. Taking the 475 tonnes
of cap-grade Ta powder in 2009 as the reference
year (TIC 2020b), approximately 630 tonnes of
cap-grade tantalum were sold in 2018. Addition-
ally, there is demand for tantalum wire, which
REINHOLD (2020) believes accounts for about 9 %
of the capacitor’s total content. STENzEL (2021)
instead assumes that the wire has a 15-20 %
mass percentage due to the ever smaller size.
This brings the calculated total demand to approx.
725-760 tonnes in 2018. This study assumes an
average of 740 tonnes. As mentioned previously,
demand was particularly high in 2018. This results
in a numerical gap of about 130 tonnes compared
to the 815 tonnes of tantalum required for capaci-
tors in 2018 that RoskiLL (2018) stated.

RoskiILL is of the opinion that capacitors are tan-
talum’s main application market (RoskiLL 2020c).
Given that vehicles and households will be elec-
trified in future, tantalum capacitors will still be
increasingly important then too since they are
highly reliable in harsh environments, despite cost-
ing more. The main application markets are medi-
cal applications like hearing aids and pacemakers,
automotive applications, and ICT terminals and
cell towers (TIC 2020a). The likes of 5G will raise
the requirements placed on the electronics used
in smartphones, demanding faster downloads and
response times (RoskiLL 2020b; RoskiLL 2020c).

The lack of data on the market as a whole and
the future of the capacitor market means that
the material flows can only be roughly quanti-
fied (DAMM 2018). The “Tantalum-Niobium Inter-
national Study Centre” association publishes
annual sales figures for various tantalum mate-
rials, including cap-grade Ta powder, which is
essential as a sintered product for capacitors (TIC
2020b). The numbers fluctuate a lot. However, if
we assume that these figures reflect the demand
market, it has grown by of 3.1 % annually on
average in the period from 2010-2018. This fig-
ure is almost equal to the global 3 % growth in
GDP over the same period, which suggests that
the Ta capacitor market is dependent on global
market growth. However, there was a peak in
demand in 2018 caused by the MLCC shortage,
which explains why STENzZEL (2021) is assum-

ing a 2 % annual growth rate of instead. Despite
the COVID-19 crisis, the market is not expected
to slump in 2020; instead, there are expectations
that demand will be stronger given the digitisation
trend (terminal devices and infrastructure) (DAMM
2020; STENZEL 2021).

It is believed that growth will not decline sharply
in 2020; rather, it assumptions are that will con-
tinue to rise by 2 % on account of the strong digi-
tisation trend during the COVID-19 crisis. From
2020 onwards, reference is made to the global
GDP growth figures that form the basis of the
SSPs (RIAHI et al. 2017); they range from 2.5 to
5.1 % depending on the scenario and time period.
So SSP1 and SSP5 in particular fit the corridor
of 4-5 % annual demand growth of total tantalum
demand from all applications until 2026 as main-
tained by DERA (Damm 2018; TIC 2020c). SSP2
is expected to have the lowest average market
growth (3.1 %).

According to the scenarios, the tantalum demand
for capacitors in 2040 may increase to 94-110 %
of today’s global production. However, these fore-
casts are subject to high levels of uncertainty,
because it is difficult to predict which capacitor
technologies or materials (e.g. niobium) will pre-
vail in the long term and in which applications.
Additionally, there are still uncertainties regarding
how the storage density will develop (tantalum
farad/weight); this has roughly been raised by
6 % per year in the last seven years (from 100 pF
per capacitor in 2013 (ZoaBI 2013) to 150 pF, with
the size staying about the same (AVX 2021). This
means that, when the market is measured by the
number of capacitors sold, it has grown far faster
than the demand for tantalum as a raw material.
These gains in material efficiency will also have an
impact on future raw material demand. Compared
to the projections as outlined by MARSCHEIDER-
WEIDEMANN et al. (2016), the forecasted tantalum
demand is significantly higher — partly because
the demand for 2013 (130 tonnes) was signifi-
cantly underestimated. The demand for cap-grade
Ta powder alone was 540 tonnes in 2013 accord-
ing to TIC (2020b).
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Tantalum is hardly recycled from end-of-life
waste, and the global tantalum recycling rate is
less than 1 %. Production waste recycling is, in
contrast, one of the common processes, and
about 10 to 25 % of the primary raw materials
can be replaced with recycled production waste
(WiLTs et al. 2014). Recycling of tantalum from
end-of-life scrap mainly focuses on post-indus-
trial and post-consumer scrap, where tantalum
is produced in larger quantities (e.g. as a super
alloy in turbine blades, sputtering targets from
the semiconductor industry, components for plant
engineering, process scrap such as production
waste and tantalum carbides from the carbide
industry) (GILLE & MEIER 2012; DAmMM 2018).
Post-industrial waste is produced during produc-
tion or manufacturing, while post-consumer waste
is created by end consumers. According to the
Federal Institute for Geosciences and Natural
Resources (BGR) (2018), 275 tonnes of tanta-
lum were extracted from secondary production in
2016. Tantalum recovery from electrical devices
like mobile phones is not economically feasible at
present since the valuable metal is highly diluted,
there is a lack of process developments and col-
lection rates are low (DAMM 2018). GILLE & MEIER
(2012) believe that the low tantalum concentration
in ICT terminal devices (i.e. the high dissipation)
is a huge challenge for efficient material recovery.
There are no industrial-scale facilities, because
high concentrations and purities are required for
recycling tantalum capacitors and separating the
components from printed circuit boards (SANDER
et al. 2018). Solutions for automated component
removal, recognition and sorting have been devel-
oped by the European research project ADIR
(NoLL et al. 2020).
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Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
1,716 1,459 2,013

Radio frequency (RF) chips are used for wire-
less telecommunications and are based on an
electromagnetic signal as a form of communica-
tion. The radio frequencies range from 3 kHz to
300 GHz. RF technology is used in many appli-
cations, including cell phones, WLANSs, satellites
and remote sensing. The wide range of applica-
tions is shown in Figure 3.35.

Figure 3.36 illustrates a simplified model of RF
wireless communication. The source supplies the
information to the transmitter (audio, video, data).
Once signal processing is complete, the trans-
mitter sends information to the receiver through
an antenna. The transmitter’s process functions
might include the likes of modulation, encod-
ing and analogue-to-digital conversion, while the
receiver’s process functions would be the reverse
(decoding, demodulation, etc.). For both trans-
mission and receipt to be effective, the transmit-
ter and receiver also perform signal amplification,
frequency filtering, signal translation from one fre-
quency to another, etc.

An RF system requires two types of hardware
subsystem to transfer the information: a transmit-
ter and a receiver. They consist of many compo-
nents; the main ones are:
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Figure 3.35: Applications of RF communication (source: UGwWEJE 2004)

Figure 3.36: Simplified model of terrestrial wireless RF communication (source: UcweJE 2004)

— Power amplifiers, which amplify the outgoing There are obviously many more components
signal, making it strong enough to reach the in RF systems, but we will focus on these ones,
base station since they contain critical materials. These com-

— Low-noise amplifiers, which amplify the ponents are integrated circuits based on semicon-
incoming signal ductor devices. The transistor is the main semi-

— Filters, which select the signals according to conductor device. Many types of transistors exist,
their frequencies depending on the application.

— Switches, which move signals from one RF
path to another



Integrated circuits are made in and on wafer sur-
faces. The area on the wafer that the semiconduc-
tor device or integrated circuit occupies is called
a chip, microchip, die or bar. The transistors and
other electronic components are manufactured
on the wafer surface at the front end of the line
(FEOL). Companies use four basic operations in
a variety of sequences and variations to produce
microchips. These are material deposition, pat-
terning, doping and heat treatment.

Active layers / substrates for RF

Integrated circuit manufacturing requires a sub-
strate (Si, GaAs, InP, SiC or sapphire) that an
active layer is grown on. This crystal growth
is called epitaxy. An example is shown in Fig-
ure 3.37. In this case, the substrate is GaAs and
the active layer is GaAs or InGaAs. The active lay-
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er’s properties define the device’s performance.
The substrate is used as a physical support to
build the device, but its physical properties (crystal
lattice constant, coefficient of thermal expansion)
must also be adapted to the active layer to obtain
the best crystal quality and device performance.
This is why a wide variety of substrates is used. In
the case of GaN, Si or SiC, substrates are used in
production, since GaN substrates are very expen-
sive and limited in size. The main substrates per
type of substrate are listed in Figure 3.37. RF
devices are based on many semiconductors,
including silicon (Si and SO, silicon-on-insulator),
gallium arsenic (GaAs), gallium nitride (GaN),
silicon carbide (SiC), indium phosphide (InP) and
silicon germanium (SiGe).

The piezoelectric materials used are lithium niobate
and lithium tantalate (LiNbO; and LiTaO;). They are
produced as bulk wafers (NAKAMURA 2012).

Components and materials for RF devices

(non-exhaustive list)

Low noise
amplifiers

Power
amplifiers

SiGe/Si

S
GaN/SiC &
GaN/Si

GaN/SiC &
GaN/Si

SiGe/Si InP

InP GaN

Antenna
tuners
Most frequently
used
— LiNbO4
Least
used

Figure 3.37: List of substrates used for the main components of RF devices

(source: own representation)

Note: SOI means 'silicon on insulator'. GaN/Si means that a GaN layer was applied to a Si wafer.
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Considering the thickness of materials deposited
on the wafer (a few nanometres to few microme-
ters), most of the materials actually come from the
wafer itself (around 500-700 um thick). It must,
however, be considered that the epitaxy pro-
cesses can sometimes be very inefficient, leading
to high material losses (up to 70 % material loss)
(HorowiTz et al. 2018). But these losses are only
small amounts compared to the material needed
for wafer production. This is why we will only con-
sider the wafer in the sections that follow.

Gallium arsenide (GaAs)

Some of gallium arsenide’s (GaAs) electrical
properties are better than silicon’s electrical prop-
erties. The electron velocity and electron mobility
are higher, meaning that transistors that oper-
ate at several hundred GHz can be produced.
They also have less noise than silicon devices at
these high frequencies and can operate at higher
power levels because they have a higher break-
down voltage. Gallium arsenide components are
ten times faster than silicon ones. They are also
less susceptible to faults and have lower energy
requirements. Because of these properties, GaAs
circuits (GaAs ICs) are particularly suitable for
high-frequency power applications in mobile

emitter contact
n+ contact InGaAs

base contact

n emitter InGaP or InP

collector
contact

_ n- collector GaAs or InGaAs _

n* sub collector GaAs or InGaAs

GaAs substrate

phones, for wireless local area networks (WLANS)
and global positioning systems (GPSs). GaAs ICs
are also used in microwave electronics, cable TV
receivers, telecommunication devices and military
and space applications (YOLE DEVELOPPEMENT
2020b). Figure 3.38 is a diagram of a GaAs tran-
sistor.

Indium phosphide (InP)

InP-based heterojunction bipolar transistors
(HBTs) and high electron mobility transistors
(HEMTs) offer performances that are far superior
to GaAs (superior electron mobility, better thermal
dissipation than GaAs), making them ideal for
high-speed RF applications. Figure 3.39 shows
a cross-section of an InP HEMT device. But
their high costs and limited substrate size restrict
the InP market to the RF niche market and low
volumes. InP HF devices are currently used in
automatic test equipment, military and defence
applications, radar equipment and security appli-
cations.

INDUCTOR

AIRBRIDGE TFR MIM
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BACKSIDE VIA
T-gate
source Q drain Q
‘ \@/ h+ InGaAs|
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[0 Back metal

Figure 3.38: Diagram of an HBT (heterojunc-
tion bipolar transistor) on a GaAs
substrate (source: FREIBERGER
ComPOUND MATERIALS 2020b)

Figure 3.39: Cross-section of an InP HEMT
device (source: DEAL 2014)



Pure germanium wafers are mainly used as sub-
strates for llI-V solar cells. Ge wafers measuring
300 mm in diameter can be produced using the
Czochralski crystal growth process. If germanium
is grown epitaxially on silicon wafers, we call them
‘epitaxial Ge wafers’. Ge or SiGe is deposited on
a silicon substrate by chemical vapour deposi-
tion (see Figure 3.40). Silicon germanium (SiGe)
refers to the alloy Si1-xGex, which consists of a
molar ratio of silicon and germanium.

SiGe components are used for wireless devices,
wireless local area networks (WLANSs), optical
communication systems, hard drives, automo-
tive chips and global positioning systems (GPSs).
SiGe transistors are small, produce little noise
and are energy efficient, so they extend mobile
devices’ battery lives.

They operate more stably at high temperatures
and in the ultra-high frequency range. Very fast
SiGe chips can be produced with known produc-
tion technologies, like those in the silicon chip
industry. While SiGe processes are similarly
expensive to those for silicon complementary
metal oxide semiconductor (CMOS) production,
they are cheaper than other heterojunction tech-
nologies like GaAs.

Gallium nitride devices are attractive for high-
power applications at low frequency ranges. Most
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GaN RF devices are power amplifiers. GaN-based
low noise amplifiers (LNAs) and switches are also
available, but more for niche markets (mainly mili-
tary applications). The wireless infrastructure will
be the main driving market in the GaN RF busi-
ness in future (YOLE DEVELOPPEMENT 2019b)
(see Section 3.5.3 '5G / 6G’). 5G and 6G develop-
ments will increase in the coming years and boost
the volume of GaN.

Silicon is the main material used in RF commu-
nications, and it is also a critical material accord-
ing to the EU (EUROPEAN ComMissION 2020b).
Despite this, silicon is used in all types of inte-
grated circuit, not just RF. While it would indeed
make sense to calculate the amount of Si for
global microelectronic manufacturing, not just RF,
this is not the scope of this synopsis.

Lithium niobate (LiNbO;) (also referred to as “LN”)
and lithium tantalate (LiTaOs) (also referred to as
“LT”) are piezoelectric materials that can convert an
electrical signal into mechanical energy, like sound
waves, and back. The filters can be produced on
4.5” or 6” bulk LN or LT wafers. Most wafers use
LiTaO; as the base material. A new piezoelectric-
on-insulator (POI) approach, an LiTaO; exclusive,
was recently launched by SOITEC (BuTAuD et al.
2020). The POI volume remains small for now, but
might increase in future. SOITEC signed an agree-
ment with Qualcomm in July 2020 regulating the
supply of POI substrates for 4G and 5G REF filters
(JoosTING 2020). A bulk LT wafer is bonded on an
Si wafer. After debonding, only a thin layer of LT
remains on the Si wafer for device production. The
rest of the LT wafer can theoretically be reused to
prepare a new POI substrate (see Figure 3.41).
This might be a solution in future to encourage
more sparing use of lithium tantalate-based materi-
als, but no information about material reuse could
be found. The process is also limited to LiTaO; and
SAW (surface acoustic wave) filters.

It is worth noting that yttrium (a rare earth ele-
ment) and thallium (a highly toxic material) are
also used in what are known as “high-temperature
filters” (HTFs) thanks to their microwave super-
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1. Initial materials

2. Deposition/Oxidation

3. Implantation

4. Cleaning and bonding

5. Splitting

6. Annealing and CMP
touch polishing

Engineered
substrate

conducting properties. YBa,Cus;0;5 (YBCO) or
TI,Ba,CaCu,0g (TBCCO) layers are deposited
on ceramic substrates like LaAlO;, MgO or sap-
phire (2" substrate for volume production). What
makes HT filters attractive is their enhanced
sensitivity to improve signal reception and their
exceptional selectivity to reject interfering signals.
They also demonstrate a very low level of resis-
tance, so devices that are much more compact
than the equivalent devices designed with tradi-
tional materials can be built. However, HT filters
must be combined with a cooling system, since
they operate at low temperatures (SIMON et al.
2004). HT filters are primarily used in mobile com-
munication base stations, in radar systems and
in radioastronomy (SuN & HE 2014). While it was
not possible to estimate the amount of yttrium and
thallium, it should still be small compared to gal-
lium and arsenic.

We will focus on the GaAs, InP and piezoelectric
substrates.

The net amount of Ga, As, In and P is calculated
based on the wafer thickness (AXT 2020; FRrEI-
BERGER COMPOUND MATERIALS 2020a), the GaAs

and InP densities (5.315 g/cm® and 4.81 g/cm3
respectively) and the molecular weight (see Table
3.40). The gross percentage of the semiconduc-
tor element takes into account the material loss
during wafer production. In GaAs production, the
material utilisation rate is around 45 % (CLEMM et
al. 2017). This figure includes inner loop recycling,
where intermediate waste is reintroduced in wafer
synthesis. No data could be found on material util-
isation for InP wafer production, which is why we
assumed the rate would be the same as for GaAs
wafer production.

GaAs- InP-

wafers wafers
Wafer size 6” 47
Thickness 675 um 600 um

e e s s
Gallium demand per wafer  70.1g
Arsenic demand per wafer 75.3 g
Indium demand per wafer 42.7 g

Phosphorus demand per

wafer .59

Note: Gross demand is the amount needed for wafer
production, including material losses during production.



LiNbO,- LiTaO;-
wafer wafer
Wafer size 6” 6”
Thickness 500 um 500 ym
Lithium n:20g n:20g
Niobium n: 26.6 g
Tantalum n:52.2g

Note: Net content is the mass of the elements contained in
the wafer. It is not the mass required for production.

The net amount of Li, Nb and Ta considered in
Table 3.41 are calculated based on the wafer size
and thickness, as well as on the material density
(4.64 g/cm? and 7.46 g/cm? for LiNbO; and LiTaO,
respectively). We were unable to calculate the
gross element amount, since no information on
material utilisation during the wafer production
process could be found.

InP RF devices are currently used in automatic
test equipment, military and defence applications,
radar equipment and security applications. Due to
the limited size and high costs, there is currently
no market pressure for high-volume RF applica-
tions. There are no expectations that InP will enter
the mass market before 2040, so the amount of
InP wafers for this application is likely to be very
low and remain stable until 2040 (YOLE DEVEL-
OPPEMENT 2019a). The mass of indium required
for the actual InP production for RF chips is esti-
mated at around 1 tonne for 2018 and should
remain stable. InP wafers are primarily used in
optoelectronic components.

Gallium nitride (GaN) crystal growth is still in its
infancy at present. GaN is not available yet as
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GaNon GaNon

Si SiC
Wafer size 6” 4’
GaN thickness 5 um 3 um
Ga mass in wafer 059 01g
Material utlllsgtlon rate in 80 % 80 %
wafer production
Production yield 70 % 90 %
Gallium demand per 0.6g 024

wafer

Note: Gross demand is the amount needed for wafer
production, including material losses during production.

a substrate for semiconductor electronics. GaN
components are built on silicon (6 inch) or sili-
con carbide (SiC) (4 inch) wafers. The GaN layer
on SiC is about 3 ym. On Si, a buffer layer of
AlLGa,,N is needed to make up for the lattice mis-
match between GaN and Si, so the AlIGaN / GaN
layer is thicker (~5 ym). The production yield is
then lower too, since the epitaxy is more complex.
The Ga mass per wafer is calculated as per the
parameters set out in Table 3.42. The number of
silicon and silicon carbide wafers for GaN devices
remains small compared to GaAs wafers. In 2018,
roughly 48,000 SiC wafers and 400 silicon wafers
were sold for GaN RF devices. The market is
expected to grow rapidly in the next few years due
to 5G (see Section 3.5.3 '5G / 6G’) with a 116 %
CAGR between 2018 and 2024.

As a worst-case scenario for 2040, it can be
assumed that the market for GaN devices is
directly linked to the growth in mobile phone sales
presented in the ‘5G / 6G’ technology synopsis
(see Section 3.5.3). Indeed, GaN components
should be extensively adopted in 5G / 6G infra-
structure (see Section 3.5.3). If the number of Si/
SiC wafers sold is correlated with this growth, it
can be estimated that between 1 and 2 tonnes of
Ga (depending on the SSP1-2-5 scenario) will be
required for GaN RF components in 2040. Even
considering an extreme increase in wafer sales
due to the exponential growth of mobile internet
traffic, the amount of Ga associated with GaN RF
devices remains low compared to GaAs devices.
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According to YOLE DEVELOPPEMENT (2020b), the
demand for frequency filters with GaAs-based
amplifiers is largely dependent on the number of
mobile phones, as approximately 93 % of these
filters are used in mobile phones. In recent years,
the number of mobile phone connections has
strongly and steadily increased (STATISTA 2021a),
although growth rates have dropped consider-
ably over the last decade. The number has hardly
increased since 2019. With approx. 8.2 billion
connections, it exceeds the global population of
approx. 7.8 billion people (STATISTA 2019b). The
growth in connections in recent years has been
driven primarily by countries in Asia and Africa.
In contrast, Europe and North and Latin America
saw only slow growth in the number of mobile
phone connections. The market in these parts
of the world has now become saturated. Due to
this development of the mobile phone market in
recent years and due to the fact that the num-
ber of mobile phones considerably exceeds the
world's population, it is assumed for the calcula-
tions of the raw material demand for GaAs-based
amplifiers in mobile phones that the total number
of mobile phones will increase with the population
growth from 2026 onwards.

YoLE DEVELOPPEMENT (2020b) is forecasting
6 % average annual growth from 2019 to 2025
for GaAs semiconductors in mobile devices. For
the period from 2019 to 2025, an 81 % average
annual growth rate for 5G-capable mobile phones
has been calculated from sales forecasts of differ-
ent-generation mobile phones (YOLE DEVELOPPE-
MENT 2020b). So this growth in 5G handsets is
causing the 6 % annual growth in GaAs amplifiers.

The Yole forecast is used for the period from
2019 to 2025 to determine the demand for gal-
lium in 2040 in the various SSPs. On this basis,
it is assumed that the different data traffic of the
digitisation scenarios SSP1, SSP2 and SSP5
will determine the growth of 5G-capable mobile
phones and thus GaAs semiconductors after
2025, when 5G networks are expected to be
widely expanded. The following growth rates
between 2025 and 2040 were assumed for the
individual scenarios:

— SSP5: the share of 5G-enabled mobile
phones in mobile phone sales increases
by an average of 81 % annually from 2019
to 2025, starting with 19 million units. This
continues after 2025 until market saturation,
i.e. 100 % of new mobile phones sold are
5G-enabled. According to YOLE DEVELOPPE-
MENT (2020b), this growth corresponds to
an average annual increase in GaAs ampli-
fiers of 6 %. By introducing 6G from 2030,
these growth rates are repeated, so that from
2039 all mobile phones sold are 6G-capable.
Alternatively, since the amplifiers can also be
manufactured with silicon technology for fre-
quencies above 6 Hz, as of 2030 the growth
in 5G/6G mobile phones is only expected
to be 0.7 %, corresponding to annual global
population growth in this period. The annual
increase in GaAs semiconductors is therefore
0.14 % over this period.

— SSP2: The 5G-compatible mobile phones’
share of sales grows by an average of 40 %
per year after 2025 until the market becomes
saturated. From 2030 onwards, the share of
6G-compatible mobile phones is expected
to increase by an average of 40 % per year,
starting with 9.5 million units, until market
saturation. Alternatively, there are assump-
tions that from 2030 onwards the further
increase will only be in line with global popula-
tion growth, since the 6G-specific frequen-
cies beyond 6 GHz will be implemented in or
integrated with silicon-based technology.

— S8SP1: The share of 5G-compatible mobile
phones is only seeing 0.7 % annual growth
after 2025, which equates to the rise in the
global population according to STATISTA
(2019b). The introduction of 6G from 2030
to 2036 causes an annual increase of 40 %
starting with 9.5 million units, as in SSP2.
Thereafter the proportion of these phones
will again grow analogously to global popula-
tion in this period.The alternative scenario
described in SSP2 and SSP5 is also con-
sidered here, so that from 2030 continued
annual growth in GaAs amplifiers is 0.14 %,
resulting from the growth in global population.

The GaAs wafer sales forecasts (with the ‘with-
out integration in silicon technology’ scenario) are
shown in Figure 3.42.



Raw materials for emerging technologies 2021

2,200

2,000
1,800

1,600

1,400

1,200

1,000
800 +
600 -

400 -
200 +

Number of GaAs wafers
(in thousands of units in 6" equivalents)

H SSP1

m SSP2

m SSP5

Figure 3.42: Market for GaAs wafers (scenario without integration in silicon technology) in
thousands of units sold (source: 2018to 2025: YoLE DEVELOPPEMENT (2020b),

2026 to 2040: own forecast)

LiTaO,/LiNbO;

LT/LN substrates will still form a key part of wafer
consumption, but the ratio of LT / LN wafers
compared to the rest of wafer consumption will
decrease due to silicon-based filters (YOLE DEVEL-
OPPEMENT 2020a). The LiTaO; and LiNbO; wafer
sales forecasts (in 6” equivalence) can be found
in Figures 3.43 and 3.44. Yole is forecasting 6 %
and 17 % CAGR for LiTaO; and LiNbO; respec-
tively between 2020 and 2025 in the RF market.
The same scenarios (SSP1-2-5) as described for
GaAs wafers (see above) are considered for the
2026-2040 period.

3.2.5.4 Foresight raw material
demand

Based on the raw material demand for wafers
(Table 3.40 and Table 3.41) and on wafer demand
forecasts (Figures 3.42, 3.43 and 3.44), we can
estimate the amount of raw materials required for
2040. The annual gallium demand is illustrated in
Figure 3.45. During the production of GaAs semi-
conductors, according to CLEMM et al. (2016), only
about 45 % of the gallium used goes into the prod-

uct. This is why the quantities that are not incor-
porated in the product during production (55 %)
are shown in addition to the gallium in the wafers.
According to CLEMM et al. (2016), waste containing
gallium is treated in recycling processes and gallium
is also recovered in the process. However, it is not
known what the gallium recycling rates are here. So
the gallium demand in Figure 3.45 is a worst-case
scenario, assuming that this gallium is not recycled
or is only recycled to a very small extent, since the
gallium in the GaAs semiconductors has not been
recycled to date either. The gallium content in the
semiconductors thus represents the “best case”
under the assumption that gallium is recycled from
the production residues at very high rates and thus
hardly any gallium is consumed net via the gallium
demand in the GaAs semiconductors.

Table 3.43 compares global production in 2018,
the amount of material for the RF market in
2018, and the 2040 demand forecast for various
materials. The largest quantities of semiconduc-
tor materials for RF components are silicon (this
report does not contain any estimated volumes)
and GaAs. Sales with GaAs power amplifiers are
identical to those in Section 3.5.3 ‘5G (6G)’, since
the mobile phone is the main market for GaAs.
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80

Gallium demand for RF chips
(SSP2, no integration) (tonnes)

B Mass of Ga in wafers (tonnes)

B Mass of Ga in waste (tonnes)

2018 2040 (no integration) 2040 (with integration)
Raw material  production Demand in
in 2018 2018 SSP1 SSP2 SSP5 SSP1 SSP2 SSP5

Gallium

413 (R) 38 60 74 90 49 54 54
(total)
Ga in semi- 17 27 33 41 22 24 24
conductors
Gain 21 33 41 50 27 30 30
waste (min.)
Lithium 95,170 (M) 8 15 18 22
Niobium 68,200 (M) 5 12 15 18
Tantalum 1,832 (M) 194 356 435 531

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

Gallium is also used in GaN layers in some RF
components. However, this amount of gallium
was not calculated in this estimate because it is
very small.

Piezoelectric materials make up a significant
amount of materials too, even though they are
only used in one type of component (the filter).

It should be noted that only the net quantity (only
the material contained in the wafer) is taken
into account for tantalum, niobium and lithium,
whereas the gross quantity (taking manufacturing
losses into account) is indicated for semiconduc-
tors. This forecast probably underestimates the
actual amount of lithium, tantalum and niobium
needed for RF chips.
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Gallium, indium, lithium and niobium from end-
of-life electronic products are not recycled at
present. The reasons for this include the greater
economic incentive to pyrometallurgically recycle
the precious metals that the components contain
(EUROPEAN ComMmIssION 2020b). The hydromet-
allurgical recycling of gallium from production
waste from photovoltaic production is technically
feasible (MARWEDE 2013).So far, however, there
have been no attempts to determine whether
extraction from components is also possible. The
multitude of chemical elements in the component,
the low gallium and indium concentrations in the
component (CLEMM et al. 2016) and the need pre-
viously to identify and separate the components
from the electronic scrap cast doubt on the eco-
nomic feasibility. The fine distribution of these ele-
ments in different products and components also
makes it difficult to collect sufficient quantities for
recycling.

However, pre-consumer recycling (from indus-
trial waste) is an important secondary source of
gallium and indium. Closed loop recycling often
occurs in the industry, mainly for economic rea-
sons. The manufacturing processes of GaAs and
GaN wafers are considered the most important
secondary source of the metal, with about 60 %
scrap being produced and recycled in a “closed
loop” (LICHT et al. 2015; EUROPEAN COMMISSION
2020b). A material flow analysis of GaAs wafer
production reveals that 55 % of the Ga and As
introduced in the manufacturing process is not
contained in the wafer. Post-industrial waste from
GaAs wafer production can be treated for gallium
recovery operations (CLEMM et al. 2016). How-
ever, the recycling rates achieved for gallium dur-
ing this process are unknown (LICHT et al. 2015).

As can be seen from Figure 3.37 of the technol-
ogy description (3.2.5.1), there are many technol-
ogies for all the RF components. Some of them do
not include the critical materials mentioned in this
study. However, GaAs, InP, LiTaO; and LiNbO;

have special properties that currently meet the
market’'s requirements. But this market can be
highly volatile, and one technology can be rapidly
replaced by another as costs are cut or perfor-
mance is improved. Predicting which material will
be used in future is almost impossible.

It is also worth mentioning that GaAs, InP and
piezoelectric wafers could be replaced by silicon
wafers that a thin layer of GaAs, InP or piezoelec-
tric material is deposited on. In actual fact, the
most important part of the material is the surface
layer that the component is made on. Piezoelec-
tric substrates-on-insulator (POI) and GaN on Si
are already in production (made by SOITEC, as
shown in Figure 3.41). Intense research is also
ongoing into the manufacture of GaAs or InP on a
silicon substrate, mainly as a cost-cutting endeav-
our and either by heteroepitaxy (LI & LAu 2017) or
by layer transfer (D1 Ciocclo et al. 2005). These
two approaches could be a way of significantly
reducing the amount of llI-V elements, but would
also increase the demand for silicon, which is also
a critical material according to EU specifications.

The possibility of substituting gallium and indium
in ICs is also limited, since Ill-V-based ICs were
developed specifically for applications that silicon-
based semiconductors are inadequate for, so
these components cannot be substituted without
impairing function or performance (GRAEDEL et al.
2014).

The term ‘Industry 4.0’ was coined in Germany in
2011. Industry 4.0 refers to the mass connection
of information and communication technologies
with industrial production facilities. In addition to
this technical transformation, an organisational
and cultural transformation is required to turn the
vision of an agile business with a high degree of
automated decision-making and execution into
reality (SCHUH et al. 2020).
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Note: Blockchain technology is still in the research and introduction phase and is therefore shown with a dashed line.

From a technological standpoint, Industry 4.0 does
not refer to a single piece of technology; rather, it
can only be implemented through the interaction
of many technologies. Figure 3.46 shows a sche-
matic timeline of the four industrial revolutions and
the associated triggering technologies. The figure
shows that Industry 4.0 is driven by many different
technologies, all of which are constantly evolving
and are often difficult to demarcate. At the same
time, they are closely intertwined and cannot be
clearly distinguished from each other, partly due
due to their historical development (ACETO et al.
2019).

Some constituents of Industry 4.0 are covered
by other technology synopses, including Sec-
tion 3.2.8 ‘Devices in the Internet of Things (loT)’,
Section 3.5.3 ‘5G/6G’ and Section 3.5.4 ‘Data
centres’. There are also overlaps with the tech-
nology summaries entitled ‘Autonomous driving
of vehicles’ (Section 3.1.4) and ‘Aircraft for 3D
mobility (eVOTL)’ (Section 3.1.5). In the following,
industrial robots are examined as an important
aspect of Industry 4.0.

The VDI Guideline defines industrial robots as fol-
lows: ‘Industrial robots are universally applicable
motion automata with several axes, sequence and
direction or angle of movement being freely pro-
grammable (i.e. without any need for mechanical
intervention) and, in some cases, sensor-guided.
They can be equipped with grippers, tools or other
manufacturing equipment and can execute manip-
ulation and/or production processes’ (VDI Asso-
CIATION TECHNOLOGIES OF LIFE SCIENCES 2013).

Robots are used in many different industries,
including automotive manufacturers and suppli-
ers, aerospace, the food and beverage industry,
textiles, wood and furniture, printing and paper,
rubber and plastics, chemicals and pharmaceu-
ticals, household appliances, precision mechan-
ics, construction, foundry, ceramics and stone,
as well as in agriculture. They are used for lots
of different activities like welding, picking, paint-
ing, laser cutting, dismantling or measuring. In
the non-industrial sector, robots can be found,
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for example, in the field of medical technology, in
the entertainment business or in service robotics,
(DGUV 2015). This paper only examines the case
of industrial robots, however.5

Industrial robots usually have three main axes and
three secondary axes. We distinguish between
different types of robots depending on how they
can move their axes (translatory and rotatory).
Serial kinematics involve a number of arms con-
nected with joints; the last joint holds the tool.
In contrast, a parallel robot's arms are mounted
on the same plate and come together in an end
effector, thus enabling three-dimensional move-
ment (DGUV 2015). There are also stationary and
mobile industrial robots (OuBBATI 2007).

An industrial robot is usually built following the
structure outlined below. It has a drive for mov-
ing the various limbs and for locomotion (if the
robots are mobile). The drive consists of a con-
troller, a gearbox and a motor. Acquired informa-
tion is processed and actions are specified using
the control system. The internal sensors collect
on-board data about the robot’s position and ori-
entation, about the effector, and even about the
general operating state (e.g. the battery charge
level). External sensors provide feedback on the
surrounding area, allowing responses to unfore-
seen environmental conditions. Examples include
image processing systems, light barrier functions
or ultrasonic sensors. The robot’s tool is called an
‘effector’ and is usually a gripping, machining or
assembly tool. The manipulator (the robot arm)
makes the effector’s movements in space (Ous-
BATI 2007; DGUV 2015).5

Within the industrial robots segment, we distin-
guish between caged robots and collaborative

robots (‘cobots’). Caged robots are traditional
industrial robots developed for use in mass pro-
duction; they can perform repetitive tasks with
extreme precision. They are often stationary and
fenced to prevent any risks of personal injury
to employees (MEWAWALLA 2019). In contrast,
cobots are designed to work with humans in spe-
cific tasks such as assembly, packaging or solder-
ing. They are often much smaller, more mobile
and can slow down movements more quickly,
minimising the risk of injury. Unlike traditional
industrial robots, they have a multitude of sensors
that enable them to interact with their surround-
ings. Cobots are usually easy to program. As a
result, users are not required to have extensive
programming knowledge (RGGRoupr 2020) and
can manually guide cobots to teach them a move-
ment (KRAUsSsLICH 2020). However, research by
TU Berlin shows that cobots are being used stati-
cally and in coexistence at this moment in time,
in a similar way to classic industrial robots, rather
than in collaborative work (KLuy 2020).

Literature compiling raw material and material
requirements for robots was hard to find; there
were almost no sources available. In its publica-
tion entitled ‘Materials dependencies for dual-use
technologies relevant to Europe’s defence sector’,
the JRC (Joint Research Centre, EU Commission)
presents an overview of required raw materials,
processed materials and components for robots
in general; see Figure 3.47.” The authors list 44
raw materials for robot production.® Raw materials
that are considered critical (i.e. that are at risk of
supply shortages) are shown in red (BLAGOEVA et
al. 2019).

In 2020, the JRC’s publication entitled ‘Critical
raw materials for strategic technologies and sec-
tors in the EU’ again addresses the 2019 overview
of raw materials and supplements it with a figure
that allocates relevant raw materials for robots to

5 Traditionally, the robotics market is split into two large segments: industrial robots and service robots. Service robots are all human support
robots, such as robots used in the medical field and in households, logistics robots, drones or autonomous vehicles (MEWAWALLA 2019; BLA-
GOEVA et al. 2019). In contrast, industrial robots are ones that automate part of the production process. However, the transitions between the

two categories are becoming increasingly smooth (MEWAWALLA 2019).

5 This technology synopsis does not consider the topic of robots networking with one another and with a central control system; see the loT

technology synopsis regarding this matter.

7 However, the JRC also seems to be facing inadequate sources; its citations include the site ‘battlekit’ as a source for production materials
required for robots used in the defence and security sectors (BLAGOEVA et al. 2019), page 98.

8 Rare earths are included as one raw material in this list
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Raw materials

Al, Cr, REE, Co,

Ni, Mo, Si, Mg, V,

C (graphite), Fe,
W, Ta, Ti, Cu, Ag,
Sb, Bi, Au, Mn, Li,
B, In, Ga, As, Pt, Pd,
F (fluorspar), Zn, P,
Sn, feldspar, kaolin,
Na (soda ash),
limestone (Ca), Pb,
Hg, Cd, Te, Sr, Zr,
Rh, Ru, K (potash)

Critical Raw
Materials (2017)

Processed
materials

Al alloys, Ni/Ni (Ti)
alloys, Mg alloys, steel
1018/4310/AerMet100,
Semiconductors,
Processed materials
for magnets, Polymers,
CFC, Kevlar, Li-ion
batteries processd
materials, Advanced
ceramics, & glasses,
Fuel cells processed
materials, nano-
materials & carbon
nano-tubes

Robots

Components

Gears, Actuators, Industrial & service
Sensors, Magnets, robots
Microprocessors,

Graphical Processing

Units (GPUs), Li-ion

batteries, Fuel cells

Source: JRC

individual components; see Figure 3.48. However,
it is not obvious what criteria it used to select the

relevant raw materials.

The raw materials required for individual compo-

nents are illustrated in this figure®:

Electronic cables: Cu
Electro-optical systems: Be, Ga, In
— Energy system: Ga

— Electroplating: Ni

— Manipulator: Ti

— Permanent magnet: B, Dy, Nd, Pr
— Sensors: In

Beryllium: in alloys, electro-
optical systems and robotic
surgical devices

Gallium: for communication,
electro-optical and power
systems

Indium: in compounds for
electro-optical systems,
sensors and stretcher skin

Aluminium: as lightweight
and high-performance alloy
in various components

Chromium: essential for
stainless steel and other
alloys in robots

Copper: widely used in wire
or axles, or in corrosion
resistant alloys

Manganese: essential in steel
alloys used for many parts
of a robot

Iron: as cast iron or in steel alloys
for various components

Boron: in neodymium-iron-boron
(NdFeB) permanent magnets or
as lubricant

Dysprosium: important additive
of NdFeB permanent magnets

Molybdenum: in stainless steel
alloys for many components of

a robot

Neodymium: in NdFeB permanent
magnets for electricity generation

Nickel: in electroplating or in
stainless steel frames, fasteners
and connectors

Niobium: a microalloying

Praseodymium: together with
neodymium in permanent magnets

element in high strength
structual steel

Titanium: in alloys and high
strength structual steel for

actuators and robots arms

@ Critical Raw Material

Components and raw materials needed for other types of robots (e.g. medical robots used in surgery) are not listed.
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— Various components'®: Al, Cr, Cu, Fe, Mn, Mo,
Nb, Ni

KopACEK & KopAcek (2013) dispute industrial
robots’ end-of-life management processes. To
this end, they disassemble a Sony SRX-611
SCARA and report on its components and the
materials it contains. The essential materi-
als are steel, aluminium, plastic and cables.
The authors describe the Sony SRX-611 SCARA
as being comparable with a standard robot as
regards recycling." According to KUKA, a manip-
ulator is essentially made from aluminium, cast
iron, steel and plastic materials (KUKA 2021). The
lower a robot’'s dead weight, the higher the pay-
load it can carry. This is why KUKA has, for a long
time now, been working with fibore composites to
reduce the dead weight. However, fibre compos-
ites also have disadvantages compared to other
materials, including complex processing, the fact
that they are difficult to bond to other materials
and their relatively high price (SCHMIRGEL 2021).

The previous remarks illustrate the strong need
for research into the raw material demand for
the minimum components of industrial robots.
Additionally, it is important to distinguish between
robot types (min. collaborative robots and tradi-
tional industrial robots), since the raw materials
needed vary greatly depending on the configura-
tions. Industrial robots networking and sensory
equipment requirements are still on the rise too;
see the following section.

A list of current trends in (industrial) robotics is
provided below:

— New materials: smaller and lighter compo-
nents, e.g. vanadium-based materials or
lightweight metal alloys made from titanium,
aluminium or magnesium (EUROPEAN COM-
MISSION 2020)

© This figure does not provide a more accurate classification.

Energy generation from the environment,
material sciences (OECD 2021)

Soft robotics: “(...) class of deformable and
compliant robots that can squeeze, stretch,
climb, shape-change and self-heal (TERRYN
et al. 2017). Research in soft robotics aims

to further develop abilities to grow, evolve,
self-heal and biodegrade (LAscHI et al. 2016).
Many developments in soft robotics are
inspired by examples from the natural world.”
(OECD 2021)

Laser systems with an improved range and
angle resolution, sensors (OECD 2021)

LiDAR technology as an anti-collision system,
originally used in autonomous vehicles; it is
increasingly being used in robots. However,

it is unclear whether it will become just as
widely accepted as 3D cameras and ultra-
sound (MEWAWALLA 2019).

Cloud-based robots and predictive control
(MEwAWALLA 2019; OECD 2021)

Edge computing (MEWAWALLA 2019)

Neuromorphic processors: particularly suit-
able for recognising and analysing patterns,
low energy consumption (MEWAWALLA 2019)

More sensitive grippers, actuators (OECD
2021)

Miniaturisation: “(...) In one of the most
striking examples of miniaturisation to date,
researchers at MIT recently built self-powered
robots the size of a human cell. These robots
are able to follow pre-programmed instruc-
tions, as well as sense, record and store
information about their environment, gather-
ing data that can be downloaded once a task
is completed. While these robots are at the
laboratory stage, potential uses exist in medi-
cal diagnostics and industry.” (OECD 2021;
CHANDLER 2918).

" However, the Sony SRX-611 was made back in 1990. The authors claim there are no statistics on the robots’ age; they estimate that it is

12 years old on average based on their experience.



— Intelligence: “Combining Al with other innova-
tions is conferring a myriad of new capabilities
on robots, including greater autonomy. Major
developments include better vision, learning
transfer between robots and across robot
swarms, learning in virtual environments,
learning by doing, learning by curiosity,
emotional awareness, better object manipula-
tion and more collaborative robots (‘cobots’).”
(OECD 2021). Self-learning robots reduce
the time and effort required for programming,
especially to set parameters (SCHMIRGEL
2021).

— Cobots: “With the ability to work in tandem
with humans, modern robotic systems are
able to adapt to a rapidly changing environ-
ment. The range of collaborative applications
offered by robot manufacturers continues to
expand. Currently, shared workspace applica-
tions are most common. Robots and work-
ers work alongside each other, completing
tasks sequentially. Applications in which the
human and the robot work at the same time
on the same part are even more challenging.
Research and Development (R&D) focuses
on methods to enable robots to respond in
real time.” (HEER 2020). According to G6Tz
(2018) and SCHMIRGEL (2021), many indus-
trial companies’ aim is to use robots without
protective fences, since they are inflexible and
take up lots of space. We can also distin-
guish between several levels of ‘human-robot
collaboration’, with the degree of collabora-
tion increasing with each level: separate
workspaces, coexistence, cooperation and
(finally) collaboration. However, the last stage
(collaboration, working on a part at the same
time) is still very rare in industry. A different
level is suitable depending on the activity to be
automated. It is now also possible to work with
larger industrial robots without a protective
fence (e.g. in final assembly in the automotive
industry). The production stations of tomorrow
will therefore be designed as a function of vari-
ous influencing variables, such as cycle times,
batch sizes, employee availability and pro-
cesses (GOTz 2018). If the number of humans
working with robots is only set to increase in
future, this will also require robots to be simple
and intuitive to use (SCHMIRGEL 2021).
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According to the IFR (2020), 373,240 industrial
robots worth USD 13.8 billion in total (exclud-
ing software and peripherals) were installed
globally in 2019, with an estimated inventory
of 2,722,077 industrial robots. Since 2010, the
demand for industrial robots has been steadily
increasing; growth between 2014 and 2019 aver-
aged 11 %. In 2019, however, global sales fig-
ures fell by 12 % in the two main sales sectors
especially (i.e. the automotive and electronics
industries). This reflects the ‘difficult times’ that
these two sectors are facing, and is also related
to the trade conflict between the USA and China.
Nevertheless, the automotive industry is still the
largest consumer of industrial robots in 2019
(28 %), followed by electronics (24 %), metal and
mechanical engineering (12 %), the plastics and
chemicals industry (5 %), food (3 %), other (8 %)
and no specific industry (20 %) (STATISTA 2019a3;
IFR 2020). There are five (main) sales markets
for industrial robots, where 73 % of all industrial
robots were installed in 2019: China, Japan, the
USA, South Korea and Germany.

The International Federation of Robotics’ 2020—
2023 sales forecasts are vague; it is expecting
sales to nosedive in 2020 due to the COVID-19
pandemic. It is expecting a digitisation boom and
therefore excellent industrial robot sales prospects
in the medium term. Tractica is forecasting a turn-
over of USD 18.25 billion in 2025; the forecast is
from 2018 (STATISTA 2020); see Figure 3.49. Tak-
ing its turnover into account, this would result in
an average annual growth rate of 4.03 % between
2019 and 2025. In contrast, FROST & SULLIVAN
(2020a) are estimating a turnover of USD 38.3 bil-
lion with an average annual growth rate of
12.2 % between 2019 and 2024; see Figure 3.50.
FROST & SULLIVAN (2020a) are thus predict-
ing more than double the revenue for 2024, and
their projected annual growth rates are steadily
increasing, with 2024 having the highest rate
(18.3 %). Tractica’s growth rates, on the other
hand, are steadily declining to a projected 1.33 %
growth rate for 2025.2

Cobots’ share of the industrial robots segment
is approx. 4.83 % in 2019 according to the
IFR (2020). But cobots are the fastest-grow-

2 Certain differences can probably be explained by different system limits (e.g. to what extent software is included). Tractica is assuming
USD 13.85 billion, and FROST & SuLLIVAN USD 19.43 billion for the 2018 turnovers (which are not estimates).

139



140 Raw materials for emerging technologies 2021

20
18.01 18.25
17.45
18 16.91
16.24
16 15.51
14.75

14 13.85
c
S
3 12
o
8
< 10
g
I} 8
£
2

6

4

2

0

2018 2019* 2020* 2021* 2022* 2023* 2024* 2025*
* Forecast

Figure 3.49: Sales volume for industrial robots worldwide between 2018 and 2025 (in USD billion)
(source: STATISTA 2020)
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ing segment within the industrial robots sec-
tor (MEwAwALLA 2019). NEUMEIER (2020) and
SCHMIRGEL (2021) believe that the trend towards
cobots is clear to see, especially given that they
are easy to use and program and can be set up
quickly. Cobots are also becoming more attractive
from a ‘value for money’ standpoint, and technol-
ogy is improving at the same time too (SCHMIRGEL
2021). FROST & SULLIVAN (2020a) are showing
exponential growth for cobots within their fore-
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casts until 2024. But since they are still relatively
new compared to traditional industrial robots, their
share of the industrial robotics market remains
low despite their high growth (MEWAWALLA 2019).

Leading industrial robotics companies are ABB,
Fanuc, Kuka, Yaskawa, Estun and Siasu. Com-
panies operating in the field of robotics software
and hardware development are important too
(MEwAWALLA 2019; FROST & SULLIVAN 2020a).

SSP1 SSP2 SSP5

Year Turnover Turnover Turnover

in USD billion CroWthrate o ysp billion GOV A 1 Usp billion  CrOWth rate
2018 13.85 - 13.85 - 13.85 -
2019 14.75 6.50 % 14.75 6.50% 1475 6.50%
2020* 15.51 5.15% 15.51 515% 15.51 515%
2021* 16.24 4.71% 16.24 4.71% 16.24 4.71%
2022* 16.91 4.13% 16.91 4.13% 16.91 4.13%
2023* 17.45 3.19% 17.45 3.19% 17.45 3.19%
2024* 18.01 3.21% 18.01 3.21% 18.01 3.21%
2025* 18.25 1.33% 18.25 1.33% 18.25 1.33%
2026 19.01 18.84 19.18
2027 19.81 19.46 20.16
2028 20.63 4.18% 20.09 3.26% 21.19 5.11%
2029 21.50 20.75 22.97
2030 22.39 21.43 23.41
2031 23.26 22.02 24.54
2032 24.16 22.64 25.73
2033 25.10 3.87% 23.27 2.79% 26.97 4.83%
2034 26.07 23.92 28.27
2035 27.08 24.59 29.64
2036 28.00 25.21 30.88
2037 28.95 25.85 32.18
2038 20.93 3.40% 26.51 2.54% 33.53 4.19%
2039 30.95 27.18 34.93
2040 32.00 27.87 36.40

Notes: The figures for 2018-2025 come from Tractica; years marked with * are sales forecasts. From 2026 onwards it was
assumed that sales would develop in line with global growth in GDP in the given SSP. Growth rates are taken from the rel-
evant publicly accessible database. The database reports growth rates at five-year intervals; to calculate the sales forecasts
for each SSP, these were split into average annual growth rates.
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The development of global industrial robot turn-
over until 2040 was determined as a function of
the three framework scenarios (SSP1, SSP2 and
SSP5). The procedure is described below. Data
from Tractica was used for the years 2018-2024.
The 2018 global turnover of USD 13.85 billion for
industrial robots is in line with the IFR’s figures."®
For the years 2025-2040, the assumption was
that global industrial robot turnover will develop in
line with global GDP in the respective SSP. Indus-
trial robots’ different growth rates can be made
plausible as follows: For SSP5, it is assumed
that the industrial sector will experience a very
high level of digitisation; this also includes indus-
trial robots (highest growth rates until 2040 in the
relative scenario comparison). For SSP1, it is
assumed that the industrial sector will experience
a high level of digitisation; this will particularly
focus on technologies and innovation to reduce
energy and resource consumption (the growth
rates are slightly lower than for SSP5). For SSP2,
it is assumed that the industrial sector will expe-
rience a medium level of digitisation (the growth
rates are lowest in the relative comparison).

It was not possible to work out the raw material
demand in 2040 due to the diversity of industrial
robots, a lack of data concerning industrial robots’
raw material demand and the required raw mate-
rial quantities for each industrial robot, not to men-
tion a lack of sales forecasts for the number of
industrial robots.

According to KUKA (2021), the essential compo-
nents of a manipulator (i.e. aluminium, cast iron,
steel and plastic materials) will remain readily
available in the future. In an initial approximation,
there are no significant differences between (tra-
ditional) industrial robots and cobots. Unlike the
mechanical components, the electronic compo-
nents contain raw materials that are significantly
rarer (KUKA 2021). Depending on the component
and the raw materials it contains, more in-depth
analyses are required here to assess the avail-
ability of raw materials and the demand.

As early as 2013, KoPACEK & KoPACEK (2013)
wrote that robot manufacturers will have to con-
tend with end-of-life laws and regulations for
robots, not to mention ethical environmental pro-
tection principles. The European Commission is
also recommending that eco robot designs should
be incentivised to enable more efficient use of
materials and energy, easy component disassem-
bly, material identification, reuse and recycling
(EUROPEAN CoMMISSION 2020a).

According to its website, ABB has been recy-
cling robots for over 25 years to extend their
lives. In doing so, it would prevent old robots
from being scrapped or simply not used. For
its clients, this particularly translated into
their return on investment being maximised.
Recycling is taking place in the Czech Republic,
the USA, China, Brazil, Mexico, Germany and
Vietnam (O’DoNNELL 2020). KUKA is also offer-
ing used, refurbished industrial robots and spare
parts. Used robots are also available for special
applications in the likes of the gas-shielded weld-
ing, casting, palletising, loading and unloading,
assembly, insertion and placement segments.
Used industrial robots can be rented, bought or
even sold to KUKA. This allows smaller compa-
nies to use industrial robots at lower costs too
(SCHMIRGEL 2021).

KoPACEK & KOPACEK (2013) believe that, in the-
ory, a robot’s lifetime is unlimited. But what cuts
it short is the the control hardware and software
and the mechanical design. In their estimation,
it is mainly little-used industrial robots more than
10 to 15 years old that are dismantled, because
most components (like gears, controllers or grip-
pers) have a reasonably high price on the spare
parts market. Based on their dismantling of the
Sony SRX-611 SCARA, they deduce that the
mechanical parts, motor axles, harmonic drives,
gearboxes and some other parts are reusable in
most cases. Furthermore, most components can
be efficiently recycled with the recycling and dis-
mantling technologies that are available at pres-
ent. Only electric gearboxes, control panels and
certain cables from the control unit cannot cur-
rently be affordably recycled.

3 In view of this agreement, Tractica’s turnover forecasts were used instead of FROST & SULLIVAN’s.



Additive manufacturing refers to various proce-
dures in which materials are joined together one
layer at a time to form a component. In contrast,
subtractive manufacturing produces components
by removing material from a solid body (e.g. by
drilling, punching or cutting).

Additive manufacturing is particularly suitable for
producing small quantities and/or customised
products (mass customisation), production on
demand (e.g. pilot series) or on-site production
(e.g. close to the customer), production of spare
parts (e.g. older series products), rapid prototyp-
ing (e.g. to shorten product development) and the
production of delicate and geometrically complex
structures with a low specific weight (e.g. for light-
weight construction). In addition to the improved
functionalities, the expiry of patent protection for
important procedures, the acceleration of the pro-
duction speed, the wide range of applications from
one-off to series production and the drop in equip-
ment and material prices are driving the spread of
additive manufacturing.

Additive manufacturing of plastic, metal and
ceramic components is a state-of-the-art process
in numerous industrial sectors. Relevant markets
include medical technology, aerospace, automo-
tive and other industries, plus retail. The fastest
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growth rate is in medical technology (dentistry
and orthopaedics) and aerospace (structural and
machine parts), where additive manufacturing
is used to reduce weight and thus cut transport
costs (AUER 2019).

According to VDI (2014), additive manufacturing
usually takes place in four phases (Figure 3.51):
First, a three-dimensional model of the compo-
nent is created using CAD (I), supported by the 3D
scanning of an existing component as an option.
Data processing (ll) includes the separation of the
component into superimposed layers (‘slicing’),
process preparation and parameter setting in the
system’s control computer. In the actual additive
process (lll), the component is manufactured by
means of phase transition of a liquid or powdery
material into the solid state. This is usually fol-
lowed by post-processing, such as cleaning, post-
curing, coating and mechanical finishing (1V).

A variety of additive manufacturing methods are
available for the actual additive process, includ-
ing: VAT photopolymerisation, powder bed fusion
(PBF), direct energy deposition (DED), material
extrusion, binder jetting, material jetting and sheet
lamination. When discussed publicly, all of these
methods are often referred to as ‘3D printing’;
however only binder jetting is 3D printing in the
narrower sense of the phrase.

While polymers are used more in additive man-
ufacturing than metals, the gap is narrowing
and metals could overtake polymers from 2021
onwards (GLOBAL DATA 2019).

| Data preparation

Il Data processing

L’

Il Production process IV Post-processing
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This technology synopsis focuses on the additive
manufacturing of metallic components. At pres-
ent, components made from metal alloys can be
additive manufactured using powder bed fusion,
direct energy deposition, binder jetting or sheet
lamination; fluidic force microscopy might also
be an option in the future (CAVIEZEL et al. 2017).
In principle, a wide range of components can be
considered for additive manufacturing. Examples
of the two growth sectors (medical technology and
aerospace) are:

— Hip joints with titanium alloy bases
— Fuel nozzles for aircraft made from cobalt-
chromium alloys

The basis for additive manufacturing of metal com-
ponents is predominantly precursors in powder
form, but they come in filament form, too. At pres-
ent, about 4,500 tonnes of metal powder are pro-
duced each year for additive manufacturing. This
amount is comparatively small given that some
700,000 tonnes of metal powder are produced per
year (MPIF & APMI INTERNATIONAL 2020).

Raw material Einsatzgebiete

The overall market for additive manufacturing can
be split into hardware, materials, software and
services. Leading hardware companies include
Desktop Metal, GE Additive, Markforged, EOS,
HP, 3D Systems, Ultimaker, EnvisionTEC and
Stratasys, while the top materials companies
are BASF, Henkel, GKN, Sandvik, Solvay and
Hoganas (GLoBAL DATA 2019).

The players in the value chain of additive manu-
factured metallic components include VDM Metals
(unalloyed pure metals), Heraeus (powder and fil-
ament), EOS and ExOne (additive manufacturing
systems) and Thyssen Krupp and Airbus (compo-
nent manufacturers).

Table 3.45 shows an overview of the raw mate-
rials used for additive manufacturing (EUROPEAN
CommissioN 2020a).

Al Al alloys for aerospace, lightweight and rigid cabin interior

Fe Corrosion-resistant Fe alloys for structural and mechanical parts

Ni Ni and NiTi alloys, ductile and corrosion-resistant, for turbine and mechanical parts

Ti High-strength Ti alloys for aerospace and medical applications

Mg High-performance AlMg alloys

cr Corrosion-resistant CoCr alloys in gas turbines, machinery, and medical and dental
applications

Co Super alloys, corrosion-resistant CoCr alloys in gas turbines, machinery, and medical and
dental applications

Cu Super alloys, Ni alloys

Hf Ni-based super alloys, high-strength high-temperature applications

Mn Ni alloys

Mo Ti alloys to increase stability

Nb Super alloys, TiAINb alloys, in machinery, blades, valves and rotors

Sc Lightweight, high-strength components and moulded parts

Si AlMg alloys

W Heat-resistant super alloys, in corrosion-resistant and tool steels, turbine blades and baffle
plates

\% TiAl alloys

Zr Ti alloys, metallic glass, toothed rings, springs, gear units and sensors



Metal powders and filaments for additive manu-
facturing can be based on very different alloys.
We need to focus on specific alloys in specific
areas of application to estimate the future raw
material demands.

EOS has steel, nickel, cobalt/chrome, copper, tita-
nium, aluminium and tungsten-based metal alloys
in its portfolio (EOS 2020). The material’s specific
properties are the results of alloying the base
metal with other elements:

Further information about alloy compositions can
be found in the product data sheets for metal
powders designed for use in additive manufac-
turing, including those from GKN for Ti6Al4V and
AISi10Mg.

The metal alloy’s special composition gives the
additive manufactured component the desired
product properties and the material the process
properties required for shaping it with the techni-
cal method in question.

Raw material EOS Ni Hx EOS Ti
Co 0.5-2.5

Ni Balance

Fe 17-20 0.3
Ti Balance
Cr 20.5-23

Mo 8-10

Mn 1.0

w 0.2-1.0

Cu

Nb

Other a) b)

Notes: a) C 0.1 %, S 1.0 %; b) C 0.08 %, H 0.015 %,
00.25%
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HUANG et al. (2016) estimate additive manufac-
turing’s weight-saving potential for a 40.6 tonne
passenger aircraft to be 9-17 %. 4-5 % can be
ascribed to aluminium alloys, 2-5 % to nickel
alloys, 3—6 % to titanium alloys and 0.4-1 % to
steel alloys. The Ti6Al4V alloy is used especially
for the additive manufacturing of turbine blades on
account of its combined properties — namely high
strength, fracture toughness, low density and low
coefficient of thermal expansion. Additive manu-
factured components with precious metal bases
(gold, silver, platinum group metals) are also used
in aircraft construction (Yusur et al. 2019).

HETTESHEIMER et al. (2018) consistently use
Ti6AI4V as their assumption to estimate the
energy demand for the aerospace sector. The
titanium content is estimated as being 7 % for
long-haul aircraft weighing 145 tonnes and for
short-haul aircraft weighing 40 tonnes. The weight
saved as a result of additive manufacturing is esti-
mated as being 20 % per component.™ VERHOEFA
et al. (2018) give a similar value of 21.3 % weight
saved per component. The reference model here
is an Airbus A320 weighing 42.4 tonnes.

For titanium use in the aerospace sector, projec-
tions are simulated for a business-as-usual devel-
opment and for a development adjusted with addi-
tive manufacturing. The correction curve is only a
few percentage points below business-as-usual
in 2018, but by 2028 additive manufacturing is
already expected to save over 15 % of titanium
demand in the aerospace sector (TITANIUM USA
2018).

The alloys for subtractive or formative manufac-
turing and additive manufacturing are not neces-
sarily identical for a base metal, which is why the
alloy components might still experience additional
boosts in demand despite demand for base met-
als dropping.

4 Similarly, the procedure for the automotive sector, including tractors, with AISi10Mg. Estimates place the aluminium content of vehicles weigh-
ing 1.6 tonnes and tractors weighing 8 tonnes to be 9 wt% respectively. As is the case with aircraft components, the weight saved thanks to

additive manufacturing is 20 %.
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Additive manufacturing in vascular surgery covers
three main applications: anatomical models, sur-
gical tools, and implants and prostheses (MARTI
et al. 2019). Orthopaedic technology is all about
additive manufactured implants and prostheses.

A conventional hip prosthesis weighs approxi-
mately 450 to 900 g in total, depending on the
choice of material and size (DEPuUY ORTHOPAE-
DIcs 2008). Knee joint prostheses weigh around
280 to 425g (BONESMART.ORG 2015), or up to
500g if they include cement (LEE et al. 2005).
Cobalt- and titanium-based alloys are used for
both types of conventionally manufactured pros-
theses (MARSCHEIDER-WEIDEMANN et al. 2016).

Global demand for metals used in additive man-
ufacturing was reported as being 780 tonnes
of powder and 62 tonnes of filament for 2017.
With an average annual growth rate of 33.5 %
and 27.8 %, demand is expected to reach
7,872 tonnes of metal powder and 445 tonnes of
filament in 2025 (KREFT & JACKEL 2019).

Demand in 2017 was dominated by aerospace
and defence technology with 41.6 wt% and medi-
cal and dental technology with 29.9 wt%. By
2025, aerospace and defence technology’s share
is expected to increase significantly to 48.2 %,
while the other customer sectors’ relative shares
will decline (medical and dental technology, auto-
motive industry) or stagnate (others) (KREFT &
JACKEL 2019).

The main alloy metals for additive manufacturing
in 2017 were titanium and nickel with 38.1 wt%
and 29.0 wt% share of the total demand, respec-
tively. In 2025, this quantitative dominance
is expected to increase further to 43.4 wt%
(3,612 tonnes of titanium-based alloys) and
30.9 wt% (2,570 tonnes of nickel-based alloys)
respectively (KREFT & JACKEL 2019).

HUANG et al. (2016) simulate the time availability
and adoption of additive manufactured compo-
nents in aircraft. In its slowest variant, the adop-
tion rate of 80 % additive manufactured parts is
reached after 28 years (only for new aircraft); the
additive manufacturing of components replaced
in service is also taken into account in the other
variants (5—15 years until the 80 % adoption rate
is reached).

A commercial aircraft’s typical lifetime is around
20 to 30 years. HETTESHEIMER et al. (2018)
specify a lifetime of 26 years for both short-haul
and long-haul aircraft. The annual registration of
about 20 long-haul and 125 short-haul aircraft is
calculated with an inventory of 500 short-haul and
125 long-haul aircraft — excluding replacement
purchases.'® VERHOEFA et al. (2018) specify a
4 % annual increase in global fleet size for 2036—
2050, which would result in a fivefold increase in
the global aircraft fleet compared to today.

Scheduled maintenance must also be considered
for the demand for additive manufactured compo-
nents. There are typically over 30,000 individual
components in an aircraft’'s engine system alone
that require regular maintenance and repair (MAT-
THEWS 2018).

The titanium industry is expecting demand to
exceed 40,000 aircraft between 2018 and 2038
(TritaNium Asia 2018) and is discussing the
demand-reducing effects that additive manufac-
turing has on each aircraft and how low-titanium
aircraft are gaining more shares of the market.

In the previous study entitled ‘Raw materials for
emerging technologies 2016’, the development of
demand for orthopaedic implants was estimated
based on the projected rise in the number of hip
joint operations between 2005 and 2030 (WiT-
TENAUER et al. 2013). As a result, (MARSCHEIDER-
WEIDEMANN et al. 2016) assume there will be
3 million hip operations and 2.7 million knee joint
operations in 2035.

5 Cars’ lifetime is stated as being as nine years, and tractor units’ as 4.2 years. Annual production of 5.7 million cars (3.2 million annual registra-

tions) and 125,000 tractor units is assumed for scaling up to Germany.



The rule of thumb for the lifetime of dental
implants is 15 years. Artificial hip and knee joints
(endoprostheses) have a lifetime of 15-20 years,
and in some cases even 25 years or longer.

Total titanium usage for medical devices was
estimated at 1,700 tonnes in 2017. Growth for
medical-grade titanium is expected to be 3-5 %
per year over the next few years (TITANIUM ASIA
2018).

In light of the multitude of additive manufacturing
methods, processed materials, uncertain future
developments and multi-layered effects on the
demand for raw materials, an estimate of the raw
material demand for components in this study can
only be illustrative, not predictive. The projection
focuses on the aerospace and orthopaedic tech-
nology markets with nickel- and titanium-based
alloys.

The near projections for titanium and nickel alloys
stated by KREFT & JACKEL (2019) are used to calcu-
late the 2018 demand, and the individual metals’
mass contents are calculated based on the com-
position of the alloys EOS Ti and EOS Ni Hx (for
bandwidths: mean value of minimum and maximum
value). The alloys are not allocated to the user
industries, which is why a differentiated extrapola-
tion of the market potential is used instead of an
analysis of the maximum market potential.

A simplified assumption is made from delayed
growth compared to KREFT & JACKEL (2019)’s
theory for the future raw material demand.
This delayed growth then saturates until mar-
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ket potential is reached. This market potential in
the reference case (SSP2) is about three times
the value forecast for 2025. Replacement pur-
chases in healthcare are scheduled to be made
at 15 years, and at 20 years in the aircraft sec-
tor. With regard to material demand, a simplified
assumption that the alloys’ material composition
will remain unchanged in 2040 is made.

Assumptions from Table 3.47 lead to differences
between the projection for raw material demand
under the conditions set out for the three SSP
scenarios (SSP1, SSP2 and SSP5). These
assumptions are taken into account to calculate
the demands for 2040 shown in Table 3.48.

Overall, this estimated 2040 raw material demand
for additive manufacturing shows clear incentives
to demand for metals in relation to demand for
2018 (the base year); however, they are only very
moderate relative to global production in 2018.
The differences between the scenarios are incon-
sistent but small.

The 2040 demand forecast is only considerable
for titanium: Depending on the scenario, the future
surge in demand is 3.3-3.5 % of titanium sponge
production or 2.5-2.7 % of titanium refining pro-
duction in 2018. For all the other raw materials
examined, the future surge in demand is signifi-
cantly below 0.5 % of the 2018 reference values.

While this is certainly a conservative estimate,
even if demand doubles in 2040 there should
not be any serious rises in demand for the nickel
and titanium alloys used today. If the substitution
potential of components from formative or subtrac-
tive manufacturing by additive manufacturing is
taken into account, net reductions in demand can
even be expected for the metals examined here.
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Scenario
Factor SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
Market potential: titanium-based, relative to SSP2 120 % 100 % 80 %
Market potential: nickel-based, relative to SSP2 120 % 100 % 80 %

Increase in material efficiency 2018-2040 50 % 35 % 20 %
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Raw material Production in Demand in
2018 2018
o 198,050 (sponge)
Titanium 260,548 (R) 308
. 2,327,500 (M)
Nickel 2189,313 (R) 108
Chromium 27,000,000 (M) 50
Iron 1,520,000,000 (M) 43
Molybdenum 265,582 (M) 21
151,060 (M)
Cobalt 126,019 (R) 3.5
Manganese 20,300,000 (M) 23
Tungsten 77,080 (M) 14

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

In January 2016, the Federation of German Indus-
tries published a position paper on the implica-
tions that 3D printing would have on raw materials
security for German industry (BDI 2016). Posi-
tive effects compared to subtractive production
include low-waste production and lightweight con-
struction. Negative effects include unclear item
recyclability, increased production due to simple
manufacturing, the production of defective prod-
ucts or ‘crapjects’ (KREIGER & PEARCE 2013; IOW
2014).

The energy and materials required in the compo-
nent production phase depend on a number of the
components’ technical and morphological specifi-
cations, machine parameters and production set-
tings, particularly layer thickness, geometry, posi-
tioning and production time (BourHis et al. 2013).
Production waste from metallic alloy processing
can in principle be recycled well from a technical
standpoint, and economically too in most cases
(METEYER et al. 2014).

Since the additive manufactured components in
the applications examined have long lifetimes,
end-of-life recycling estimates are fraught with

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

6,460 6,998 6,890
2,153 2,333 2,297
2,012 1,677 1,342
1,712 1,426 1,141

833 694 555
138.8 115.7 92.5

92.5 771 61.7

55.5 46.3 37

a great deal of uncertainty, because to date we
have had next to no experience with end-of-life
recycling of additive manufactured implants and
aircraft components. A major barrier is likely to be
collecting components for end-of-life recycling,
while metallurgical recycling seems plausible
assuming that secondary raw material prices are
acceptable.

ISO/IEC 20924 (2018) defines the Internet of
Things (loT) as an “infrastructure of intercon-
nected entities, people, systems and informa-
tion resources together with services, which pro-
cesses and reacts to information from the physical
world and virtual world”. The loT can be construed
as all the components, layers and platforms that
add value compared to the Internet of People. The
scope of the loT, its applications and technical
solutions is wide and heterogeneous (cf. KRAUSE
et al. 2017).



This technology synopsis mainly focuses on the
physical loT modules; there are different classifi-
cations to categorise them.

Special requirements are placed on loT devices:
long reach, low data transfer rate, low energy
consumption and cost-effectiveness (according to
MEekkiI et al. 2019). OJo et al. (2018), for example,
categorise loT devices as low-end, middle-end
and high-end with respect to their performance.
Low-end IoT devices are mostly used for simply
recording information and the smallest control pro-
cesses. Middle-end loT devices offer advanced
processing capabilities, such as algorithms for
simple visualisations, and can host more than one
communication technology. High-end loT devices
are mostly single-board computers (SBCs) that
can perform more sophisticated edge computing
(e.g. machine learning) and have high connectiv-
ity and high-quality interfaces to the surrounding
area (e.g. cameras). High-end loT devices are
also used as loT gateways.

According to MEkKI et al. (2019), loT communica-
tion technology can be split into short-range tech-
nologies (e.g. Zigbee, Bluetooth, Bluetooth Low
Energy (BLE), near-field communication, radio
frequency identification (RFID)), cellular commu-
nication (Wi-Fi, 2G (GSM), 2.5G’ (GPRS), 3G
(UMTS), 4G (LTE), 5G (NR)) and wireless low-

Business Layer

Application Layer

Middleware Layer

Network Layer

Perception
Layer

Raw materials for emerging technologies 2021

power wide area networks (LPWAN). Satellites
are viewed as being potentially potential game-
changing for the loT (URLINGS 2019).

At present, the following technologies are particu-
larly important:

— BLE is a Bluetooth variant specifically for
low-power loT devices (SAINATHAN 2018).
Compared to passive RFID, BLE’s reader
range is far greater, but tag costs are signifi-
cantly higher.

— LPWAN describes communication solutions
that enable wireless long-range communica-
tion over 10—40 km rurally and 1-5 km in
urban areas. The form of communication is
comparatively energy-efficient and afford-
able. The technologies are widely used and
researched today: Sigfox, LoRa and NB-IoT.

— b5G is expected to significantly drive loT mar-
ket development. 5G’s advantages over 4G
include its low latency and high data transfer
rates, while its disadvantages include its
shorter range. There is a separate technology
synopsis for 5G (see Section 3.5.3).

According to KRAUSE et al. (2017), a distinction
is made between three types of networking: ‘(1)
Connection of a product to a manufacturer, user
or another product (one-to-one, like vehicles’
diagnostic functions). (2) A central system that
permanently / temporarily connects to multiple
products (one-to-many, like additional smart ser-
vices for predictive maintenance and updates). (3)
Connection of many products to other products
and external sources of information to create eco-
systems (many-to-many, like using weather data
to predict and optimise energy consumption).’

The loT’s data processing architecture is summed
up by the terms ‘edge computing’, ‘cloud comput-
ing’ and ‘fog computing’. Data can be processed
locally, near where it is collected (edge comput-
ing), or centrally (cloud computing). Decentralised
pre-processing followed by centralised processing
can take place too (fog computing). The decision
as to what architecture will be chosen is taken
with costs and efficiency development in mind
(McKINSEY & COMPANY 2019; CHIANG & ZHANG
2016).
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lIoT applications can be found in a wide range of
industries even today. From a turnover perspec-
tive, STATISTA (2018) reckons that connected
cities (USD 38.8 billion) and industrial internet
(USD 35.9 billion) are the largest segments,
well ahead of wearable systems (USD 11.8 bil-
lion), connected vehicles (USD 4.5 billion) and
connected homes (USD 2.9 billion) (2018 data
in each case). In terms of loT device unit num-
bers, the image for 2018 is as follows: smart cities
(473.2 million), industrial 10T (440.8 million), per-
sonal loT (472.6 million), medical loT (125.4 mil-
lion), connected vehicles (64.7 million) and con-
nected / smart homes (1.2 billion). The smart
agriculture, commercial transport, intelligent retail,
smart energy management and smart buildings
fields are named too, but not quantified (CoLum-
BUS 2018).

According to GLoBAL DATA (2018), the following
companies are active market players for the four
main loT layers: Qualcomm, Intel, NXP, Infineon,
Microchip, Analog Devices and STMicroelectron-
ics at device level; Cisco, Nokia, Ericsson and
Huawei, as well as AT&T, NTT and Vodafone, at
network level; Amazon, Microsoft, Google, SAP,
Software AG and Alibaba at data level; and Apple
and Google in consumer internet, and GE and
IBM in industrial internet.

Given its sheer breadth and complexity, the
‘Devices in the 10T’ technology synopsis contains
numerous references to other technology synop-
ses. At this point, the focus is narrowed down to
minimum components for loT devices — firstly to
do justice to the IoT’s special mass nature and,
secondly, to avoid overlaps with technology syn-
opses like data centres (Section 3.5.4), radio fre-
quency microchips (Section 3.2.5) and autono-
mous driving of vehicles (Section 3.1.4).

According to KRAUSE et al. (2017), the following
minimum components are required for 0T objects:
sensors for recording information, a microproces-
sor appropriate for the specific task, a device for
energy supply, a networking component and, if
necessary, actuators that trigger actions based on
evaluated sensor information, depending on the
field of application. All the embedded systems are
also equipped with a unique ID (e.g. RFID or IP

address). In future, it will theoretically be possible
to kit out all sufficiently large physical objects with
the minimum IoT components.

Table 3.49 will give readers an idea of the loT
devices’ physical nature in a basic configuration,
their power supply and connectivity, and the esti-
mated cost development.

This list is not exhaustive; there are other and
more recent systematisations. However, what
makes this systematisation (SPARKS 2017) advan-
tageous is that it is the only one available for free
that contains a long-term quantitative estimate of
the 1oT minimum components.

We encounter a number of difficulties in deter-
mining the raw material content of the minimum
components for loT objects. While we could use
standard electronics to come close to the mate-
rial composition of loT beacons, loT receivers
and loT gateways, the first (ANGERER et al. 2009)
and second edition (MARSCHEIDER-WEIDEMANN
et al. 2016) of the study entitled ‘Raw materi-
als for emerging technologies’ illustrated that
the market breakthroughs hoped for at single
unit level (especially for supermarket and drug
store items, i.e. ‘fast-moving consumer goods’ or
‘FMCGs’ for short) failed to materialise for the
smart tags sub-segment of the RFID sector, and
that Industry 4.0 sensor technology could not be
quantified either due to insufficient information.
Data on all minimum loT components is patchy
(e.g. on BLE, Bluetooth Low Energy) and
often outdated (e.g. low-end microchips). The
loT’'s broad scope of potential implementa-
tions does not at present permit for a plau-
sible breakdown of the market shares of the
basic technical concepts for the individual
minimum components. Additionally, numerous
new material developments that make estimat-
ing 2040 raw material demands appear short-
sighted from today’s perspective are plausible.
Using this, we can formulate a demand to deter-
mine the required materials for current and future
[oT minimum components.

The only free source at present on the l0T’s raw
material demand focuses on storage technol-
ogy. While storage technology is not specific to
devices in the loT, it particularly extends to data
centres (see Section 3.5.4). Although HDDs and
flash memories can be considered established



Raw materials for emerging technologies 2021 151

BOM costs for a basic loT

module (2)
Module type (1) Energy supply Connectivity
Actual situa-  Projection
tion in 2017 for 2035
Smart Tag RF Energy NFC or RFID USD 0.40 USD 0.15
Harvesting
Solar cells, Unlicensed radio frequency (3)
Smart sensor button cell or LPWAN (4) USD 4 USD 1.5
Smart camera Power grid WiFi, LTE or Ethernet UsSD 8 USD 3
loT beacon Solar cells, Unlicensed radio frequency (3) UsD 3 USD 1
button cell
. Solar cells, Unlicensed radio frequency (3)
loT receiver button cell or LPWAN (4) USD 3 USD 1
loT gateway Power grid Unlicensed radio frequency (3) UsSD 8 UsD 3

or Internet connection

Notes: (1) Smart tags for the loT generate data for analysis in real time. Smart sensors measure the characteristics of their
immediate environment and forward this information for processing. Smart cameras are visual smart sensors, and smart
tags could also progress to a kind of smart sensor if combined with sensors and data loggers. An loT beacon repeatedly
transmits a small signal such as an ID number or web address. If there is a compatible lIoT object in proximity to the beacon,
an action is automatically triggered. A controlled loT object receives its control instruction from an loT receiver, which can
also operate with long-wave radio frequencies if necessary. IoT objects operating in unlicensed radio frequencies connect to
the Internet via loT gateways. (2) BOM — bill of materials, i.e. not including manufacturing costs; (3) Bluetooth, WiFi, Zigbee;
(4) Low Power Wide Area Network, e.g. NB-loT, LoRa, Sigfox.

Storage technology Component (selection)  Material (selection) tonnes/ZB
Ferroelectric RAM Control gate Ptor Ir Ir: 4910246
) Pt: 4710236
Iron layer Pb(Zr,Ti; -,)O3 7 141054
Electrode Pt
Magnetic RAM Conductor TaN Ta: 7.7
. L Co: 0.5t00.6
Pinning/antipinning FegoCouo / Ir)sMngg Ir 0.9t02.7
Electrode W W: 7.7
Ge: 0.05
PCM Phase change material Ge,Sbh,Tes Sb: 0.08
Te: 0.21
3D XP PC element SiGe Ge: 0.1t00.3
Resistive RAM Dielectric HfO, Hf: 3.3

Notes: Other chalcogenide glasses are also used for PCM but the cumulative raw material demand is of a low order of magnitude.

baselines, FeERAM (ferroelectric), MRAM (mag-
netic), PCM (phase exchange material), 3D XP
(stacked PCM) and RRAM (resistive) are emerg-

ing technologies.

Table 3.50 outlines the raw material demands for
different storage technologies (material content)

in tonnes/ZB:
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Ku (2018) shows that there may be notable effects
on raw material demand, beyond the well-known
issue of FeNdB demand for HDDs, if FeERAM
spreads massively on platinum group metals. The
use of RRAM in the zettabyte range is capable
of noticeably increasing demand for hafnium. All
other storage technologies appear to be straight-
forward in terms of raw material demand. The
emerging technologies PCM and 3D XP, not to
mention MRAM, are already powerful alternatives
to the established HDD and flash storage technol-
ogies without triggering major boosts in raw mate-
rial demands.

The author Ku (2018) concludes that the materials
required due to loT storage technologies are not
too alarming, and that it is unclear whether storage
technology is causing the most urgent material
problems in terms of ICT upscaling, as opposed
to the likes of data processing or data transfer.
Against this backdrop, this study does not pro-
vide an independent estimate on the raw material
demand for storage technologies. Nevertheless,
the quantitative future projections for loT objects
formulated in the section below can be used to
specify the need for a component-based analysis
of loT objects’ raw material content. However, this
would require an independent investigation.

Estimates of how IoT components market will
develop vary greatly depending on what is attrib-
uted to the IoT and which time periods are cov-
ered.

There are few long-term estimates for the loT
components’ unit numbers:

— ARM Limited (SPARKS 2017) estimates cumu-
lative potential production from 2017 to 2035
to be 1 trillion units, of which 500 billion are
expected to be tags, followed by 250 billion
sensors, 10 billion cameras, 100 billion loT
beacons, 120 billion loT receivers and 20 bil-
lion loT gateways.

— According to DBS Bank (CoLumBus 2018),
the installed active loT unit base in 2016 was
6.4 billion units (consumer devices: 62 %). By
2030, this figure is expected to reach 125 bil-
lion units (consumer devices: 60 %).

— Transforma Insights (MORRISH 2020) puts the
installed active loT device base at 7.6 bil-
lion units at the end of 2019. This figure is
expected to reach 24.1 billion units by 2030
(CAGR: 11 %). In this period from 2019 to
2030, the shares of short-range technologies
(Wi-Fi, Bluetooth and Zigbee) are expected to
change from 74 % to 72 %, public networks
(mainly cellular networks) from 16 % to 20 %,
and private networks from 10 % to 8 %.

The International Data Corporation (IDC) esti-
mates that there will be 41.6 billion connected
devices generating 79.4 zettabytes (ZB) of data
traffic as early as 2025 (IDC 2019).

Certainly, we should only take such illustrative
estimates with a pinch of salt. However, they still
give an impression of the sheer number of loT
devices we might expect in the future.

Different forms of loT adoption and raw material
content are conceivable depending on the SSP
scenario. However, the ‘raw material content’ and
‘foresight — industrial use’ information situation
is inadequate even for an illustrative estimate of
future raw material demand.

Some initial studies are examining the I0T’s envi-
ronmental impact. However, they are focusing on
energy consumption and circular economy issues
(cf. INTERNATIONAL TELECOMMUNICATION UNION
& WEEE Forum 2020, etc.) and not on material
content and resource efficiency matters.

The essential characteristics of 10T’s minimum
components is that they are miniaturised, wide-
spread and embedded in other objects. Print-
able electronics with minimal material content are
being developed and used for the mass market
for cost reasons. There are only minimal market
incentives for recovering the loT minimum compo-
nents’ constituents, and the high entropy makes
the ecological sense doubtful too.



The introduction of loT minimum components
into other recycling material streams may lead to
material incompatibilities under certain circum-
stances. Then, the loT minimum components’
design would be important for recycling, as they
would have to be separated from the main objects
or made suitable for the mass stream.

Thermoelectric generators (TEGs) convert tem-
perature differences directly into electrical energy.
In doing so, they do not need any moving parts
or consumables (and, consequently, no mainte-
nance). They are reliable and long-lasting and
do not emit any noise (CHAMPIER 2017). Many
technical processes, especially combustion pro-
cesses, produce waste heat, which can serve as
a source of energy for TEGs. This field of appli-
cation, waste heat utilization, holds great poten-
tial for aspects such as fuel savings in vehicles
or greater efficiency in combined heat and power
units and central heating systems in buildings
(FRAUNHOFER INSTITUTE FOR PHYSICAL MEA-
SUREMENT TECHNIQUES (IPM) 2017). Small TEGs
are used in the case of what is known as energy
harvesting. For example, they can supply electric-
ity to sensors from existing heat sources such as
heating pipelines or even body heat. In aerospace
engineering, radioisotopes have been connected
to TEGs as a heat source to supply power to sat-
ellites and sensors for decades (CHAMPIER 2017,
BERETTA et al. 2019; FREER & POWELL 2020; Jou-
HARA et al. 2021).

The process to convert heat into electrical power
using thermoelectric generators is based on
the Seebeck effect: An electric potential differ-
ence (voltage) will arise between two points in
a conductive material if these points have differ-
ent temperatures. The electrons responsible for
electrical conduction move faster in regions with
higher temperatures than they do in those with
lower temperatures. This leads to an accumula-
tion of electrons in the colder region. The differ-
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ence in potential produced causes a return flow of
electrons, which counterbalances the accumula-
tion. This creates a characteristic voltage for the
conductive material concerned. A thermoelectric
material should deliver as high a voltage as pos-
sible at a certain temperature difference to ensure
optimum efficiency. To ensure this is the case, its
electrical conductivity should be as high as pos-
sible to guarantee an adequate electron flow. At
the same time, the thermal conductivity should be
as low as possible to maintain the temperature
difference. The dimensionless ZT value is usually
specified as an index for thermoelectric perfor-
mance (BERETTA et al. 2019):

ZT=a?2T

Seebeck coefficient in V K-

Electric conductivity in Q' m-

Thermal conductivity in W m™* K-

Mean value of the temperatures on the hot
and cold sides in K

—~ X Qg Q

The ZT value is therefore not only dependent on
the material; it is also dependent on the tempera-
ture. For specific applications, it is thus essential
that the material’s temperature-dependent ZT
value is also high in the relevant temperature
range.

It is rare to find materials suitable for thermoelec-
tric generators which have a high electrical con-
ductivity but a low thermal conductivity since good
electron conduction is generally paired with effec-
tive thermal conductivity. For example, thermal
and electrical conductivity are high in metals and
low in insulators. Semiconductors exhibit average
values for both variables and achieve the best
ZT values as shown in Table 3.51. Painstaking
research is currently being conducted into mate-
rials to maximise ZT values (FREER & POWELL
2020).

Thermoelectric generators use n- and p-con-
ducting semiconductor layers in which additional
conduction electrons (n-conductors) or holes
(p-conductors) are created using foreign atoms in
a crystal lattice. These semiconductor layers are
linked via wires and connected in series electri-
cally, thus allowing a continuous current flow.
The electrical circuit is located perpendicular to
the temperature gradient (see Figure 3.53). Heat
exchangers are used to transmit heat to the gen-
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Table 3.51: Thermoelectric properties of insulators, metals and semiconductors at room

temperature (source: SPARKS 2017)

Unit
Seebeck constant a 106V K
Electrical conductivity o Q' m?
Thermal conductivity k W m K

ZT value -

erator’s hot side and cool or transfer heat away on
the cold side (JAzIRI et al. 2020). The thermoelec-
tric modules must withstand large temperature
gradients and related stress loads and deforma-
tions during many heating and cooling processes.
They must also be stable within the operating
environment (chemical, mechanical) (FREER &
PoweLL 2020).

It is thus important to optimise the entire module
design in addition to the properties of the ther-
moelectric materials (see Section 3.3.1.2). This
includes electric connecting elements (wires),
heat exchangers and the power inverter to con-
vert the generated direct current into an alternat-
ing current (CHAMPIER 2017). Key parameters for
TEGs are the power density (indicated in W cm?;
the greater the power density, the lighter the ther-
moelectric generator is) and the cost per unit of
power (€ per watt).

Thermoelectric generators have a low efficiency
compared to other technologies used to convert

Insulators Metals Semiconductors
1,000 5 200
1010 108 105
0.1-1 10 to 1,000 1to 100
104 103 0.1t0 2.2

waste heat into electricity. However, a thermo-
electric generator’s simple structure offers an
advantage since it ensures high reliability, a long
service life and low maintenance. Moreover, ther-
moelectric generators are scalable and their use
can be adapted individually to the specific applica-
tion concerned. They are also suitable for applica-
tions which do not include moving parts and are
silent in their operation. Thermoelectric genera-
tors are unrivalled for temperatures below 100 °C
(WIETSCHEL et al. 2010).

3.3.1.2 Raw material content

Different materials each have both advantages
and disadvantages with regard to the suitabil-
ity criteria specified in Section 3.3.1.1. Materi-
als based on PbTe, Bi,Te;, BiSb and SiGe are
already in commercial use. PbTe and SiGe are
used in the space industry while only Bi,Tes is
relevant for commercial use in other applica-
tions such as heat utilisation (CHAMPIER 2017,

n- and p-doped semiconductors (thermoelectric materials)

Heat exchanger (waste heat)

Heat exchanger (cooling)

Electr.
conductor

Figure 3.53: Structure of a thermoelectric generator (source: own representation)



CRAMER et al. 2018; JOUHARA et al. 2021).
The following material classes are undergoing
research and development (BERETTA et al. 2019;
when [X)Y, Z] is written, it means that X, Y and Z
can substitute one another and are therefore con-
tained in variable quantities; see FREER & POWELL
2020):

— Oxide, e.g. ZnggsAly02Gag 020, NaCo,0,

— Silicides, e.g. FeSi,, Mg,[Si,Ge,Sn];
Rug.1Mng¢Siy; MnSi; 73

— Skutterudites, X,Co,Sb.,, X: Sr, Ba, La, Yb,
Ce, Nd, Er, In; Yb,,Ca,MnSb;

— Half-Heusler materials, [Hf,Zr][Co,Ni,Fe]
[Sn,Sb]

— Sulfosalts, e.g. Cu,[S|(SbSs3).]

— Nanostructured silicon

— Polymers.

ZT values of around 1 are achieved in thermo-
electric generators in commercial use. This also
leads to overall efficiency levels of 2—-8 % due to
contact systems in need of improvement among
other things. ZT values of up to 2.4 have already
been achieved in research. However, higher val-
ues (ZT values > 3) are required for large-scale
TEG applications (FREER & PowEeLL 2020; Jou-
HARA et al. 2021).

Current applications for TEGs outside the aero-
space industry are based exclusively on Bi,Te;
(CHAMPIER 2017; CRAMER et al. 2018). Very dif-
ferent materials are currently under consideration
for future thermoelectric generators and may
again contain many different elements. Most of
the aforementioned materials are also at an early
stage of development, so it is not possible to pre-
dict which particular raw materials will be impor-
tant for TEGs in the future. Some of the materials
listed above contain elements which are regarded
as potentially critical raw materials (Te, Sn, Co,
In, Ga, Er, Ru, Hf). Both toxicity (e.g. Pb) and
potential limitations due to the availability of raw
materials (e.g. Te) are currently a key concern in
research into thermoelectric materials (JOUHARA
et al. 2021; YING et al. 2021).

The use of thermoelectric generators in potential
mass markets such as the automotive industry is
technically possible (HEATRECAR CONSORTIUM
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2013). TEGs based on Bi,Te; in commercial use
currently achieve real efficiencies of 2—8 %. This
results in costs of around €3-8/W. The costs for
the thermoelectric material here are considerable,
e.g. 20% for bismuth telluride (HEATRECAR
CoNsoRTIUM 2013). Thermoelectric generators
are regarded as competitive when costs are €1/W
or less (WIETSCHEL et al. 2010) with higher (up to
€3/W) or lower costs (€0.5/W or less) being speci-
fied depending on the application (HEATRECAR
Consortium 2013). According to KONIG et al.
(2015), the price for TEG-generated electricity
can be reduced to about USD 0.5 per W through
economies of scale and improvements in per-
formance (savings on materials, improvements
to materials, modules and generators). Various
research projects and demonstrators have shown
that this is technically feasible (HEATRECAR
CoNsoORTIUM 2013; e.g. CHAMPIER 2017). How-
ever, the anticipated breakthrough in waste heat
utilisation for vehicles has not come to fruition in
recent years. The subject-matter is being further
advanced in research but it depends on new ther-
moelectric materials being developed (CRAMER et
al. 2018; BERETTA et al. 2019; FREER & POWELL
2020). The time frame for using thermoelectric
generators in vehicle construction is closely linked
to the use of internal combustion engines, which
are currently gradually being replaced by electric
power systems.

Applications in industrial plants include both direct
conversion of waste heat (e.g. from steel produc-
tion, KUROKI et al. 2015) and its use as a power
source for sensors and actuators. Both are pos-
sible and have already been demonstrated. How-
ever, TEG manufacturers’ product portfolios indi-
cate that the latter has the greater commercial
relevance (ENOCEAN 2021; TEC MICROSYSTEMS
2021; e.g. TEGNoLOGY 2021). Measuring and
control system applications are also relevant in
the buildings sector and are already being mar-
keted commercially (ENOCEAN 2020). However,
this area of application remains a niche market
since small sensors and actuators can generally
also be powered by batteries or electrical circuits.
Despite higher costs, TEGs can offer advantages
and be used in cases where this is impractical
(e.g. due to frequent battery replacement) (PER-
PETUA 2021).

To ensure suitability for future mass applications,
the highly encouraging ZT values for the thermo-
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electric materials currently being tested in labo-
ratories also need to be put to practical use. In
addition to developing these materials, it is also
important to optimise the entire module and gen-
erator structure. Thermoelectric generators can
also be used in power plants, production facili-
ties and data centres. The crucial factor here is
whether there are suitable TEGs for the tem-
perature level in the system or plant concerned.
Large-scale TEGs are potentially highly suitable
for using waste heat in many industrial plants.

End user applications are also being discussed
as future areas of application for TEGs. These
include TEG-driven cooking sensors to save
energy, watches and smartphones powered by
body heat, clothing with sensors to monitor body
functions and similar. Studies are currently being
conducted on flexible substrates (Du et al. 2018;
WANG et al. 2019; FaN et al. 2021).

Thermoelectric generators offer great potential in
different application segments. The market origi-
nally anticipated in the motor vehicle sector based
on the utilisation of waste heat from internal com-
bustion engines has disappeared due to the shift
towards sustainable means of transport. At pres-
ent, it is the measuring and control systems sec-
tor which offers an attractive niche market (based
on Bi,Tes), but it is dependent on new materials
before it can expand further. Although thermoelec-
tric applications account for around 30 % of the
demand for Te (EUROPEAN ComMMISSION 2020a),
this mainly involves Peltier coolers (e.g. for cool-
ing PCR devices for gene sequencing) or digital
cameras for special applications (GARTNER et al.
2003; cf. SELENIUM-TELLURIUM DEVELOPMENT
AssocIATION 2021) and not TEGs. Use in the
space sector also continues to exist but the raw
material demand is low in this case. Due to the
early development stage and the various compet-
ing material systems for the next generation, the
raw material demand cannot be reliably estimated
for 2040.

Although recycling is possible in principle, the
more complex the chemical composition of ther-
moelectric materials is, the more costly and time-
consuming it will be. The aforementioned materi-
als can substitute one another.

Thin-film technologies refer to processes in which
solid substances are deposited in micro- or nano-
metre thin or monomolecular layers. These sub-
stances exhibit physical behaviour (strength, opti-
cal properties, electric conductivity and similar)
which differs from a solid body made of the same
material. Thin-film technologies not only comprise
the deposition process itself but also the subse-
quent processing or structuring of the deposited
layers.

Thin film technology has developed into a key, pio-
neering surface engineering technology in many
industrial segments. This is why thin-film technol-
ogy can be regarded as a cross-sector technol-
ogy. The chart below gives a rough overview of
the differentiation between the various thin-film
technologies and examples of their application in
photovoltaics (PV).

In contrast to the solid cells produced using crys-
talline silicon wafer technology, the photovolta-
ically active material is deposited on a substrate.
While the substrate provides mechanical stabil-
ity, the thickness of the photovoltaic material is
designed to absorb as much light as possible. In
its most simple form, the structure of a thin-film cell
consists of a substrate, an electrode, semiconduc-
tor I, semiconductor Il and an electrode. At least
one of these electrode layers must be transparent.

There are a variety of photovoltaically active
materials in thin-film cells. Not only p-n junctions
are used for charge separation; heterojunctions
are also used between the different semiconduc-
tors. A heterojunction, also called a heterostruc-
ture, refers to the interface between two dissimilar
materials which do not conduct perfectly (semi-
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Thin-film technologies and their application in photovoltaics (PV)

PVD
Physical
vapour deposition

—> Evaporation
— Resistance evaporator (PV)
— Induction heater (PV)
— Electron beam evaporator (PV)
— Laser beam evaporator
— Arc evaporator

—> Sputtering
— DC diode sputtering (PV)
— DC triode sputtering
— High frequency sputtering (PV)
— Reactive sputtering (PV)
— lon beam sputtering

L» —lon beam assisted deposition
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CVD
Chemical
vapour deposition
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— Plasma deposition (PV)
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— deposition (PV)
— Plasma assisted metal
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— plasma polymerisation

L» — Chemical vapour infiltration
— Atomic layer deposition (PV)

— lon plating
— Cluster beam technology

Figure 3.54: Overview of the various thin-film technologies (source: own representation based on
CHEN et al. 1996 and KAMALASANAN 1996)

conductor materials). Unlike in a p-n junction, it
is not the doping method which is different here;
it is the material type. Semiconductors therefore
usually have a different energy in the band gap.
Heterojunctions are found in IlI-V semiconduc-
tors or II-VI semiconductors. A distinction is made
between the following variants:

— Amorphous silicon (a-Si) with a p-n transition
or with a heterojunction to a-Si:C

— Crystalline Si with a p-n transition

— CdTe with a heterojunction to CdS

— CulnSe; (In is replaced by Ga and Se by S to
a certain extent) with a heterojunction to CdS
(CIS)

— GaAs with p-n junction or with a heterojunction

Greater potential has long been attributed to thin-
film technologies within the photovoltaics sec-
tor. However, solar cells made of silicon wafers
currently dominate the photovoltaic market with
almost 96 % of supplied modules containing silicon
wafer solar cells in 2018. However, thin-film cells
offer technological advantages (FRAUNHOFER ISE
2020). The genuine advantages notably include

the low material and energy intensities in pro-
duction and the consequential cost advantages.
Another advantage is the relatively variable cell
size. Whereas the size of solid cells is restricted
to the wafer size and thus to around 21 cm (M12
module size), thin-film solar cells can be manu-
factured in large dimensions with the size of the
coating equipment being the only limitation. The
wide variety of options available with regard to
substrate materials also brings advantage, includ-
ing roll-to-roll processes and the production of
transparent cells which are particularly suitable for
building integration.

The advantages that thin-film cells offer may also
be regarded as disadvantages. The market is thus
very heterogeneous and production processes
and module sizes are not standardised, unlike
in conventional PV systems. This could have a
restrictive effect on future market development for
thin-film technology (VON ARDENNE GmBH 2020).
The thin-film cell types CdTe, CI(G)S and a-Si had
a market share of 4 % on the overall PV market in
2018 (FRAUNHOFER ISE 2020); see Figure 3.55.
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Figure 3.55: Share of the total PV market represented by various thin-film cell types
(light blue: CdTe; dark blue: a-Sl; orange: CIGS) with a total global PV production of
102 GWp in 2018 (sources: FRAUNHOFER ISE 2020, STATISTA 2021b)

The different thin film technologies are described
in detail below.

3.3.2.1.1 Thin-film cells made of
amorphous silicon (a-Si)

The structure of a typical thin-film PV cell made
of amorphous silicon (a-Si) differs from that of a
crystalline solar cell in that the silicon layer is much
thinner and an intrinsic silicon layer is interposed
between the p- and n-conducting silicon, serving
as an absorber. Amorphous silicon cells can be
very thin because the absorption coefficient for
light is much greater than for crystalline silicon. The
substrate comprises glass, through which the cells
are illuminated. As shown in Figure 3.56 below,
current, conventional a-Si cells or modules usually
feature ZnO or aluminium-doped ZnO (AZO) as the
TCO (transparent conductive oxide) instead of the
indium tin oxide (ITO) used previously. Production
of a-Si cells are subject to lower price risks thanks
to the use of base metals (KowsaAR et al. 2019).

An essential characteristic of a-Si cells is degra-
dation due to light exposure (Staebler-Wronski

effect). As a result, efficiency decreases perma-
nently by an absolute 2 or 3 % after a few hours or
days of irradiation. The efficiency of 1 cm? labora-
tory cells is 13.4 % when non-stabilised (KOwsAR
et al. 2019) and 9.5 % when stabilised. Com-
mercial modules achieve an efficiency of around

NN\
SS
AL/Ti 100 nm
___________________ n*20 nm
i700 nm
"""""""""" p*8 nm
ITO 60 nm

77

Figure 3.56: Structure of an amorphous sili-
con solar cell (source: own repre-
sentation based on FALK 2006)




7.5 % when stabilised (MAHMOuUDI et al. 2019).
The trend is moving towards developing tandem
or stack cells where a number of cells with differ-
ent band gaps are interconnected. Amorphous
silicon cells are most commonly used for smaller
output capacities, such as power supply to pocket
calculators. a-Si cells dominate the market com-
pletely in this power segment. They are rarely
used for higher output capacities. Due to the very
low energy requirements for a-Si cells produc-
tion, their energy return on investment period is at
one year only half as long as for crystalline cells
despite low efficiency.

The development of thin-film cells made of crys-
talline cells is motivated by the desire to produce
them as cost-effectively as amorphous silicon cells
and achieve the efficiency that polycrystalline solid
cells offer. The advantages of the two conventional
silicon cell types could thus be combined and their
respective disadvantages eliminated.

A major challenge of this technology is the ques-
tion of the correct grain size and the required layer
thickness. A distinction must be made between
two development strategies here: one is seeking
to produce large grains; the other is seeking to
reduce recombination at the grain boundaries of
small grains through passivation, mostly by satu-
rating with hydrogen.

Glass is used as a substrate for the cells. They
usually have a similar structure to cells made of
amorphous silicon. TCO is used as an electrode
on the one side with a metal layer, usually alu-
minium, used on the other. At a few um, the layer
thickness is relatively narrow since the effective
absorption coefficient is high in this material, par-
ticularly due to the amorphous material between
the grains, and the dispersion on the small grains
extends the light path. Cells of this type have
already achieved an efficiency of 13.4 % (KOwSAR
et al. 2019).
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Gallium arsenide is an ideal material for solar
cells. Its energy gap is optimal for sunlight and as
a direct semiconductor GaAs completely absorbs
light in layers just a few ym thick. However,
gallium arsenide crystal growth is complex from
a technical perspective despite methods being
constantly improved. GaAs modules are used in
the space sector to generate energy for satellites
since they are highly resistant to cosmic radiation
and also achieve optimum levels of efficiency.
Today, GaAs cells are crystalline thin-film cells
that achieve an efficiency of 30 % and more on
4 cm?in the laboratory. Polycrystalline GaAs cells
offer significantly poorer performance since the
grain boundaries in GaAs cannot be passivated
as easily as in silicon and there is thus a higher
incidence of surface recombination. The most
favourable variant consists of thin crystalline
GaAs layers on a crystalline germanium wafer,
where epitaxy is possible thanks to the similar
lattice constants. Zn(p) or Te(n) is used for doping
since they can be added as ethyl compounds in
a gaseous form.

Metal grid \
p-GaAs (0,5 uym) ! !

DLAR
Window ——— p-AlGaAs (0.05 pm)
Emitter —— p-GaAs (0.5 ym)
Basis n-GaAs (3 um)
Buffer n*-GaAs (5 um)
Inactive
substrate n-Ge (85-200 um)
Contact
layer

Note: DLAR is an anti-reflection layer used with high-
efficiency multi-junction GaAs technology, e.g. on a base of
TiO/MgF, or ZnS/MgF,. As well as the variants mentioned
here there are many other combinations, such as gallium
indium phosphide, (Ga, In), P/gallium arsenide and GaAs/
germanium.
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Cadmium telluride is a direct semiconductor with
an advantageous band gap and a high absorption
coefficient. The advantage of CdTe cells is their
lower temperature sensitivity and their high sensi-
tivity to diffuse solar radiation.

In previous CdTe configurations, a CdS interface
was deposited on the molybdenum substrate
using vacuum gas-phase deposition while a CdTe
layer was deposited using chemical gas-phase
deposition. Superstrate configurations have
replaced a substrate configuration in modern
CdTe cells. The TCO layer now acts as a window
and CDs are used as a buffer layer. SnO,, In,O3:
Sn, ZnO, Cd,SnO, are often used as a TCO in
references. The TCO serves as a front contact
and side conductor. The CdS window layer can
be applied using wet-chemical bath deposition,
sputtering and a closed-space sublimation pro-
cess (CSS). The CdTe absorber layer is often
deposited onto the substrate using CSS and then
treated using CSS with CdCl, vapour. CdCl, treat-
ment increases the grain size, which leads to a
significant increase in efficiency (KOwsaAR et al.
2019).

The cadmium content is unsuitable for receiving
the CdTe cells. Intensive research is being con-
ducted into finding a substitution for cadmium due
to its toxicity. However, the heavy metal cadmium
is relatively immobile in a CdTe cell, although cad-
mium may become mobilised in extreme situa-
tions such as a building fire. There are also toxic
risks during the production of modules and recy-
cling of used modules.

A typical CdTe solar cell consists of five individual
layers: one CdTe absorber layer around < 2 pm
thick, a CdS intermediate layer around 100 nm
thick and two tellurium and antimony telluride
(Sb,Te;) layers 20 or 100 nm thick. Figure 3.58
shows a structural model of a CdTe cell.

CIS (copper indium diselenide or disulfide) or
CIGS (copper indium gallium diselenide or disul-
fide) is used in a thin-film photovoltaic cell based
on chalcopyrite compound semiconductors
(Cu(In, Ga)(Se, S),). The basic structure of a con-
ventional CIS solar cell is shown in Figure 3.58.

Cells are generally assembled on molybdenum-
coated glass substrates. The molybdenum layer
serves as the rear contact in this case. The
molybdenum layer also ensures that unabsorbed
light is reflected back into the absorber layer. The
interface between the p-conducting Cu(In, Ga)Se,
or CulnS, layer and the poorly n-conducting layer
made of CdS or ZnS form the heterojunction. CdS
is transparent and acts as a window. The trans-
parent second electrode is located on top as a
front contact. Transparent, n-conducting ZnO acts
as the front contact.

A cathode sputtering method deposits the molyb-
denum layer onto the substrate during the manu-
facturing process. The p-doped CIGS absorber
layer is applied to the molybdenum layer. Using
the latest technical standards for highly efficient
CIGS solar cells, this layer is applied using physi-
cal gas-phase deposition at high temperatures
(~600 °C), which is continued with a two-stage
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process. e.g. sputtering followed by selenization
with SE vapour or H,Se gas (KOwsAR et al. 2019).
Both the ZnO front contact and the molybdenum
rear contact are sputtered.

In addition to the cells listed here, there are other
cell types that also form part of the thin-film fam-
ily. Organic solar cells are particularly worthy of a
mention here. The reason behind developing this
cell type is the use of significantly more favourably
priced materials and manufacturing processes
during which expensive raw materials such as
platinum and ruthenium are used to a certain
extent. However, efficiency levels have been very
low so far and the service life is also really short
at around 5,000 hours. There are no cells or mod-
ules using this technology available on the mar-
ket yet. One example of this cell type is the dye-
sensitised solar cell (DSSC). Also known as the
Gréatzel cell, this cell type uses organic dyes in a
similar way to photosynthesis to convert light into
electrical energy. These cells are mostly purple
and provide the best efficiency among all organic
solar cells at over 15 %, although they also have a
limited service life due to aggressive electrolytes.
The latest research into polymers or metal foils
as a replacement for glass substrates could help
DSSC cells to make a commercial breakthrough
in the future (KowsaAR et al. 2019).

Another thin-film technology from recent years
which has attracted a great deal of attention is
perovskite solar cells (PSC). With initial efficien-
cies of around 10 % and 500 hours of stable oper-
ating time, these cells are not competitive yet.
Due to their photoelectric properties, which may
include a high absorption coefficient, a long carrier
diffusion length and low exciton binding energy at
times, the perovskite solar cell makes an ideal
candidate for providing light-absorbing materi-
als. Cells with 25.2 % efficiency have now been
produced on a laboratory scale (ZHANG & Park
2020). Moreover, perovskite solar cells scored the
best sustainability during an environmental per-
formance evaluation of several emerging thin-film
technologies (Gok 2020).
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Only CI(G)S and CdTe technologies are consid-
ered in the text below, because they have been
commercially available for several years and are
dependent on key raw materials. Moreover, they
currently represent by far the largest share of the
market with 97 % of the thin-film PV modules sold
(FRAUNHOFER ISE 2020). Figure 3.59 provides a
rough composition of CdTe or CIGS thin-film mod-
ules.

Figure 3.59 shows that glass and the frame struc-
ture are the main components in modules. In con-
trast, the proportion of semiconductor compounds,
included under “thin-film elements”, is relatively
low. Only part of the target material used ends up
on the substrate, especially during sputtering pro-
cesses. One part is not removed and remains on
the target, which is then recycled. Another part of
the target material is deposited on the chamber
walls and/or panels, which can also be recycled to
some extent. The substrate size is thus decisive
for material efficiency during sputtering among
other things. As material is sprayed over the sub-
strate edge (around 0.15 m) during sputtering
(overhang), the ratio between the overhang and
substrate size determines how much of the mate-
rial actually ends up on the substrate. A greater
substrate size would improve this ratio. However,
there are technical limits to the substrate size to
be sputtered (VON ARDENNE GmMBH 2020).
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9 %\ \ /
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Finally, you also need to take into account that
the front electrode on some PV cells consists of
an ITO layer instead of ZnO, which constitutes
another component that uses indium in such
cases. MARWEDE & RELLER (2014) developed sce-
narios for material efficiency throughout the life
cycle of both thin-film technologies. They also
looked at material losses during coating or due to
rejects and the recycling of these losses. In doing
so, they defined material utilisation during produc-
tion as a product-specific raw material demand
due to the use of raw materials for production
minus the materials recycled from production
waste. This means that credit is given for the recy-
cled material. The calculated material utilisation
efficiencies can be used to determine how much
the raw material demand for production exceed
the actual material content in the modules.

The product-specific raw material content per Wp
depends on the layer thickness, the stoichiometric
composition of the layers, the solar cell efficiency
and the material efficiency. A value of 1,000 W/m?
was assumed for the solar constant. The formula
below was used for calculations.

The degree of efficiency determines how many
square metres of space are required per watt of
nominal output. Small CIGS modules (841 cm?)
can now achieve 19%, as Solar Frontier has
demonstrated. Values of 15 % can be achieved
for larger MiaSolé modules, which are manufac-
tured on a surface measuring 9,703 cm?. It has
also been established that the stability of modules
is comparable, if not higher even that in ¢-Si mod-
ules (SHAH 2020). A module efficiency of 17 % is
being used for the current calculations for CIGS
in 2019. However, the efficiency of finished CdTe
modules can exceed 18 % (First Solar modules

measuring 7,038 cm?) (SHAH 2020) up to 19 %
(FRAUNHOFER ISE 2020). In the past, there were
problems with the durability of solar cell efficiency;
this was related to the diffusion of copper, which
is required to provide a suitable rear contact.
However, this problem has now been practically
resolved by embedding copper into a ZnTe layer.
This improvement is evident in the high reliability
of First Solar modules (SHAH 2020). As a result,
a efficiency of 19 % is also expected for current
calculations in 2019.

Current material efficiencies in established man-
ufacturing processes are 70 %. Both personal
information and own estimates based on different
studies have been used to calculate these values
(Zuser & RECHBERGER 2011; CicHY 2017). This
value does not include material recycling rates for
manufacturing waste recovery. For this reason,
calculations used a net material efficiency of 80 %
for 2018, based on the research findings of MAR-
WEDE & RELLER (2014). A net material efficiency
of 95 % is assumed for the SSP1 scenario and
90 % for the SSP2 scenario for the year 2040.

As there is also a wide variation in the absorber
layer thickness between the manufacturers and
the manufacturing processes, a linear decrease
in the layer thickness was taken from the previ-
ous report for CIGS (1.4 ym) and CdTe (1.7 pm)
in 2018. The values of 0.5 ym and 1.0 um from
the previous report for 2035 were used again for
the fast and slow development of the two models
for 2040. This is because of the enormous uncer-
tainty of a forecast over such a long period of time.
These figures contradict previous references, e.g.
the extensive research by CicHy (2017), which
predicted a layer thickness of 0.8 um for 2040.
However, the EU research project ARCIGS-M is
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already undertaking research with CIGS absorber
layer thicknesses of 0.5 ym. These figures are
reached using a layer of silver instead of a molyb-
denum layer since this unabsorbed light is trans-
mitted back into the absorber layer and a more
complete absorption of sunlight is produced
(EUROPEAN UNION 2020). DIERMANN (2019) also
reports in PV-Magazine that similar research can
also be applied to CdTe. A nano-structured rear
mirror is also used in this design with the aim of
keeping light in the semiconductor for longer.

The aforementioned data can be used to derive
parameters for calculating the production-specific
raw material demand for 2018. These are the
starting points for developing two different tech-
nology scenarios for the year 2040 (see Table
3.52).

The data in Table 3.52 are based on the exem-
plified examination of common coating processes
for CdTe and CIGS modules. The cell-specific
contents of semiconductor materials are governed
by considerable uncertainties overall. Layer thick-
nesses and coating processes have a significant
impact on the actual demand for semiconductor
material and vary from manufacturer to manufac-
turer. Moreover, they differ significantly between
laboratory scale systems and pilot plants and also
change when processes are subsequently devel-
oped into mass production systems.

2018
CIGS CdTe
Absorber layer
thickness 14 um 1.7 um
Efficiency 17 % 19%
Material efficiency 80 %
Cu: 113 Cd: 275
Raw material demand In: 143 Te: 313
[tonnes/GWp] Ga: 3.8
Se: 27.8

Note: Stoichiometry Cu(In0,7Ga0,3)Se2
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Effective and significant demand effects from
thin-film photovoltaics for high-purity semicon-
ductor materials crucially depend on the market
growth for thin-film photovoltaics. Future mar-
ket development for thin-film photovoltaics also
very much depends on the overall development
of energy demand (prices for fossil fuels among
other things), renewable energy sources in par-
ticular (including funding for advancing technology
and feed-in tariff conditions) and very specifically
the photovoltaics (including the current standard
of thin-film technology. IMAGE SSP1-19 and the
MESSAGE-GLOBIOM SSP2-26 scenario are
used to preview industrial use here; compare
Section 1.1.1. No additional photovoltaic capac-
ity will be installed between 2030 and 2040 in the
REMIND-MAGPIE SSP5 baseline (BAUER et al.
2017a).

In 2018, global solar cell production amounted to
102 GWp (STATISTA 2021b). The market share of
CdTe was 2.6 % (with 2.7 GWp) while CIGS took a
share of 1.1% (with 1.2 GWp) (FRAUNHOFER ISE
2020). To estimate future raw material demand, it
was assumed that, in SSP1-19, both technologies
will each achieve a market share of 8 % of the
annual installed capacity of 390 GW, in 2040. In
SSP2-26, both the overall market and the thin film
market expand at a slower rate: it is thus assumed
that each technology will achieve a market share
of 2 % of the annual installed volume (65.7 GW,)
in 2040.

2040
SSP1 Sustainability SSP2 Middle of the Road
CIGS CdTe CIGS CdTe
0.5 uym 0.5 um 1 um 1 um
25% 25% 21% 22 %
95% 90 %
Cu: 25 Cd: 5.9 Cu: 6.1 Cd: 15.0
In: 2.9 Te: 6.7 In: 7.8 Te: 17.2
Ga: 0.8 Ga: 22
Se: 5.9 Se: 15.6
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Table 3.53 summarises the global annual installed
capacity of PV and annual additions for the thin-
film PV cell types CIGS and CdTe studied in
depth. No meaningful projections could be made
for increased use of GaAs cells, which are mainly
used for space-related applications.

The future demand for raw materials (Table 3.54)
can be calculated by multiplying the production-
specific raw material (Table 3.52) by the annual
installed power capacity (Table 3.53).

If we look at the raw material demand for the
individual absorber layer materials in 2018 in
Table 3.54 in comparison to recent years or the
figures for 2013 in the previous study (MAR-
SCHEIDER-WEIDEMANN et al. 2016), we see they
have decreased. This can be attributed to the
three advances in thin-film technologies while
taking into account the formula for the product-

specific raw material content per Wp. First of all,
the efficiencies of CIGS and CdTe PV plants have
improved considerably; efficiencies of just 12 %
were estimated for both technologies in 2013.
We can now assume efficiencies of 17 % (CIGS)
and 19 % (CdTe) for good modules. Furthermore,
continuous innovations have made absorber lay-
ers thinner, which has resulted in a lower area
density for the individual elements. There have
also be considerable advances in manufacturing
processes, which means material efficiencies of
80 % can be assumed today. There is also the
fact that the annual installed capacity of CIGS and
CdTe has decreased slightly in direct comparison
to the previous study. However, this is not the
case if we refer to the historical data provided by
FRAUNHOFER ISE (2020). It is thus supposed that
the estimated figures for 2013 were too high.

A reduction in raw material demand is expected
for the requirements forecast in SSP1-19 com-
pared to the breakdown scenario 2035, even if
this reduction is only slight. If we compare the
SSP2-26 scenario with the scenario at that time

2040

SSP1-19 Sustainability SSP2-26 Middle of the Road

31,200 1,300
31,200 1,300

2018
Annual installation
CdTe (MWp) 2.700
CIGS (MWp) 1,200
Raw material Production in Demand in
2018 2018

20,591,000 (M)

Copper 24,137,000 (R) 14
Indium 808 (R) 17
Gallium 413 (R) 5
Selenium 3,677 (R) 33
Cadmium 26,670 (R) 74
Tellurium 595 (R) 84

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

Demand foresight for 2040
SSP1 Sustainability SSP2 Middle of the Road

79 8
92 10
26 3
184 20
184 20
210 22



(“slow development” in 2035), we can detect a
significant reduction, which is due to the very low
sales figures in the market forecast in the SSP2-
26 scenario.

However, a marked discrepancy can be found
between the raw material demands in the two
scenarios with regard to the estimations for
2040 (Table 3.54). Despite the poorly predicted
absorber layer thicknesses, material efficiencies
and efficiency for “slow development” (SSP2-
26), the annual installed capacity is decisive for
the raw material demand. Whereas the scenario
model SSP2-26 estimates an annual installed
capacity of 1,300 MWp, the forecast for “rapid
development” (SSP1-19) is 31,200 MWop, which
represents a difference by a factor of 24. All fore-
casts for raw material demands for the SSP2-
26 model consist of a virtually constant or lower
demand in relation to global production for 2018
compared to 2018. As a result, the “rapid develop-
ment” and the associated increased raw material
demands for the SSP1-19 model are discussed in
more detail below.

Due to the sharp increase in sales figures for
CdTe for the SSP1-19 model compared to the
annual installed capacity for 2018, the demand
for tellurium increases considerably compared to
the quantity required in 2018. In this case, 14 %
of world production was used for CdTe in 2018
and an increase to 35 % of the world production in
2018 was forecast for 2040. A potential bottleneck
in tellurium supply for mass production of CdTe
modules is discussed critically here. However,
model calculations which take into account all
aspects of recycling and different market develop-
ments showed that there would be sufficient tellu-
rium to install an accumulated capacity of 2 TWp
up to 2050 (PowALLA et al. 2018). FTHENAKIS
(2009) expects that the Tellurium supply will be
significantly expanded in the future thanks to the
growth of copper production, during which tellu-
rium is obtained as a by-product. This means the
future raw material demand for photovoltaics can
be met.

Similarly, the demand for cadmium is expected to
increase sharply. The forecast demand for pho-
tovoltaic technologies of 74 tonnes/year (2018)
is likely to increase to 184 tonnes/year (2040).
However, both values in the different scenarios
represent only a fraction of 0.1 % or 0.7 % of
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the annual global production in 2018. The issue
of toxicity in the semiconductor compound CdTe
plays a part in this respect. There has not been
sufficient research into toxicity to date. CdTe-PV
is not (yet) subject to the ban under the European
RoHS Directive (RoHS Directive 2011) at the
present time. If there is a ban on putting CdTe-PV
modules onto the market in Europe in the future,
this will have a direct impact on raw material
demand. This will be of particular consequence
for tellurium since the CdTe PV industry is one of
its main consumers.

Forecasts predict a significant increase in demand
for the absorber materials indium, gallium and
selenium for CIGS modules for 2040. Nonethe-
less, according to the European Commission's
Foresight study, tellurium and indium in particular
have the most critical demand-to-supply ratio in
keeping with the predictions made here (Euro-
PEAN COMMISSION 2020a).

Future development of CIGS thin-film photo-
voltaics also depends on how the raw material
demand for indium and gallium evolves for other
technologies such as LEDs, displays or ICs. For
instance, LCD TV manufacturers are likely to
absorb increases in indium prices far more easily
since the value percentage of indium in relation to
the purchase price is significantly lower than it is
for CIGS solar modules. LCD manufacturers can
also use possible substitutes if indium prices rise
too much. CIGS manufacturers can only substi-
tute indium to a limited extent: if gallium is used
instead of indium, the band gap is worse and gal-
lium is also as expensive and critical as indium to
a similar degree.

The use of photovoltaic systems is growing rap-
idly worldwide. The modules manufactured today
are expected to reach the end of their service life
in 25 to 30 years’ time and 78 million tonnes of
PV waste will be generated or vast quantities of
modules will be taken out of service by 2050. First
Solar, the world's largest PV module recycler with
extremely high on a vast scale, recovers glass,
metals and plastic from manufacturing process
scrap and waste CdTe modules using a combi-
nation of mechanical and chemical processes.
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First Solar recycles 25,000 tonnes of used CdTe
modules every year. A recycling rate of 95 % is
achieved for cadmium and tellurium (RAVIKUMAR
et al. 2020). Safe recovery and good recycling
methods are urgently needed for CdTe modules
since the high toxicity of semiconductor materials
is important factor to take into consideration.

One major benefit of recycling CIGS modules
is that the critical, valuable metals gallium and
indium can be extracted from old modules. As
there is a high concentration of both elements
— 600 ppm (Ga) and 90 ppm (In) — used CIGS
modules have a higher concentration of these ele-
ments than in ores. Current research has already
shown recovery rates of 90 % on a pilot scale and
thus provides a starting point for further trials and
consideration to recover indium and gallium more
effectively than secondary raw materials. How-
ever, here, we are also faced with the problem
that it will be a few decades before used mod-
ules are returned in large quantities if we assume
an average life span of 25 years. Again, it is not
only the valuable metals that make it essential to
recycle; modules also contain a great number of
toxic substances. A more effective network needs
to be built up between CIGS manufacturers and
recyclers in the future to pursue the targets of the
recycling economy (AMATO & BEOLCHINI 2019).
With the European Commission taking on a pio-
neering role in providing new statutory and regula-
tory frameworks to help advance towards a recy-
cling economy for PV plants, such rules may also
over CIGS in the near future. CIGS cells are ideal
for meeting the standards for recirculation of raw
materials (ESS 2017; HESKE et al. 2019).

The concentration of gallium and indium in CIGS
solar modules is too low to ensure their cost-effec-
tive recovery. Recyclers are thus studying the
option of combining recycling of LCDs (Indium)
with the recycling of CIGS solar cells, which could
make the process viable in the short term (EU
2014). Moreover, the aim is to recycle the sub-
strate glass to a high standard so that a raw mate-
rial important in terms of quantity can be brought
back onto the market.

Solar cells using cheaper, more readily available
semiconductor compounds such as CuZnSnS,
CuN or FeS, are being developed as an alter-
native to GIGS and CdTe. There are also other
technologies to choose from, such as organic and

dye-sensitised solar cells. Perovskite solar cells in
particular impress with low energy requirements,
low production costs, high efficiency and, conse-
quently, a shorter energy return on investment
period compared to other conventional PV tech-
nologies. They also bring advantages in terms
of environmental compatibility (ZENDEHDEL et al.
2020).

The European Commission's Foresight study on
critical raw materials for PV production also criti-
cally addressed the issue of how to counteract
any bottlenecks in raw material procurement.
According to the study, the EU could benefit from
having already defined joint recycling and recov-
ery targets. However, further standardised waste
classifications would be desirable for PV plants
(EUROPEAN CoMMISSION 2020a).

Water electrolysis uses electrical energy to break
water down into its constituent parts oxygen and
hydrogen. This emission-free process to produce
hydrogen using renewable energies is considered
one of the key technologies for decarbonising
energy systems further. In the past, however, high
hydrogen production costs compared to alterna-
tive technologies meant that water electrolysis
was only used in very isolated cases, such as the
Aswan dam in Egypt and in the Peruvian city of
Cuzco. A change in circumstances have recently
led to an increasing interest in the technology.

The basic principle behind water electrolysis
involves connecting a power source to two elec-
trodes in water and establishing an electrical cir-
cuit thanks to ion migration. As a result, hydrogen
will appear on one electrode and oxygen on the
other. Figure 3.60 shows the basic operating prin-
ciple. It is thus the reverse principle of the fuel
cell when oxygen and hydrogen are added to it.
In a similar way to fuel cells, we also subdivide
electrolysis based on the electrolytes or mem-
branes that it uses. The alkaline electrolysis and
polymer electrolyte membrane electrolysis (PEM
electrolysis) available for large-scale industrial
use are particularly worthy of mention here. Solid
oxide electrolysis is not quite as well developed.
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We also refer more frequently to anion exchange
membrane electrolysis (AEM electrolysis), which
attempts to combine the benefits of alkaline elec-
trolysis and PEM electrolysis without their disad-
vantages. However, this section does not look at
this technology any further due to its early stage
of technological development. IRENA (2020a) gives
a an overview of the currently available technolo-
gies.

Alkaline electrolysis uses an alkaline electrolyte,
which often consists of a 20-40 % KOH solu-
tion. A non-conductive porous membrane, what is
known as a diaphragm, links the anode and cath-
ode. The diaphragm is permeable to OH- ions,
but is electrically non-conductive and is imperme-
able to oxygen and hydrogen. When a current is
applied to the electrodes, OH- ions are formed
as hydrogen is separated on the cathode. These
OH- ions migrate to the positively charged anode
through the diaphragm, where they form oxygen
as they release an electrical charge. This cre-
ates twice as many hydrogen molecules as oxy-
gen molecules. The current densities are usually
between 0.2-0.8 A/cm? in this process. The gas
bubbles formed at high current densities increase
electrolyte resistance, thus constituting a limita-
tion. We can only reduce the diaphragm thickness
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to a limited extent since it would otherwise allow
the product gases to diffuse through it. Efficien-
cies between 50 and 78 % can be achieved at
temperatures of 70-90 °C and pressures of less
than 30 bar. Using an alkaline solution means
there is little corrosion on the cell and there is no
need to use precious metals.

PEM electrolysis features a proton-permeable
solid polymer membrane generally made using
sulfonic acids. An H* ion is formed on the precious
metal acting as a catalyst on the anode immersed
in water. This ion migrates along the membrane
to the cathode when electrical energy is applied.
The charged particle flowing into the porous elec-
trode produces hydrogen there. Fully desalinated
water is generally used in order to prevent con-
tamination, which would reduce the service life of
electrodes. When PEM electrolysis is used, the
direct contact of the electrodes on the membrane
can lead to higher current densities than with
alkaline electrolysis at 1-2 A/cm?. The higher cur-
rent densities also allow a more compact design.
Efficiency lies between 50 and 83 % at pressures
similar to alkaline electrolysis. The operating tem-
perature is slightly lower at 50-80 °C. This par-
ticular process can usually achieve slightly higher
hydrogen purities. PEM electrolysis is also able to
respond more effectively to load fluctuations and
can be put to used more quickly. Due to historical
development, many cell types are still based on
the PEM fuel cells with similar materials normally
used.

Since solid oxide electrolysis can often also be
operated in reverse mode, as in a solid oxide fuel
cell (SOFC; see Section 3.3.5), the functional
principles, the materials used and the designs are
often identical. However, adding water onto both
the anode and the cathode makes it interesting
to concentrate on the anode-based cell structure,
as this can reduce ohmic losses in the electrolyte.
A solid oxide is used as an electrolyte, just like
in an SOFC. Water is decomposed into hydrogen
and an O? ion on the cathode. The ion migrates
to the anode through the electrolyte, forming
oxygen when the electrical charge is released.
High operating temperatures of 700-850 °C are
required to ensure that the electrochemical reac-
tion can take place. However, the high operating
temperatures mean that high efficiencies can be
expected in the long term, even though these are
currently between 45 and 55 %. Current densities
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of 0.3—1 A/cm? are anticipated for solid oxide elec-
trolysis. The use of waste heat, which is some-
times possible, can reduce the power requirement
to a certain level. Current stack sizes are still sig-
nificantly smaller than with alkaline electrolysis
and PEM electrolysis, though. This also applies to
the service life, which is considerably lower at less
than 20,000 hours.

A comparison between these three water electro-
lysis technologies shows that there are many
overlapping areas of use for three options and
that each of these technologies can often be sub-
stituted with one of the others. This particularly
applies to alkaline electrolysis and PEM electrol-
ysis. This can also offset material demands to a
certain extent. However, alkaline electrolysis can
be considered to have benefits in that it currently
brings financial advantages regarding investment
and we are able draw on many years’ experience
with the technology. The maximum stack sizes
have also been somewhat larger to date. PEM
electrolysis can feature a significantly more com-
pact design and can respond more effectively to
load changes. This is regarded as highly beneficial
when integrating fluctuating renewable energies.
However, the use of precious metals makes it dif-
ficult to scale on a cost-efficient basis. Due to its
high operating temperature, solid oxide electroly-
sis offers great potential for achieving efficiencies,
although low-priced heat sources need to be avail-
able to make it financially viable. Fluctuations in
load also produce high thermal loads, which is why
the aim is to achieve continuous operation with the
solid oxide electrolysis. Current research activities
indicate that we can expect further harmonisation
of alkaline electrolysis and PEM electrolysis in par-
ticular in the long term.

Manufacturers have increasingly repositioned
themselves in recent years. Fuel cell manufac-
turers are trying to extend their product range.
Start-ups, smaller firms and experienced manu-
facturers hope to be able to grow rapidly based
on the increasing demand. Established produc-
ers on the gas market such as Linde or Air Lig-
uide are seeking strategic partnerships or enter-
ing into joint ventures. Some companies such as
ThyssenKrupp or Siemens are focusing on one
technology such as alkaline electrolysis or PEM
electrolysis. Other manufacturers such as NEL
are trying to offer both technologies. It can be said
that the Europeans are promoting PEM electroly-

sis heavily on the global market while other coun-
tries such as China are focusing more on alkaline
electrolysis. Despite the growing demand, there
seem to be no problems or only slight limitations
in manufacturers’ production capacities for solid
oxide electrolysis, as revealed in a survey (NOW
GmBH 2018). Newly built electrolysers can now
be significantly larger than 100 MW thanks to their
modular design.

The water electrolysis capacities installed to date
have been limited compared to alternative tech-
nologies due to financial challenges. Accord-
ing to IEA (2020b), added capacities have only
amounted to around 10 MW per year in recent
years. However, starting in 2019, the number of
pronouncements regarding output capacities to
be installed have increased rapidly, which means
that added capacities should more or less double
every year until 2023; see Figure 3.61. We should
also bear in mind that further installations may be
announced for this period.

Alkaline electrolysis was mainly used in the
past. However, PEM electrolysis has managed
to gain market share continuously since 2000
and currently has a share of around 45 %. New
announced capacities predominantly use PEM
electrolysis. There are only a few individual solid
oxide electrolysis plants to date with most exist-
ing as a demonstration plant only (STAFFELL et al.
2019; IEA 2020c).
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As we can see from pronouncements regard-
ing the expansion of new electrolysis capacities,
significant market growth can be expected in the
next few years, not least due to increased subsi-
dies. However, this anticipated market growth is
unlikely to continue over the coming years. For
this reason, this study assumes somewhat more
conservative values. There are also considerable
doubts regarding the long-term demand and, con-
sequently, the future importance of water elec-
trolysers.

For this study, the installed future capacities are
determined based on the green hydrogen genera-
tion in the SSP scenarios; see Section 1.1. The
SSP scenarios are designed to represent the wid-
est development corridor possible, which takes
into account the development assumptions from
other studies, e.g. WELTENERGIERAT — DEUTSCH-
LAND E. V. & FRONTIER EconomiIcs (2018), IRENA
(2020a). It is assumed that the electrolysers will
be operated for 3,500 full load hours on a long-
term basis. A constant technology mix of 85 %
alkaline electrolysis, 10 % PEM electrolysis and
5 % solid oxide electrolysis is assumed. This is
because solid oxide electrolysis is not currently
operated on an industrial scale and market growth
should only be expected in the medium term, the
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raw materials (iridium and platinum) for PEM elec-
trolysis are not available in sufficient quantities
despite the projects currently planned and alka-
line electrolysis currently offers financial advan-
tages in terms of investment costs.

The assumptions regarding installed output
capacities and the electrolysers added each year
can be found in the SSP scenarios in Figure 3.62.
The demand in 2040 is significantly lower in SSP5
with a supply of around 100 GW than in SSP1-
19 at around 1,700 GW. SSP2-26 comes between
the two at 430 GW, which corresponds to the
required annual increase in SSP1-19 around the
same time. The scope between the scenarios is
therefore very wide as a result.

The possible different market developments also
have a sizeable influence on further development
of technologies. With large quantities of electroly-
sers, more significant progress is to be expected
and also necessary regarding design and saving
materials. The regulatory framework also has a
direct impact on market development. Different
political goals could thus lead to different devel-
opments on a local level. Alternative technolo-
gies such as direct electrical processes can help
reduce the need for electrolysis in the long term.
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The three electrolyser types impose different
requirements on the raw materials and especially
catalysts (KHAN et al. 2018). Non-precious metals
can be used for alkaline electrolysis (DAvID et al.
2019). An aqueous caustic potash solution is gen-
erally used as an electrolyte. A sodium hydroxide
solution can also be used, however. Zirfon (coated
polysulfone matrix with ZrO,) is normally used for
the diaphragm. Alternative materials or polymer
membranes have not managed to find acceptance
here to date. However, no major savings can be
expected in material thickness (250 um) due to the
requirements for gas permeability. Mainly nickel-
based materials, such as Raney nickel, or coated
high-grade steel are used for both the anode
and cathode. However, precious metals are also
included in the studies and further developments
to increase the current densities and improve
dynamic behaviour. This can also mean platinum
is used in the electrodes, for example.

PEM electrolysis generally uses a Nafion variant
(perfluorosulfonic acid (PFSA)-polytetrafluoro-
ethylene (PTFE) copolymer) as the electrolyte.
Hydrocarbon-based materials can be used as
an alternative. Unlike alkaline electrolysis, PEM
electrolysis is dependent on precious metals due
to the acidic environment around the membrane.
The anode usually requires iridium oxide (IrO,)
as a result. Iridium is currently also considered to
be irreplaceable since no alternative material has
yet offered the required properties, e.g. ruthenium
oxide (RuO,) which features a significantly higher
corrosion rate. However, efforts are being made
to reduce the electrode load and save material
due to the scarcity of material. In the case of both
Ir and Ru, 0.5-1.5 g/kW of material is required
whereas roughly 1 g/kW is currently needed. Plat-
inum group metals are mainly used in the cathode
with platinum in particular often used with carbon
carrier material in quantities of 0.05-0.2 g/kW.
There is also a continuous reduction in this case.
Platinum offers effective corrosion protection and
good conductivity. Palladium or suitable alloys are
also used as an alternative (SHIVAKUMAR & HIMABI-
NDU 2019). Platinum and titanium are usually also
required for the transport layers and bipolar plates
on the electrodes.

As solid oxide electrolysis and SOFCs often
only differ in the way they operate, the required

materials are the same as for SOFCs (CHEN &
JIANG 2016; HUSSAIN & YANGPING 2020; BEIDERBECK
et al. 2020). This means that a yttrium-stabilised
zirconium dioxide (YSZ) can generally be used
as the electrolyte. Nickel-YSZ materials are used
for the anode while perovskite materials such as
lanthanum strontium manganite (LSM) are used
for the cathode. If further developments for anode-
based cells advance favourably, there may be a
slight shift toward anode-supported solid oxide
electrolysis from a materials perspective as this
can eliminate ohmic losses. However, the mean
operating temperature currently targeted for solid
oxide electrolysis also makes it possible to use
options such as scandium-stabilised zirconium
dioxide (ScSZ)/scandium-cerium-stabilised
zirconium dioxide (ScCeSZ) for the electrolyte.

The values indicated in Table 3.55 were based on
the specific loads on the PEM electrolysis elec-
trodes and the LCA studies in KoJ et al. (2015),
HAFELE et al. (2016), KouJ et al. (2017), BAREISS
et al. (2019), CARMO et al. (2019), SHIVA KUMAR &

Raw material g/kW
Iridium 0.1
Platinum 0.01
Titanium 28.3
Aluminium 112.6
Copper 2291
Zirconium 83.7
Scandium 0.1
Yttrium 5.9
Lanthanum 0.8
Nickel 4231
Cobalt 0.3
Manganese 0.9
Cerium 9.3
Chromium 131.1



HIMABINDU (2019), LOTRIC et al. (2021). The find-
ings for SOFCs were also taken into account for
solid oxide electrolysis and mean values were
then calculated. Extreme values were not con-
sidered and assumptions were made regarding
reduced material usage in electrochemical cells to
represent future development.

Table 3.56 shows the following raw material
demand for water electrolysers. It is based on the
assumptions regarding the specific raw material
demand and the defined scenarios for hydrogen
demand and the resulting production quantities. It
is clear that most raw materials on their own are
not critical for the quantities produced. However,
this is not the case with iridium and scandium. In
the case of iridium, the demand for 2040 in two
scenarios (SSP1 and SSP2) is significantly higher

Raw material Production in Demand in
2018 2018
Iridium 6.8" (R) 0.01
Platinum 190 (M) 0.00
Titanium 260,548 (R) 3.55
Aluminium 63,756,000 (R) 14.20
20,591,000 (M)
Capppen 24,137,000 (R) 28.80
Zirconium 1,256,3622 (M) 10.50
Scandium 9.1 (M) 0.01
Yttrium 7,600 (R) 0.74
Lanthanum 35,800 (R) 0.10
. 2,327,500 (M)
Nickel 2189313 (R) 53.20
151,060 (M)
Cobalt 126,019 (R) 0.04
Manganese 20,300,000 (M) 0.12
Cerium 58,800 (R) 1.20
Chromium 27,000,000 (M) 16.50

M: Mine production (tonnes of metal content)
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than for production in 2018. If the assumptions
are correct current demand (also see Section
3.3.5 on SOFCs), significantly more scandium
will be required in Scenario SSP1 in 2040 than is
currently being produced. We should also bear in
mind that the scenario assumed that the propor-
tion of solid oxide electrolysis cells for which it is
used will be small.

Since the different water electrolysis processes
require different raw materials, although usage
requirements overlap to a certain extent, mate-
rial bottlenecks can be eased to some degree by
using an alternative water electrolyser type. With
solid oxide electrolysis in particular, there are
materials which are generally used as an alterna-
tive for scandium or can even replace it entirely.

It should be noted that research activities have
increased significantly in recent years, especially
on improving cost efficiency for water electrolys-
ers. To ensure construction becomes more viable

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
34 10 2
6 2 0.33
13,600 3,900 720
54,200 15,400 2,900
110,400 31,300 5,800
40,300 11,400 2,100
24 7 1
2,800 800 150
370 100 20
203,870 57,900 10,800
160 40 8
450 130 24
4,490 1,270 240
63,200 17,900 3,300

" Source: JM 2020

R: Refinery production (tonnes of metal content) 2 Production of zirconium minerals
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financially, reductions in the demand for precious
metals are unavoidable. We can thus assume that
this will have a positive effect on future raw mate-
rial demand.

Due to the similarity between water electrolysis
and fuel cells, their use of materials is compara-
ble in some respects. As a general rule, the cell
type and design have a major influence on the
recycling rate due to the use of different materi-
als. Different manufacturing processes and sizes
also lead to different material losses. In the case of
alkaline electrolysis and PEM electrolysis, mate-
rial loss tends to be in the low single-digit percent-
age range. Recycling efforts are considerable if a
material used has a high value. Since this does not
include ceramics, they are usually disposed of for
second use as a filling material, although recycling
rates of up to 100 % can be achieved for most
metals. However, there are still difficulties with
transition metals with a recycling rate of just 30 %
and with platinum metals with a rate of 50-90 %
(ENVIRONMENT PARK SPA et al. 2018; ENVIRON-

MENT PARK SPA et al. 2019; LOTRIC et al. 2021).
Nonetheless, recycling rates of more than 90 %
can be achieved for platinum and iridium when
new processes are used (CARMO et al. 2019). If
there are sizeable quantities of used systems, we
can assume that recovery will be improved even
further in the case of solid oxide electrolysis if
there are suitable economic incentives.

Direct air capture (DAC) refers to the filtering of
CO, from the ambient air with a plant, an exam-
ple of which is shown in Figure 3.63. DAC can
be used to reduce the CO, content in the atmo-
sphere, which counteracts the greenhouse effect
responsible for global warming. The filtered CO,
can be used for different purposes. One option
is to store CO, for the long-term, thus removing
it permanently from the atmosphere. In such a
case, we talk about “negative emissions”. Storage
of greenhouse gas has the potential to help con-
siderably in meeting the Paris Climate Agreement




(GAMBHIR & TAvONI 2019). Feasible long-term
CO, storage options include geological deposits
such as deep salt rocks or basalt where the CO,
is mineralised, thus placing it in safe, long-term
storage (FAsIHI et al. 2019). The CO, can also be
used to manufacture synthetic fuels or hydrocar-
bons for plastics manufacture. Fischer-Tropsch
synthesis is used to produce fuels such as pet-
rol, diesel, kerosene or others from the CO, and
hydrogen (Liu et al. 2020a). Admittedly, these
fuels produce emissions locally again when they
undergo combustion. However, the entire carbon
cycle can be closed if renewable energy is used
to produce the hydrogen. A more climate-neutral
and thus more environmentally friendly alterna-
tive can thus be created for means of transport
that are difficult to electrify, such as aeroplanes.
The captured CO, can be used to enrich the air in
greenhouses, where the CO, is absorbed by the
plants through their metabolism, leading to a fertil-
izer effect. Another option to make use of the CO,
is enhanced oil recovery. During this process, CO,
is pumped into oil deposits to bring the oil to the
surface. This is currently a profitable possible use,
especially in the USA, since tax relief on nega-
tive emissions reduces the price of oil obtained
by using enhanced oil recovery in conjunction
with DAC (MuLLIGAN & LAsHOF 2019; IEA 2020a).
However, there are concerns about the safety
and stability of this storage system, which need to
undergo further research (IEA 2015).
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Fans draw large quantities of air into the DAC sys-
tem to push it through a sorbent to remove the
CO, from the ambient air. There are currently two
different methods to filter CO, from the air — the
adsorption method and the absorption method. In
the adsorption method, the CO, is deposited on
the surface of a solid. It is thus adsorbed. After
a certain period of time, the CO, on the surface
reaches a saturation state, meaning the adsorp-
tion bodies need to be regenerated. For regen-
eration, the saturated solid is replaced by an
unsaturated one and then scrubbed to extract the
CO, (MARTIN et al. 2017). The process thus runs
discontinuously.The adsorption process incurs
comparatively low costs, consumes relatively little
energy and does not use fossil fuels, unlike the
absorption process.

The absorption process uses two interconnected
circuits — a brine circuit and a calcium circuit — so
that the CO, is first chemically bound and then
extracted. The process is based on absorbing
CO; in an aqueous alkali solution, usually a caus-
tic potash solution.The alkali solution is fed into
and removed from a brine circuit (on left in Figure
3.64) on a continuous basis. The CO, dissolved in
the brine reacts with the caustic potash solution,
which is channelled to a reaction unit for regen-
eration. This unit forms the interface between the
two circuits. In this unit, the carbon is deposited
in the form of calcium carbonate, which is trans-
ferred into the calcium circuit (on right in Figure

/P CO,

CaO + CO,

CaCO;,
v

2KOH + CaCQO,

K,CO, + Ca(OH),

CaO

KOH
Air inlet
CO, + 2KOH
v
H,0 + K,CO;,
Air outlet
K,CO;

Ca0 + H,0
v
Ca(OH),

Ca(OH),
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3.64) while the resulting caustic potash solution
is channelled back to the absorption unit. The
calcium carbonate is then heated in the next step
to extract the CO,, which can then be separated.
During this step, natural gas is normally used
to generate heat. This accounts for most of the
energy input in the process. However, the DAC
system can separate the CO, released during
combustion so that no additional emissions are
produced. Efforts are being made to electrify this
process step in the future so that it is not depen-
dent on fossil fuels. The calcium oxide produced
during the heating process is hydrated to calcium
hydroxide in order to close the second circuit
(KEITH et al. 2018). The absorption method is thus
a continuous process, unlike the conventional
adsorption method. This method is also easier to
scale and its sensitivity to air pollution is lower.

DITTMEYER et al. (2019) developed a concept for
small-scale use of DAC. This concept aims to use
existing ventilation systems in larger buildings
for DAC. For example, air conditioning systems
in urban high-rise buildings could be used to fil-
ter CO, from the air. This concept could save on
some of the required resources and energy since
suitable ventilation systems already exist and are
in operation. The disadvantage compared to a
large-scale DAC plant, however, is the low-scale
sorption and regeneration unit.

In addition to DAC, another of the technologies
used for negative emissions is carbon capture and
storage (CCS). In the case of CCS, the CO; is not
taken from the ambient air. It is removed from point
sources such as exhaust gases in power stations
and then stored. As the CO, concentration in these
exhaust gases is significantly higher than in the
atmosphere, the energy input is lower compared
to DAC. However, CCS only reduces the green-
house gas emissions from power plants but does
not change the CO, content in the atmosphere.
The influence that DAC has on climate warming
is therefore more immediate. You will find a closer
look at the emerging technology CCS in Section
3.3.6. Figure 3.65 shows an example of how nega-
tive emissions are created by storing CO, in rock.

The demand for materials for an absorption
method DAC plant with a capacity of 1 Mt CO,
per year are derived from the basic scenario con-
structed by JONGE et al. (2019). This does not
include the compression, transport and storage of
the CO.. It only refers to the DAC plant itself used
to filter the CO, from the ambient air. Table 3.57
shows the raw material demand. The raw mate-
rial content in DAC plants which function based
on the adsorption method cannot be determined
at present since development of this technology
is at an early stage. Due to a more complicated
scalability and the discontinuous process, which
requires a large number of adsorption bodies, the
raw material demand for the adsorption process

Material demand:

Material Unit e
High-grade steel tonnes 32
Low alloy steel tonnes 5,000
Concrete m3 117,000
PVC tonnes 14,000
Polypropylene tonnes 15
Glass fibre-rein- tonnes 70

forced polyurethane



is estimated to be higher than the raw material
demand for the absorption process specified in
Table 3.57.

There are currently 15 DAC plants in use world-
wide, which together capture 9,000 tonnes of CO,
out of the atmosphere (IEA 2020a). In Germany,
no companies or research institutions have been
directly involved in the development of DAC to
date, although the required expertise does exist
there (VIEBAHN et al. 2019). Relevant international
DAC companies are presented in brief below.
In addition to selling CO,, a common business
model for these companies involves selling nega-
tive emissions to other companies or individuals
so that they can improve their carbon balance.

— Carbon Engineering (CE) is a Canadian com-
pany that uses the high-temperature absorp-
tion method. CE has been operating a DAC
test facility which absorbs 1 tonne of CO,
per year since 2015 (KeITH et al. 2018). Itis
currently planning to build a commercial DAC
plant with a capacity of 1 million tonnes of
CO, per year with construction scheduled to
start in 2021. The aim is to use the captured
CO, for enhanced oil recovery in cooperation
with Occidental Petroleum (CARBON ENGI-
NEERING 2019).

— Climeworks is a Swiss company which
merged with the Dutch DAC company Antecy
in 2019. In contrast to Carbon Engineering,
Climeworks uses the adsorption method in
its DAC plants. It currently operates two such
plants. With a capacity of 900 tonnes of CO,
per year, the plant operated in Switzerland is
designed to capture CO, to sell for use in bev-
erage production or greenhouses. The sec-
ond plant is located in Iceland due to the low
energy costs and is designed for a capacity of
50 tonnes of CO, per year. It uses the waste
heat from a geothermal plant used for energy
supply to increase overall efficiency. The CO,
is permanently stored in the ground after
mineralisation to generate negative emissions
(GEOENGINEERING MONITOR 2018).

— Global Thermostat is a US-based company
and, like Climeworks, uses the adsorp-
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tion method. A test facility in California

filters 730 tonnes of CO, per year from the
atmosphere (VIEBAHN et al. 2019). Work-
ing in cooperation with Siemens Energy and
Porsche AG, it is planning to build a plant for
synthetic fuel production in Chile. This plant
will use CO, from the ambient air and H2
produced in a electrolytic system and will be
operated with wind energy (FIALKA 2021).

— Other, smaller DAC companies include Sky-
tree and Infinitree.

A current barrier to greater growth in DAC is the
high costs due to the high energy consumption
and the technology being at an early stage of
development. The current estimated costs vary
widely depending on the source. The NATIONAL
ACADEMIES OF SCIENCES, ENGINEERING, AND
MEeDICINE (2019) specify USD 199-357 per
tonne of CO, for the absorption method and
USD 88-228 per tonne of CO, for the adsorp-
tion method. According to estimates by FASIHI
et al. (2019), costs could fall to around USD 56
per tonne of CO, (€50 per tonne of CO,) by 2040
thanks to the anticipated market diffusion and fur-
ther technological developments.

Another obstacle to the growth of DAC is the envi-
ronmental impact caused by the materials used,
setting up and installing plants and the required
equipment and operating materials. Power con-
sumption in particular can be linked with high
emissions from electricity generation. DEUTZ &
BARDOW (2020) concluded that DAC plants can
already generate negative emissions today if the
entire value chain is taken into account. They
looked at two plants in their study: one operated
in Switzerland and one in Iceland. Their study
asserts that the actual net emissions are highly
dependent on energy production and energy effi-
ciency. This means that, due to the regional elec-
tricity mix, DAC is unable to contribute to climate
neutrality in many places at the moment. In fact,
the opposite is true: they are actually responsible
for greenhouse gas emissions.

According to the IEA’s Sustainable Development
Scenario, DAC will capture 9.67 Mt CO, per year
from the atmosphere by 2030. If DAC capacity
continues to grow, DAC will filter around 34 Mt
CO, per year in 2040. In this case, the capacity
increase for DAC in 2040 is around 3.04 Mt CO,.
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As DAC is still at an early stage of development
and there are just a few test facilities, the cur-
rent raw material demand for DAC is not relevant
compared to global raw material production. How-
ever, this may change in the future if the use of
DAC increases. The scenario described in Sec-
tion 3.3.4.2 on DAC capacity and the specified
raw material content of DAC plants is used to
calculate the accumulated materials input up to
2040. As the specific raw material demand for the
adsorption process has not yet been published
in references, the scenario assumes that the
absorption process will provide the total capacity
increase for DAC. However, a parallel expansion
of both technology variants should be expected.
Depending on the source, the service life of DAC
plants is indicated to be 20-50 years (FAsSIHI et
al. 2019), so existing plants are not expected to
need replacement before 2040, meaning they
are not relevant for raw material demand. Table
3.58 shows the estimated raw material demand
for DAC until 2040. You can see that we expect
only a small proportion of current crude steel pro-
duction to be needed to produce DAC plants until
2040. For this reason, the emerging DAC technol-
ogy is anticipated to have no significant influence
on the raw materials market.

The steels used in DAC are fully recyclable at
the end of a plant’s service life, meaning the raw
materials are not removed from the metal cycle.

Raw material Production in 2018

High-grade steel
Low alloy steel 1,820,366,000
Concrete

PVC

Polypropylene

Fibreglass

It is not expected that the steel used for a DAC
plant’s supporting structure will be substituted
since iron is cheap and the most widely used
metal. As a result, neither material costs nor
raw material availability require a substitution.
Resource efficiency can be enhanced where nec-
essary in the future by using larger-scale plants
and drawing on improved technical expertise.

Fuel cells come under the energy converter cat-
egory and generate electricity through low-tem-
perature combustion. The solid oxide fuel cell
(SOFCQC) is a type of fuel cell that is operated at
high temperatures and contains a solid electro-
lyte in contrast to other fuel cell types, such as the
PEM fuel cell. SOFCs are used in both stationary
and portable applications. Further developments
are increasingly enabling their mobile use as well.
This section, however, focuses on stationary oper-
ation, which has also been the main field of appli-
cation for SOFCs in the past. Stationary SOFCs
are mainly used for stand-alone electricity gen-
eration and combined heat and power generation.
Most units are currently used for this purpose in
the USA and South Korea (WEIDNER et al. 2019).

While there has been greater consolidation world-
wide in recent years, interest from OEMs has
recently increased once more, as the activities of
Bosch, Weichai and Cummins show (WEIDNER et
al. 2019). Most SOFCs are currently being built by

Demand foresight

Demand in 2018 for 2040

= 97
- 15,220
= 356,159
- 42,617
— 46
- 213



Bloom in the USA with a capacity of some 80 MW.
These are primarily large stationary units. Other
main producers are SOLIDpower in Europe and
Aisin in Japan (E4TECH (UK) Ltd 2019b). Unlike
conventional heat engines, which are limited by
Carnot efficiency, SOFCs can generate electric-
ity directly and very efficiently in an electrochemi-
cal process while also providing heat in the form
of waste heat. This enables combined efficiency
levels of up to 90 % to be achieved with electri-
cal efficiency typically being around 50-60 %.
Another advantage lies in the fact that a wide vari-
ety of fuel types can be used, such as hydrogen,
hydrocarbons or carbon monoxide. A modular
design allows good scalability for small and larger
systems without needing to accept major losses
in efficiency. Other advantages compared to con-
ventional energy conversion systems are reliabil-
ity, low noise and low emissions.

SOFCs consist of electrochemical cells connected
to each other by electrical interconnectors to form
a stack. The cell itself contains a dense ion-con-
ducting electrolyte, which separates two porous
electrodes, the cathode and the anode, from
one another. The operating principle is shown in
Figure 3.66 to give an idea of how it works. The
oxygen fed to the cathode reacts with the elec-
trons coming from the external electric circuit to
form oxide ions (O%), which then migrate to the
anode (fuel electrode) through the ion-conducting
electrolyte. In the anode, the oxide ions recom-
bine with hydrogen (and/or carbon monoxide) in
the fuel to form water (and/or carbon monoxide).
Electrons are released during this process and
flow from the anode to the cathode via the exter-
nal electrical circuit.

There are typically two different SOFC stack
designs: a planar and a tubular design. The planar
design is a surface cell design, which can also be
found in the other fuel cell types. The cell is con-
structed in a tubular shape in the tubular design;
cf. Figure 3.67. The particular advantage here is
the easier sealing compared to the planar design.
Longer current paths and lower current densities
tend to be considered as disadvantages of the
tubular design. There are different versions for
each variant with manufacturers generally focus-
sing on specific individual variants. A distinction
can also be made between the variants based
on their anode- or electrolyte-based design.
In the past, it was the electrolyte-based vari-
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ant which dominated the market since it allowed
easier fuel gas supply and despite higher ohmic
losses caused by the thicker electrolyte. However,
research activities initiated into solid oxide elec-
trolysis (SOEL) means more work is being carried
out on anode-based variants again.
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The required operating temperature depends
on the materials used and is between 500 and
1,000 °C. Efforts to reduce costs and make
SOFCs more flexible have ensured that increas-
ingly lower operating temperatures have become
possible in recent years. Working temperatures
have thus been reduced from 900-1,100 °C to
500-750 °C. To ensure that the electrochemi-
cal reactions also take place efficiently at lower
temperatures, material thicknesses needed to be
reduced or materials replaced to ensure ionic con-
ductivity. It is therefore often beneficial to select
materials in advance on the basis of their electri-
cal and ionic conductivity for new developments
with the aim of achieving specific operating tem-
peratures, structural shapes or purposes for the
SOFCs. Different advantages and disadvantages
of individual materials and/or combinations of
materials have contributed to the fact that many
different materials are used in building SOFCs
and each manufacturer has a preference for spe-
cific materials.

3.3.5.2 Foresight industrial use
E4TECH (UK) Ltd (2016) and E4TECH (UK) Ltd

(2019b) describe the historical development of
the SOFC market, which is shown in Figure 3.68.

In the initial years up to 2017, SOFC production
increased continuously, although growth rates
had already started to fall. In the last three years,
growth has stagnated with SOFC production
delivering around 85 MW per year.

In general, however, the market is expected to
continue to expand with mid-term growth rates
between 10 % and 25 %. The analyses in this
study are based on the percentage market devel-
opment for stationary applications in the three
scenarios predicted by E4TECH (UK) Ltd (2019a)
combined with the SSP assumptions on hydro-
gen; see Section 1.2. It is also assumed that only
hydrogen will be used as a fuel in the long term.
Annual SOFC production outputs since 2010 are
taken into account to determine the current plant
capacity.

These assumptions have been combined into a
single trend for plant capacity and annual produc-
tion; see Figure 3.69. SSP5 expects that plant
capacity will grow very slowly in 2040 and will
be about 10 GW. SSP2-26 and SSP1-19 expect
annual production to continue to increase with
production in SSP2-26 being half the size of pro-
duction in SSP1-19. Plant capacities are forecast
to be 33 GW for SSP2-26 and 52 GW for SSP1-
19 in 2040.
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Figure 3.68: Production of SOFCs (sources: E4tecH (UK) Ltd 2016, E41ecH (UK) Ltd 2019b)
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The fuel cell market depends very much on the
general political situation, research funding and
the economic possibilities. However, there is also
uncertainty contingent on the development of
other fuel cell types and alternative technologies.
This will inevitably lead to changes in design and
material selection for SOFCs due to the market
environment. Moreover, a manufacturer may gain
market shares, which can lead to a higher demand
for certain alternative materials than expected.

The electrolyte material selected often determines
the specific design and the other materials used.
In principle, a wide variety of materials can be
used. Four commonly used materials are yttria-
stabilised zirconia (YSZ), scandium-stabilised zir-
conia (ScSZ), gadolinium-stabilised ceria (GDC)
and cerium-gadolinium oxide (CGO). YSZ has
been used for a long time and is currently still the
most frequently used electrolyte material. How-
ever, it has low ionic conductivity at lower tem-
peratures below 700 °C. ScSZ has better conduc-
tivity and greater stability but it is not so widely
available and is more expensive. GDC and CGO
offer sufficiently high conductivity even at low tem-
peratures below 600 °C but are not as chemically

and mechanically stable (DA SiLva & Souza 2017,
HUSSAIN & YANGPING 2020; ZHANG et al. 2020).

BIRNBAUM et al. (2019) provide an overview of the
materials which are mainly used in different cell
types. The main material used for the electrolyte
is YSZ with dosing components of 3—10 mol%.
Scandium-cerium-stabilised zirconia (ScCeSZ)
is specified as an alternative. Nickel-YSZ materi-
als are very commonly used for the porous anode
in combination with nickel-ceria and Ni-ScCeSZ.
There is a slightly larger variety of choices for
the cathode of lanthanum strontium cobalt fer-
rite (LSCF) and lanthanum strontium manganite
(LSM) with YSZ or, alternatively, lanthanum stron-
tium cobaltite (LSC) and lanthanum strontium fer-
rite (LSF). Stainless steels and iron-chromium-
yttrium alloy (CFY) or FeCrAlY are used for the
interconnects. Higher operating temperatures
here often require more complex alloys to prevent
corrosion and ensure adequate thermal stability.

The structural design and the cell type have a
direct influence on the material requirements.
For example, the anode-based layer is usually
between 200-300 um thick and the electrolyte-
based layer about 150 pm thick. The non-load-
bearing electrolyte layer can otherwise be consid-
erably thinner at 5-15 pm and benefit from lower
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Raw material g/kW
Nickel 1,070
Yttrium 87
Zirconium 289
Lanthanum 28
Manganese 37
Chromium 2,728
Aluminium 629
Cobalt 6
Scandium 5

ohmic losses. The cathode and anode vary in
thickness between 20 and 50 pm.

Depending on the design of the cells, current
densities of 2 W/cm? can also be achieved at low
temperatures, although these are typically around
0.5 W/cm? (KENDALL & KENDALL 2016). Mean
values were calculated for the expected specific

Raw material Production in Demand in
2018 2018
o ZTmm
Yttrium 7,600 (R) 2
Zirconium 1,256,362" (M) 23
Lanthanum 35,800 (R) 2
Manganese 20,300,000 (M) 3
Chromium 27,000,000 (M) 213
Aluminium 63,756,000 (R) 49
o T
Scandium 9.1 (M) 5

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

" Production of zirconium minerals

material requirements in Table 3.59 based on the
studies in STRAzzA et al. (2015), GANDIGLIO et
al. (2019), SmiTH et al. (2019), BICER & KHALID
(2020). High extreme values were not taken into
account for the materials in the electrochemical
cell to reflect future technological development. It
is assumed that the typically used and aforemen-
tioned materials will be used.

If we include information regarding the use of
extracted scandium, it is currently primarily used
for SOFCs, especially by the largest manufac-
turer Bloom Energy (GRANDFIELD 2018), which
requires around 92 g/kW. So as not to ignore this
demand, a specific demand for scandium is also
shown under technological development and thus
material savings. It would primarily substitute the
demand for yttrium in the electrolyte in the overall
view.

In the case of stationary SOFC systems, the
raw material demands as shown in Table 3.60
are calculated based on the specific raw mate-
rial demand per g/kW and the scenarios for the

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
10,350 5,800 1,100
842 470 90
2,798 1,570 300
270 150 29
360 200 38
26,400 14,800 2,800
6,100 3,420 650
63 35 7
48 27 5



production figures. None of the raw materials is
critical with the exception of scandium. Existing
production capacities are also nominally adequate
for the demand in 2040. However, production
needs to be expanded significantly for scandium
or material savings if usage does not change to
a considerable extent. This also reflects the fact
that the largest proportion of extracted scandium
is already used in SOFC production.

The difference in demand between the three
different SSPs is relatively wide with a fac-
tor of around 9 between SSP5 and SSP1-19.
This difference plays a major role, especially
in the case of scandium or scarce raw materi-
als used as an alternative. This could have a
significant influence on market development in
SSP2-26 (2040: three times the demand com-
pared to production in 2018) and SSP1-19
(2040: five times the demand). We would then
assume that alternative materials need to be used
if the application allows their use from a techni-
cal and financial perspective. Materials which
are associated with low operating temperatures
and may be more critical include gadolinium and
cerium among others.

Current material losses are assumed to be high,
especially for strategic metals, due to prevailing
waste disposal practices, even if materials could
be recycled in principle (OkoPoL GMBH 2016).
The manufacturing process, cell geometry and its
size also have an impact on material loss. In the
past, material loss were estimated to total up to
50 % (LILLEY et al. 1989). However, more recent
works state that they can also be just 10-30 %
(LEE 2015; MEHMET! et al. 2016).

A high recycling rate of up to 99 % is possible with
a nickel anode. There are no recycling processes
available for lanthanum strontium manganite in the
cathode and lanthanum chromite in the intercon-
nect, which provides electrical connection for the
cells and ensures gas is transferred to the elec-
trodes. Accordingly, higher recycling rates could be
achieved with a planar SOFC compared to a tubu-
lar one. The complex recycling of ceramic materi-
als, the high energy requirements and their low
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value mean that they are only used for secondary
recycling as a filling material in the construction
industry or in cement and clinker brick production
(ENVIRONMENT PARK SPA et al. 2018). However,
if we assume that there is a larger market for old
systems and an increase in value, we can expect
that such processes will also be used more for
recycling.

CO, from industrial combustion processes can be
captured and permanently stored in a geological
formation. This can reduce the increasing contam-
ination of the atmosphere with greenhouse gases.
The International Energy Agency considers the
use of CO, separation methods to be absolutely
crucial in achieving climate targets (IEA 2016).
The technology as a whole is commonly referred
to as carbon capture and storage (CCS) (FISCH-
EDICK et al. 2015). The process can be divided
into three individual steps (Figure 3.70): CO, cap-
ture, CO, transport to the deposit site (in tanker
ships, tanker trucks and pipelines) and CO, stor-
age.

Separation technologies have been used in the
chemical industry and refineries for decades but
their technical application in the energy sector
remains challenging. Different CO, separation
methods on a power-plant scale are under debate,
although their system components are already fully
developed. A crucial differentiating factor is the
stage when CO, emissions are captured (FISCHE-
DICK et al. 2015): post-combustion capture, oxy-
fuel combustion and pre-combustion. Two other
methods whose technical development is even
less advanced in the energy sector are the mem-
brane process and the chemical looping process.

Only the post-combustion and oxy-fuel processes
can be retrofitted to existing systems. In the case
of the pre-combustion process, the entire sys-
tem needs to be specially designed, so it is only
suitable for new systems. Figure 3.71 shows the
three carbon capture processes in a chart.
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Post-combustion

If the CO, is separated after combustion, we refer
to a post-combustion process. During this pro-
cess, the fuel is first combusted as normal. Com-
bustion produces nitrogen oxides, sulphur oxides
and other pollutants. Existing power plants there-
fore have suitable flue gas cleaning systems that
filter and separate contaminants. In the case of
the post-combustion process, an additional clean-
ing step is added after the flue gas cleaning sys-
tem. The following processes are currently used
to separate CO, from flue gas: the absorption
method (chem. and phys. absorption), adsorp-
tion method, membrane method and cryogenic
method. The most common method is chemical
absorption by means of amine scrubbing, gener-
ally also known as gas sweetening. During this
process, usually based on the counterflow prin-

ciple, the flue gas is replaced by a liquid solvent
(e.g. an amine-based fluid such as monoetha-
nolamine), which absorbs or binds the CO, from
the flue gases. Heat is added and the CO, previ-
ously bound is outgassed again in another reac-
tor. Pressure change can also be used to produce
such regeneration by desorption. The regener-
ated solvent is returned to the process circuit and
the CO, can be transported further. In the case
of membrane technology, the CO, is separated
using specially selective membranes (FISCHEDICK
et al. 2015).

Compared to the other processes described,
chemical absorption offers the highest standard
of technological development for separating CO,
from the power plant process. Being an end-of-
pipe technology, the post-combustion process
has the advantage that it can be retrofit to existing
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power plants. As far as the power plant structure
is concerned, the use of a chemical scrubbing
process does not involve any changes to the tech-
nologies used such as boilers, turbines and pre-
combustion chambers. However, the entire plant
needs to be adapted since additional heat energy
must be provided for regenerating the solvent.
Moreover, the scrubbing system and the required
piping must be included in the plant geometry
and topology. The post-combustion method offers
optimum flexibility with regard to the power plant’s
controlled load utilisation. Disadvantages include
the high energy requirement, which is mainly
related to solvent regeneration, and the increased
space requirement for the entire plant (FISCHE-
DIcK et al. 2015; WIETSCHEL et al. 2015).

In pre-combustion capture, CO, separation takes
place before the actual combustion process.
IGCC (integrated gasification combined cycle)
technology is used as an example here. During
this process, the fuel is converted into synthesis
gas by adding oxygen at temperatures of about
900 °C in a gasification reactor. The unwanted
gas components (H,S, COS, HCN, NHs) are then
removed. The synthesis gas, which mainly com-
prises hydrogen and carbon monoxide, is con-

verted into CO, and more hydrogen by means
of hydrogen conversion in a shift reactor, where
steam is added. This produces a synthesis gas
from the main components hydrogen and CO.,.
The high partial pressure in the CO, enables the
CO, to be separated from the H,/CO, mixture
using membranes or physical scrubbing. If physi-
cal scrubbing is used, the CO, is dissolved in a
scrubbing solution such as methanol. Membrane
technology (hydrogen membranes) for CO, sepa-
ration will also increasingly become an option in
the future. It has the advantage that it consumes
less energy. The residual hydrogen can then be
used to generate electricity for gas or steam tur-
bine power plants (FISCHEDICK et al. 2015). IGCC
power plants offer the advantage that they are
highly flexible in their utilisation and fuel use. As
a result, other alternative energy sources such as
biomass or special fuels can be used for gasifica-
tion in addition to coal. A considerable disadvan-
tage of this technology, however, is that it cannot
be retrofit to existing power plants (FISCHEDICK et
al. 2007; FiscHEDICK et al. 2015).

The oxy-fuel process is based on burning a fuel
in pure oxygen and not in a conventional way in
ambient air. This produces a flue gas, which pri-
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marily consists of CO, (around 80 %) and steam.
Combustion in pure oxygen does not produce
nitrogen oxides, which eliminates the need for
complex denitrification systems. During the follow-
ing condensation step, the CO, in the flue gas is
separated from the steam. As pure oxygen is used
during combustion, extremely high combustion
temperatures are produced. Part of the flue gases
is channelled back into the process to reduce and
regulate the temperature. The remaining exhaust
gas can then be removed from other contami-
nants, such as sulphur oxide, to be scrubbed. The
main separation work involves producing the pure
oxygen in an air separation plant. As a result, this
is when the most energy is consumed. The best
available technology for this process is cryogenic
air separation, during which the air is first lique-
fied and then the oxygen and nitrogen are sepa-
rated by distillation. The use of high-temperature
membranes to produce oxygen could significantly
reduce energy consumption. However, these spe-
cial polymer membranes are not state-of-the-art
technology (CREMER 2007). In addition to the
membrane process, the chemical-looping pro-
cess can also be regarded as a promising solution
(KucksHINRICHS 2013; FISCHEDICK et al. 2015).

The chemical looping process (CLC) is a new tech-
nology. The energy input for separating the CO,
from the exhaust gas flow is significantly lower than
for other CO, separation methods. It comprises an
indirect combustion process, during which the fuel
is combusted without direct contact with the air. The
required oxygen is not produced during energy-
intensive cryogenic air separation. It is provided by
an oxygen carrier instead (ORTH 2014). The CLC
process essentially consists of two interconnected
fluidised bed reactors, an air reactor and a fuel reac-
tor. The bed material circulating between the two
reactors acts as an oxygen carrier and generally
consists of metal oxide (MeQ). The oxygen carrier is
oxidised with air in the air reactor. The flue gas from
the air reactor is composed of nitrogen and oxygen.
The oxygen carrier reacts with the fuel in the fuel
reactor downstream, thus removing the oxygen from
the metal oxide once more. The flue gas flow pro-
duced in this way mainly consists of carbon diox-
ide and steam. A pure CO, gas flow remains once
the steam has condensed. When the reaction in the

N,0, CO,, H,O
MeO
Air Fuel
reactor reactor
. Me
Air Fuel

fuel reactor is complete, the reduced metal oxide is
transported back to the air reactor and regenerated
with oxygen (ORTH 2014). Figure 3.72 shows how
the CLC process works in simplified form.

After separation in all processes, the CO, is either
compressed to 110 bar (supercritical condition) for
transport in pipelines, the preferred means, or lig-
uefied, so it can be transported in ships or trucks
in small quantities. It is then stored in deep geo-
logical formations on- or offshore. Valuable expe-
rience has already been gained in oil extraction,
where CO, can be used for EOR (enhanced oil
recovery) or can be stored in depleted oil and gas
fields.

Due to efficiency losses of 6-13 % caused by
CCS technologies in power plants (WUPPERTAL
INsTITUT, ISI, IZES 2017), power plants require
40 % more primary energy (IPCC 2005), depend-
ing on the type of plant. These losses are also
associated with high CO, emissions. 85-95 %
of these CO, emissions are then separated and
can be stored, meaning CCS can reduce the total
emissions to the atmosphere by 80—-90 % overall.

An increase in efficiency in the basic power plant
process is thus an essential development task. All
processes have the potential to reduce efficiency



losses through their efficient integration into the
overall power plant process and the development
of new processes and materials. The fact that
all separation processes have already achieved
a CO, purity of over 99 % holds promise. The
combustion process is by far the most advanced
technology for separating CO, emissions during
the power plant process (KUCKSHINRICHS 2013;
WIETSCHEL et al. 2015; WUPPERTAL INSTITUT et
al. 2017).

There are already a few CCS systems in opera-
tion worldwide. Some of them are large-scale
systems. In Europe, there are currently two large-
scale plants with a total combined CCS volume of
1.7 million tonnes of CO, per year. There are also
ten more plants at different development stages in
Europe: one in Norway, one in Ireland, two in the
Netherlands and six in the UK. These ten plants
have the capacity to separate a total of 20.8 mil-
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lion tonnes of CO, per year. The storage capacity
in Europeis estimated to be about 300 gigatons of
CO, (GLoBaL CCS INsTITUTE 2019). Figure 3.73
contains former, on-going and future CCS pro-
jects (GLoBAL CCS INSTITUTE 2020).

CoRrmMos et al. (2013) studied the three different
types of power plants: natural gas and combined-
cycle coal-fired power plants with integrated gas-
ification (NGCC, IGCC and PF) with and without
CCS. They found that twice the amount of con-
crete and steel is required to build power plants
with CCS in the case of coal-based power plants.
When it comes to gas-fired power plants, the CCS
variant only increases the demand for low-alloy
steels by 64 %.The presented figures are based
on reference concept power plants with a capac-
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Alloying element kg/MW
Y 100
Nb 100
Ni 1,145
Mn 3,761
Cu 692
Co 7.5
Cr 362
Mo 1

ity of between 400-500 MW and a minimum CO,
separation rate of 90 %. According to CORMOS
et al. (2013), these figures are valid compared
against references. Simulations were added
where required. The most efficient power plants
were then compared with one another with the
design parameters taken from reference works.

A JRC study (Moss et al. 2011) analysed CCS
alongside other energy technologies with regard
to the quantities of material needed to comply with
the Strategic Energy Technology (SET) plan. In

Absorption — Chemical (alkanolamines)
— Physical (ionic liquids)

Table 3.61 lists the identified alloying elements for
CCS technologies. In addition to the demand for
the CCS system itself, these figures also include
the quantities of steel for pipes to transport the
CO, to the storage location (Moss et al. 2011).

Besides the construction materials with the
required alloying elements, CCS technologies
also need materials for the CO, separation pro-
cess on an on-going basis. These materials are
listed by CO, separation method in Table 3.62. In
the case of post-combustion, aqueous alkanol-
amine solutions such as monoethanolamine
(MEA) and carbonated adsorbates are currently
used for CO, scrubbing. According to an estimate
in FISCHEDICK et al. (2007), the following quan-
tities of chemicals are required per separated
tonne of CO, during MEA scrubbing: 2.25 kg MEA
solvent, 0.0826 kg activated carbon and 0.152 kg
NaOH.

In the long term, the implementation and reliable
operation of a power plant with 700 °C technol-
ogy will be an essential pre-requisite for scrub-
bing CO, from flue gases and placing it in suit-
able deposits while also taking financial aspects
into account. Current fossil-fuel-fired power plants
with a mean efficiency of around 38 % are not
suitable for operation with CO, flue gas scrub-
bing if we wish to handle primary fossil energy

Adsorption — Microporous materials (zeolites, metal

oxides, metal-organic materials,
carbon-containing adsorbents)
— Pressure/temperature swing

adsorption
Low-temperature
distillation
Membranes — Inorganic (ceramic, hydrogen

transport, ion transport)
— Polymer
— Hybrid membranes

Gas hydrates

Chemical looping — Metal oxides

Post- Pre- Oxyfuel
combustion combustion combustion
| |
| | | |
| | | | |
| | | |
| | |
| | |



sources responsibly. Apart from higher fossil fuel
consumption, considerably more CO, would also
need to be separated and stored if flue gas scrub-
bing is used (VGB 2011).

Roadmaps indicate the target year 2030 as the
date when CCS will be commercially available on
apower-plantscale (EUROPEAN COMMISSION 2015).
Having said that, the period during which CCS can
contribute to climate protection not only depends
on the separation technologies themselves
being available but also on the available storage
capacity and the required transport infrastructure
(GRUNWALD 2007). However, new pilot plants (cf.
MIT 2015) and commercial CCS projects with a
capacity of over 60 MW are still being planned
and built (cf. GLoBAL CCS INSTITUTE 2020).

It is difficult to estimate future development of
CCS technology since it is not expected to be put
into routine, commercial use until 2030. The road-
map in (IEA 2013a) predicts a strong increase in
CCS capacity between 2030 and 2040 under the
conditions defined in a 2 °C scenario for global
warming. In a more recent study, the IEA Sustain-
able Development Scenario up to 2040 expects
a worldwide power plant capacity of 315 GW
electricity generation to be equipped with CCS,

SSP1-19
Sustainability

Power generation with CCS
by energy source [EJl/y]

Coal 1.30
Gas 7.97
Biomass 6.66
Sum 15.93

SSP1-19

Sustainability

Power generation output with

CCS [GW] 322
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accounting for 5 % of the world's power plant
capacity (IEA 2020a). This corresponds to an
increase in average retrofitted and newly built
CCS capacities of 15 GW per year over the next
two decades (IEA 2020a).

The data on power generation in the SSP models
(RiaHI et al. 2017) (also see Table 3.63) can be
used to estimate the power plant output for dif-
ferent years by converting them into TWh, based

700
600

/
500
400 /

O 300
200
100 -~
0 T T T T T
2020 2025 2030 2035 2040
—— SSP1-19
—— SSP2-26

SSP5-Baseline

SSP2-26 SSP5
Middle of the Road Fossil Path
1.80 0
17.39 0
0.13 0
19.32 0
SSP2-26 SSP5
Middle of the Road Fossil Path
88.3 0
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on the annual operating time and a (very high
assumed) power plant availability of 95 %; see
Figure 3.74. When looking at the scenarios, it is
interesting to note that no CCS technologies are
included in the power supply until 2040 in the
base SSP5 “Fossil Path” scenario.

This can be used to anticipate the newly installed
power plant capacities with CCS for 2040; see
Table 3.64.

It is difficult to make reliable assumptions to calcu-
late raw material demand based on the best avail-
able technology (demonstration systems). First of
all, steel alloys for highly efficient coal-fired power
plants are still at the testing stage. Secondly,
reductions are expected in the demand for materi-
als thanks to further development of processes.
Lastly, new membrane technologies could replace
current air separation systems for the oxy-fuel
process or physical processes to separate CO,
before combustion. There may be a demand for
rare earths in this case. However, since there
are some potential material combinations, other
materials could be used in the future as the result
of potential shortages or cost issues. The future

Raw material Production in Demand in
2018 2018
Vanadium 90,661 (M) n. v.
Niobium 68,200 (M) n. v.
. 2,327,499 (M)
Nickel 2.189,313 (R) n.v.
Manganese 20,300,000 (M) n. v.
Copper 20,590,600 (M) v
PP 24,137,000 (R) -V
151,059 (M)
Cobalt 126,019 (R) n. v.
Chromium 27,000,000 (M) n. v.
Molybdenum 265,582 (M) n. v.

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

expansion of CCS technology is also still difficult
to estimate.

This technology synopsis estimates the raw mate-
rial demand for alloying elements for CCS for
2040. If we combine the assumptions about the
specific raw material demand with the values in
Table 3.61 and the power plant capacities with
CCS in Table 3.64, we have the demand quanti-
ties for CCS technologies for 2040; cf. Table 3.65.

The calculations in this technology synopsis indi-
cate that all alloying elements will account for a
very small share of world production at less than
one percent. The study for the cement industry
(VAToPOULOS & TzIMAS 2012) comes to a similar
conclusion. In this sector, the CCS technologies
studied also have no effect on the raw material
demand to manufacture clinker bricks individually
and thus also worldwide.

Since CCS is still at an early stage of its develop-
ment and further developments of processes are
still expected, it is difficult to make conclusions
about recycling and substitutability of raw materi-
als with regard to CCS. The construction materi-

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

3,200 8,800 0
3,200 8,800 0
36,900 101,200 0
121,300 332,300 0
22,300 61,100 0
200 700 0
11,700 32,000 0
30 100 0



als for CCS technologies are certainly similar to
those for conventional power plant components:
the copper, aluminium and chromium they contain
will therefore also be recycled in the future (EURO-
PEAN ComMiISsION 2015). It will also be possible
to recycle catalysts or replace catalysts with vana-
dium and replace wolfram with calcium carbonate
(for SO, retention) (IEA 2012).

Redox flow batteries (RFB) were developed in
the 1970s. They store electrical energy in salts
and are thus related to storage batteries. Unlike
in conventional storage batteries, the two energy-
storing electrolytes circulate in two separate cir-
cuits, between which ions can be exchanged via
a membrane within the cell (OERTEL 2008). The
energy-retaining electrolytes are stored outside
the cell in separate tanks. This means the stored
energy quantity does not depend on the size of the
central reaction unit for the charging or discharg-
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ing process. The tanks can be filled easily by hand
and the battery can be filled from them. The tank
size determines the energy content in the battery
(kWh) while the charging/discharging unit deter-
mines the power output (kW). The two param-
eters power output and storage capacity can be
scaled separately from one another, something
which is not possible with conventional batteries.
Pumps move the electrolyte into the reaction unit,
where the redox reaction takes place. The ions
are transported through the membrane while the
electrons are conducted through an external elec-
tricy circuit. Electrical power is fed into this elec-
trical circuit during charging and removed from
the circuit during discharging. The redox reaction
causes the two electrolytes to change their oxida-
tion stage. A movable separator is located within
the tanks to physically separate the fluids and
prevent the “charged” and “discharged” electro-
lytes from mixing (WIETSCHEL et al. 2015). Since
each individual cell only produces a low voltage,
many individual cells are connected in series to
produce a combined high voltage. A reaction unit
thus consists of many individual cells. As the salts
are typically not very soluble, the unit achieves
energy densities similar to lead-acid batteries

Membrane

Electrolyte tank

Pump

Tension

Electrode

Electrolyte tank

Current

Pump
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Technical parameters Today 2025 2050
Gravimetric energy density (Wh/kg) 6to 10 20 40
Volumetric energy density (kWh/m?) 4.2106.25 12 24
Gravimetric power density (W/kg) 1t03 10 to 30 -
Volumetric power density (kW/m3) 0.42t02.4 4.2t024 -
No. of full charge cycles (in thousands) 13t020 - -
Lifetime (a) 20 - -
Self-discharge (%) <1 %la — —
Operating temperature (°C) +20 to +35 - -
Efficiency (%) 70 to 80 = =

(WIETSCHEL et al. 2010). Due to their low volumet-
ric and gravimetric energy density, redox-flow bat-
teries are unsuitable for mobile applications such
as electric vehicles. However, redox flow batteries
are able to produce large energy quantities com-
pared to electrochemical battery storage systems,
meaning that they are particularly suitable for use
as large stationary batteries to compensate for
fluctuating energy generation or demand.

Vanadium redox flow batteries (V-RFB) have tri-
umphed on the market thanks to their good prop-
erties in relation to energy density and service life.
Moreover, this technology variant does not cause
contamination in the electrolytes if ions diffuse
through the membrane unintentionally. Vanadium
is used at different oxidation stages for both elec-
trolytes in these batteries. When the battery is
charging, reduction takes place on the negative
electrode and oxidation on the positive electrode.
The protons diffuse through the membrane and
the electrons are transported via the external cir-
cuit. When the battery discharges, the reaction is
reversed, meaning electrical power can be drawn
(CHEN et al. 2017a).

V2 « V3 + e~ (negative electrode)
VO,* + 2H* + e« VO?* + H,O (positive electrode)

The technical parameters for V-RFBs can be
found in WIETSCHEL et al. (2015) and are shown
in Table 3.66. The predicted parameters for 2025
and 2050 are also given where available to pro-
vide an insight into the development goals.

Another promising technology variant is all-iron
redox flow batteries (I-RFB), which are currently
under development and are not available on the
market yet. As in V-RFBs, a metal with differ-
ent oxidation stages is used in both electrolytes.
However, iron is used instead of vanadium in both
electrolytes in I-RFBs, meaning the electrolytes
are not contaminated in |I-RFBs either if there is
unintentional diffusion through the membrane.
The following reaction takes place in I-RFBs when
charging (left to right) and discharging (right to
left) (ESS 2017):

Fe?" + 2e~ «— Fe® (negative electrode)

2Fe?* < 2Fe* + 2e~ (positive electrode)

Electrolyte makes up the most part of an RFB’s
total weight. V-RFBs require water and sulphuric
acid for the electrolyte in addition to vanadium as
the ions need to dissolve. Copper is used for the
electrodes and steel is used in components such
as the pumps which circulate the electrolyte. Poly-
mers are used for the tanks and in seals among
other components. You will find the average raw
material demands for V-RFB in Table 3.67. The
specific material requirement refers to the energy
which can be stored over the entire life cycle.
The specific energy calculated for a cycle is an
average of 19.9 Wh/kg. The vanadium require-
ment calculated for a cycle is assumed to be
3.02 kg/kWh. According to PEITHER (2020), the
iron requirement for the electrolytes in an I-RFB is
around 4.4 kg/kWh.



Raw material

Vanadium pentoxide 1.62
High-grade steel 1.72
Copper 0.13
Carbon 0.04
Polysulphone 0.07
Polypropylene, rubber 0.64
Sulphuric acid 4.18
Water 7.71

At present, there are redox flow batteries with a
capacity of 70 MW installed worldwide, in which
250 MWh of energy can be stored. There are
almost exclusively medium to large battery stor-
age systems (CoLTHORPE 2020). The IEA expects
the installed battery power to increase to 330 GW
by 2040 in the Stated Policies Scenario and to
550 GW in the Sustainable Development Sce-
nario (IEA 2019). However, these scenarios do
not make further specifications on the battery type
and storage capacity.

Vanadium RFBs are now ready for the market.
Their advantages over other storage batteries are
their very long service life, high number of cycles
and low self-discharge. This means that RFBs
are particularly suitable for large stationary bat-
tery storage systems. Compared to other RFBs,
V-RFBs have undergone development for a long
time now so that they have reached a higher
stage of development than alternative cell chem-
istries. One of the main idea generators is this
system'’s original developer, the University of New
South Wales (UNSW) in Sydney. In 2005, VFuel
Pty Ltd was founded as a spin-off from the univer-
sity, which currently no longer produces its own
battery systems. Battery specialist Gildemeister
installed a CellCube FB 30-130 at the UNSW in
2015. Used with for research purposes, it has an
output of 30 kW and a storage capacity of 130
kWh. The largest V-RFB manufacturer according
to its own figures is Infinity Energy, which sup-
plies large battery storage systems with an out-
put of up to 10 MW and a capacity of 40 MWh.
Other major suppliers are China-based Prudent

Specific material demand (g/kWh)
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Percentage by weight [wt%]

10.07
10.7
0.78
0.26
0.44
3.94

25.95

47.85

Energy Inc., Cellenium Company Ltd (Thailand),
Sumitomo Electric Industries (Japan) and VRB
Energy. A commercially available V-RFB by Ger-
man firm VoltStorage serves as a home battery
storage system with a capacity of 6.2 kWh and
a maximum power output of 2 kW. It is specially
designed to link to privately owned PV systems
and can also be connected in series to other
systems to increase performance and capac-
ity (VOLTSTORAGE GMBH). Volterion is a spin-off
from the FRAUNHOFER INSTITUTE for Environmental,
Safety, and Energy Technology UMSICHT and
supplies V-RFBs with a maximum output of 15 kW
with a capacity of 13 kWh (VOLTERION 2020).

A sharp increase in I-RFBs is expected in the
future since these incur significantly lower mate-
rial costs. Moreover, there use the highly non-
critical metal iron instead of vanadium while the
energy density and other battery properties are
similar to competing V-RFBs. One I-RFB manu-
facturer is US-based ESS, which collaborates
with BASF among other partners. According to
ESS, an I-RFB achieves a similar high cyclic and
calendrical service life as a V-RFB (ESS 2017).
YANG et al. (2020) examine another cell chemistry
for RFB, also based on iron. The V-RFB manufac-
turer VoltStorage is also expected to switch over
to I-RFB in the future (PEITHER 2020).

At present, there are also various projects in Ger-
many which use vanadium RFBs:

— Braderup: conducted by Robert Bosch GmbH
and the Braderup-Tinningstedt cooperative
wind farm, this project comprises a hybrid
battery storage system connected to six wind
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turbines. The storage system was installed in
2014 and contains Sony lithium-ion batteries
(with a capacity of 2 MWh and a power output
of 2 MW) and a Vanadis Power GmbH redox
flow battery (1.3 MWh and 0.3 MW) (BoscH
2014).

— RedoxWind: the FRAUNHOFER Institute for
Chemical Technology (ICT) has developed
and operates a large-scale redox flow battery
with a power output of 2 MW and a capacity
of 20 MWh. The RFB is connected directly to
the DC intermediate circuit of a wind turbine
to form a single unit comprising a generat-
ing unit and a storage battery as a pilot plant
(FRAUNHOFER ICT 2015).

— EnergyKeeper: funded by the EU through the
Horizon 2020 programme, this research pro-
gramme ran from 2017 to 2019 and studied
organic RFBs. The project aimed to build an
organic RFB which would achieve an power
output of 100 kW and a capacity of 350 kWh
(RADZIUKYNAS 2020).

— Sonar Redox: commenced in early 2020, the
SONAR research project is studying potential
active materials for RFBs under the coordi-
nation of the FRAUNHOFER ICT. The aim is to
create a screening method based on a model.
The method will be used to evaluate different
organic active materials with regard to their
suitability for use in RFBs. The project thus

seeks to identify a selection of alternatives to
vanadium using a variety of evaluation criteria
(KrAPP 2020).

A battery for the world: funded by the German
Federal Ministry of Education and Research,
this innovation competition for an inexpen-
sive, environmentally friendly battery storage
system designed for use worldwide started in
2020. Landshut University of Applied Sci-
ences developed an I-RFB in cooperation
with VoltStorage (LANDSHUT UNIVERSITY OF
APPLIED SCIENCES 2020).

IRENA (2017) estimates an annual growth in stor-
age capacity of 20 GWh. The specified specific
raw material demands can be used to calculate
the total demand for the active materials for RFBs,
which are listed in Table 3.68. The raw material
demand is specified for both V-RFBs and I-RFBs
while assuming for both that the one cell chem-
istry will prevail over the other. The cumulative
raw material demand assumes that only V-RFBs
are currently installed since I-RFBs and organic
RFBs are currently still under development. It is
estimated that 8 % of the cumulative demand can
be attributed to system construction in 2018.

System All vanadium All iron
Amount of material required [kg/kWh] 3.02 4.4
Accumulated demand in raw materials in 2018 [in tonnes] 756 0

Raw material Production in Demand in

2018 2018
Vanadium 90,661 (M) 60
Iron 1,520,000,000 (M) -

M: Mine production (tonnes of metal content)

Demand foresight for 2040

All vanadium All iron
60,500 -
3,200 88,000



According to the specified scenario, the demand
for vanadium for RFB in 2040 amounts to about
two-thirds of mine production in 2018. The use of
redox flow power storage batteries is expected to
stimulate the demand for vanadium significantly. If
I-RFBs becomes standard by 2040, no impact can
be expected on the iron market since the amount
of iron used in I-RFBs is proportionally much lower
than the total production volume. As it is not cer-
tain that I-RFBs will emerge as the pre-eminent
format over V-RFBs by 2040 and the SSPs do not
provide any direct data on battery storage tech-
nologies, no individual demands are indicated for
the three SSPs. A total demand for vanadium of
60,500 tonnes is assumed for all three scenarios
instead; see Section 4.14.4.

The metals in the electrolytes in redox flow bat-
teries do not change over their service life and
can be fully recycled. The electrolyte can either
be pre-processed in such a way that it can be re-
used as electrolyte or the salts are extracted from
the electrolyte to be used in a different applica-
tion. RFB manufacturers are obliged to take back
the batteries once their useful life has come to an
end, so it is expected that recycling channels will
become established for RFBs in the future. RFBs
can be dismantled after decommissioning, so that
the other components in the battery can also be
recycled in addition to the electrolyte (GouvEIA et
al. 2020).

There are numerous research and development
projects on vanadium-free RFBs, which could help
to avoid potential supply bottlenecks for vanadium
caused by the sharp increase in demand. At pres-
ent, these projects also focus on organic RFBs in
addition to the I-RFBs already described. In metal-
free organic RFBs, aromatic compounds are used
as electrolytes to store the energy. Varying the
molecular composition can influence battery prop-
erties such as potential, temperature resistance,
cycle stability and water solubility. The very high
number of possible molecules allow a response
to changes in boundary conditions (CMBLUE
ENERGY AG 2020). However, organic RFB devel-
opment has not reached the same level as that
of V-RFBs, so organic RFBs are not ready for the
market yet. Both the service life and the energy
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density of organic RFBs are expected to be sig-
nificantly inferior to those of V-RFBs or |-RFBs.
Companies which are currently engaged in devel-
oping organic RFBs include CMBIlue Energy and
Jena Batteries, for example.

Generating electrical power from wind is an estab-
lished, time-tested technology. However, high
growth rates are still expected worldwide to meet
the challenges of climate change. Increases in its
use are therefore expected until 2040. New gen-
erator technologies may bring about a change in
the demand for materials during this time. Figure
3.76 shows the structure and dimension of a wind
turbine.

Wind forces striking perpendicularly rotate the
specially shaped blades of a wind turbine through
dynamic lift. The mechanical energy in the rota-
tion movement is converted into electrical energy
in a generator. A magnetic field is created on the
generator rotor to do so. The rotation of the mag-
netic field induces a current in the surrounding
stator's conducting windings, so that electrical
power can be generated. If the rotor and magnetic
field run in synchronisation, it is called a synchro-
nous generator. If the rotor runs faster than the
magnetic field, it is referred to as an induction
generator. In the case of generators excited by
permanent magnetisation, the magnetic field on
the rotor is ensured by attaching permanent mag-
nets (NdFeB magnets; also see Section 3.3.9). In
electrically excited generators, the magnetic field
is induced via live copper coils (Lorentz force).
Electrical energy is required to do so but this elec-
trical energy is significantly less than the electrical
energy produced as a final result.

In the case of directly driven and, consequently,
gearless wind turbines (direct drive), the genera-
tor is directly connected to the rotor shaft and thus
operates at the same speed as the rotor blades
in the wind turbine. Greater speeds in what are
known as high-speed wind turbines are accom-
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plished by a gear between the rotor and the gen-
erator. This allows space, weight, materials and
costs to be reduced in the generator design.
However, a gear can account for 25 % of the
costs for a wind turbine, reduces power genera-
tion efficiency and increases the plant's mainte-
nance needs and susceptibility to faults (VIEBAHN
et al. 2014). Medium-speed wind turbines with a
low-gear transmission and a coupling not prone
to malfunction are regarded as a hybrid between
direct drive and high-speed wind turbines.

Wind turbine generators are currently being
developed in which the windings to generate the
magnetic field consist of high temperature super-
conductors (HTS). Since these high-temperature
superconductors have a much lower electrical
resistance than copper, their use increases the
magnetic field strength and, consequently, the
generator output with the same weight. The gen-
erator could weigh 50 % less in a 10 MW wind
turbine compared to a permanently magnetic

direct-drive wind turbine, for example (BUCHERT
29/08.11; BINE INFORMATIONSDIENST 2011; BINE
INFORMATIONSDIENST 2011; VIEBAHN et al. 2014).

Reluctance generators are also under develop-
ment. Their effect is not based on the Lorentz
force but on magnetic resistance (reluctance)
instead (VIEBAHN et al. 2014). Table 3.70 con-
tains the generator technologies currently used
or under development for wind turbines. Genera-
tor types that are not relevant for wind turbines or
are no longer used in new wind turbines are not
included.

The usual characteristic variable of a wind turbine
is its maximum power output (power rating). The
actual output produced by a wind turbine depends
on the wind and, consequently, on the location and
on seasonal and daily fluctuations. A capacity fac-
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tor therefore indicates the ratio between the aver-
age generated output and the maximum output
(IEA 2013c). The crucial characteristic variables
also include the hub height and rotor diameter.

Wind turbines on land (onshore) are already in
widespread use. Offshore wind turbines have
been establishing a new technology segment
for some years now. Since high growth rates are
expected on a sustained basis in both segments,
this section looks at both technology segments. As
a result of differing external conditions, the market
shares for the generator technologies contained
in Table 3.70 are different in both segments, as
discussed in more detail in paragraph 3.3.8.3.

Offshore wind power generation offers advantages
due to the higher and more constant wind speeds
at sea. The disadvantages are higher costs for
installation (transport, foundations), maintenance,
network connection (BRADSHAW et al. 2013b; IEA
2013c) and greater stress on components due to
the salty air (Moss et al. 2011). Conventional off-
shore wind turbines are anchored in the sea bed
using a monopile (steel pile), enabling them to be
used in shallower waters up to 50-60 m deep.
Floating foundations are currently being devel-
oped for wind turbines to provide greater flexibil-
ity in their location. A first wind farm using floating
foundations was installed in Scotland in 2017 with
a total installed capacity of 30 MW (IEA 2019).

Offshore wind turbines achieve capacity factors of
40-50 %. When turbines are located away from
the coast, the capacity factor increases but the
costs for installation, maintenance and network
connection also increase (IEA 2019). Yearly aver-
age capacity factors of 20-35 % are typical for

Double-fed asynchronous

Raw materials for emerging technologies 2021

Direct Drive (DD)

Synchronous generator (DD-EESG)

High Temperature Superconductor

Synchronous generator (GB-PMSG) Synchronous generator (DD-PESG)

Reluctance generator

onshore wind turbines. Highly suitable installation
locations can achieve 45 % or more (IEA 2013b).

Offshore wind turbines are particularly interesting
for countries such as Germany, where economi-
cally viable onshore locations are considered to
have already been almost fully utilised. As a
result, any further expansion must be mainly pro-
vided by offshore turbines or repowering. Repow-
ering refers to the replacement of existing wind
turbines with newer models with a higher power
rating.

Figure 3.77 shows roughly which materials are
used in different parts of wind turbines. Composite
materials are not examined in detail in this study
focusing on metals since they are crude-oil-based
raw materials. In Table 3.71 contains estimates of
required material quantities per installed power
rating in megawatts (MW). There are differences
in the individual technology variants due to the
generator excitation types and the use of gears
for transmission. Onshore wind turbines usually
have a concrete foundation whereas offshore tur-
bines are often anchored to the sea bed with steel
piles, which also leads to different raw material
demands.

According to HARMSEN et al. (2013), in addition
to the demand for copper for the wind turbine,
5.7 tonnes/MW of copper is also required for
high-voltage DC cables and 2.2 megatonnes (Mt)
of copper are needed per exajoule (EJ) of trans-
ported power to expand the transmission grid.
This means that 95 % of the copper requirement
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for wind energy is not needed for turbine con-
struction but to expand the network instead. This
is because favourable locations for generating
wind power can be far away from the consumers
acquiring the generated power. Since the power
generated fluctuates sharply over time depending
on the wind strength, additional material require-
ments may arise for voltage transformers and
local storage to compensate for peak loads (IEA
2013).

As the size of wind turbines increases, the mate-
rial requirement and thus the cost per installed
power output decrease. This is because the rotor
diameter of a wind turbine has a quadratic rela-
tionship with the generated electrical power out-
put. The wind speed, which increases as the hub
height increases, even has a cubic relationship
with generated output. However, there are physi-
cal limits to the trend towards increasingly larger
wind turbines which has existed for years (RoH-
RIG 2014) due to the maximum achievable blade
peak speeds and nacelle weights (VIEBAHN et al.
2014). Structural innovations may also reduce
the specific material demand. One example is the
tower’s sandwich structure in which two smaller
interlocking steel pipes with a composite material
such as expoxide resin are used instead of one
thick steel pipe (VDI ZRE 2014). On the other
hand, the market share is increasing for offshore

turbines. These have a higher material content
due to the more challenging conditions. There
are also currently proposals to use steel instead
of composites to manufacture rotor blades for
offshore wind turbines (VDI ZRE 2014). For the
sake of simplicity due to the different trends, it is
assumed that the specific material demands in
Table. 3.71 will remain constant until 2040.

NdFeB magnets are used in wind turbine genera-
tors with permanent magnet excitation (see Table
3.70). These may not only contain neodymium
but also the rare earth elements dysprosium,
terbium and praseodymium (see Section 3.3.9).
Gearless direct drive wind turbines require signifi-
cantly greater magnetic masses than high-speed
and medium-speed wind turbines with gears due
to the large generator. In Table 3.72 contains the
specific raw material demands for rare earths for
the different technology variants, in tonnes/GW.

It is assumed that these values will not change
before 2040, although a reduction may be feasible
due to an optimisation of the generator design, for
example.
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Specific raw DD-EESG DD-PMSG GB-PMSG GB-DFIG
material demand (onshore) (offshore) (onshore) (onshore/offshore)
Steel 132 119.5 107 113

Cast iron 201 201 20.8 18
Aluminium 0.7 0.5 1.6 1.4
Copper 5 3 0.95 1.4

Nickel 0.34 0.24 0.44 0.43

Zinc 5.5 5.5 5.5 5.5
Chromium 0.525 0.525 0.58 0.47
Manganese 0.79 0.79 0.8 0.78
Molybdenum 0.109 0.109 0.119 0.099
Concrete 369 243 413 355
Polymers 4.6 4.6 4.6 4.6

Boron 0 0.006 0.001 0
Specific raw DD-EESG DD-PMSG GB-PMSG GB-DFIG
material demand (onshore) (offshore) (onshore) (onshore/offshore)
Neodymium 28 180 51 12
Dysprosium 6 17 6 2
Praseodymium 9 35 4 0

Terbium 1 7 1 0

Some sources state that no dysprosium will be
needed for NdFeB magnets in wind turbines
since there is adequate space for cooling (ROSKILL
INFORMATION SERVICES 2011). Most sources, how-
ever, assume that the proportion of dysprosium
in magnets will be around 2 %. To calculate the
raw material demand, the demand for dysprosium
is determined based on the specific demand in
Table 3.72.

The high-temperature superconductor wind tur-
bines (HTS) under development require yttrium,
lanthanum and cerium. Nonetheless, the demands
of around 0.002 tonnes/MW are very low compared
to permanent magnet technology (BUCHERT 2011).

In 2018, worldwide wind turbine capacity
increased by 50 GW with 4.3 GW corresponding
to offshore turbines and the remaining capacity
to newly installed onshore turbines (IEA 2019).
Onshore wind turbines thus accounted for more
than 91 % of the growth in installed wind energy
power output in 2018. In the same year, a total
energy of 67 TWh was generated in offshore wind
turbines and 1,198 TWh in onshore wind turbines,
meaning that only 5 % of the energy generated
by wind power was produced offshore (IEA 2019).

The political situation is regarded as the largest
growth driver for further expansion of wind power
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Scenario Year Primary energy [EJ/a] Onshore capacity [GW] Offshore capacity [GW]
2018 1.3 540 23.6
SSP1-19 2040 16.5 1,022 51.1
SSP2-26 2040 28.3 2,433 14.7
SSP5 2040 5.0 538 0
Scenario Location Repowering 'L.\th‘al _Tot_al
capacity increase  capacity increase
SSP1-19 Onshore 63.98 54.62 118.60
Offshore 0.72 41.61 42.33
SSP2-26 Onshore 63.98 89.12 153.06
Offshore 0.72 6.81 7.53
SSP5 Onshore 63.98 -2.16 61.82
Offshore 0.72 0 0.72

generation. The greatest obstacle is considered to
be the adaptation of general technical conditions
(electricity distribution network, electricity stor-
age systems) to weather- and location-dependent
electricity generation by wind turbines (IEA 2013).

The expansion of wind energy is estimated based
on the three scenarios SSP1-19, SSP2-26 and
SSP5, which are described in Section 1.1. Table
3.73 contains the annual energy production and
the installed capacity for these scenarios.

The increase in wind turbine capacity is needed
to estimate the raw material demand for wind tur-
bines for one year. Repowering, which consists of
replacing old wind turbines with new ones, also
needs to be taken into account here. According to
CARRARA et al. 2020), the lifetime of wind turbines
is increasing and is currently 25 years for onshore
turbines and 30 years for offshore turbines.
Repowering in 2040 is therefore assumed for
onshore turbines with the increase in capacity in
2015 and for offshore turbines with the increase in
2010 since, on average, turbines from these con-
struction and installation years will have reached

the end of their lifetime in 2040. The capacity
increases for 2010 and 2015 are taken from IRENA
(2020b) and are shown in Table 3.74. A linear
interpolation of the capacity in 2030 and 2040 is
used to calculate the real capacity increase with-
out repowering. The capacity increase is shown
in Table 3.74. SSP5 expects more turbines to be
dismantled than new ones built in 2040.

The raw material demand for wind turbines
depends on the market share of the drive tech-
nologies. The demand for rare earths particularly
depends on the type of generator excitation since
no permanent magnets are required in electrically
excited machines (see Table 3.70). Different raw
demands also arise for construction materials for
the various technologies — for example, due to
the use of steel foundations instead of concrete
ones, the size of the generator or possible use
of a gearbox. Table 3.71 and Table 3.72 take into
account the specific raw material demands for the
different variants.



Electrically excited high-speed asynchronous
generators with gears continue to hold significant
market shares for both on- and offshore, but the
newer technologies will take over to a certain
extent. This is demonstrated by the world's three
largest wind turbine manufacturers (GWEC 2019;
IRENA 2019). The Danish company Vestas (20.3 %
market share) used to build induction generator
wind turbines only but has also been offering per-
manent-magnet-excited high-speed wind turbines
with gears for a few year (VIEBAHN et al. 2014).
Siemens Gamesa (12.3 % market share) has also
built induction generator wind turbines in the past
but has now opted to produce direct drive turbines
with permanent magnet excitation, just like the
Chinese supplier Goldwind (13.8 %). In contrast,
the German manufacturer Enercon (5.5 % market
share) has been building direct drive turbines with
electric excitation since 1992 and is not planning
to change its concept.

Direct drive technology accounted for a 26.6 %
market share of the wind turbines built worldwide
in 2018. However, some of the direct drive wind
turbines are also electrically excited while hybrid
turbines use permanent magnets despite gears
connected upstream. The market share of wind
turbine technologies using permanent magnets
was 24.5% in 2018 (GWEC 2019; IRENA 2019).

However, many factors will determine what mar-
ket share different technologies will manage to
capture in the future. The availability and prices
of rare earths will play a major role in this pro-
cess. We should note that China is likely to be the
market leader in wind power in 2035 with a 30 %
global share in wind turbine production (IEA 2013).
Since China currently accounts for almost 75 % of
global rare earth mining, we should assume that
the availability of these materials will be regarded
as less critical in China. As a result, technologies
based on NdFeB magnets will probably be more
widely used than in Europe, for example.

Furthermore, the choice of location (on- or off-
shore) will have a significant influence on the
choice of technology. In 2040, around 20 % of pri-
mary power generated by wind turbines will come
from offshore wind turbines. In 2018, it was just
5.4 % (IRENA 2020c). It is expected that the cost of
generating electricity will decrease by 60 % for off-
shore wind turbines between 2018 and 2040 (IEA
2019). Due to this increasing market share of the
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total plant capacity, we assume that offshore tur-
bines are likely to account for more than 20 % of
the turbines newly built in 2040. Direct drive wind
turbines with permanent magnet excitation are
expected to have a great future, especially in this
segment. This is because their low maintenance
requirements in the offshore sector is a decisive
advantage due to the high cost for offshore main-
tenance. This advantage can compensate for the
higher costs of the technology. However, medium-
speed permanent magnet wind turbines are also
likely to gain in importance in the offshore seg-
ment (VIEBAHN et al. 2014). In contrast, direct drive
turbines with electrical excitation and turbines with
intermediate gears will be important mainly in the
onshore segment. If the high-temperature super-
conductor wind turbines (HTS) currently under
development are ready for the market by 2040,
they will mainly compete for market share with
permanent magnet direct drive wind turbines (VIE-
BAHN et al. 2014). Figure 3.78 shows the market
shares of the technology variants for 2018.

Figure 3.79 shows the shares of the technology
variants for the wind turbines which are newly
built in 2040. All new wind turbines are taken into
account here so that repowering is also included.
The technology market shares shown are calcu-
lated based on the assumption that the market for
onshore wind turbines is composed as it is cur-
rently (see Figure 3.78) while permanent magnet
direct drive technology becomes the standard
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Figure 3.79: Assumptions relating to technology shares in 2040 for global newly built wind
turbines in the different scenarios (onshore and offshore including repowering)

(source: own representation)

for offshore wind turbines. This technology offers
advantages with regard to lifespan and mainte-
nance intervals. These properties are particularly
important in the offshore segment due to difficult
accessibility. This is likely to increase the demand
for rare earths. Market penetration by new tech-
nologies such as the reluctance generator or gen-
erators with high-temperature superconductors is
not foreseeable yet and, as a result, is not taken
into account in the scenarios.

3.3.8.4 Foresight raw material
demand

The specific raw material demand in Table 3.71
and Table 3.72, the scenarios for the wind tur-
bine capacity expansion in Table 3.73 and Table
3.74 and the distribution of capacity among the
different technology variants in Figure 3.79 are
used to calculate the raw material demand, which
is shown in Table 3.75 andd Table 3.76. Future
increased material efficiency due to optimisation
processes could further reduce the specific mate-
rial demands. However, this is ignored in the sce-
narios since it is difficult to estimate progress in
this area. In Table 3.75 shows the demand for bulk
raw materials in scenarios SSP1-19 and SSP2-26
differs only slightly. However, depending on the
raw material, the demand for bulk raw materials
in scenario SSP5 is about 55-66 % lower than in

the other two scenarios and at a similar level to
the raw material demand in 2018. The expansion
of wind energy is unlikely to have a major impact
on the raw materials markets in the case of mass
raw materials.

A different picture emerges in the case of rare
earths, as we can see in Table 3.76. A significant
increase in the demand for rare earths is expected
in scenario SSP1-19 due to the anticipated major
expansion in offshore wind turbines. The demand
for rare earths for wind turbines will thus increase
five- or six-fold in this scenario compared to 2018.
The expansion of wind energy may have a sig-
nificant impact on the market for rare earths with
the low global production volumes of these raw
materials in comparison to mass raw materials.
The demand for rare earths also increases signifi-
cantly in Scenario SSP2-26 but considerably less
than in Scenario SSP1-19. Scenario SSP5 does
not contemplate a further expansion of offshore
wind turbine capacity so that the demand for
rare earths remains almost the same as in 2018.
According to the Federal Institute for Geosciences
and Natural Resources (2021), the aggregate pro-
duction volume of rare earths was 151,200 tonnes
in 2018.
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Demand foresight for 2040

. Production in Demand in
Raw material 2018 2018 SSP1-19 SSP2-26 SSP5
Sustainability Middle of the Road Fossil Path
Steel 1,820,366,000 5,695,000 18,725,000 18,540,000 7,209,000
Cast iron ! ,520,00(2i,r00(:1(; 922,000 3,064,000 3,008,000 1,168,000
Aluminium 63,756,000 (R) 58,300 161,000 184,000 73,300
20,591,000 (M)
Copper 24.137,000 (R) 95,100 355,000 317,000 121,000
. 2,327,500 (M)
Nickel 2.189.313 (R) 19,100 55,900 60,800 24,000
. 12,800,000 (M)
Zinc 13,110,000 (R) 272,000 858,000 883,000 344,000
Chromium 27,000,000 (M) 24,200 80,000 78,800 30,600
Manganese 20,300,000 (M) 38,700 126,000 126,000 49,000
Molybdenum 265,582 (M) 5,100 16,800 14,500 6,400
M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)
Demand foresight for 2040
Raw material Production in Demand in
2018 2018 SSP1-19 SSP2-26 SSP5
ustainability = Middle of the Road Fossil Path
Neodymium 23,900 (R) 2,430 13,470 8,900 3,180
Dysprosium 1,000 (R) 270 1,370 970 350
Praseodymium 7,500 (R) 390 2,420 1,480 520
Terbium 280 (R) 76.7 480 290 100

R: Refinery production (tonnes of metal content)

If supply bottlenecks should occur for the rare
earth elements terbium, neodymium, dyspro-
sium and praseodymium in the future, this will not
necessarily affect the expansion of wind energy
production globally. It will favour a switch to tech-
nologies that require little or no rare earth ele-
ments instead. Resource efficiency is expected to
increase slightly in the future thanks to the trend
towards higher and more powerful wind turbines.

The long lifespans of wind turbines (about 25-30
years) means there are currently only a few wind
turbines requiring disposal or recycling. In Ger-
many in the past, turbines dismantled during
repowering tended to be taken apart on site and
then exported to emerging and developing coun-
tries (VDI ZRE 2014). The recycling rate for the
entire turbine currently stands at 80-90 % (SEILER
& WolbAsky 2013). Research is currently being
undertaken to improve recycling of the composite
materials used in the blades (SEILER & WOIDASKY
2013). The large magnet mass of 0.3 to 3 tonnes
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per turbine is favourable for recycling rare earth
elements compared to other applications. Dis-
mantling the generator and separating steel and
copper scrap for recycling makes financial sense
and is technologically and logistically feasible.

Permanent magnets have magnetic forces of
attraction and repulsion. Unlike electromagnets,
permanent magnets have and retain these mag-
netic forces without the need for current flow.
Permanent magnets are made of hard magnetic
materials such as FeCoCr alloys, hard ferrites,
samarium cobalt and neodymium-iron-boron
among others and are produced by applying an
external magnetic field. During this process, the
existing magnetic domains (white areas) within
the material are aligned along the external mag-
netic field. When these domains are aligned, the
material remains magnetised when the external
magnet field disappears. Soft magnetic materials,
such as soft ferrites (NiZn), have strong magnetic

Br Hs

TIv

properties when in an external magnetic field but
lose their magnetism after the external field is
removed.

The properties of a hard magnetic material that
determine its suitability as a permanent magnet
are visualised in Figure 3.80 and explained below:

— High BR remanence: BR remanence is the
magnetisation remaining in a magnet when
the external magnetic field is removed (mag-
netic flux density B).

— High coercive field force: the coercive field
force HC corresponds to the H field force
which must be used to completely demagne-
tise magnets. The higher the coercive field
force is, the greater the magnet’s resistance
to external magnetic fields is.

— High energy density: the product of B and
H equates to the magnetic field energy. The
energy density is obtained based on the
volume. The maximum energy density of a
magnetic material is considered a crucial
performance criterion.

— High maximum operating temperature:
magnets are exposed to high temperatures in
many applications such as motors. However,
each permanent magnet is characterized by
a maximum operating temperature above
which the orientation of the white areas and,
consequently, the permanent magnetism are
noticeably and irreversibly lost. This maximum
operating temperature is significantly lower
than the Curie temperature above which fer-
romagnetic properties (i.e. the ability to be
attracted by a magnet) in a material such as
iron or in a neodymiume-iron-boron magnet
(NdFeB magnet) is lost.

NdFeB magnets are considered high-perfor-
mance permanent magnets because their maxi-
mum energy density (BH)..., is far higher than the
maximum energy density of standard magnets
made of ferrites or aluminium-nickel-cobalt alloys.
They also have around twice the energy density
of samarium-cobalt magnets (SmCo magnets)
(ScHMAL 2010).



Sintered or bonded NdFeB magnets can be
used, depending on the application type. Bonded
NdFeB magnets are cheaper but are less tem-
perature-resistant and less powerful. They are
used in electrical appliances, for example, while
only sintered magnets are suitable for challenging
applications such as drive motors in vehicles or
generators in wind turbines.

An NdFeB alloy is produced in an induction fur-
nace to manufacture sintered NdFeB magnets.
The alloy is pulverized and milled to form powder,
which is then formed and sintered based on the
alignment of the grains in the magnetic field. The
magnets produced in this way are then cut and
ground into the required shape and then magne-
tized in the preferred direction (ScHMAL 2010).
According to Liu & CHINNASAMY (2012), 20-30 %
of the material is lost during grinding and cutting.
However, grinding debris and rejected magnets
are recycled. It is therefore assumed that, when
estimating raw material demand, the mass of the
NdFeB magnets contained in a product approxi-
mately equals the demand.

Bonded magnets can be produced using HDDR
(hydrogenation, disproportionation, desorption
and recombination).

In principle, high-performance permanent mag-
nets can be used in all magnet applications. In
particular, their use in brushless permanent mag-
net three-phase synchronous motors opens up
many fields of application. However, NdFeB mag-
nets are only actually needed in areas where it
is essential to combine high performance with a
low mass or low volume. Low-cost ferrites are a
widely used alternative when requirements are
less stringent regarding the magnetic energy
density. Moreover, NdFeB magnets are not suit-
able for temperatures above 200 °C. That is why
SmCo magnets are used in high-temperature
applications. Whether NdFeB magnets are used
in all areas in the future or exclusively for applica-
tions with more stringent requirements will greatly
depend on the price and availability of the integral
components.

Raw materials for emerging technologies 2021

NdFeB magnets are used in the following sectors
worldwide (ROSKILL INFORMATION SERVICES 2011;
IMARC 2020):

— Conventional automotive industry

— Electric vehicles

— Aeronautics

— Medical technology

— Electrical equipment (heat exchangers, large
appliances, small appliances, information and
telecommunications technology such as data
storage units)

— Electric measuring instruments

— Energy generation

— Military

— Industry

The electrical appliances area of application con-
sists of many different applications with NdFeB
magnets very often forming a very small part of
each purchased product. However, high sales fig-
ures for mass applications result in large quantities
of magnetic material overall. Electrical appliances
are divided into the six categories according to the
German Electrical and Electronic Equipment Act
(ElektroG): heat exchangers, screens and moni-
tors, lamps, large appliances, small appliances,
and small information and telecommunications
technology devices (STIFTUNG EAR not date).

The large appliances and small appliances cat-
egories include many applications, such as chil-
dren's toys and locking and fastening mecha-
nisms, where NdFeB magnets can be substituted
by weaker magnets. Their use in motors should
not be considered essential for items such as
washing machines either. However, the excel-
lent properties of NdFeB magnets are required in
motors in items such as battery screwdrivers or
electric razors. In the heat exchanger category,
NdFeB magnets are increasingly used in air-con-
ditioning units to improve energy efficiency due to
stricter energy-saving regulations. They mainly
contained ferrites in the past.

HDD, CD and DVD drives are considered main
applications in the small information and telecom-
munications technology devices category. NdFeB
magnets are contained in the swing arm actuator
(HDD) and in the rotation motor (HDD, DVD and
CD) in this case. CD and DVD drives will become
less important due to online data transfer and HDD
hard drives in terminal devices are being increas-
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ingly replaced by SSD hard drives, which work
without moving parts and therefore do not require
magnets. However, HDD hard drives will continue
to play an important role in the future (see Sec-
tion 3.5.4 on data centres). Loudspeakers in items
such as laptops will also feature largely. NdFeB
magnets are also used in stepper motors. Over-
all, NdFeB magnets can thus be found in laptops,
desktop computers, servers, central data storage
units, printers, fax machines, photocopiers and
similar. NdFeB magnets are also encountered in
loudspeakers and drives in consumer electron-
ics such as televisions, audio devices, laptops,
tablets, computers, portable audio/DVD players,
game consoles, watches, clocks, digital cameras
and smartphones (BOOKHAGEN et al. 2020).

Another major application field is the conventional
automotive industry. Here, NdFeB magnets are
spread over a wide variety of individual applica-
tions in motors, actuators and sensors. These
include interior equipment elements such as
speed indicators, air conditioning systems, power
windows, windscreen wipers or seat adjusters
and also for engine components, power-assisted
steering, ABS and eddy current brakes. Figure
3.81 shows an example.

In addition to these applications, electric and
hybrid cars (see Section 3.1.2) and electrically
powered bikes feature comparatively large NdFeB
magnets in their drive motor. Electric and hybrid
cars are regarded as the application with the
greatest growth potential.

Another important application field for NdFeB mag-
nets are industrial applications such as motors for
robots and injection moulding machines (see Sec-
tion 3.2.6) and also traction motors. NdFeB mag-
nets may also feature in industrial air conditioning
systems. Magnetic separation devices to process
metals (recycling) and minerals (mine production)
also use NdFeB magnets.

NdFeB magnets are also found in many small
individual applications in aviation, medicine and
measurement instrumentation. In the medical
technology field, MRI scanners are a common
application featuring relatively large NdFeB mag-
nets. However, MRI scanners mostly contain fer-
rites. Other mass applications with small NdFeB
magnets include pacemakers, insulin pumps and
sleep apnoea devices (MORDOR INTELLIGENCE
2020b).

/ Copper coils of the stator

\ NdFeB magnets of the rotor




In the defence sector, NdFeB magnets are used
for radar systems, acceleration sensors, night
vision glasses and remote steering of missiles.
Countries such as the USA therefore consider
these raw materials strategically important and
are building storage facilities for them.

Another growth market for NdFeB magnets is
their use in generators for wind turbines (see Sec-
tion 3.3.8). They are also used to a lesser extent
in run-of-river and tidal power plants.

Another emerging technology where NdFeB mag-
nets can be used is magnetic refrigeration sys-
tems, which are being developed for cryogenic
refrigeration in research and for refrigerators for
home and industrial use. Magnetic refrigeration
systems save 50-60 % more energy than con-
ventional refrigeration units (SCHULER et al. 2011).
However, these refrigeration systems are still at
the research stage (PODBREGAR 2019).

NdFeB magnets may contain numerous other
elements in addition to the three main compo-
nents iron, boron and neodymium. Adding cobalt
improves the corrosion resistance in NdFeB mag-
nets. Corrosion resistance can be further improved
using a protective nickel or epoxy resin coating.

Praseodymium (Pr) can be used as a substitute
for neodymium (Nd) for reasons of cost but only up
to a ratio of Nd:Pr = 3:1 since higher PR content
would affect the magnetic properties (BUCHERT
et al. 2012). According to RoskiLL (2011), the
demand for Nd and Pr for NdFeB magnets corre-
sponded to a ratio 3:1 in 2010. 5:1 is often speci-
fied as the average or usual ratio (BUCHERT et al.
2012; GLOSER-CHAHOUD & TERCERO EsPINOzA
2015).

The maximum operating temperature of NdFeB
magnets can be increased from a mere 80 °C
to 200 °C by substituting part of the neodymium
with dysprosium (Dy) or terbium (Tb). This is why
NdFeB magnets containing dysprosium are used
in electric car motors and wind turbine genera-
tors (HOENDERDAAL et al. 2013). Dysprosium also
enhances the corrosion resistance in magnets
and increases the coercive field force.
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Terbium has the same positive effect on magnets
but it does not reduce their remanence, unlike
dysprosium (SCHULER et al. 2011). Lighting tech-
nology used to generate high demand for Tb, thus
driving up prices with the result that terbium was
hardly ever used in NdFeB magnets. LED tech-
nology has become standard and does not use
terbium. Consequently, the availability of terbium
and thus its use as a replacement for dysprosium
in NdFeB magnets could increase.

According to RoskiLL (2011), some Chinese
manufacturers add gadolinium (Gd) to NdFeB
magnets to reduce costs but this also impairs their
magnetic properties.

The pure magnet phase Nd,Fe,,B is composed
of 27 % neodymium, 72 % iron and 1 % boron.
In magnets, sintered grains in this phase are sur-
rounded by a rare-earth phase so that the total
fraction of rare earth elements has a mass per-
centage of around 32 %.

Emerging technologies that will increase the
demand for NdFeB magnets enormously are
electric cars and wind turbines (RESEARCH AND
MARKETS 2019; GREEN CAR CONGRESS/ADAMAS
INTELLIGENCE 2020; MORDOR INTELLIGENCE
2020b; RoskiLL 2020a), which are analysed in
Sections 3.1.2 and 3.3.8. Numerous market stud-
ies have also identified consumer electronics as
a key driver behind increases in future demand
(RESEARCH AND MARKETS 2019; IMARC 2020;
MORDOR INTELLIGENCE 2020b; TECHNAVIO 2020).
The Asia-Pacific region is the principal region with
an increasing demand for magnets for consumer
electronics. According to TECHNAvIO (2020), the
Asia-Pacific region will account for 86 % of global
growth in the rare earth market between 2020 and
2024. Many maijor global electronics producers
are based in Japan, India and South Korea (MOR-
DOR INTELLIGENCE 2020b). A marked increase in
electronic device production is also expected in
India due to additional investments and govern-
ment incentive programmes (MORDOR INTELLI-
GENCE 2020b). As the world's largest manufac-
turer of electronic equipment, China produces for
both export and the domestic market. Substantial
increases in demand for consumer electronics
is expected both within China and in countries
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which import from China (MORDOR INTELLIGENCE
2020b). China thus continues to dominate the
demand for rare earths and their production
(RoskiLL 2020a).

Besides consumer electronics, medical technol-
ogy, which includes MRI, pacemakers, insulin
pumps and sleep apnoea devices, is also identi-
fied as a growth market for NdFeB applications
(RESEARCH AND MARKETS 2019; IMARC 2020;
MORDOR INTELLIGENCE 2020b; TECHNAVIO 2020).
Major investment in the health sector is not only
expected in the Asia-Pacific region, but also in
Africa and the Middle East (MORDOR INTELLI-
GENCE 2020b).

Uncertainties regarding stable supply or demand-
related bottlenecks and concerns about social
injustices and environmental and judicial abuses
related to rare earth mining are identified as
potential growth inhibitors (RESEARCH AND MAR-
KETS 2019; MORDOR INTELLIGENCE 2020b; TECH-
NAvIO 2020). Both may lead to a widened search
for replacements for NdFeB.

Overall, the annual demand for rare earth for
magnets increased by 6.4 % on average between
2015 and 2019 while demand dropped by 9.3 %
in 2020 due to the Covid-19 crisis (GREEN CAR
CONGRESS/ADAMAS INTELLIGENCE 2020). All cur-
rent market studies forecast a rapid recovery of
the market. RoskiLL (2020a) assumes a com-
pound annual growth rate (CAGR) of around 10 %
in the total demand for rare earth oxides (SEOs)
between 2020 and 2030 with the proportion of
magnet applications expected to grow from 29 %
to 40 % during the same period. This leads to a
growth in demand for magnetic applications with a
CAGR of 13.5% between 2020 and 2030. GREEN
CAR CONGRESS/ADAMAS INTELLIGENCE (2020)

Raw material Production in Demand in
2018 2018
Neodymium 23,900 (R) 5,620

expect an increase in demand for magnet appli-
cations with a CAGR of 9.7 % until 2030. GAR-
SIDE (2020) forecasts a CAGR of 11 % for magnet
applications between 2019 and 2025. All CAGR
percentages listed here include the growth for
electrical traction engines for motor vehicles and
wind turbines, which has already been examined
separately in Sections 3.1.2 and 3.3.8. For this
reason, scenarios for the future development of
demand for magnet applications in the consumer
electronics sector only are analysed below. These
are based on the framework scenarios regard-
ing digitisation (cf. Section 1.4). Scenario SSP2
assumes that historical trends will continue. The
progressive spread of internet connections world-
wide and increasing data volumes will not only
lead to higher demands for established consumer
electronics devices but also for further developed
and new devices. This will be accompanied by
a growth in demand at a CAGR of 7 % between
2021 and 2040. In contrast, SSP5 forecasts an
acceleration and intensification of growth (CAGR
8%). In SSP1, development is also accelerated
compared to SSP2. However, it also takes sus-
tainable consumer behaviour into account (e.g.
longer use, reuse and repair of consumer elec-
tronics), resulting in a CAGR of 6.8 %.

According to GARSIDE (2020), the demand for
SEOs for magnets was 43,733 tonnes of SEOs
in 2019. RoskKiLL (2020a) states that around
15% were needed for consumer electronics,
including sound converters. Below, it is assumed
that the magnets are NdFeB magnets only as
they are the most common, even if they could be
replaced by SmCo magnets to a certain extent.

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
19,630 20,340 24,270

Note: Demand for rare earths for magnet applications for traction engines in vehicles and generators for wind turbines is

covered in 3.1.2 and 3.3.8.

R: Refinery production (tonnes of metal content)



For the sake of simplicity, it is also assumed that
the NdFeB magnets for consumer electronics
do not contain any heavy rare earths (Dy/Tb).
This is because they are not necessary for these
applications and are unlikely to be used due to
their scarcity and high price.

Table 3.77 shows the demand for neodymium in
2040 based on the scenarios. According to the
Federal Institute for Geosciences and Natural
Resources (2021), the aggregate production
volume for rare earths was 151,200 tonnes of
metal content in 2018.

According to expert opinion, it will not be possible
to develop a magnetic material with comparable
properties which does not require any rare earth
elements in the foreseeable future despite inten-
sive research efforts. It is more likely that there
will be gradual improvements to NdFeB magnets,
primarily optimisation of manufacturing methods
and a reduction in the proportion of heavy rare
earth elements, especially dysprosium. However,
the unexpected discovery of new suitable mag-
netic materials could lead to new products within
a few years thanks to intensive development
efforts worldwide.

NdFeB magnets are not collected separately in
Germany at the present time (BAsST et al. 2015).
Production waste is sent to China for recycling
since there are no suitable plants in Europe. In
addition to the further development of techni-
cal expertise, especially on reducing rare earths
(oxides) to rare earth elements (metals), the
creation of functioning and profitable collection
infrastructures is also a fundamental requirement
for future recycling. Other conditions include dis-
mantling methods suitable for handling recycling
on a massive scale, which needs to be taken into
account at the design stage of devices (design
for recycling). This is all the more crucial the
smaller the magnetic content is for the individual
application concerned. In consumer electronics,
each individual application usually contains tiny
amounts difficult to recover but add up to size-
able quantities due to the large number of devices
(BOOKHAGEN et al. 2020).
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According USGS (2021b), permanent magnets
are only recycled to a limited extent. The substitu-
tion of the rare earth magnets is possible in many
applications but this affects performance. RoskiLL
(2020a), however, considers it likely that the future
increase in demand for XxEV will lead to substitu-
tions and savings in other, price-sensitive sectors.

One sector which cannot easily be decarbonised
is transport. Although electric transport exists in
the form of battery-powered passenger cars and
in trolley truck demonstration projects, there are
yet to be convincing concepts for ships and, espe-
cially, aircraft. One possibility for these means of
transport and passenger cars is synthetic fuels.
These will be produced without CO, emissions in
the mid-term and their carbon content will come
from sources such as biomass or from the air.
This means that only the CO, conducted in the
circuit during combustion in the engine will escape
to the atmosphere and will not increase the con-
centration.

One often cited advantage of synthetic fuels over
the use of hydrogen or large electric drives, which
require the expansion of power grids, is the utili-
sation of the existing infrastructure (petrol stations
and combustion engines among other things. This
is why they are also called drop-in fuels (STEIN-
FORT 2020). One disadvantage often indicated
is the substantial conversion losses before pro-
duction of these fuels, also known as e-fuels, is
complete: the production chain for the vehicle
ranging from renewable electricity and green
hydrogen through to liquid fuel synthesis can lead
to GHG emissions which are three times as high
as for battery electric vehicles (AGORA VERKEHR-
SWENDE 2019b).

Synthetic fuels are produced using methods
based on liquid conversion technologies: GTL
technology (gas-to-liquid) based on natural gas
as the raw material, CTL (coal-to-liquid) with coal
and BTL technology (biomass-to-liquid) when bio-
mass such as wood, straw or organic waste from
agriculture and forestry are used. The similar term
power-to-x has also been coined. During these
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processes, electricity is used to produce hydrogen
by electrolysis and then produce liquids with CO
using Fischer Tropsch reactions.

Liquid conversion technologies are at different
stages in their technological development. Coal
liquefaction (CTL) has the longest history.Hans
Tropsch and Franz Fischer developed Fischer-
Tropsch (FT) synthesis for coal liquefaction at
the Kaiser Wilhelm Institute for Coal Research in
Mdilheim an der Ruhrin 1925. It declined in impor-
tance when petrochemistry began to flourish.
South Africa is the only country to use the tech-
nology commercially to produce fuels from coal
(CTL) and natural gas (GTL), a consequence of
its need to cope with embargoes during apartheid.
Production started in 1950. Expertise gained dur-
ing many years’ development and use allowed
the South African company Sasol to become one
of the global technology leaders in CTL and GTL
processes. Its Secunda CTL plant built in 1980/84
has a production capacity of 160,000 barrels per
day (BPD). Shell is also regarded as one of the
international experts. The company has operated
a GTL plant producing 14,800 BPD in the Malay-
sian town of Bintulu since 1993 and its Pearl GTL
plant in Qatar producing 260,000 BPD since 2012.
A BTL process is being operated in the bioliq pilot

plant at the Karlsruhe Institute of Technology (KIT)
in Karlsruhe (EBERHARD et al. 2018).

All liquid conversion processes are based on the
same process principle: during the first step, the
raw materials used (coal, natural gas, biomass
or hydrogen and CO,) produce a synthesis gas,
a mix between hydrogen (H;) and carbon monox-
ide (CO). After the gas is purified, the high-purity
synthesis gas is converted into fuel using Fischer-
Tropsch synthesis directly or using intermediates
such as dimethyl ether, waxes or similar. During
the process, the synthesis can be carried out in
such a way that custom-made fuels can be pro-
duced (optimized chain lengths, without aromatic
compounds, sulphur-free).

Plants for producing liquid conversion fuels are
built using normal steel. In this analysis, the focus
is therefore on the catalyst in the Fischer-Tropsch
reactor. Group 8 metals such as iron, cobalt,
nickel and ruthenium can be used. However,
nickel produces too much methane and ruthenium
is too expensive for practical use (DRY 2002).
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Iron and cobalt catalysts are used instead. One
advantage of iron is its activity during the water-
gas shift reaction (1). The disadvantages are its
kinetic hindrance due to the release of water (2)
and its low catalytic selectivity.

(1) CO + H,0 = CO, + H,
(2)n CO + (2 n + 1) H, — CnHanes + 1 H,0

Compared to iron, cobalt catalysts become active
even at lower temperatures and ensure a longer
service life (DRY 2002). Due to their low activity
during the reaction (1), cobalt catalysts are par-
ticularly suitable for H,:CO, gas compositions
to produce the desired alkanes (KLERK 2008).
Cobalt catalysts contain low quantities of rhenium
or a platinum metal such as platinum, ruthenium,
palladium or rhodium as promoters which improve
the reduction process and are intended to keep
the surface of the cobalt active (DRY 2002). The
promoters account for a percentage by mass of
less than 1 %. Due to its high price, attempts are
made to keep the amount of cobalt in the cata-
lyst low or maximise the available surface of the
cobalt. This is achieved by applying cobalt disper-

Figures in % Co
Example 1a 17.18
Example 1b 19.58
Reference specimen A 18.26

XtLs (raw material) [EJ/a] 2020
SSP1-19 (Biomass) 2.18
SSP1-19 2.18
SSP2-26 (Biomass) 3.58
SSP2-26 (Coal) 1.10
SSP2-26 (Gas) 0.83
SSP2-26 5.51
SSP5-Baseline (Biomass) 4.23
SSP5-Baseline (Coal) 0.05

SSP5-Baseline 4.28
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sions to frame materials with large surfaces such
as aluminium oxide, silicon dioxide or titanium
dioxide, or by using specific catalyst geometries
(CALDERONE et al. 2013). The mass fraction of
cobalt within the total catalyst weight is a percent-
age by mass of 20 % (DRY 2002). Table 3.78 lists
different compositions.

The specifications for the specific catalyst quantity
required for the FT unit varies. The rule of thumb
is 100-200 tonnes of cobalt for a 10,000 BPD
plant (CDI 2006).

The best available technology at present is a large
GTL plant producing up to 120,000 BPD. Such
plants are too large to use of biomass or electroly-
sis hydrogen and CO, from point sources. Work is
being carried out to create smaller plant concepts
(KIRsCH et al. 2020).

The three SSP scenarios use very different raw
materials for synthetic fuel and oil production; see
Table 3.79. In SPP1-19 (Sustainability), fossil il

Al Mg Ru
36.86 0.26 0.06
33.28 2.06 0.06
31.07 413 0.5

2030 2040
11.73 19.45
11.73 19.45
3.01 7.22
2.18 1.62
1.77 2.00
6.96 10.84
3.58 2.35
1.05 8.78
4.63 11.12
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products are reduced overall and are replaced by
liquid products from biomass (BTL or P2X with the
biomass acting as the source of CO,) from 2020
onwards, meaning more biomass-based fluids
will be produced than fossil products by 2060.
In SSP2-26 (Middle of the Road), there is also
a reduction in liquid fuel consumption from 2040
onwards. Biomass is used but gas is too and also
lower quantities of coal will be used until 2060.
In the fossil fuelled development scenario SSP5,
coal is increasingly being used as a raw material
from around 2020 onwards. Around 2090, more
coal-based energy sources will be produced than
oil-based ones. Publications do not reveal exactly
how CTL, GTL and BTL fuels will be produced or
what proportion of the hydrogen produced in the
scenarios will be used in PTL production (BAUER
et al. 2017b).

SSP1
XtLs 2040 Sustainability
Total production 2040 [EJ/a] 19.45
Additional production in 2040 [EJ] 0.96
Additional production in 2040 2293
[Mtoe]
Ad_d?tlonal production in 2040 168.07
[million barrels]
Additional production in barrels 460,500

per day [bpd]

If it is assumed that there will be linear develop-
ment of plants built for the total production of the
different synthetic fuels, the values for this expan-
sion in 2040 will be between 0.47 and 0.96 EJ
energy content in fuels and oils. This corresponds
to between 11.2 and 22.9 Mtoe and between 82
and 168 million barrels of oil, which is between
225,400 and 460,500 BPD; see Table 3.80.

According to the aforementioned rule of thumb,
around 100—-200 tonnes of cobalt are required for
a 10,000 BPD plant (CDI 2006). Other sources
assume 50 tonnes of cobalt (BRuMBY et al. 2005).
If we assume 100 tonnes, the requirement quanti-
ties for 2040 shown in Table 3.81 are based on the

SSP2 SSP5
Middle of the Road Fossil Path
10.84 11.12
0.47 0.93
11.21 22.29
82.28 162.82
225,400 446,100

1 EJ = 23,884,589 toe; 1 toe = 7.33 barrels of oil equivalent (BOE)

Raw material Production in Demand in
2018 2018
Cobalt 1152:3%(?% ((I\I_:; low
Aluminium 63,756,000 (R) -
Magnesium 948,963 (R) -
Ruthenium 33" (R) -

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

" Source: JM 2020

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

4,600 2,250 4,460

7,600 3,700 7,360

460 225 450

13.8 6.8 134



BPD figures in Table 3.80. These quantities are crit-
ical for ruthenium compared to world production in
2018.

Since no sizeable liquid conversion plant was put
into operation in 2018, the demand for cobalt was
low.

Catalysts are used for about five years and must
then be replaced (GUTTEL et al. 2007; KLERK
2008). Catalysts containing precious metal are
treated in advanced recycling processes, dur-
ing which recovery rates of 97 % and higher are
achieved (HAsSSAN & RICHTER 2002; BRUMBY et
al. 2005) and the metals are reused. The indicated
service life of GTL and CTL plants is 30 years (IEA
ETSAP 2010).

On average, sea water is made up of 3.5 % (35 g/
kg or 35 000 ppm) salt. Man can tolerate a maxi-
mum of 0.5 % (5000 ppm) of salt in drinking water,
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meaning that unless treated, sea water cannot be
used as drinking water. Even more desalination
of process water is needed for some industrial
plants. According to the International Desalina-
tion Association (IDA 2020), there were around
17,000 desalination plants worldwide in 2019.
These had a daily capacity of around 107 million
m? and produced around 66.5 million m*® of water
a year.

Desalination takes place on an industrial scale
using methods perfected by industry, which use
61 % sea water and 21 % brackish water. River
water (8 %), waste water (6 %) and even raw
water (4 %, for industrial purposes requiring a
high water quality) are also treated (JONES et al.
2019).

Thermal and membrane-based methods are
used. The most common are (see Figure 3.83):

— MSF method (Multi-Stage-Flash): This
method involves heating sea water and
vaporising it in several interlinked chambers
under ever decreasing levels of pressure and
temperature. Fresh sea water is fed through
the chambers to the heater in parallel to this.
The vapour from the heated sea water settles
on the banks of tubes in which the fresh sea
water is flowing through the system to the
heater (RompP 2020).

— RO (Reverse Osmosis): In reverse osmosis,
a pump is used to press water through a
semi-permeable membrane, which retains the

Schematics of an MSF desalination plant Reverse Osmosis
Steam Vent Ejector
Pressure
Reducing External
Valve Feedwater " Pressure
Pump
Mist
Separator
Brine
Heater _~Seawater
Product
Condensate Brine Pump /
Pump Pump
Fresh
Water
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ions of the dissolved substances. The pump
pressure must be above the natural osmotic
pressure of the water. High-pressure pumps
can generate pressure of between 5.4 and
8.2 MPa (54-82 bar). The yield of desalinated
water is between 30 and 45 % (Rompp 2020).

While the distillation method was the leading
technology deployed up until 1995, membrane-
based methods have displaced this technology
due to lower investment costs, the need for less
energy and environmental impacts. Today, around
70 % of all plants use reverse osmosis and only
25 % use thermal methods (JONES et al. 2019),
compare Figure 3.84. Other technologies include
electrodialysis (ED) and Multi-Effect Distillation
(MED).

In principle, the desalination of sea water can also
be linked to renewable sources of energy. In April
2020, the United States Department of Energy
offered a prize for the development of a techni-
cally viable method (DOE 2020).

One potential future method for producing drink-
ing water is capacitive deionisation (CDI). With
this method, the ions to be separated can be con-
centrated into the anode or cathode depending
on their charge. This allows salts and metals of
interest to commerce to be produced while also
generating drinking water.

In terms of raw material demand for the desali-
nation of sea water, corrosion-resistant materials,
membranes and water chemicals (for anti-fouling,
anti-scaling, controlling corrosion) are needed.

The corrosive process environment with its high
chloride content and high temperatures places
considerable demands on materials. When devel-
oping materials, the providers of desalination
plants have attempted to keep the corrosion resis-
tance requirements consistent with low invest-
ment costs. When desalination was first deployed,
the evaporators in Multi-Stage-Flash (MSF) and
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Multi-Effect (MED) desalination plants were made
from construction steel and later on MSF evapo-
rators were typically covered with 316L austen-
itic stainless steel. MED chambers were initially
covered with epoxy and then with stainless steel
(IMOA 2014). These have a minimum chromium
content of 12%. The chromium forms a thin pas-
sive layer, which seals itself again if damaged.

Duplex stainless steels have mainly be used since
2003. These have a two-phase microstructure,
comprising a ferrite matrix with islands made of
austenitic phases. This results in higher strength
levels — twice as high as with standard austenitic
grades — combined with good resistance to corro-
sion. As a result, duplex stainless steel evapora-
tors can be constructed with thinner panels, which
requires less material and less welding work. The
breakthrough for the duplex stainless steel con-
cept came in 2003, when duplex stainless steel
was chosen as the 2205 grade for solid duplex
evaporators, which were to be installed in the
Melittah MSF plant and the Zuara MED plant in
Libya.

Alloy [%] Cr Mo Mn
316 16-18 2-3 <20
AK .Steel 2205 Duplex 22 31

Stainless steel

UNS S32101 21.5 0.3 5
Sandvik SAF 2304 21.5-245 0.05-06 25
Outokumpu 254 SMO®

High Performance Aus- 20 6.1

tenitic Stainless Steel

Sandvik SAF 2507 Bar
Steel

Outokumpu 4501
Duplex Stainless Steel 25 3.8
(W 0.5 %)

Copper nickel 10 %,
UNS C70600

ATI Allegheny Ludlum
Grade 5 Titanium
6AI-4V (UNS R56400)
(V4 %)

ATI Allegheny Ludlum
Grade 7 Titanium

(Pd 0.2 %)

25 4 <12
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Since 2004, two different kinds of stainless duplex
steel have been used in evaporator structures:
highly corrosion-resistant 2205 for parts sub-
ject to the most severe conditions, and 2304 for
parts subject to less harsh conditions. Three MSF
plants have been constructed in line with this
DualDuplex concept using a combination of 2205
and UNS S32101: Taweelah B (Abu Dhabi), Jebel
Ali L2 (Dubai) and Ras Abu Fontas B2 (Qatar)
(IMOA 2014).

As the proportion of chromium used increases and
nickel and molybdenum are added, resistance to
corrosion is yet further improved. The plant man-
ufacturer Outokumpu, for example, uses 4501
quality and SAF 2507® with 25% chromium, see
Table 3.82 (Outokumpu 2020).

Titanium alloys are one basic alternative to steel.
The company Allegheny Ludlum uses this, for
example. At temperatures below 250°C and pH
values above 1, palladium-alloyed titanium mate-
rials are not subject to crevice corrosion. Titanium
can mainly be found in the category of thermal

Cu Ni Ti Al Cc Fe
10-14 <0.08 61.8-72
6,0 0.02 68.7
1.5 0.03 71.4
0.05-0.6 3-5.5 0.03 65.2-71.8

18 55.7

<05 7 <0.03 61.1
0.5 7 0.02 62.9
88.7 9-11 1-1.8

90 <65 =<0.08 <0.03

2 99.1 <0.1 <03
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distillation, where it is used for tubes, valves and
plate heat exchangers.

For example, titanium tubes were used in the
Jebel Ali L sea water desalination plant, where
317,000 cubic metres of drinking water is pro-
duced a day from sea water (THYSSEN-KRUPP
2004). The 160 tonnes of titanium tubes were roll-
formed from a strip and welded in an argon inert
gas atmosphere. The tube wall is 0.5 millimetres
thick and has a diameter of 30 millimetres. The
challenge is that the heat exchanger tubes are
each 23.4 metres long. For the tubes to remain
equally straight over their entire length, they have
to be handled with precision when roll-forming
and welding and must be supported throughout
the production process so that they do not bend.
The 160-tonne titanium tubes for Jebel Ali L cover
a total distance of 764 km (THYSSEN-KRuUPP 2004).

In contrast, titanium has very limited application
in reverse osmosis plants, where it is used mainly
in pump heads. The prices for the main materials
used for the desalination of sea water have risen
sharply, so the development of alternative materi-
als is an important area of research.

90/10 or modified 70/30 copper/nickel is also
often used in aggressive operating conditions
(MEROUFEL 2017). Given that there are so many
potential materials, we can only provide a very
rough estimate of the raw material demand for
sea water desalination plants.

The raw material demand for reverse osmosis
came from (RALUY et al. 2005), see Table 3.83.
316 L is presumed to be the stainless steel used,
see Table 3.82.

On the basis of these values, the results were
analysed in terms of demand for special steel and
titanium alloy for six thermal sea water desali-
nation plants in order to adapt the raw material
demand for the thermal plant.

Details of material consumption were found in
the references for six thermal sea water desali-
nation plants (Yebel Ali L, Ras Al-Khair, All Hidd,
MARAFIQ plant, Yanbu3 and Az-Zour North). The
averages of the six plants are presented in Table
3.84. The demand for 90/10 copper/nickel was
not published so we have presumed the same
demand as for duplex steel.

Raw material demand
(in tonnes/1,000 hm3/year)

Reverse osmosis

Cement 1,240,000
Concrete 130,000
Reinforced concrete 48,750
Iron 650
Steel 87,750
Stainless steel 370
Titanium -
Sand 65,000
Aromatic polyamides 370
Epoxy resin 23
Polyethylene 16,000

Raw material demand
(in tonnes/1,000 hm3/year)

Average for
thermal plants

Duplex 29,200
Titanium 12,040
Copper (as duplex)

No predictions have been published on how the
sea water desalination market will develop in the
longer term beyond the year 2027. Market studies
assume an annual growth rate (CAGR) of around
9% (GRAND VIEW RESEARCH 2020) or 9.5% (FisIA
ITALIMPIANTI S.P.A. 2020) for global development up
until 2027. With estimated expenditure of $8.6 bil-
lion in 2019, the Middle East is the region mak-
ing the greatest investment in water desalination,
however the Asia-Pacific region is home to the
highest growth rates of 10 % a year (FISIA ITALIM-
PIANTI S.P.A. 2020). In areas of world where water
resources are very scarce, such as Algeria, Libya,
Morocco and Egypt, waste water is treated in spe-
cial purification plants to produce drinking water.
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Because the sea water desalination market is
also heavily dependent on industrial demand for
water, growth of global GDP serves as the basis
for estimating the market from 2027 onwards. For
the three SSP scenarios, accumulated capacities
of 305 (SSP2) to 385 billion m3/d (SSP5) therefore
result for the year 2040, see Figure 3.85.

A mixture of 35 % UNS S32101, 35% 2205 and
30% 4501 is assumed in order to calculate the
raw material demand for duplex steel. For tita-
nium, half grade 5 and half grade 7 is assumed.
We have also assumed that the proportion of ther-
mal plants will continue to fall. In 2040, 20 % ther-
mal and 80 % RO plants are anticipated.

Taking these assumptions and the data provided
in Table 3.82 to Table 3.85 into account produces
an estimated demand for 2040 which can be seen
in Table 3.86. The presumed decline in thermal
processes results in a decline in the correspond-
ing steels and their metals and in titanium alloys
in 2040 for SSP1 and SSP2. In SSP5, this shift
to RO is compensated for by greater expansion
of capacity. Demand for metals in 2040 is signifi-
cantly lower than the production volumes for 2018.

The corrosion-resistant materials used in the
desalination of sea water are easy to recycle
(OuTtokumPu no date). Given the high growth
rates seen in installation figures and the fact that
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Raw material Production in Demand in
2018 2018
Iron 1,520,000,000 (M) 24,700
Titanium 260,548 (R) 12,500
Chromium 27,000,000 (M) 7,400
Nickel 2,327,500 (M) 4,100
Molybdenum 265,582 (M) 1,100
Manganese 20,300,000 (M) 1,100
Aluminium 63,756,000 (R) 400
Vanadium 90,661 (M) 260
Palladium 210 (M) 13

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
20,000 13,300 27,300
9,400 6,300 12,900
5,700 3,800 7,800
3,200 2,100 4,400
800 600 1,100
21,400 14,300 29,300
800 500 1,100
300 200 410
200 130 270
10 7 14

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

the plants have lives in excess of 25 years, recy-
cling will however only reduce the strain on pri-
mary raw material markets after a long delay.

Since we expect marked demand stimuli on the
raw material markets for titanium metal and pal-
ladium, the question of a substitution arises. Pal-
ladium or titanium are not necessarily the only
materials offering corrosion protection to sea
water desalination plants.

Raw material recycling for plastic is understood
to mean procedures in which waste polymers are
broken down into smaller chemical components. In
the best-case scenario, these may be pure mono-
mers, which can in turn be reused for polymeri-
sation. In contrast, when recycling plastics, less
energy is needed to sort, clean and reintegrate
the materials into plastics processing. However,
used plastics are not normally pure enough for the
materials to be reused for the same purpose.

In terms of the processes used, a distinction is
made between thermal and solvolysis methods. In
the latter case, through the application of appro-
priate reaction conditions, condensation polymers
are broken back down into their precursors, as is
the case with polyethylene terephthalate (PET).
Methanolysis is a catalytic process that employs
high-temperature of up to 300°C and high-pres-
sure methanol of up to 40 bar to recover the raw
materials for PET, which is basically the manufac-
turing process in reverse.

We will only consider thermal processes below
because their demand for high-grade steels is
greater.

Thermal raw material plastic recycling processes
were originally developed in response to the 1973
oil price crisis, limited crude oil reserves, rising
demand for plastics and the statutory framework
conditions for recycling waste materials (LECHLEIT-
NER et al. 2020).

Against the backdrop of a major drive to cut CO,
emissions and reuse carbon in the chemical
industry, recycling is again gaining in importance.
The aim is to increase use of materials as much
as possible because this makes a short cycle pos-



Raw materials for emerging technologies 2021

sible and in principle, CO, savings are then at
their greatest. Where materials cannot be used,
recycling should be deployed to recover chemical
raw materials, see Figure 3.86. A second reason
for why we need to recycle plastics is the fact that
of the 359 million tonnes of plastics produced
globally in 2018 (PLAsTICSEUROPE 2019), a large
proportion ended up in the environment where it
is having a major impact on flora and fauna (EC
2018; DEUTSCHE UMWELTSTIFTUNG 2020). In
2016, the Ellen MacArthur Foundation published
a study indicating that there will be more plastic
in the oceans than fish in the year 2050 (ELLEN
MACARTHUR FOUNDATION 2016).

A well-documented pyrolysis concept is the Ham-
burg fluidised-bed pyrolysis process, which is
shown in Figure 3.87, where a thermal raw material
process is illustrated by way of example. The pro-
cess was developed in the 1970s at the University
of Hamburg and tested between 1984-1988 in a
project in a demonstration plant funded by the Ger-
man Federal Ministry of Education and Research
(KAMINSKY et al. 1979; SCHEIRS & KAMINSKY 2016).

This process used various input materials, which
were taken into the reactor by an inlet screw con-
veyor, see Figure 3.87. Oxygen was excluded
from the process. The reactor was designed as an

Conservation of resources
in use

Products

Material
recycling

Materials

Chemical
production

Chemical
decomposition

Recycling of
raw materials*

Chemical
base materials

Resource efficiency
in production

Energy CO,

N

Separation Photosynthesis

g Bio-econom
CO,Use /

Energy
recovery

electricity

CO, as
raw material

* Recycling of raw materials:
depolymerisation, cracking, pyrolysis, gasification.
Also: Use as a reducing agent in the blast furnace
in steel production

Biomass as a
raw material

Figure 3.86: Possible cycles for carbon in the chemical industry (source: VCI 2018)
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Oil Shales, oil sands Propane Exhaust gas

Input goods Reactor Product separation Products
Benzene
Am v jfctlon
mixed used plastics,
e.g. dual system 7
i [ e
B H X
PMMA rich in varieties,
PTFE, PS, e.g.
production waste oL Tar
Regulation of the vortex gas Distillation  fraction
<
Biomass: oilseeds,
special waste wood Excess gas «——— Ay
|
& % g
<« Gasometer

indirectly heated quartz sand fluidised bed, oper-
ated at temperatures of up to around 800°C. The
fluidising gas used in the circular operation was
pyrolysis gas. Any solid matter was removed from
the pyrolysis products along with the fluidising gas
in a cyclone and the products were then cooled.
The pyrolysis oils produced were separated into
benzene, toluene, xylene and tar fractions by way
of distillation. The pyrolysis gas was quenched
with pyrolysis oil and stored in a gasometer before
being again used as fluidising gas or heating
gas for the jet burners. The main products of the
Hamburg fluidised-bed pyrolysis process were

the pyrolysis oils, which, depending on the input
material and pyrolysis temperature, made up
40-60 % of the products. The other output was
pyrolysis gas, which contained not just hydrocar-
bons but also a high proportion of hydrogen.

Many different variations of processes are used
for thermal raw material recycling. Less time
spent in the fluidised bed and moderate tem-
peratures produce more fluids while long periods
in the bed and high temperatures produce more
gases. Rotary furnaces or typical stirrer vessels
are also used as the reactors. As well as differ-

Process Operator Feedstock Capacity Remarks
[tonnesl/year]
ReOil OMV, Schwechat Plastic waste 800 Used in refinery
Petrogas, ) 15,000 to . .
™

BlueAlp Eindhoven Polyolefins 20,000 Planned, plastic to oil

Quantafuel Skive, DK Plastic waste 20,000 Use of catalysts, oils at BASF

ChemCycling™ BASF Oils from Recenso Use of pyrolysis oil in steam
cracker

Plastic Energy  Sevilla, Almeria 5,000 So.—cal!ed TACOIL for
refineries

Ecoloop Traunstein, Sorting residue 50,000 Updraught gasifier with lime

Germany

containing plastics



ent input materials, different target products are
also possible and range from synthesis gas and
olefins to synthetic oils or waxes, see Table 3.87.
References also contain terms such as hydroge-
nation, gasification, thermal depolymerisation etc.
The range of potential products can be expanded
through the use of catalysts.

It is difficult to assume one specific raw material
content for the different types of plants used for
thermal raw material recycling. Our forecast is
therefore made on the basis of one specific plant
currently available on the market. This is the MIDI
depolymerisation plant from Modis GmbH, which
is able to turn around 6,000 tonnes/year of used
plastic into new raw materials in an electrically
heated rotary kiln. Steel is needed for the MIDI
plant, see Table 3.88.

Materials (plant with a Demand
capacity of 6,000 tonnes/year) in tonnes
Alloyed materials 2

1.4404 steel 15

1.0037 steel 50
Copper cable 3

Alloy [%] Al Cr
INCONEL® Alloy 601 1-1.7 21-25
4404 Cr-Ni-Mo Austenitic 172
Stainless Steel ’
EN 1.0037 High Manganese

Carbon Steel

Metalls Al Cr
Demand in t 0,027 3,04
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The composition of the materials can be seen in
Table 3.89. Data for alloy 601, a standard mate-
rial for high-temperature applications, is provided
for the alloy material in the rotary kilns (SPECIAL
MEeTALS 2021).

The data provided in Table 3.88 and Table 3.89
allows us to estimate the specific demand for
steel refiners per 6,000 tonnes/year capacity of a
thermal raw material plastic recycling plant. The
results are displayed in Table 3.90.

While specific material demand is lower for larger
plants, for plastic recycling plants in particular it
makes more sense to use several smaller plants
because it is not energy-efficient to transport the
lightweight used plastics long distances without
pretreatment.

For the reasons stated above, raw material recy-
cling is currently undergoing something of a
renaissance (AUEL et al. 2020). The way in which
it will develop in the future depends on several
factors: the extent to which a circular economy
with no plastics emissions becomes the norm,
whether plastics can be manufactured at net zero
and whether consumers continue to accept such
an approach.

One study investigated the measures which could
be taken to reduce the amount of plastic waste
entering the world’s oceans (THE PEW CHARITA-

Cu Mo Mn Ni C Fe

<1 <1 58-63 <0.1 13
2.1 10.1 0.02 70.58
<14 <0.17 =298.3

Cu Mo Mn Ni C Fe
3,02 0,32 0,72 2,73 0,09 60,00
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BLE TRuUSTS 2020). In a business-as-usual sce-
nario, this study assumed that the production of
plastic will increase to 430 million tonnes by the
year 2040. In a system-change scenario, in con-
trast, it is assumed that 130 million tonnes of this
can be eliminated and 71 million tonnes can be
substituted by paper etc. Of the remaining 229 mil-
lion tonnes, 13 million tonnes could be turned
into plastics through raw material recycling (P2P
chemical recycling-plastic to plastic) and 13 mil-
lion tonnes could be turned into fuel (P2F-plastic
to fuel) (LAuU et al. 2020), compare Figure 3.88.

For the various scenarios presented in this report,
we assume a capacity of 26 million tonnes for P2P

and P2F processes in SSP2 for the year 2040.
This corresponds to the system-change scenario
shown in Figure 3.88.

The SSP1 scenario assumes that the volume of
plastic waste produced by 2040 is reduced to just
200 million tonnes through approaches such as
eliminating typical plastics and using “bio plas-
tics”. 11 % of this is recycled, a similar percentage
to that assumed in SSP2.

In the SSP5 scenario, only half of all used plastic
is recycled, with more being incinerated instead.
In order to estimate the raw material recycling
capacities in 2040, we have assumed a linear
expansion of capacities, see Table 3.91.

End of life
Reduced
Replaced
Recycled
Discarded
Entered into the environment

Amount of plastics (million tonnes/year)

Year

Mass in 2040 (million tonnes/year)

Assumptions for 2040
. . - Assumptions
Figures in million tonnes for 2018 SSP1 SSP2 SSP5
Sustainability  Middle of the Road Fossil Path

Total plastic waste 230 200 229 229

of WhIF:h sent to rayv material 0.25 21 26 13
recycling (cumulative)

Raw material recycling 38 4.9 21

(built in 2040)



Raw material Production in Demand in

2018 2018

Aluminium 63,756,000 (R) 1

Chromium 27,000,000 (M) 127
20,591,000 (M)

Copper 24,137,000 (R) 126

Molybdenum 265,582 (M) 13

Manganese 20,300,000 (M) 30
. 2,327,499 (M)

Nickel 2,189,313 (R) 114

Iron 1,520,000,000 (M) 2,500

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

As can be seen in Table 3.92, the plants do not
require critical volumes of raw material for raw
material recycling.

Industrial plants containing known materials are
easy to recycle. Wherever possible, raw material
recycling should be substituted by the recycling of
materials. As mentioned above, high-quality mate-
rial recycling is superior to raw material recycling
because hydrocarbon bonds do not then have to
be destroyed.

Power grids transport and distribute electrical
energy from the place of production to the place
of consumption. They consist of networks which
are nationally and regionally organised and struc-
tured, but normally interconnected, and which
operate at different voltages. A distinction is made
between transmission and distribution networks.

Raw materials for emerging technologies 2021

Demand foresight for 2040

SSP1 SSP2 SSP5
17 22 10
1,940 2,500 1,080
1,930 2,490 1,080
200 260 110
460 590 260
1.740 2,250 970
38,300 49,480 21,370

Transmission networks allow electrical power to
be transported over long distances at very high
voltage (in Europe this is usually at 220 kV or 380
kV; in North America and Russia it may also be
around 750kV or up to 1,200 kV). Transmission
grids are connected internationally by intercon-
necting lines that allow power to be imported and
exported. Distribution networks handle regional
distribution by means of increasingly small struc-
tures, from the transmission grid to larger and
smaller industrial consumers and, finally, individ-
ual homes.As power is distributed through the net-
work the voltage is gradually reduced, such that
distribution grids consist of high-, medium- and
low-voltage sections. The different voltage levels
are connected by substations with transformers
(Figure 3.89). It is estimated that the global power
grid consists of over 70 million km of power lines,
of which more than 90 % form distribution grids
(IEA 2021).

Originally, power flowed in one direction from a
small number of large producers such as hydro-
electric, coal-fired or nuclear power plants, which
fed very high-voltage electricity into the transmis-
sion grid, to a multitude of larger and smaller con-
sumers, which drew power from the distribution
grid in the high- to low-voltage range as required.
Today, the growing integration of renewable
energy sources is leading to a marked diversifica-
tion of the electricity market and new demands on
the power grid. A large number of different elec-
tricity producers, some with fluctuating capacity,
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must be integrated at the various voltage levels.
The challenges include large offshore wind farms
that must be linked by long undersea cables, the
electrification of the heat and transport sectors,
and a large number of individual homes gener-
ating electricity from small roof-mounted photo-
voltaic systems which is fed into the low-voltage
network (IZES gGmbH et al. 2011; KARIMI et al.
2016; PROTOPAPADAKI & SAELENS 2017; THOR-
MANN & KIENBERGER 2020).

Both transmission and distribution networks are
normally operated with three-phase alternating
current (AC). Single-phase AC is only used in a
few cases, for example in rail networks. This is
because three-phase operation offers a better
ratio of capacity to material requirements (with a

120° phase shift and a symmetrical load, currents
in the neutral wire are reduced, which means that
this wire can be reduced in size or even dispensed
with). However, in recent years and decades high-
voltage direct current (HVDC) transmission lines
have become increasingly important. The genera-
tors in power stations normally generate three-
phase AC. Converting the power and transport-
ing it as DC is uneconomical due to the technical
effort involved and the losses that occur in recti-
fiers. However, as transport distances increase,
these drawbacks of DC transmission can be off-
set by the absence of reactive power and lower
material requirements (due to the reduction from
three to two cables, or even one, and the higher
power transport with the same cable diameter).
In the case of underground cables this applies

MV/EHV
approx. 600 MVA

Coal-fired power plants

MV/EHV
approx. 200 MVA

High voltage
generally 110 kV

Hydroelectric power plants

MV/HV
approx. 30 MVA

HV/MV

approx. 40 MVA

Medium voltage
1-50kV

Industrial
power plants

Industrial
consumers

Overhead line between towns/villages

approx. 0.5 MVA

Local grid

Low voltage

MLV
approx. 0.5 MVA

Legend: Extra-high voltage (EHV)
High voltage (HV)
Medium voltage (MV)

Isolated farm Low voltage (LV)

Transformer / substation

Extra-high voltage
generally 220 kV or 380 kV EHVIMV
approx. 600 MVA
Nuclear power plants
EHMV
approx. 200 MVA
HV/HVIMV
Transformer / .
converter Railway
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MVMY
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Municipal power stations
MLV
up to approx. 2 MVA
Industrial
consumers
Industrial
consumers
Feed-in
Wind park
Solar power plant




from a distance of a few tens of kilometres and in
overhead lines from a few hundreds of kilometres.
HVDC transmission lines are therefore often used
when longer undersea cables are required. This
includes connections between national networks,
such as the Baltic Cable between Sweden and
Germany or BritNed between Great Britain and
the Netherlands, and links to offshore wind farms.
On land there are lines over 1,000 km long, for
example linking the USA and Canada and in DR
Congo. But as well as transport over very long
distances, HVDC lines can also be used to inter-
connect AC networks with asynchronous phases.
Due to high transmission losses, these short lines
are normally taken out of service as soon as AC
networks can be synchronised. Unlike AC net-
works, HVDC lines allow power to flow in both
directions in a controllable way, which can be
exploited to ensure grid stability (RUDERVALL et
al. 2000; WIETSCHEL et al. 2015; GELLINGS 2015;
ALassi et al. 2019). Although HVDC lines have
been in use since the 1950s, their importance has
significantly increased and installed line length
has tripled in the last ten years (IEA 2021).

Power grids may be constructed by using over-
head lines suspended on pylons or by laying
underground cables. Both options can be used
in all voltage ranges and for both AC and DC
power. Underground cabling requires less space,
is less vulnerable to external influences (such as
weather damage, tampering or manipulation) and
generally enjoys higher public acceptance. How-
ever, transmission losses through reactive power
are higher and there is also more installation
work involved than with overhead lines. In Ger-
many there is a continuing trend towards the use
of cables. In 2007, underground cables already
accounted for a considerable 77.8 % of power
lines in Germany, rising to 82.4 % by 2017. Simi-
lar figures apply in Austria and Switzerland (FSM,
no date; IZES gGmbH et al. 2011; BDEW 2018;
ENERGIEALLIANZ AUSTRIA GMBH 2019).

As explained above, in the construction of power
grids a general distinction can be made between
overhead lines and underground cables. The raw
material requirements vary accordingly.

Raw materials for emerging technologies 2021

In the case of overhead lines, the conductor ropes
are suspended on pylons by means of insula-
tors. Additionally, earth wires or neutral conduc-
tors may be used depending on requirements.
If necessary a pylon can support multiple power
circuits, which in the normal case of 3-phase AC
consist of one conductor rope for each phase.
Above a voltage of 220 kV, multiple conductor
ropes known as bundles are required. Currently,
conductor ropes are usually aluminium-conductor
steel-reinforced cables (ACSR), in which the alu-
minium strands are wrapped around a steel core
for greater mechanical stability (Figure 3.90).
They may also be made of pure aluminium or alu-
minium alloys with magnesium, silicon and iron
(known as Aldrey alloys). Although copper is more
conductive, it is not used in standard overhead
lines as the smaller material requirement does
not compensate for the higher price. This does
not apply in the special case of overhead lines on
railways. Here, the contact wire is made of copper
or low-alloy copper (Mg, Ag, Sn) and the catenary
wire of bronze. The insulators are made of plas-
tic, glass, ceramic or porcelain. Pylons are usu-
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ally steel lattice structures but may also be made
from concrete, wood or composite materials. The
type of construction depends on the voltage level
and technical requirements, as well as regional
conventions and local circumstances. In Ger-
many, steel lattice structures are widely used in
high- and extra high-voltage lines. These are usu-
ally the types known as 'Danube pylons' with two
cross-arms supporting two power circuits as well
as an earth wire for earthing and lightning protec-
tion on top of the pylon (Figure 3.91). These are
spaced 300 m to 500 m apart. In the medium- and
low-voltage range in local networks, overhead
lines are fairly unusual in Germany. For reasons
of safety, avoidance of visual pollution, and pub-
lic acceptance, extensive use is made of under-
ground cabling. The situation in other countries
is different (AMPRION GMBH, no date b; CRASTAN
2015; HOFMANN 2015).

Underground cables are mostly used in low- and
medium-voltage areas of the power grid. In built-
up areas, public acceptance plays a more impor-
tant role and underground cables enjoy higher
acceptance than visible overhead lines despite
the considerable work involved in laying them.
Underground cables are also protected against
damage caused by tampering or the effects of
weather, which helps to increase the reliability
of energy supply. Together with the added safety
of a power line which is inaccessible to the gen-
eral public, this normally justifies the high costs
of cabling incurred as a result of laying and dif-
ficult maintenance. In high- and extra high-voltage
networks, cables are normally only used when
overhead lines are not an option (e.g. undersea
cables).

In underground cables, both copper and alumin-
ium conductors are used. Because aluminium
requires a larger conductor cross-section, more
insulation material is needed for the cable, which
cancels out the advantage of the lower price of
aluminium. For underground cables carrying low-
and medium-voltage power, both aluminium and
copper conductors are therefore used. A cable
consists of three conductors (3-phase AC) plus a
neutral conductor if required. Each conductor may
be a single solid wire or multiple wires, encased
in an insulating plastic layer (PE, VPE, PVC or
EPR). The inner conductor strands are cushioned
by a rubber layer, which in turn is surrounded by
either a concentric conductor or a copper screen.
A plastic jacket (PE) forms the outermost protec-
tive layer.

In high- and extra high-voltage cables, only cop-
per conductors are used as the material costs
of insulating an aluminium cable would be too
high. Each cable also contains just one conduc-
tor strand to allow more flexibility in cable lay-
ing. In high- and extra high-voltage areas of the
grid, cables carrying AC power now also consist
of plastic insulation surrounding the conductor, a
copper wire screen and an outer plastic sheath.
Originally used only in low-voltage areas, plastic
insulation has gradually become more common-
place and is now used for voltages up to 500 kV.
Due to the higher requirements for the insulat-
ing layer, cables that carry DC power still contain
mass impregnated paper. The copper conductor



Raw material demand Distribution grid

Steel [tonnes/MWkm] 0.8836

Aluminium [tonnes/MWkm] 0.0276

Plastic [tonnes/MWkm] 0.0084

Glass [tonnes/MWkm] 0.0018

Copper [tonnes/MWkm] 0.0259

Zinc [tonnes/MWkm] 0.0006

Lead [tonnes/MWkm] -

Overhead Overhead
. line line

Raw material demand 1,000 MW 2,200 MW
400 kV 600 kV

Concrete

[tonnes/MWkm] 0.200 0.138

Steel [tonnes/MWkm] 0.0508 0.0350

Aluminium

[tonnes/MWkm] 0.0087 0.0060

Plastic

[tonnes/MWkm]

Copper

[tonnes/MWkm]

Lead [tonnes/MWkm]

strand is wound in layers of paper saturated in an
oil/resin compound which, for high-voltage cables,
is also pressurised with gas or oil. The paper insu-
lating layer is enclosed by a lead or aluminium
plastic layer and a steel sheath. The outermost
layer is a plastic jacket (AMPRION GMBH no date;
CRASTAN 2015).

Material requirements per power kilometre for
the German power grid can be found in WETZEL
(2016). These are based on European life cycle
analyses for power grid components (MAy 2005;
JORGE et al. 2012a; JORGE et al. 2012b; JORGE &
Hertwich 2013; JORGE & Hertwich 2014).
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Transmission network Transmission network
(underground cables) (overhead lines)

0.0392 0.0406
- 0.0069
0.0038 -
- 0.0008
0.0310 -
- 0.0009
0.0277 -
Overhead Cable Cable Cable
line 1,000 MW 2,200 MW 5,000 MV
5,000 MW 400 kV 600 kV 800 kV
800 kV
0.040
0.0163 0.0480 0.0326 0.0192
0.0035
0.0046 0.0031 0.0018
0.0380 0.0258 0.0152
0.0340 0.0231 0.0498

Demand for electricity transport and therefore
power grids is linked to electricity consumption.
This has risen continuously in recent decades:
global power consumption has more than doubled
since 1990, increasing from 36 EJ or 10,116 TWh
to 83 EJ or 23,103 TWh in 2019. A large propor-
tion of this growth is due to rising electricity con-
sumption in Asia (ENERDATA 2020). There are
three aspects that must be considered in connec-
tion with the rise in electricity use: global popu-
lation growth, increasing per-capita consumption
and the growing proportion of the population with
access to electricity.
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For decades, global electricity consumption per
capita has been increasing almost linearly. In
1971 it was 1.2 MWh, increasing to 3.1 MWh by
2014 (WoRLD BANK 2014). This is due partly to
economic growth and increasing affluence and
partly to the growing electrification of our world.
This trend is likely to continue or be amplified.
Combatting climate change demands the decar-
bonisation of the world economy, which in many
cases is associated with electrification. Prominent
examples include the growth of electromobility
and the transformation of the heating sector with
the large-scale use of heat pumps instead of oil
and gas heating (IEA 2020d).

In 2011, the United Nations and the World Bank
launched the Sustainable Energy for All (SE4ALL)
initiative to ensure that everyone had access to
electricity by 2030 (WoRLD BANK 2013). Since
then, the proportion of the world population with
access to electricity has risen from 82 % to almost
90 % in 2019 (WORLD BANK). It is now mainly
rural areas, especially in sub-Saharan Africa,
that remain unconnected to an electricity supply
(CILLER & LUMBRERAS 2020). It does not always
make sense to build a long-distance connection

to a major power grid. So-called off-grid solutions
are common for the purposes of initial provision,
but these too require the basic technology and
materials of a power grid. As regional develop-
ment progresses, connection to or expansion of
the grid can take place as a long-term objective.

When these factors are taken together, a signifi-
cant rise in global electricity consumption may be
expected. The magnitude of this growth depends
on the assumptions applied in different scenarios;
however, the basic trend is the same in all sce-
narios. Shown here are three SSP scenarios iden-
tified by the IPCC (Figure 3.92). Anticipated elec-
tricity consumption in 2040 ranges from just under
179 EJ in a heavily fossil-driven development sce-
nario (SSP5) to an initially unchanged 83 EJ in the
sustainability scenario (SSP1) (RiaHI et al. 2017).

The future raw material demand of the global
power grid is difficult to calculate as a whole. Unlike
conventional emerging technologies, the power
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20,591,000 (M)

24,137,000 (R) 3,825,000

Copper

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

grid has already existed as a global infrastructure
for over a century. The technological configuration
depends on various historical developments and
local circumstances. For Europe and Germany
somewhat better information is available, with
data on grid length and average material content.
Extrapolations can be found in WETzEL (2016) for
Germany and in Moss et al. (2011) for Europe. At
global level, the annual required material volume
for replacing and expanding the world's transmis-
sion and distribution networks is known for cop-
per (IWCC 2020). This can be used alongside the
current annual energy demand (ENERDATA 2020)
and the forecasts for 2040 from the three SSP
scenarios (Figure 3.92) to estimate the demand
for copper for power grids in 2040 (Table 3.95).
A calculation by the IEA (2021) arrives at similar
results, forecasting a copper demand of 7.5 Mt
to 10.0 Mt for the expansion and maintenance of
global power grids for 2040 depending on the sce-
nario. Demand for aluminium is estimated at 13 Mt
to 16 Mt in 2040 for the two IEA scenarios. More
detailed assumptions are not made public and so
cannot be referred to or used for comparison here.

Recycling systems for components of the power
grid are well developed and efficient due to the
high material value, ease of collection and known,
simple material composition. Copper cables are
one of the most valuable sources of secondary
copper and are therefore in high demand on the
market. The high purity of the copper used in elec-
trical conductors, combined with the ease of sepa-
rating it from the insulating plastic layer, make it
very cost-effective to recover the metal with a high
quality. Recycling cables that contain lead is some-
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Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
3,832,000 5,759,000 8,211,000

what more difficult, as the lead sheath and any
lubricants must first be removed. The quality of the
secondary material obtained is somewhat lower.
Other copper components, for example in trans-
formers, also have a high material value and can
be easily recycled (LANGNER 2011; LI et al. 2017).
A similar situation applies with regard to aluminium,
steel and zinc, which are used in large power grid
components with a relatively simple material com-
position and are therefore easy to recycle. Foun-
dation and insulator materials such as concrete,
cement, ceramic and glass are however sent to
landfill (JORGE et al. 2012a; JORGE et al. 2012b).

There have been various efforts in R&D for
some time to optimise the transmission capacity
of power grids, which equates to an increase in
resource efficiency. Approaches include the use of
high-temperature conductor ropes, overhead line
monitoring and the use of flexible AC transmis-
sion systems (FACTS) and flexible AC distribu-
tion systems (FACDS), all of which are intended
to make more efficient use of existing network
structures. Transmission capacity is limited mainly
by operating temperature and sagging of coduc-
tor ropes. By modifying the material composition
and design of the conductors, the permissible
operating temperature has been increased from
80°C to around 200 °C in high-temperature con-
ductor ropes. Overhead line monitoring allows
transmission to be dynamically adjusted through
monitoring of the lines and the analysis of weather
data, which makes it possible to operate the net-
work at close to capacity limit on a more continu-
ous basis. Similarly, FACTS/FACDS uses power
electronics in control and compensation systems
in place of conventional variable transformers and
static compensators to make grid operation more
dynamic and achieve better capacity utilisation
(WIETSCHEL et al. 2015).
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As shown in Figure 3.93, fibre-optic cables are
optical waveguides that can transmit light over
long distances. Light is a form of electromagnetic
radiation and therefore consists of both electrical
and magnetic fields. The spatial variation of the
electrical and magnetic field strength gives rise to
different modes of vibration. The mode of vibration
that a waveguide transports depends on its geom-
etry and properties. Fibre-optic cables may be
single-mode or multimode. Single-mode cables
transmit only one light mode and can cover dis-
tances of several hundred kilometres without sig-
nal amplification. Multimode cables, on the other
hand, transmit multiple light modes, which over
long distances results in signal distortion due to
interference. However, because they are cheaper
than single-mode cables they are the preferred
option for shorter transmission distances. Signal
distortion in multimode fibres can also be reduced
by means of graded-index fibres. Unlike the step-
index fibres shown in Figure 3.93, which have
an abrupt, step-like transition from one refractive
index to the next, with graded-index fibres the
refractive index changes gradually.

Light can be transmitted in wavelengths of
between 350 nm and 2,500 nm (IR — UV). LEDs
or lasers are used as light sources. Fibre-optic
cables are, currently, the technically most impor-
tant type of optical waveguide. There are also
optical waveguides based partially or entirely on
plastic polymers. These are mostly used for short-
distance transmission and play a fairly minor role
overall. Optical waveguides are enclosed in a pro-
tective coating, for example polyamide, silicone or
acrylic, and a sheath (Figure 3.93). One fibre-optic
cable may contain many optic fibres (up to 1,000).
When stating quantities, it is therefore important
to distinguish between cable kilometres and fibre
kilometres.

The production of optical fibres starts with a pre-
form, from which fibres are then drawn. The pre-
form of high-purity silica glass (SiO,) is produced
through chemical vapour deposition (CVD) of sili-

Core ng

Jacket ny
Protective coating
Sleeve

ng > Ny

Note: The refractive index of the core is greater than that
of the cladding (n« > ny), such that total reflection occurs
at the boundary when light beams strike it at a shallow
enough angle. This allows light to be transmitted through
the core over long distances.

con tetrachloride (SiCl,;) and oxygen. The fibres
are doped through an analogous process of depo-
sition. This gives the preform the desired refrac-
tive index profile, which remains unchanged when
the fibres are then drawn in a fibre drawing tower.
Immediately after drawing, the outer protective
layers are applied and cured (PETERMANN 2015).

Fibre-optic cables are primarily used as a trans-
mission medium in telecommunications. Com-
pared with conventional copper cables, they offer
a longer range (up to several hundred kilometres
without the need for repeaters) and higher trans-
mission rate (gigabits to terabits).

For this reason, the backbones of modern com-
munication networks, in which high transmission
rates are required, consist almost exclusively of
fibre-optic cable. Backbones include the core net-
works of telecommunications companies, cable
TV network operators and energy suppliers.
Energy companies lay fibre-optic cables together
with other lines and operate them to monitor their
lines and to rent them to telecommunications
companies and cable TV network operators.



Fibre-optic cable is also increasingly being used to
connect individual end customers. Different types
of connection are named according to the destina-
tion, e.g. FTTN (fibre to the neighbourhood/node),
FTTH (fibre to the home), FTTB (fibre to the build-
ing), FTTP (fibre to the premises), FITH (fibre
in the home) and FTTD (fibre to the desk). The
greatest obstacle to connections of this type is
the cable's susceptibility to bending, which makes
additional work necessary during cable laying
and can lead to higher failure rates in the event
of incorrect use (bending or applying pressure).
Fibre-optic cables are also more susceptible to
water and dust. In addition, bending will reduce
the transmission rate of the fibres. For FTTx
applications, special optical fibres have therefore
been developed with lower bending losses — for
example by adding a fluorine-doped layer at the
core-cladding interface or by using nanostructures
(L1 et al. 2008). As well as telecommunications,
optical fibres are used in measuring and medical
technology and high-energy lasers.

Optical fibres are normally made of amorphous
silicon dioxide (SiO,), also known as silica glass
or quartz glass. The refractive index profile is
adjusted by doping. To increase the refractive
index of the core, it can be doped with germanium
dioxide (GeO,) or phosphorus pentoxide (P,Os).
The cladding can also be doped with boron or
fluorine to reduce its refractive index (PETERMANN
2015). Normally either the core or the cladding
is doped, with the other component consisting
of pure SiO,. Doping generally refers to very low
concentrations of 100 ppm (parts per million), i.e.
less than one doping atom per 10,000 atoms of
the basic material.

The fact that different materials and doping sub-
stances are used, as well as the varying number
of fibres per cable (100-1,000), makes it difficult
to state the average material content per kilome-
tre of cable laid. To estimate germanium demand,
the number of kilometres of optical fibres laid per
year, or 'fibre kilometres', is therefore more useful.
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There are several recent market studies on the
growth of the optical fibre market. As there is no
strict definition of this market, the various stud-
ies include different aspects, for example hard-
ware (including cables, controllers and connec-
tors), software and services (FORTUNE BUSINESS
INSIGHTS 2019), resulting in different market vol-
umes and growth rates. It is not possible to draw
direct conclusions about the growth of fibre kilo-
metres and germanium demand from this data:

— (ALLIED MARKET RESEARCH 2017):
Global optical fibre market grows from
USD 3,477 million in 2017 to USD 8,153 mil-
lion in 2025, average annual growth rate
(CAGR): 11.6 % from 2018 until 2025.

— (FORTUNE BUSINESS INSIGHTS 2019): Global
optical fibre market grows from USD 4.48 bil-
lion in 2019 to USD 9.73 billion in 2027,
CAGR: 10.3% from 2019 until 2027.

— (MORDOR INTELLIGENCE 2020a): Global optical
fibre market grows from USD 9,236.5 mil-
lion in 2020 to USD 20,832.6 million in 2026,
CAGR: 14.85% from 2018 until 2026.

— (MAxiMIZE MARKET RESEARCH 2020): Global
optical fibre market grows from USD 9.38 bil-
lion in 2019 to USD 20.9 billion in 2027,
CAGR: 11.51% from 2020 until 2027.

However, these market studies do provide impor-
tant insights into current trends and the drivers
and inhibitors of future demand for fibre-optic
cable, which are summarised below. Firstly, link-
ing previously unconnected regions requires fur-
ther expansion of the fibre-optic network (ALLIED
MARKET RESEARCH 2017). This expansion will
also be driven by new technology trends and
the associated rising demands on bandwidth, or
rather an increase in bandwidth resulting from
network expansion will enable new technology
trends that exploit this bandwidth; see 1.4 on digi-
tisation scenarios. According to MORDOR INTELLI-
GENCE (2020a), over the last ten years the grow-
ing fibre-optic network has satisfied the growing
demand for bandwidth for Internet, e-commerce,
networks and multimedia and will do the same for
future technology trends. Further cost reductions
in installation, operation and maintenance, as well
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as investments in the fibre-optic infrastructure,
are identified as key factors in further expansion
(ALLIED MARKET RESEARCH 2017; FORTUNE BusI-
NESS INSIGHTS 2019). The major technological
drivers of data transmission and therefore fibre-
optic expansion are 5G, the Internet of Things
(IoT), cloud computing, big data and FTTx (ALLIED
MARKET RESEARCH 2017; FORTUNE BUSINESS
INSIGHTS 2019). Although 5G involves wireless
transmission, which to some extent is expected
to diminish expansion of the cable network to the
end user (ALLIED MARKET RESEARCH 2017), it
may also be assumed that overall 5G will result in
rising data traffic and therefore higher demands on
the data transmission backbone structure (ALLIED
MARKET RESEARCH 2017; FORTUNE BUSINESS
INSIGHTS 2019; MORDOR INTELLIGENCE 2020a).
However, according to FINCH (2020) the demand
for fibre-optic cable for 5G provision cannot yet be
reliably estimated because the spread of 5G tech-
nology is still in the early stages. FTTx connec-
tions, on the other hand, are comparatively wide-
spread. In 2019 there were 972 million FTTP (fibre
to the premises) or FTTB (fibre to the building)
connections worldwide for 1,937 million house-
holds (FINcH 2020). 481 million of these FTTP or
FTTB connections are in China and 153 million in
other countries in the Asia-Pacific region. Some
European countries (e.g. Norway, Denmark, Swe-
den, Latvia and Lithuania) already have almost
complete coverage with FTTH connections, which
allow 4K video streaming, for example (ALLIED
MARKET RESEARCH 2017). Several recent market
studies identify the COVID-19 crisis as a growth
inhibitor, due to delays and obstacles in produc-
tion (FORTUNE BUSINESS INSIGHTS 2019) or more
broadly a weakening of production, the market and
financing (MORDOR INTELLIGENCE 2020a). Accord-
ing to USGS (2021a) the decline in demand for
germanium in the USA in 2020 caused by COVID-
19 was mitigated by investments in the fibre-optic
infrastructure.

The growth trend which had been ongoing since
2004 had already halted before the COVID-19 cri-
sis, with the number of fibre kilometres laid falling
in 2019 compared with 2018 (FiINCcH 2020). Figure
3.94 shows data on fibre kilometres laid worldwide
per year. The most important driver is the growing
global market for broadband access, which has
been observed since the early 2000s. Broadband
access points create higher demands on data
transmission than the previously widespread nar-

rowband access points, with the result that nar-
rowband had only a negligible impact on network
expansion after broadband became prevalent; see
1.4 on digitisation scenarios. Since around 2008,
fibre-optic expansion in China has had a particu-
lar impact on global demand. Between 2008 and
2018, demand for fibre-optic cable in China grew
at an average of 21 % (CAGR) per year, resulting
in overall growth of 556 % (FINCH 2020). Between
2018 and 2019, demand in China then collapsed
by a two-figure percentage. In the long term, how-
ever, China is expected to invest heavily in fibre-
optic cable, as are other countries such as India
and Indonesia (MORDOR INTELLIGENCE 2020a).
Consequently, the decline in 2019 cannot yet be
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regarded as a reversal of the trend, and even
a temporary drop due to obstacles caused by
COVID-19 is unlikely to break the long-term trend
towards a globally growing fibre-optic network. If
the years prior to the decline in 2003 are included,
then the CAGR for the 20 years between 1999
and 2019 is 12.4%. High growth rates over a
long period of time are therefore not unusual for
this key infrastructure technology of digitisation
and appear plausible for the next 20 years. For
comparison, in the 20 years between 1997 and
2017 data traffic grew at a CAGR of 63 %; see 1.4.
Between 2003 and 2019, the number of additional
fibre kilometres laid per year grew at a CAGR of
14 % (Figure 3.94). Over this period, the growth
rates for annual additional construction declined
slightly. Between 2003 and 2008 the CAGR was
19 %, falling to 13 % between 2008 and 2013 and
then 11 % between 2013 and 2019. Assuming
that historical trends continue, it may be assumed
that more fibre-optic cables will continue to be
laid from year to year, but that the annual growth
rate of this development will continue to gradually
decrease.

According to STRATEGYR (2020), demand for ger-
manium for fibre-optic cable will grow between
2020 and 2027 with a CAGR of 6.2 % to reach
90.3 tonnes in 2027. Demand for fibre-optic
cable is therefore growing much faster than total
demand for germanium, for which STRATEGYR
(2020) predicts a growth from 173.1 tonnes in
2020 to 225.6 tonnes in 2027 (CAGR 3.9%).
These forecasts take the impact of the COVID-19
crisis into account, which means that in the long
term, stronger growth is plausible.

In scenario SSP2, in keeping with the frame-
work assumptions, it is assumed that historical
trends will continue and the average growth rate
between 2027 and 2040 is therefore estimated
at CAGR 8%. In scenario SSP5, however, faster

Raw material Production in Demand in
[tonnes] 2018 2018

Germanium 143.1 (R) 59.3

R: Refinery production (tonnes of metal content)
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and stronger expansion is anticipated. Previously
unconnected areas are connected to the fibre-
optic network at a rapid pace as low- and lower-
income countries quickly catch up. However, the
main growth driver is the steadily growing data
transmission resulting from new technological
possibilities such as 5G, IoT, cloud computing, Al,
streaming and gaming; see above and 1.4. The
CAGR is estimated at 9%. Scenario SSP1 also
assumes an acceleration compared with histori-
cal trends as regards technological development
and catch-up on the part of low- and lower-income
countries. In particular, the use of digital tech-
nologies for long-term applications in education,
health and environmental protection advances
rapidly and drives further expansion. However, in
SSP1 consumption in high-income countries does
not continue to grow unchecked, with streaming,
gaming and social media in particular showing
saturation in ever higher resolutions, such that fur-
ther efficiency increases achieved through techni-
cal development result partially in actual savings
(c.f. 1.4 on digitisation scenarios). For the period
between 2027 and 2040, this results in a CAGR
of 7.7 %.

Table 3.96 shows the demand for germanium
in 2040 arising from the expansion scenarios
described above in the various SSPs.

Given the very low concentration of germanium
dioxide used in the doping of silica glass, it is dif-
ficult to recover germanium from fibre-optic cable.
This, combined with the very long lifetime of the

Demand in 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
237 246 277
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cables and rising demand for them, means that
this is not a promising secondary raw material
source. However, a possible technique for recov-
ering germanium from fibre-optic cable has been
scientifically investigated (CHEN et al. 2017b). In
total, the USGS quotes a recycling rate of 30 %
for germanium, which has been constant for some
years, with 60 % of germanium used in electron-
ics manufacturing being production waste or 'new
scrap' which is directly reused (USGS 2021a).

5G is the fifth generation of the mobile communi-
cations network. The term 5G does not refer to a
single, clearly defined technology but to a stan-
dard that enables software, infrastructure and var-
ious technologies to work together to achieve par-
ticular targets. 5G is intended to enable 'real-time
Internet'. The latency of a data packet is therefore
to be reduced to between 1 ms and 10 ms, which

Generation 2G 3G
Latency (ms) 40010500 800400
Max. data transfer
rate (Mbit/s) 0.25 42.2
Time to download .
4.5 GB (video) 1d16h 14 min 33 s
Generation 2G 3G (UMTS)
Frequency bands 0.89t0 0.915 1.92t01.98
(GHz) 0.935t00.96 2.11t02.17
1.7110 1.785
1.805 to 1.88

requires a very high data transmission and pro-
cessing speed. While the rollout of 5G has been
underway since 2019 and is likely to be largely
complete by 2025, the introduction of the next
generation 6G is expected to begin in 2030,
enabling even shorter latency times and even
higher data rates. According to Npip (2021b), 6G
will build on and expand the functions first made
possible by 5G. Table 3.97 shows differences
between the various generations of mobile com-
munications networks.

5G will enlarge the spectrum of frequencies used
for mobile communications into the high-fre-
quency range beyond the 2.6 GHz used for 4G,
while 6G will expand into even higher frequency
bands. Table 3.98 shows the frequency bands
used for 5G and other mobile communications
standards in Germany, which are to be used with
greater flexibility in future, for 5G and later 6G.

With respect to the frequency bands shown in
Table 3.98, it should be noted that both the 5G
and 6G frequencies will be used only for commu-
nication and other data transfer, not exclusively
but in addition to the currently used frequencies.
Frequencies freed up from previous mobile com-
munications standards such as 3G will be used
for 5G and presumably also for 6G. 5G and 6G

4G 5G 6G
15t080 1t010 0.1
500 1,000t020,000 1,000,000
1min13s 3.7s 0.074 s
4G (LTE) 5G 6G
0.7 3.4t03.7 110 to 170
0.8 26
1.8 Frequencies made
2.0 available (e.g. when 3G

2.6 is switched off)



can therefore be defined in terms of latency and
data transfer rates but not in terms of the fre-
quency bands used.

According to FREUND et al. (2020) and INFORMA-
TIONSZENTRUM MOBILFUNK (2020), three different
areas of application can be distinguished for the
5G network:

1. Ultrafast mobile broadband (Enhanced Mobile
Broadband)

2. Communication between machines and appli-
cations (Massive Machine Type Communica-
tions, M2M)

3. High-reliability network with short response
times (Ultra-Reliable and Low Latency Com-
munications)

FREUND et al. (2020) and INFORMATIONSZENTRUM
MoBILFUNK (2020) state that the three areas of
application are not three separate networks but
can be offered through the same 5G-ready net-
work by means of 'network slicing'. This technol-
ogy splits the available network such that users
with different needs can be offered connections
with the quality features they require, e.g. with a
guaranteed data capacity or latency.

With the help of dynamic spectrum sharing (DSS),
the current expansion of communication net-
works with additional capacities for both 4G and
5G enables fast, demand-based allocation of the
frequency bands in a mobile communications
antenna between the 4G and 5G standards. For
example, if 10 % of users in the mobile communi-
cations cell are using a 5G-ready device and 90 %
of users a 4G device, then 10% of the spectrum
will be used to supply 5G services and 90 % for
4G/LTE. In principle, DSS works on all frequencies
that might conceivably be used for 4G and 5G,
allowing network operators to adapt the limited
spectrum to actual demand. If the proportion of
users with 5G-compatible devices increases, then
provision with this newer standard can grow. In a
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single step, DSS enables operators to expand 5G
network coverage while satisfying demand for 4G/
LTE. No additional construction measures are nor-
mally required, as only existing communications
resources are being opened up for the 5G stan-
dard (INFORMATIONSZENTRUM MOBILFUNK 2020).

According to (INFORMATIONSZENTRUM MOBILFUNK
2020, 5G and also 6G, presumably from 2030,
will require expansion of the mobile infrastruc-
ture and fibre-optic networks (see 3.5.2) to equip
base stations with fast connections. Data pro-
cessing capacity in the base stations will also be
increased to avoid long transmission routes to
central data centres and to reduce the amount of
data that needs to be sent there.

The number and density of base stations will no
longer be based primarily on population or user
density, but on user requirements in terms of dif-
ferent network qualities and so forth. Smaller
networks or 'campus networks' will continue to
develop, for example on university campuses and
at airports and rail stations, providing spatially lim-
ited mobile communications connections. These
must be equipped with the necessary transmis-
sion and receiving infrastructure, albeit on a
smaller scale than networks covering large areas.

Multiple-input, multiple-output (MIMO) technol-
ogy is already improving the quality and data
rate of wireless connections in base stations and
end devices for 4G (LTE). Two to eight antenna
elements are used on the transmission and the
receiving side. For the expansion of 5G and 6G,
MIMO antennas are to be equipped with several
hundred antenna elements’®, transforming them
into 'massive MIMO' (mMIMQ) antennas. Each
antenna increases the data rate and the number
of potential users in a cell.

The elements in a MIMO antenna bundle sig-
nals in the approximate direction of the receiver.
This 'beamforming’ ensures that signals reach
their destination with greater accuracy, unlike
the almost spherical signal propagation of other
antennas.

6 C.f. T-Systems, https://www.t-systems.com/de/blickwinkel/netze/multiple-input-multiple-output/massive-mimo-800124
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Key technologies and construction elements for
5G and 6G in relation to critical raw materials
include:

— Frequency filters with amplifiers based
mostly on gallium arsenide (GaAs) for mobile
devices and piezoelectric converters based
on lithium niobate (LINbO3) and lithium tanta-
late (LiTaO;) to make the long-wave high-
frequency spectrum that goes beyond the
current 4G' usable for 5G and later also 6G.

— Amplifiers based on gallium nitride (GaN) for
use in base stations

— Photonic components, especially optical
transceivers based on indium phosphide
(InP), but also those based on GaAs, which
are needed for fast signal transmission in
base stations and the amplification of opti-
cal signals in fibre-optic cables (TEKIN 2021).
6G could also operate with InP-based optical
components, which use visible light to provide
'visible light communication' (NDIP 2021a).

Optical components are described in more detail
in 3.2.3 (Optoelectronics/photonics) and the other
components mentioned above in 3.2.5 (Radio fre-
quency microchips).

The raw material content of the above-mentioned
components is described in 3.2.4.2 (Raw mate-
rial demand for optoelectronics/photonics) and
3.2.3.2 (Raw material demand for radio frequency
microchips).

According to YOLE DEVELOPPEMENT (2020b),
mobile ICT devices (mostly mobile phones)
accounted for 93 % of the market for GaAs semi-
conductors entering the RF market. These semi-
conductors are used in amplifiers in frequency fil-
ters for the 3G, 4G, 4G+ and 5G standards, while
silicon-based CMOS (complementary metal-
oxide-semiconductor) technology is dominant in
the 2G domain and is now also used for 3G. Since
frequencies previously reserved for 3G as well as
4G frequencies are also to be used for 5G with
the help of DSS, it would not be useful to calculate
the use of GaAs-based semiconductors only for
the new frequencies to be used for 5G and later
6G. The number of filters is increasing due to the
expansion of 5G and may be expected to continue
rising with 6G, as HF filters will be used in addition
to the filters currently used in mobile phones and
other mobile devices.

The new frequencies associated with 5G can be
divided into the sub-6 GHz frequency band, with
GaAs-based amplifiers in the HF filters, and the
'millimetre-wave band' with higher frequencies
up to over 28 GHz, for which it has not yet been
decided whether the amplifiers in the HF filters
should be manufactured with GaAs- or silicon-
based semiconductors.

Optical transceivers are used in connection with
5G and 6G in base stations to transmit signals
more quickly to (opto)electrical circuits. They play
an important role in achieving the short latency
times desired in 5G and 6G networks. They are
also used as amplifiers in fibre-optic cables. The
number of base stations and the amount of fibre-
optic cable correlate with the likely future data traf-
fic, which will significantly determine the demand
for optical transceivers beyond the expansion
phases of 5G and 6G networks.

7 High-frequency waves have a shorter wavelength than low-frequency waves, in accordance with the equation ¢ = A v (c: speed of light; A:
wavelength; v: frequency); the high frequencies used for 5G and 6G therefore have a longer wavelength (‘millimetre waves') than low fre-

quencies.



In base stations and for campus networks, accord-
ing to NDIP (2021a), for 5G and 6G GaN semicon-
ductors are used as amplifiers that increase the
transmission and receiving power of antenna ele-
ments in MMIMO antennas and allow them to be
controlled. Two elements are connected to each
GaN amplifier, with a range of around 10 m in the
high frequencies used for 5G and just 5 m in the
even higher frequencies for 6G, which means that
the number of base stations will increase further
for 6G to achieve the required spatial coverage
with the necessary network quality.

As with optical transceivers, future demand for
base stations correlates with the likely future
data traffic, which will significantly determine the
demand for GaN amplifiers beyond the expansion
phases of 5G and 6G networks.

The raw material demand described below
includes the use of critical resources for both 5G
and 6G, which is mostly generated by frequency
filters with GaAs-based amplifiers for mobile
phones, GaN-based amplifiers for base stations,
and InP- and GaAs-based optical transceivers.
The corresponding quantities of raw materials
are therefore already noted in 3.2.3 (Optoelec-
tronics/photonics) and 3.2.5 (Radio frequency
microchips) and in this section they are only sum-
marised again specifically for the new 5G and 6G
mobile communications standards.

According to YOLE DEVELOPPEMENT (2020b), the
demand for frequency filters with GaAs-based
amplifiers is largely dependent on the number
of mobile phones, as approximately 93 % of
these filters are used in such devices. The num-
ber of mobile communications connections rose
sharply and steadily in the past (STATISTA 20213),
but in the last ten years has shown a consider-
ably reduced growth rate, with little growth since
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2019. With approximately 8.2 billion connections,
it exceeds the global population of approximately
7.8 billion people (STATISTA 2019b). The growth in
connections in recent years has been driven pri-
marily by countries in Asia and Africa. By contrast,
in Europe and in North and Latin America the
number of mobile communications connections
has grown only slowly and saturation has now
been reached.

Due to this development of the mobile phone mar-
ket in recent years and due to the fact that the
number of mobile phones considerably exceeds
the world's population, it is assumed for the cal-
culations of the raw material demand for GaAs-
based amplifiers in mobile phones that the total
number of mobile phones will increase with the
population growth from 2026 onwards.

For GaAs semiconductors in mobile devices, YOLE
DEVELOPPEMENT (2020b) forecasts an average
annual growth of 6% between 2019 and 2025,
prompted primarily by 5G. For the period 2019 to
2025, from sales forecasts for mobile phones of
different generations (c.f. p. 111 in YOLE DEVEL-
OPPEMENT (2020b)) an average annual increase
of 81 % was calculated for 5G mobile phones.
This growth in 5G mobile phones is therefore
behind the 6 % annual increase in GaAs ampli-
fiers.

To calculate the demand for gallium in 2040 in
the various scenarios, the Yole forecast was used
as a basis for the period 2019 to 2025. On this
basis, it is assumed that the different data traf-
fic of the digitisation scenarios SSP1, SSP2 and
SSP5 will determine the growth of 5G-capable
mobile phones and thus GaAs semiconductors
after 2025, when 5G networks are expected to
be widely expanded. The following growth rates
between 2025 and 2040 were assumed for the
individual scenarios:

— SSP5: the share of 5G-enabled mobile
phones in mobile phone sales increases
by an average of 81 % annually from 2019
to 2025, starting with 19 million units. This
continues after 2025 until market saturation,
i.e. 100 % of new mobile phones sold are
5G-enabled. According to YOLE DEVELOPPE-
MENT (2020b), this growth corresponds to an
average annual increase in GaAs amplifiers
of 6 %. By introducing 6G from 2030, these
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growth rates are repeated, so that from 2039
all mobile phones sold are 6G-capable.

— Alternatively, since the amplifiers can also be
manufactured with silicon technology for fre-
quencies above 6 Hz, as of 2030 the growth
in 5G/6G mobile phones is only expected
to be 0.7 %, corresponding to annual global
population growth in this period. The annual
increase in GaAs semiconductors in this
period is therefore 0.14 %.

— SSP2: After 2025, the proportion of mobile
phones sold that are 5G-ready will grow by an
average of 40 % per year until market satura-
tion, if this is reached in the relevant periods.
As of 2030 the proportion of mobile phones
that are 6G-ready, starting at 9.5 million units,
is expected to rise by an average of 40 % a
year up to the maximum of market saturation.

— Alternatively, it is assumed that as of 2030
further growth will only correspond to global
population growth, since 6G-specific fre-
quencies beyond 6 GHz are implemented or
integrated in silicon-based technology.

— SSP1: After 2025, the proportion of mobile
phones that are 5G-ready will increase by
only 0.7 % annually, corresponding to the
growth in the global population (STATISTA
2019b). The introduction of 6G from 2030
to 2036 causes an annual increase of 40 %

Raw material Production in Demand in
2018 2018

Gallium (total) 413 (R) 38

of which Ga in

i 17
semiconductors
of which Ga in
i 21

waste (min.)

Lithium 95,170 (M) 8

Niobium 68,200 (M) 5

Tantalum 1,832 (M) 194

M: Mine production (tonnes of metals content)
R: Refinery production (tonnes of metals content)

starting with 9.5 million units, as in SSP2.
Thereafter the proportion of these phones will
again grow analogously to global population
in this period.

The alternative scenario described in SSP2
and SSP5 is also considered here, so that
from 2030 continued annual growth in GaAs
amplifiers is 0.14 %, resulting from the growth
in global population.

Since amplifiers are an integral part of frequency
filters as long as the amplifiers are not integrated,
the above scenarios are also applied for the
trends in demand for lithium, niobium and tanta-
lum in frequency filters, although without the inte-
gration scenarios, which are not relevant in this
context.

During the production of GaAs semiconductors,
according to CLEMM et al. (2016), only about
45 % of the gallium used goes into the product.
Besides the gallium in the amplifiers, the quanti-
ties of gallium that end up in various production
waste streams should therefore also be taken into
account. According to CLEMM et al. (2016), waste
containing gallium is treated in recycling pro-
cesses and gallium is also recovered in the pro-
cess. However, this statement relates to an inves-
tigation at a German manufacturer. It is not known
what recycling rates are achieved on a global
scale for gallium from production waste. The
demand for gallium shown in Table 3.99 therefore
represents a worst-case scenario based on the

2040 2040
(no integration) (with integration)
SSP1 SSP2 SSP5 SSP1 SSP2 SSP5

60 74 90 49 54 54

27 33 41 22 24 24

33 41 50 27 30 30

15 18 22 = = =
12 15 18 = = =
356 435 531 = = =



assumption that there is no or only very little recy-
cling of gallium from production waste. Gallium
in mobile phones and other electrical products
is not recycled. The gallium content in the semi-
conductors thus represents the “best case” under
the assumption that gallium is recycled from the
production residues at very high rates and thus
hardly any gallium is consumed net via the gal-
lium demand in the GaAs semiconductors. Table
3.99 summarises the demand for gallium in the
various scenarios for the year 2040; see also Fig-
ure 3.45 in Section 3.2.5.4.

The figures for gallium demand apply on the
assumption that amplifiers for the frequencies pre-
viously used for 3G and 4G are not integrated on
a silicon basis, which would reduce demand for
gallium. For 2G this integration has already taken
place — which is taken into account in the scenar-
ios above — and for 3G it has already begun.

The 5G and presumably also the 6G mobile com-
munications standards will require more and
faster base stations, which will need dozens of
millions of transceivers. The same market trend
is anticipated for the InP wafer market as for RF
devices (see 3.2.5 Radio frequency microchips),
as 5G is the main driver. Yole forecasts an annual
growth of 9 % between 2019 and 2024 (YOLE
DEVELOPPEMENT 2019a). It is assumed that
between 2025 and 2040, the growth in sales of
InP wafers will follow the annual growth in mobile
Internet data (see 1.4 Digitisation scenarios), pro-
portional to the ratio of 0.3 for the growth in wafer

Production in Demand in

Raw material 2018 2018

Gallium 413 (R) 1
Arsenic 32,783 (M) 1
Indium 808 (R) 5

M: Mine production (tonnes of As,0; content)
R: Refinery production (tonnes of metals content)
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sales and mobile Internet traffic in 2023 and 2024.
For further details of the scenarios and how they
are calculated, see 3.2.5.4 and 3.2.3.4.

Table 3.100 shows the resulting annual demand
for gallium and indium for optical transceivers in
2018 and the predicted demand for 2040.

The amounts of gallium and arsenic are not
expected to increase significantly in the future.
They remain small compared to the RF market
(see 3.2.5 Radio frequency microchips). However,
demand for indium, which is essential for photo-
diodes and laser diodes, will more than triple by
2040. This forecast is based on a worst-case sce-
nario in which InP technology will remain the main
platform. Silicon photonics is currently replacing
the InP platform to reduce costs and increase per-
formance (see 3.2.3.5, under Substitution). If this
trend continues, then demand for indium in 2040
will be lower than forecast.

Table 3.101 shows the demand for gallium for GaN
amplifiers in the three SSPs. The calculations are
based on the assumption that demand for GaN
amplifiers will increase on a par with data volume
in the scenarios. The figures given therefore rep-
resent a worst-case scenario to the extent that no
efficiency increases are included and no increase
in resource efficiency, for example through future
integration or further miniaturisation. For further
details of the calculation, see 3.2.5.

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
2 2 2
2 2 2
35 35 35
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SSP1
Sustainability
SiC wafer units 3,810,284
Ga demand for production (kg) 659
Silicon wafer units 1,129,502
Ga demand for production (kg) 942
Total Ga demand (tonnes) 1.6

Despite these worst-case assumptions, the maxi-
mum demand calculated for 2040 is 2.4 tonnes,
which is low given an annual gallium production of
413 tonnes in 2018.

Options for recycling and substitution are only
briefly outlined here. For further information see
3.2.3 (Optoelectronics/photonics) and 3.2.5
(Radio frequency microchips).

Gallium is not currently recycled from old electri-
cal products, either within or outside the EU. The
gallium found in the amplifiers of mobile devices
is therefore not recovered. The same may be
assumed for Ga in the GaN amplifiers of antenna
elements in base stations and for In in optical
transceivers. The small quantities involved would
be disproportionately complex and expensive to
recycle, assuming that the task is technically pos-
sible at all.

As explained in the previous section, it is not
known how much gallium is recycled on a global
scale from the waste generated from GaAs semi-
conductor production. In addition to improvements
in the semiconductor manufacturing process to
increase the amount of gallium remaining in the
product, production waste offers potential for
reducing the demand for gallium through recy-
cling. The situation regarding GaN semiconduc-

2040
SSP2 SSP5
Middle of the Road Fossil Path
5,216,810 5,734,869
902 992
1,546,446 1,700,017
1,290 1,418
2.2 24

tors and their manufacturing is assumed to be
comparable to that for GaAs semiconductors.

Indium in electrical and electronic products is not
currently recycled. As the indium content in optical
transceivers is low and the relevant parts would
need to be separated out for recycling purposes,
this situation is unlikely to change for economic
and technical reasons. For further information
see 3.2.3 (Optoelectronics/photonics) and 3.2.5
(Radio frequency microchips).

The market is currently dominated by InP-based
transceivers. However, the proportion of silicon-
based photonic parts is growing quickly, especially
at higher data rates, because complex circuits
can be made more compact and transceivers
for higher data rates of 400 G and 800 G (G =
gigabit/s) can presumably be manufactured more
cheaply with this technology. Transceivers with
silicon photonics nonetheless require InP lasers,
which are integrated in the silicon-based tech-
nology (TEKIN 2021). However, since the other
parts of the transceiver (which would otherwise
be solely InP-based) no longer rely on InP, less
indium is required for such silicon-based trans-
ceivers. For further information, see 3.2.3.5.

According to YOLE DEVELOPPEMENT (2020a),
amplifiers for the new frequency range for 5G



beyond the current 4G frequencies of up to 6 GHz
could be integrated in silicon-based technologies,
resulting in at least a marked reduction in demand
for gallium. However, this integration cannot be
expected until after 2025.

The future standard for frequencies above 6 GHz,
which will be used for 5G and then for 6G, has not
yet been defined, so it is undecided whether these
amplifiers will also be based on GaAs or on silicon
technology, which would significantly reduce or
entirely avoid an additional need for gallium.

Since the demand for gallium for GaN-based
amplifiers proved to be negligible, possibilities for
substitution were not investigated further.

Data centres are not a technology in themselves,
but highly individual combinations of hardware
and software tailored to a particular application.
They may incorporate a wide range of different
cross-cutting technologies and components, with
widely varying designs and rapidly evolving tech-
nologies.

Due to the complexity of this area, this study
focuses on the main component of data centres,
the storage systems. Other key pillars of data cen-
tres that could be considered include the overall
infrastructure (cooling, power, Internet provision)
and the processors. Here, however, rather than
providing a sketchy overview of all these areas,
it was decided to examine in more detail the stor-
age systems.

Storage systems are an important part of the
data centre architecture. As the volumes of data
that need to be stored continuously increase,
storage is becoming ever more important to the
smooth operation of data centres. Three types of
storage are currently used: magnetic tape, hard
disk drives (HDD) and solid state drives (SSD).

8 See https://www.lto.org/ (last accessed on 12/02/2021).
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Magnetic tape is preferred for long-term storage,
archiving and backup. HDD and SSD are the
standard types of drive used in data centres.

Magnetic tape is primarily used to store data
in tape drives for backup purposes. It consists
of a flexible film to which a magnetic coating is
applied. Digital data is then stored on the tapes by
a process of magnetisation (LIPINSKI 2015). The
magnetic coating consists of iron oxide or chro-
mium oxide (LIPINSKI 2015); in more recent gen-
erations, efforts have been made to switch from
barium ferrite to strontium ferrite (MELLOR 2020b;
MANTEL 2020). Previously there were different
standards for magnetic tape, but since 2016 only
one format — known as Linear Tape-Open (LTO) —
has continued in development (LABs 2020a). This
open format is developed and maintained by an
association of companies consisting of Hewlett
Packard Enterprise, IBM Corporation and Quan-
tum Corporation®. In 2015, the LTO-7 generation
became available; this technology can store up to
15 terabytes (TB) of data per tape in compressed
form (ULTRIUM LTO 2015).

Figure 3.95 shows the development of storage
capacities in recent and planned future gen-
erations. It can be seen that further significant
leaps in tape capacities are expected; in the
past, capacity has doubled approximately every
2.3 years (WESSELER 2020). The LTO-9 genera-
tion was announced in 2020. The transition from
generation 5 to 6 increased the compression rate
from 2 t0 2.5.

In data centres magnetic tapes are kept in tape
libraries, in which a large number of tapes can
be stored, automatically searched and fed into a
reader (COYNE et al. 2017). Magnetic tape is very
energy-efficient as it requires no additional energy
between writing data to the tape and retrieving it.
Tape should only be re-written up to 200 times,
but the data can be stored for up to 30 years
(LABs 2020a). This makes it especially useful for
archiving and backup copies.

The costs per gigabyte are also only up to a sixth
of the costs of HDD and SSD storage (ULTRIUM
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LTO 2015). For example, one gigabyte of storage
on Fuijitsu tape costs around USD 0.004 (OSTLER
2019). Access speeds are lower, but the error
rates of tape are four to five orders of magnitude
lower than those of HDD and SSD, which makes
them especially attractive as backup media. Mag-
netic tape is also comparatively secure, since the
data stored on a cartridge can only be retrieved
when the cartridge is physically placed in a tape
drive. This makes it attractive as the final form
of backup in a multilevel approach (LANTZ 2020).
Modern magnetic tapes can store up to 30 TB
per cartridge, and there is still active research on
tapes with larger storage volumes (OSTLER 2019;
MELLOR 2020b; IBM KNOWLEDGE CENTER 2020).
Tape is in widespread use, although there are few
concrete figures on the extent of use in data cen-
tres. In 2015 a group of tape manufacturers known
as the LTO Program stated that 90 % of Fortune
500" companies use magnetic tape as one of
their data backup options (ULTRIUM LTO 2015). In
its future report, consultancy firm IDC estimates
that the amount of data transported on magnetic
tapes (worldwide byte shipments) will continue to
rise between now and 2025 (from 0.1 zettabyte

(ZB) globally in 2018 to just short of 1 ZB in 2025)
(REINSEL et al. 2018). It may be assumed that the
majority of this data is stored by companies and
data centres, as magnetic tape has mostly been
pushed out of the consumer market. However, this
does not include long-term backup copies, which
may represent a much larger amount of data.

HDDs are also magnetic storage media. The hous-
ing contains a rotating disk with a magnetic surface
that is magnetised when data is written to the disk.
Data is read and written with an arm that moves
across the disk (BAUER 2018a). These drives are
typically 3.5 or 2.5 inches in size. HDDs normally
incorporate a neodymium magnet (LINNE 2020).
The greatest advantage of HDDs is the low cost per
gigabyte of stored data, which may be as much as
ten times lower than for SSDs (USD 0.03 per GB
compared with USD 0.20-0.30 per GB in 2018).
This is the main reason that they continue to be fre-
quently installed in data centres (BAUER 2018b).

® The Fortune 500 is a list that ranks the 500 US companies with the highest revenues in a given financial year.



SSDs are based on what is known as NAND flash
storage technology, in which the individual stor-
age cells are connected in series. SSDs (solid
state disks) are electronic semiconductor-based
storage media. Because they require no rotating
parts, they are more resistant to shock (BAUER
2018a). SSDs are more robust and less prone to
mechanical failures, but in terms of gigabytes of
data stored they are currently much more expen-
sive than HDDs. Their greatest advantage is the
fact that they offer shorter access time and better
read and write speeds than HDDs (LINNE 2020).
SSDs are also usually more energy-efficient
(BAUER 2018b). The makeup of the storage media
used in a data centre therefore varies depending
on the individual application.

At present, most storage in data centres and
companies is achieved with HDDs (REINSEL et
al. 2018). There are various forecasts of the dis-
tribution of data between HDD and SSD over the
next 20 years. It may be assumed that SSDs will
gradually take over larger and larger shares of the
data centre market. Some data analysts believe
that HDDs will “soon” only be used in hyperscale
data centres that store very large volumes of data,
but are reserved about concrete timeframes (VAN
WINKLE 2019; MELLOR 2020a).

IDC estimates that by 2025, 80 % of company
data will still be stored on HDDs (REINSEL et al.
2018). The reason given for this is the low costs
involved. However, in 2018 their estimate was
over 90 %, with SSDs accounting for most of the
change in distribution in this forecast (the rest
being split between other NAND storage media).

Seagate estimates that it can maintain the price
advantage of HDD over SSD until at least the
mid-2030s (MELLOR 2019). Coughlin Associates
forecasts that the price per GB for HDD will fall
to below USD 0.01 by 2024 (CouGHLIN 2019).
Although the price of SSD is also falling, various
experts predict that the price per GB for HDD wiill
continue to be cheaper far into the next decade.
Ramirez, Senior Director of Product Market-
ing and Data Center Devices at Western Digital,
believes that the price difference will level off at
around 6:1 and remain there until at least 2030
(vAN WINKLE 2019). In this scenario HDDs would
remain attractive, especially for data centres han-
dling large data volumes.
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The company Toshiba announced in 2019 that
although SSDs will take over a larger share of
the storage market, at the same time the absolute
number of SSDs and HDDs will increase because
the quantity of data to be stored is rising so rap-
idly (KAESE 2020). In terms of the raw materials
required for storage systems in data centres, the
magnets in HDDs therefore play a crucial role.

The most promising developments relating to
storage systems are briefly described below.

HAMR (heat-assisted magnetic recording) is a
technology designed to increase the capacity of
storage media. As data is written to a disk, the
surface of the disk is heated by a high-precision
laser. HAMR significantly increases the amount
of data that can be stored on an HDD. The cur-
rent maximum capacity is 20 TB, with further
increases anticipated in the years ahead (LABS
2020b). HAMR technology is similar to MAMR
(microwave-assisted magnetic recording), which
exploits a similar principle using microwaves
instead of a laser. Western Digital expects to
see 40 TB HDDs with MAMR technology in 2025
(BAUER 2018D).

It is likely that the storage capacities of HDDs will
increase dramatically over the next several years
(Rao 2019), keeping them an attractive cost-
effective solution for data centres.

Over the next several years, new network inter-
faces are likely to become established in data
centres, for example PCle (Peripheral Component
Interconnect Express). This is much faster than
the SAS (Serial Attached Small Computer System
Interface) often used today (BAUER 2018b).

In terms of NAND flash memory, including SSDs,
QLC NAND (quad-level cell) is a new trend that
promises faster and denser SSDs, which could
reduce the price per GB (RAMSEYER 2018). This
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technology can store four bits per physical mem-
ory cell, instead of one bit as with SLC (single-
level cell) or two bits as with MLC (multi-level cell)
(BAUER 2018b).

FLAPE combines flash and tape technologies. It
exploits the advantage of rapid (temporary) flash
storage combined with the low storage costs and
fast writing and streaming speed offered by tape
(SCHADHAUSER & GRAEFEN 2016). Numerous arti-
cles and publications on this technology appeared
in 2016, after which the media resonance faded.
In 2016 IBM launched a product series based on
this method (IBM SysTewMs 2016).

DNA-based storage technology is currently on
the threshold between feasibility and scaling up
to industrial scale. It is not yet clear whether this
threshold will be successfully crossed. The long-
term stability of DNA makes it especially inter-
esting as a storage medium. This technology
involves converting digital data into adenine (A),
cytosine (C), guanine (G) and thymine (T). The
resulting DNA strands can be securely stored and
read out at a later date.

TAKAHASHI et al. (2019) demonstrated the basic
feasibility of writing and reading digital data in artifi-
cial DNA strands on a laboratory scale. They stored
the word “hello” — 5 bytes of data — in strands of
artificial DNA and then read it out again. The write
speed was around 21 hours and the read speed six
minutes. To make the technology suitable for com-
mercial use, these times would have to be signifi-
cantly reduced. Other problems include costs and
the automation of laboratory tasks (Ryon 2019).

The first application could potentially be long-term
data archiving, as the storage density is extremely
high. In an experiment to test the basic principle,
researchers demonstrated a storage density of
215,000 TB/g, as reported by ERLICH & ZIELIN-
SKI (2017). DNA molecules have the advantage
of being highly stable, as demonstrated by the
presence of intact DNA in archaeological finds.
In 2016 the Microsoft team (THE Al BLoG 2016)
achieved a record by storing 200 MB in DNA,; the

company reports that it has since stored 1 GB of
data.

For this study, three basic scenarios were devel-
oped on the basis of the Shared Socioeconomic
Pathways (SSPs) (FRICKO et al. 2017); see Sec-
tion 1.4 on digitisation scenarios. To adapt these
scenarios specifically for data centres, firstly a
set of assumptions were made about the devel-
opment of the global data volume in data centres
and overall. These are based, among others, on
the IDC Global DataSphere report (REINSEL et al.
2018) and the Cisco Global Cloud Index 2015—
2020 (Cisco 2016).

For the scenarios, the three relevant storage tech-
nologies — magnetic tape, SSDs and HDDs — were
identified. After an in-depth source study, assump-
tions were made about the development of each
technology in data centres in the three scenarios.
A redundancy factor was also included to repre-
sent the additional consumption of resources for
failover protection.

The most favourable scenario (SSP1) is based on
the assumption that the increase in data volume
will be comparatively small while the increase in
the efficiency of storage technologies is compara-
tively high, resulting in lower overall resource con-
sumption.

The most resource-intensive scenario (SSP5)
is based on the opposite assumption — that the
global data volume in data centres will rise at a
relatively high rate and the efficiency of storage
media will rise at a much lower rate than in the
most resource-efficient scenario. This scenario is
therefore much more resource-intensive than the
most favourable scenario.

The assumptions made in the baseline scenario
(SSP2) fall between these two extremes.

To calculate the total amount of data stored in data
centres at the relevant points in time, the Cisco
Global Cloud Index 2015—2020 (Cisco 2016) was
used as a basis. Figure 3.96 shows various growth
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rates to 2040, all of which are within the rates con-
sidered for the scenarios. As can be clearly seen
here, the figures in two decades' time are difficult to
forecast due to exponential growth and deviations
are immense. In the diagram, the area in which
the calculated data volume for higher growth rates
climbs into different orders of magnitude is shown
in red. Nevertheless, a model was developed
which, given the circumstances, shows a wide
variation in potential outcomes in three scenarios.

From this forecast, three basic scenarios were
identified for the development of data centres
between now and 2040. The starting point was
the data volume given by Cisco of 171 exabytes
of data in 2015. Firstly a base growth rate was
calculated using the least-squares method. The
maximum and minimum growth rates were also
calculated for the period examined in the Cisco
study. The following scenarios were identified:

— Baseline scenario (SSP2):
* The growth rate of 39 % calculated with
the least-squares method continues until
2040.
— Most resource-efficient scenario (SSP1):
* For the scenario with the lowest increase
in data, the minimum growth rate for the
Cisco data was calculated and applied up
to the year 2040.
*  Minimum growth rate: 32 %
— Most resource-intensive scenario (SSP5):
* Here, the maximum growth rate in the
Cisco study of 47 % per year was applied.

To verify the validity of these growth rates, the
IDC's Data Age 2025 report was also examined
(REINSEL et al. 2018). This report forecasts the
growth of the global datasphere between 2015
and 2025. Here too, the average growth and
trend line were calculated. At 31 %, the average
growth rate is similar to the Cisco data. Figure
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3.97 shows a comparison of the estimated data
volumes in the three scenarios for the years 2018
and 2040 in zettabytes. It can be clearly seen that,
as expected, the differences in data volumes are
still very small in 2018 but vast in 2040 due to
exponential growth. In the most resource-efficient
scenario, the estimated amount of data in data
centres in 2040 is over 90 % lower than in the
most resource-intensive scenario.

The development of scenarios for the required
storage medium quantities up to 2020 was
divided into stages. Firstly, the three relevant
technologies were identified and deployed for
these growth forecasts. A 'drive type' factor was
then determined to establish the distribution of
the total required storage capacity between the
various technologies. Finally, a redundancy factor
was defined. Since sources from manufacturers
only describe the most recent developments, the
predicted developments were not applied to the
scenarios directly but with a two-year delay, since
it is assumed that by this time new developments
will have reached data centres.

The relevant technologies are HDD, SSD and
magnetic tape. Technological advances in storage
media normally occur in leaps, making an annual
analysis difficult. However, it is assumed that
growth rates in storage capacity resulting from
technology leaps can be described in terms of an
average in the given annual growth rates.

HDD hard drives

The three scenarios for an increase in HDD stor-
age capacity are based on various press releases
from manufacturers which are judged to play a
key role in the direction of development:

— Baseline scenario: According to a Seagate
press release in 2017, the launch of HAMR
and HDMR technologies can be expected to
produce an annual growth of 30 % (SEAGATE
BLoG 2017).

— Most resource-efficient scenario: The most
optimistic press release describes a doubling
of the storage capacity of HDDs every 2.5
years, or an annual growth of approximately
35 %. This was used as the most resource-
efficient scenario (MELLOR 2018).
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— Most resource-intensive scenario: This
scenario is based on the assumption that the
growth rates mentioned above are missed by
a large margin and that the annual growth in
storage capacity is only 10 %.

Figure 3.98 shows the results of these scenarios.
As can be clearly seen, the exponential growth of
capacities favours large differences in results by
2040.

SSD hard drives

The assumptions about the improvement in SSD
storage capacity are based primarily on reports
by Google at USENIX (The Advanced Systems
Computing Association), with the extraction of
data points and the extrapolation of growth factors
(USENIX AssoclATION 2016; USENIX Assocla-
TION 2020).

— Baseline scenario: The capacity of SSDs
increases by around 40 % per year.

— Most resource-efficient scenario: The
capacity of SSDs increases by 65 % per year.

— Most resource-intensive scenario: The
capacity of SSDs increases by 20 % per year.
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Figure 3.99 shows the results of these scenarios.
As can be clearly seen, the exponential growth of
capacities once again favours large differences in
results by 2040.

Magnetic tapes

The assumptions relating to magnetic tape are
based on an estimate by Fujifilm on the develop-
ment of tape over the next several years. In the
source, a change of technology is anticipated
every two to three years (MELLOR 2020b).

— Baseline scenario: Here it is assumed that
the next LTO technology will arrive on the
market every three years and that no fur-
ther development will take place after the
announced version LTO-14 (in this scenario,
in 2035).

— Most resource-efficient scenario: Here it
is assumed that the next LTO technology will
be developed every two years and developed
continuously until 2040. This would result in
LTO-19 by 2040, so LTO-18 is used for the
calculation.

— Most resource-intensive scenario:
Assumes that even the baseline scenario
cannot be sustained and that LTO-14 will not
appear on the market until 2040. Due to the
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delay, LTO-13 is considered for this scenario.
A new LTO technology would appear on the
market every four years.

Figure 3.100 shows the results of these scenarios.
As can be clearly seen, the exponential growth of

capacities favours large differences in results by
2040. In contrast to HDD and SSD technologies,
the capacity increase for magnetic tape advances
in very noticeable leaps, resulting in the plateaus
shown in the diagram.
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Figure 3.99: Comparison of scenarios for SSDs (source: own representation)
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Figure 3.100: Comparison of scenarios for magnetic tape (source: own representation)



The distribution of data volumes between different
storage technologies is crucial to future raw mate-
rial requirements. To create a predictive model,
the percentage distribution of storage capacities
in a data centre was combined with the global dis-
tribution. It was assumed that the quantity of mag-
netic tape given for the global distribution by REIN-
SEL et al. (2018) is destined exclusively for data
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centres. Since a shift towards SSD in data centre
storage dynamics has been predicted and has
been foreseeable in recent years, this has also
been represented (PLANKERS 2015; VIAuD 2019;
MELLOR 2020a). Figure 3.101 shows the storage
medium distribution factor for the three main stor-
age media in 2018 and 2040. Figure 3.102 shows
the overall distribution of storage media for 2018
and 2040. A clear proportional increase can be
seen for SSD.

Since reliability and availability are important
economic factors for data centres, they often
operate with a high level of component redun-
dancy to avoid outages. Since actual data on the
redundancy factor of real data centres is difficult
to obtain, a redundancy factor of 2 was assumed
for all three scenarios. The resources required
in the previous model are therefore doubled. In
terms of possible redundancy factors, 2 (or 2N)
is a defensive value that allows for high additional
resource requirements. This assumption was
made because data storage is one of the most
important elements in a data centre and the fail-
ure of a data medium could quickly result in irre-
versible data loss (ALLEN 2014). However, since
the redundancy factor is only incorporated linearly
in the model (the data media being doubled), it
does not have an significant impact on the fore-
casts compared with other factors such as data
volume growth and increase in storage capacity,
which are exponential.

From the partial scenarios outlined above three
complete scenarios were developed, which are
combined below. The drive type factors and redun-
dancy remain the same for all three scenarios:

— Most resource-efficient scenario:

» This is the scenario in which the small-
est amount of resources is used, since a
low increase in data volume and a high
increase in storage capacity result in less
data having to be stored than in the other
scenarios.

+ The amount of global data in data centres
is growing at a rate of 32 % per year.
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Volume in 2018

Raw material

SSP1
Da'ta? carrlgrs 109
(million units, rounded)
HDDs 60
(million units, rounded)
SSDs 23
(million units, rounded)
Magnetic tapes 27

(million units, rounded)

» Storage media:

Annual growth of 35 % is assumed for HDD
hard drives.
For SSD hard drives, annual growth by a
factor of 1.65 is assumed.
For magnetic tape, the technology develops
continuously to LTO-18 by 2040, which cor-
responds to around 13 petabytes of data
per tape.

— Baseline scenario:

* In this scenario fewer resources are used
than in scenario 3, but more than in sce-
nario 1.

* The amount of global data in data centres
is growing at a rate of 39 % per year.

» Storage media:

Annual growth of 30% is assumed for
HDD hard drives. For SSD hard drives,
annual growth by a factor of 1.4 is
assumed. Magnetic tape technology
develops to LTO-14, corresponding to
around 800 TB of data storage per tape.

— Most resource-intensive scenario:

* This is the scenario in which the larg-
est amount of resources is used, since a
high increase in data volume and a low
increase in storage capacity result in more
data having to be stored than in the other
scenarios.

* The amount of global data in data centres
is growing at a rate of 47 % per year.

» Storage media:
Annual growth of 10 % is assumed for
HDD hard drives. For SSD hard drives,
annual growth by a factor of 1.2 is
assumed. For magnetic tape, development
ends at LTO-13 with just under 400 TB.

Forecast for 2040
SSP2 SSP5 SSP1 SSP2 SSP5
134 149 71 602 26,339
73 82 49 372 5,555
28 31 1.3 187 19,596
33 36 21 44 1,188

These scenarios produce the results in
Table 3.102. As can be seen, the exponential
growth in data and storage medium capacity
results in enormous differences between the sce-
narios. In the most resource-efficient scenario the
total number of data carriers actually falls between
2018 and 2040 due to the assumed strong capac-
ity increase, while in the most resource-intensive
scenario there is a dramatic increase in the num-
ber of data carriers. The same trend can be seen
for the individual technologies. The most marked
rise is in SSDs, followed by HDDs. The number
of magnetic tapes sees a comparatively moderate
increase.

The following information was taken from Ku
(2018): To examine the critical raw materials
used in HDDs, it is necessary to consider the
various components. In an HDD, data is stored
on a thin magnetic cobalt-chromium-platinum
(CoCrPt) layer. HDDs also contain magnets for
the read/write process, which are partly made
of neodymium. Neodymium-iron-boron magnets
are commonly used. In some cases ruthenium is
used for nonmagnetic separating layers between
data layers or in the manufacturing of the disks.
This results in the following ranges for critical raw
materials in HDDs, in tonnes/zettabyte:

0.34-1.0 tonnes/ZB
0.03-0.09 tonnes/ZB

— Cobalt (Co):
— Chromium (Cr):



— Platinum (Pt):
— Ruthenium (Ru):
— Neodymium (Nd):

0.18-0.55 tonnes/ZB
0.3-0.4 tonnes/ZB
342-480 tonnes/ZB

A significant efficiency increase in the storage
capacity of the hardware is expected between
now and 2040. This was calculated using histori-
cal increases and expected future drive capaci-
ties on a scenario-specific basis. For neodymium
it is assumed that this will result in a consumption
lower than 342-480 tonnes/ZB, as a read/write
head will continue to be installed as drive capacity
increases (JM, no date). The demand for neodym-
ium in the scenarios is divided by the anticipated
increase in efficiency. For the other raw materials
it is assumed that consumption will rise in correla-
tion with increasing drive capacity. This results in
the raw material demands shown in Table 3.103.
In almost all scenarios, raw material demand
increases significantly between 2018 and 2040.
It can be seen that differences in demand are
relatively large both between the scenarios and
between the minimum and maximum values. Even
in the most resource-intensive scenario, chro-
mium is only needed in relatively small amounts
compared with the other materials considered. It
is clear that neodymium, in particular, is consumed
in large amounts due to HDD production. Here the
differences between the minimum and maximum
values are also comparatively small. The increase
in demand for neodymium between 2018 and 2040
is especially noticeable in the most resource-inten-

SSP1 Sustainability
Raw material

2018 2040
Cobalt, min. 0.10 37
Cobalt, max. 0.30 109
Chromium, min. 0.01 3.2
Chromium, max. 0.03 9.8
Platinum, min. 0.05 20
Platinum, max. 0.16 60
Ruthenium, min. 0.09 33
Ruthenium, max. 0.12 44
Neodymium, min. 51 44

Neodymium, max. 72 62

SSP2 Middle of the Road
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sive scenario, with the predicted annual maximum
demand being around one third of current global
production. The differences between the scenarios
are also marked. In the most sustainable scenario
(SSP1), annual demand for neodymium falls to
around one third of current consumption in 2040
(2040 maximum value).

The following information was taken from Ku
(2018): To examine the critical raw materials in
SSDs, it is important to consider the basic struc-
ture of an SSD. SSDs are flash memory devices.
They often use a multilayer NAND floating gate
transistor structure. The most commonly used
architecture contains silicon in the form of silicon
nitride and silicon oxide and is known as SONOS
(silicon-oxide-nitride-oxide-silicon). An alternative
to floating gate structures is TANOS structures,
which contain tantalum (tantalum nitride-alumin-
ium oxide-nitride-oxide-silicon) (TAN et al. 2008).
This alternative offers better scalability and higher
performance.

This results in the following raw materials in
HDDs, in tonnes/zettabyte:

0.02 tonnes/ZB
0.6 tonnes/ZB

— Silicon (Si):
— Tantalum (Ta):

SSP5 Fossil Path

2018 2040 2018 2040
0.12 142 0.14 500
0.37 418 0.41 1,480
0.01 12 0.01 44
0.03 38 0.04 133
0.07 75 0.07 266
0.20 230 0.22 813
0.11 125 0.12 444
0.15 167 0.16 592
63 376 70 6,570
88 530 98 9,220
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SSP1 Sustainability
Raw material

2018 2040
Silicon 0.0005 1.6
Tantalum 0.0136 47.8

Silicon raw material demand for SSDs per scenario

25
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Silicon [tonnes]

0 : L
2018 2040

B Si (most efficient) Si (basic)

B Si (most intensive)

This results in the following requirements for sili-
con and tantalum (Table 3.104). For both materi-
als there is a clear increase across the scenarios
and over time. The amount of these materials
required in 2040 is many times the demand in
2018. Figure 3.103 shows this using silicon as an
example.

The magnetic layer of a tape may contain critical
raw materials. Known magnetic coatings include
iron, chromium, strontium and barium. The thick-
ness of the oxide crystal layer is less than 10 nm
(LiPINSKI 2015). With the commonly used tape
length of 960 m and width of 12.65 mm, this
means that each cartridge contains a maximum
of 0.7 g of metal oxide. Using the data in the lit-
erature referred to, it is not possible to state the
extent to which each type of magnetic coating is
used. The calculation cannot therefore be broken

SSP2 Middle of the Road

SSP5 Fossil Path

2018 2040 2018 2040
0.0006 6.1 0.0006 21.6
0.0167 184 0.0186 650

down any further. However, it may be assumed
that any market scarcity could be overcome by
substituting the magnetic coating with another
material. In the case of magnetic tape, the read-
ing and writing devices are also relevant from a
resource perspective. The literature is unclear in
this regard and no valid values could be found
for the read/write heads in tape libraries. For this
technology synopsis it is assumed that the use of
magnetic type tends to have a mitigating effect on
material scarcity compared with SSDs and HDDs.

The difference between the minimum and maxi-
mum requirements in the outlook results from the
range of raw material requirements for SSDs and
HDDs according to Ku (2018). There is a particu-
larly large increase in demand for neodymium, but
demand for platinum and tantalum also sees a
noticeable rise, such that a significant proportion
of current tantalum production would be needed
and more than current production in the case of
platinum. In SSP5, demand for neodymium in
2040 reaches around one third of today's global
production.

Data centres are highly diverse technology clus-
ters, designed differently according to the appli-
cation. Because they store sensitive data, confi-
dentiality requirements also apply. This makes it
difficult to assess what hardware is actually on the
market and how it is used. The composition of the
storage media used will vary depending on the
use of the data centre, and this in turn affects the
raw material requirements. The amount of data
involved is also highly variable due to factors such
as new digital trends, new forms of data compres-
sion, coding, security rules and standards. All
these uncertainties give rise to widely diverging
results. Ensuring that materials are recycled at the
end of a component's service life and recondition-
ing used components could be an important part



Raw material Productionin  Demand in
2018 2018
Caba o U
Chromium 27,000,000 (M) 0.02
Platinum 190 (M) 0.1
Ruthenium 33" (R) 0.1
Neodymium 23,900 (R) 180
Tantalum 1,832 (M) 0.01

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)
" Source: JM 2020

of protecting material supplies. Government poli-
cies could also perceptibly alter actual raw mate-
rial demand in relation to data centres.

Data centres are major components of the IT infra-
structure with no direct physical link to end users.
When equipment is upgraded or dismantled, legal
requirements relating to methods of disposal are
likely to be fully complied with. Recycling rates
may be higher than average for European waste,
as it is possible to collect larger quantities of pre-
sorted materials. Data carriers are highly sensitive
waste and appropriate efforts are made to wipe
them of data. Physical destruction of the storage
medium is a reliable way of doing this, but the
storage medium cannot then be reused. There
are specialist companies which recondition used
components from data centres (such as storage
media, racks and servers) and offer maintenance
beyond the period of normal warranty agreements
(SCHLUCKER 2016).

The lifetime of individual data centre components
is difficult to assess, as any upgrades are always
driven by progress, the aim being to keep pace
with the latest technologies and ensure reliability
through preventive maintenance. In principle it
is conceivable that equipment or storage media
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Demand foresight for 2040

SSP1 SSP2 SSP5

Sustainability Middle of the Road Fossil Path
Min. Max. Min. Max. Min. Max.
37 109 142 418 503 1,479
3 10 13 38 44 133
20 60 75 230 266 813
33 44 125 167 444 592
44 62 376 528 6,570 9,220

48 185 649

is replaced before it is technically obsolete or
faulty. This could provide leverage for increasing
resource efficiency. In such cases there could be
a conflict between energy efficiency and resource
efficiency, for example if new processors con-
sume much less energy.

In this section, the focus has been on storage
media in data centres. HDDs, SSDs and mag-
netic tape have been identified as essential and
established technologies. Since the substitution
of individual critical raw materials would require
a technology shift, the calculated future require-
ments for raw materials would probably be difficult
to replace with other materials.

Today, electrical energy is normally transferred
by cable. This conductive power transfer can
take place through a permanent connection, as
in an oven, through a cable with a plug, as with
a refrigerator, or through contacts, as in a power
tool. But electrical power can also be transferred
without the need for a cable, be it through electro-
magnetic, optical, capacitive or inductive means.
Electromagnetic and optical methods can only be
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used for small amounts of power. For example,
electromagnetic waves are used to exchange
data between an RFID transponder and a reader.
Capacitive transfer is energy-inefficient because
it involves high spreading loss. This technology
is used for data transmission. Inductive transfer
is the preferred contactless method for transfer-
ring medium to high amounts of electrical power.
This method, in which electrical power is trans-
ferred from a primary to a secondary coil, is suit-
able for many purposes and has already become
established in some applications, such as charg-
ing electric toothbrushes and pacemakers or in
driverless forklift trucks in factories.

The contactless transfer of electrical energy is
based on the physical principle of electromagnetic
induction, discovered in 1831 by Michael Fara-
day. If a loop of electrically conductive material is
moved through a magnetic field with a flux @, the
voltage U is induced in the loop. This voltage can
be measured at the open ends of the loop. The
induced voltage is proportional to the change in
the magnetic flux over time:

_do
u= dt

It does not matter whether the magnetic flux
changes over time in a loop at rest or the loop is
moved through a fixed magnetic field.

In 1820, Hans Christian QOrsted realised that when
current passes through a wire a magnetic field
is produced. If the wire is formed into a coil as
shown in Figure 3.104, when the current flows a
rotationally symmetrical magnetic field is created
around the axis of the coil. Inductive energy trans-
fer is based on a combination of this phenomenon
and Faraday's law of induction. When an alter-
nating current flows through the primary coil, an
alternating magnetic field is produced. If parts of
this primary magnetic field pass through a second
coil of conductive material, an electrical voltage is
induced in this secondary cail.

If a consumer is connected to the secondary coil
with an ohmic resistance R,, the current I, = U,/
R, flows and the power P, = I, - U, is transmitted,
which can be used to charge a battery, for exam-
ple. The energetic quality of the transfer is char-
acterised by the efficiency with which supplied
energy is converted into usable energy. This effi-
ciency depends on a number of factors. The first

Ax Secondary coil

aim is to capture as much of the primary magnetic
field as possible with the secondary coil to mini-
mise spreading loss. This is achieved by position-
ing the coils one on top of the other without signifi-
cant lateral offset Ax. The gap between the coils
(air gap z) has an important effect on spreading
loss. Loss can be reduced with the use of shield-
ing, for example ferrite sheets placed underneath
the coils. Increasing the frequency of the primary
alternating field concentrates the magnetic field
and increases the efficiency.

In practical applications, transfer frequencies of
20 kHz—400 kHz are used (IFAK 2011). To achieve
international and cross-manufacturer interoper-
ability, the transfer frequency for electric vehicles
is defined in ISO 19363 as 85 kHz.

The overall efficiency of contactless charging sys-
tems is given by WITRICITY (2018) as 90 %-93 %
and transfer capacities of up to 11 kW have been
achieved for cars (WITRICITY 2018). In the future,
inductive transfer systems could be almost as
efficient as conductive systems, which typically
have an efficiency of over 97 % (IFAK 2011).
Recent research indicates that inductive charging
systems, like conductive charging systems, can
be used bidirectionally. This means that energy
can be fed back from the vehicle into the power



grid, helping to stabilise the grid (TACHIKAWA et al.
2018).

In practice, for the reasons explained above,
inductive power transfer does not take place at
the grid frequency of 50 Hz but is raised to the
transfer frequency by an inverter. Figure 3.105
shows the power electronics components of the
circuit within the overall system. In the case of
electric vehicle charging, the primary side (on the
left in the diagram) corresponds to the charging
station, while the secondary side (right) is inside
the vehicle.

A few years ago, the chances of wireless power
transfer were still being assessed fairly pessi-
mistically (SCHRAVEN et al. 2010). The technol-
ogy has made huge strides in recent years and
is now viewed as an emerging technology, with
the potential to replace conventional conductive
power transfer in many applications. The power
range achievable today ranges from a few watts
to several hundred kilowatts. A study by the Ger-
man Aerospace Center (DLR) in partnership with
other institutions concluded that it is technically
feasible to operate high-speed trains with induc-
tive sections integrated in the track system, with-
out the use of overhead contact lines. To achieve
the maximum operating speed of 400 km/h,
25 MW of electrical power needs to be inductively
transferred (DLR 2014). Smartphones and other
electronic devices are also increasingly being
equipped with inductive charging systems.

The inductive charging of electric vehicles is set
to become more important in future. This is sup-
ported by the fact that all OEMs in the automotive
industry already have programmes to research or
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develop contactless charging (TACHIKAWA et al.
2018). Below, this application is examined in more
detail as one example from the wide spectrum of
potential areas of use.

There are two different types of inductive charging
for electric vehicles: static and dynamic charging.
With static charging, power transfer takes place
while the vehicle is stationary — for example in a
private or public parking space. Dynamic charg-
ing involves charging the vehicle while it is being
driven, by installing primary coils in the road sur-
face. There are already numerous research and
development projects devoted to static inductive
charging. For example, BMW already offers an
inductive charging system for end users. Designed
for the plug-in hybrid vehicle 530e, the system has
a maximum charging power of 3.7 kW and an effi-
ciency of 85 % (OLEG SATANOVSKY 2019).

Dynamic inductive charging has also been suc-
cessfully tested, with a power of 8.5 kW and an
efficiency of over 91 % being achieved over a
distance of 20 m (WERwWITZKE 2019). This appli-
cation of the technology could counter the low
ranges of battery-powered electric vehicles. How-
ever, given that the estimated costs of installing
charging coils in the road amount to USD 460,000
to USD 760,000 per kilometre, it is unlikely that
dynamic inductive charging for electric vehicles
will become widespread in the near future (SUH &
CHo 2017). For this reason, only static inductive
charging systems are considered in what follows.

The advantages of contactless charging are obvi-
ous. There is no need for charging stations or a
cable to connect the vehicle to the power grid. It
also dispenses with the manual process of han-
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dling a charging cable. This makes electric vehi-
cles much more convenient, especially in com-
parison with conventional vehicles with an internal
combustion engine, which need to be regularly
refuelled. The primary coil can be inconspicuously
integrated in parking areas, which also reduces
the risk of charging cables or stations becom-
ing targets for vandalism. The secondary system
inside the vehicle is automatically and accurately
positioned over the primary system with the help
of the parking assistant. It is virtually maintenance-
free, with no wear and tear to plugs or cables, the
regular replacement of which represents a signifi-
cant cost factor for charging stations. However,
the high-frequency stray electromagnetic fields
must be shielded by ferrite. At high charging out-
puts, foreign object detection is also required to
ensure that there are no electrically conductive
objects between the primary and secondary coils,
as eddy current losses could cause these to heat
up. Any danger to living objects is also prevented
by monitoring the air gap. If required, power trans-
fer is stopped by a protective circuit. The vehicle
and the charging station communicate via WLAN
to ensure that the primary field is only switched
on once the secondary coil is correctly positioned.
This prevents the formation of an open magnetic
circuit.

To keep ohmic losses low and achieve efficient
power transfer, the current-carrying parts of con-
ductive and inductive charging systems are made
of copper wire. The wires are made of individual
copper strands which are insulated from one
another to improve efficiency. Most of the copper
is needed for the primary and secondary coils.
Ferrite is also used to shield the magnetic field.
The signal and power electronics components
contain a large number of elements in the peri-
odic table, albeit in noncritical amounts.

In conductive transfer systems, copper is mostly
used in charging cables and the wiring of the
charging station and vehicle. Plastic and steel are
required for the charging station's housing. Con-
ductive charging systems also use small quan-
tities of many other raw materials for the power
electronics. Copper should be regarded as a
quantitatively critical material.

As part of a research project on wireless charg-
ing for electric vehicles, researchers evalu-
ated a series of funded development projects
on inductive charging, recreated test systems
and assessed the current state of development
and future prospects through empirical surveys
(IFAK 2011). The team reconstructed a station-
ary inductive charging system with an output of
3.6 kW and concluded that the required weight
of copper for the two coils amounted to 1.3 kg. A
5-core, 4-metre-long standard charging cable for
a conductive charging station contains 1.2 kg of
copper. In addition, there is the weight of the cop-
per wiring in charging stations themselves, which
was not examined in more detail. The Institute for
Automation and Communication concludes that
the amount of copper is approximately compa-
rable in the two charging systems (IFAK 2011).
The copper requirement for inductive charging
systems rises roughly in proportion to the maxi-
mum transferable power. However, it is expected
that inductive charging will mostly be used in the
low and medium power range. Because vehicles
remain stationary for extended periods, an exten-
sive inductive charging infrastructure could ensure
even with low charging power that a vehicle was
always sulfficiently charged.

The future dissemination of stationary inductive
charging systems will be crucially dependent on
their costs. They are in competition with con-
ventional conductive charging systems. In Ger-
many, the inductive charging system for the plug-
in BMW 530e is already available as a special
equipment item. The costs of the secondary side
in the vehicle are €890. Purchasing and install-
ing the primary side, i.e. the infrastructure-side
charging pad, costs an additional €2,315 (SCHAAL
2019). Given the total additional costs of €3,205, it
is safe to assume that in the near future inductive
charging will remain limited to the premium car
segment. However, with increasing market pen-
etration of this technology, costs may be expected
to fall considerably as research and development
costs are more widely distributed and large quan-
tities can be manufactured more efficiently.

Bi1 et al. (2017) compared the total system costs
of conductive and inductive charging for electric
buses in a life cycle cost analysis. In this study it
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Figure 3.106: Comparison of total costs for
buses with conductive and
inductive charger per kilometre
travelled (source: Bi et al. 2017)

was assumed that buses make regular use of con-
tactless charging while stationary at stops, while
conductive buses can only be charged at the depot.
This means that a bus with inductive charging
can be equipped with a smaller battery. There
would however be significantly higher investment
costs for the charging station infrastructure. The
energy saved through contactless charging as
a result of the vehicle being lighter is cancelled
out by the lower charging efficiency, resulting in
almost no net difference. However, the study con-
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cluded that due to the lower battery costs, the total
costs over the lifetime of contactless charging are
lower for buses than with cable-based charging. A
comparison of the costs of both technologies can
be seen in Figure 3.106.

3.5.5.4 Foresight raw material
demand

For new registrations of electric vehicles the
SSP1, SSP2 and SSP5 scenarios described by
IIASA were used; these are described in more
detail in Section 1.3 Mobility scenarios. Both fully
electric and plug-in hybrid vehicles are consid-
ered, as both require charging systems. In the
scenarios for inductive and conductive charging, it
is assumed that only one or the other technology
is used so as to make the difference in raw mate-
rial requirements clear. According to DENA (2020),
the German federal government's target is that
one charging point will be installed for every eight
to nine electric vehicles. Here, this ratio is used to
calculate the number of newly installed charging
points from the number of electric vehicle registra-
tions. In scenario SSP1 there are 8.9 million new
charging systems installed in 2040. In SSP2 there
are 6.3 million and in SSP5, 2.4 million.

The total copper demand for an inductive charg-
ing system is mostly split equally between the
vehicle and the charging station. It is assumed
that inductive charging systems transfer 3.6 kW of
power, resulting in a copper demand of 0.65 kg
for both sides. In the inductive charging sce-
nario it is assumed that every electric vehicle is
equipped with the secondary side of an inductive
charging system. For conductive charging, it is
assumed that the only requirement for copper is in
the charging station. The copper demand for both

Table 3.106: Global production (BGR 2021) and calculated copper demand for electric vehicle

charging systems, in tonnes

Charging Copper Demand in

system production in 2018
2018

Inductive 20,591,000 (M) 0

Conductive 24,137,000 (R) 195

M: Mine production (tonnes of metal content)
R: Refinery production (tonnes of metal content)

Demand foresight for 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

54,960 38,760 14,990

10,680 7,530 2,910
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systems and global copper production in 2018 are
shown in Table 3.106. It is assumed that in the
reference year of 2018, no copper is required for
inductive charging systems as this technology is
not yet established on the market.

The annual copper demand for inductive charg-
ing systems exceeds that of conductive systems
by around a factor of 5, since every vehicle must
be fitted with a charging coil. The same goes for
the copper inventory, such that the conductive
charging system is much more resource-efficient.
However, this must be balanced against the fact
that the charging cables and connectors used in
conductive systems are subject to wear and must
be regularly replaced. An inductive system, on the
other hand, is virtually maintenance-free and not
vulnerable to vandalism. It does not require steel
or plastic for the housing of a charging station.

Copper is the most electrically conductive mate-
rial after silver. For cost reasons, the use of silver
is not a realistic alternative for the power transfer
infrastructure. In principle, aluminium could also
be used a conductor if certain technical properties
of this metal were taken into account (DITTRICH et
al. 2018). This would have advantages in terms of
resource efficiency, weight and costs. However,
because aluminium wires are less conductive it is
unlikely that this substitution would be widely used.

Copper from charging systems is very easy to
recycle. After the electrolysis stage, secondary
copper does not differ in quality from primary cop-
per. There are efficient disposal and recycling sys-
tems in place for steel and plastic components.
Recycling the power and signal electronics is
more problematic. Although considerable progress
has been made, material recovery from electronic
scrap recycling is unsatisfactory for economic and
technical reasons. The majority of substances are
therefore lost from the economic cycle.



Gallium is in the third main group, the boron group,
of the periodic table of the elements directly below
aluminium. It was discovered in 1875, but only
gained industrial significance from 1970 onwards
with the discovery of its applications in the pro-
duction of semiconductors (GREBER 2012).

Gallium is a soft, silvery blue lustrous metal. With
its relatively low melting point of 29.8 °C and a
very high boiling point of 2,403 °C, gallium has
the largest liquid interval of all metals (Table 4.1).
Some gallium alloys, e.g. the alloys with alu-
minium, form at normal temperatures. These
properties are taken advantage of industrially, but
complicate the storage and transport of gallium,
which requires refrigeration and special packaging
to ensure the purity of the metal and the integrity
of the transport packaging (QUADBECK-SEEGER
2007; GREBER 2012; LIEDTKE & Huy 2018).
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Density 5.9 g/cm3
Melting point 29.8°C
Electric conductivity 7.1-10% S/m
Thermal conductivity 29 W/(m - K)

Gallium is not a rare element, but it is rarely
found in higher concentrations in the earth’s
crust. Amongst the minerals containing gallium,
the very rare copper-gallium sulphide gallite has
the highest gallium content of up to 35.3 %. The
gallium content in West African germanite ranges
between 0.1 and 1 %. In many other minerals,
including bauxite, sphalerite and anthracite, gal-
lium is only present as a trace element. Bauxite,
for example, has an average gallium content of
about 50 ppm. Fly ash can also contain traces of
gallium (R6mPP 0. J; GREBER 2012; RONGGUO et
al. 2016; LIEDTKE & Huy 2018).

Gallium is obtained as a by-product of aluminium
production (from bauxite) and to a much lesser
extent as a by-product of zinc production (e.g.
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Primary production [tonnes of metal content]
Refinery production [tonnes of metal content]
Reserve [tonnes of metal content]

Resources [tonnes of metal content]

Most important countries for production

Most important countries for refining
Country concentration — Primary production?
Country concentration — Refinery production
Weighted country risk — Primary production?
Weighted country risk — Refinery production
Price® [USD/kg]

12011 data

2010 2013 2018
182 369 413
161 200 205
> 1,000,000 > 1,000,000 > 1,000,000
Germany 49 %' China 81 % China 96 %
Kazakhstan 26 %' Germany 10% Russia 2%
Russia 18 %' Ukraine 4 % Ukraine 1%
- 6,747 9,244
- -0.30 -0.31
469.15 279.41 191.82

2 For a colour legend, please refer to the HHI and GLR entries in the “Abbreviations and glossary” section.

3 min. 99.99 % fob China
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from sphalerite). It is found in particular in the
sodium aluminate created in aluminium produc-
tion and in residues produced in zinc smelters
(LIEDTKE & HuYy 2018; USGS 2020c).

China’s share of the world’s primary gallium pro-
duction capacity is around 80 %. It is estimated
that 97 % of the primary gallium produced globally
in 2019 was produced in China. The main pro-
ducers of refined (high-purity) gallium are China,
Japan, Slovakia and the USA. Extensive gallium
resources worldwide are bound up in bauxite
and zinc ores. The gallium resources in bauxite
alone amount to more than one million tonnes.
However, less than 10 % of the gallium resources
bound in bauxite and zinc ores have the potential
to be exploited. There are also large reserves (in
low concentrations) contained in phosphate ores
and various types of coal. There is currently no
estimate of current gallium reserves (RONGGUO et
al. 2016; USGS 2020c). The supply situation for
gallium is shown in Table 4.2.

Owing to the properties that made it industrially
important in semiconductor production from 1970
onwards, integrated circuits represent the most
important area of application for gallium today.
The large liquid interval of gallium is used for
the design of special thermometers. The areas
of application of gallium in the EU are shown in
Table 4.3.

Technology ?:;‘:::
Optoelectronics / photonics 1
Radio-frequency microchips 38
Thin-film photovoltaics 5
Demand (accumulated) 44
Demand / Primary production in 2018 6 %

Demand / Refinery production in 2018 1%

Area of application 2012-2016 [%]

Integrated circuits 70
LEDs 25
Solar technologies 5
Total 100

The most important emerging technologies with
a high growth potential that make use of gallium
are:

— Radio frequency microchips
— Thin-film photovoltaics

The additional raw material demands estimated
on the basis of the technology synopses are
shown in Table 4.4 and Figure 4.1. The demand
for the emerging technologies segment examined
was about 11 % of the refined gallium production
in 2018. Depending on the scenario, the amount
of gallium required for the emerging technologies
examined in 2040 may grow to up to 22 % of the
2018 refinery production.

Demand in 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
2 2 2
60 74 90
26 8 0
88 79 92
12% 1% 13%
21% 19% 22%
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Gallium
Demand scenarios (2040)
SSP1: Sustainability SSP2: Middle of the Road SSP5: Fossil Path
18m 2.4 m

Demand in 2018 @

Production in 2018 Demand in 2040 @

Germanium is in the fourth main group, the carbon
group, of the periodic table of the elements below
silicon. It was first isolated in 1886 and gained
industrial significance from 1947 onwards with its
use in transistor production (SCOYER et al. 2012).

Germanium is a grey-white, metallic lustrous
semimetal. It has semiconducting properties
and is transmissive for infrared light (Table 4.5).
Its physical properties are generally strongly
dependent on temperature. Germanium crystals
are susceptible to thermal shocks. For end-use
applications, germanium is used, amongst other
things, in the form of various chemicals whose
storage and transport can be associated with rela-
tively high packaging costs due to their sometimes
corrosive properties (as in the case of germanium
tetrachloride) and high quality requirements of
the intended areas of application (WAGNER 1958;
SCOYER et al. 2012).

Density 5.3 g/lcm?
Melting point 938.3°C
Electric conductivity 2-10%S/m
Thermal conductivity 60 W/(m - K)

Germanium is a relatively rare element and dis-
persed in the earth’s crust. Minerals with a rel-
atively high germanium content include stottite
(approx. 29 %), schaurteite (approx. 14 %), briar-
tite (13-17 %), germanite (5-10 %) and renierite
(6.3—7.7 %). Germanium enrichments are found
in certain zinc and zinc-lead-copper sulphide
deposits and are also bound to organic matter in
coals and lignites (ROGMPP no date; SCOYER et al.
2012; USGS 2020d).

While germanite and renierite used to be amongst
the main sources of germanium, today germa-
nium is mainly extracted as a by-product in the
production of other metals, above all zinc. Pul-
verised fuel ash from coal combustion is also
used for the extraction of germanium (ELSNER et
al. 2010; ScovYER et al. 2012; USGS 2017b).

Exact data on primary production of germanium
are not available, since the few producers that
exist (especially in the USA) keep their data con-
fidential. China is the largest refinery producer,
accounting for 75 % of global refinery production.
Secondary production (recycling) meets roughly
30 % of global germanium demand (USGS
2020d). An overview of the supply situation for
germanium is shown in Table 4.6.
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Mine production [tonnes of metal content]
Refinery production [tonnes of metal content]
Reserve [tonnes of metal content]
Resources [tonnes of metal content]

Most important countries for mining

Most important countries for refining

Country concentration — Mine production
Country concentration — Refinery production’
Weighted country risk — Mine production
Weighted country risk — Refinery production’
Price? [USD/kg]

2010 2013 2018
129 140 143
China 62 % China 70 % China 75 %
Canada 19% Finland 12 % Canada 5%
Finland 9 % Canada 11 % Russia 4 %
4,365 5,182 5,661
0.16 0.03 -0.14
640.23 1,317.71 1,102.39

' For a colour legend, please refer to the HHI and GLR entries in the “Abbreviations and glossary” section.
2 Germanium dioxide, min. 99.99 %, MB free market, in warehouse

Germanium has lost importance in its original
industrial area of application, transistor produc-
tion. Its main applications today are in the field
of optics. Owing to its infrared light transmis-
sion, germanium is used in optics for night vision
devices, thermal imaging cameras and the like.
Data on the worldwide use of germanium are pro-
vided in Table 4.7.

Area of application 2016 [%]
Polymerisation catalysts 31
Optical fibres 24
Infrared optics 23
Solar applications 12
Other applications 10

Total 100

The most important emerging technology with a
high growth potential that makes use of germa-
nium is:

— Fibre-optic cables

The additional raw material demands estimated
on the basis of the technology synopses are
shown in Table 4.8 and Figure 4.2. The most
important emerging technology for germanium is
its use in fibre-optic cables; its demand accounted
for 41 % of refinery production in 2018. In 2040,
germanium demand for fibre-optic cables is esti-
mated to grow to 195 % of 2018 refinery produc-
tion, depending on the scenario.
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Table 4.8: Germanium demand for selected emerging technologies, in tonnes

Demand
Technology in 2018
Aircraft for 3D mobility (eVTOL) -
Fibre-optic cables 59
Demand (accumulated) 59

Demand / Refinery production in 2018 41%

Demand in 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path

0.76 1.3 1.5
237 246 277
237.8 247.3 278.5
166 % 173% 195%

Germanium

Demand scenarios (2040)

SSP1: Sustainability

Demand in 2018 @  Production in 2018 @1  Demand in 2040 @

SSP2: Middle of the Road SSP5: Fossil Path

Figure 4.2: Germanium production in 2018 and demand for emerging technologies in 2018

and 2040

4.3 Graphite

Graphite is a stable modification of carbon, which
is in the fourth main group, the carbon group,
of the periodic table of the elements (R6mPP
no date). There is evidence that graphite was
used to produce refractory ceramics as early as
2,800 years ago. It was used as a pencil material
from the middle of the 16th century. The proof that
graphite is a form of carbon came in 1779. From
the beginning of the 20th century, graphite elec-
trodes were increasingly used in electrolytic and
electrothermal processes (R6MPP no date; FROHS
et al. 2012).

4.3.1 Properties

Graphite is a grey to grey-black, metallic, lustrous,
crystalline form of carbon. It is hardly combustible,
chemically very resistant, has no melting point
under normal pressure and sublimates at approx.
3,750 °C. Due to the special parallel layer struc-
ture of its crystal lattice, graphite exhibits anisotro-
pic properties (Table 4.9). This applies in particu-
lar to electrical and thermal conductivity: Parallel
to the layers of its crystal lattice, graphite is (at
room temperature) a good electrical and thermal
conductor. Perpendicular to the layers, however,
graphite is almost an electrical insulator. The fact
that graphite is relatively soft and can be used in
pencils or as a lubricant can also be explained
by its layered structure. The layers can easily be
displaced against each other (R6mMPP no date;
FROHS et al. 2012; ROBINSON et al. 2017).
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Density 2.1-2.3 g/lcm® The graphite market consists of mined natural
Melting point _ graphite and synthetic graphite produced from
. . , . carbonaceous raw materials by complex pro-
Electric conductivity anisotropic . .
cesses in blast furnaces. Natural graphite can be
Thermal conductivity anisotropic further subdivided into macrocrystalline graphite
2010 2013 2018

Mine production [tonnes of materials]

— natural graphite 1,719,400 1,055,800 1,700,000
... thereof flake graphite 860,700 731,900 1,156,300
Production [tonnes of materials]
— synthetic graphite 1,428,000 1,514,000 1,573,000
Reserve [tonnes of materials]
— natural graphite 71,000,000 130,000,000 300,000,000
Resources [tonnes of materials]
— natural graphite > 800,000,000 > 800,000,000 > 800,000,000
Most important countries for mining
China 90 % China 80 % China 74 %
— natural graphite Brazil 5% Brazil 9% Mozambique 6 %
Canada 1% India 3 % Brazil 6 %
China 81% China 74 % China 69 %
— flake graphite Brazil 11 % Brazil 13 % Mozambique 9 %
Canada 2% India 4 % Brazil 8%
Most important countries for production
China 42 % China 43 % China 49%
— synthetic graphite Japan 22 % Japan 21% Japan 19%
USA 14 % USA 13% USA 10%
Country concentration — Mine production’
— natural graphite 8,054 6,423 5,938
— flake graphite 6,658 5,537 4,961
Country concentration — Production’-2
— synthetic graphite 3,287 3,199 3,556
Weighted country risk — Mine production
— natural graphite -0.51 -0.46 -0.35
— flake graphite -0.5 -0.49 -0.28
Weighted country risk — Production'?
— synthetic graphite 0.19 0.16 0.21
Price® [USD/tonne] 1,329.84 1,170.83 1,025.94

' For a colour legend, please refer to the HHI and GLR entries in the “Abbreviations and glossary” section.
2 Based on 92 % of global production
3 Crystalline fine, 94—97 % C, +100 — 80 mesh, CIF European Port FCL



(flake graphite), microcrystalline (amorphous)
graphite and gangue graphite. Natural graphite
ores and concentrates require a number of prepa-
ration and further processing steps depending on
the respective end application; in the production
of synthetic graphite, the desired properties can
be systematically modified during the production
process. The graphite products available on the
market differ in terms of carbon content, structure
and purity. Notably, natural graphite and synthetic
graphite are not identical materials (DAMM & ZHOU
2020).

The world’s natural graphite resources are esti-
mated at 800 milion tonnes and include both flake
and amorphous graphite. Most of the reserves
are located in China, Turkey and Brazil. It can be
assumed that with regard to the use as anode
material in lithium-ion batteries, only a part of
these resources can be processed to grades suit-
able for batteries. Currently, the most important
mining country for natural graphite is China; the
country also holds a leading position in the min-
ing of flake graphite (USGS 2019b; DAMM & ZHOU
2020). China currently also dominates the produc-
tion of synthetic graphite (cf. Table 4.10).

With about 60 %, refractory materials in various
industrial applications or processes, e.g. steel,
iron, glass and ceramics production are the main
applications of natural graphite (JARA et al. 2019;
RoskiLL 2019; DaAMM & ZHou 2020). Other areas
of application include aerospace composites,
lubricants in high-temperature applications and
friction materials in brake pads; graphene and
electrode materials for fuel cells represent niche
applications.

Around 14 % of the global demand for natural
graphite is currently used for lithium-ion batteries,
where graphite is used as anode material (see
Table 4.11). Flake graphite is predominantly used
for this purpose; the grades required for use in
batteries are achieved in a series of further pro-
cessing steps. The quality of the starting ore is
decisive in this respect. It should also be noted
that the actual demand is lower, as losses occur
during the further processing of flake graphite into
battery-grade spherical graphite.
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The main area of application for synthetic graphite
is in metallurgical applications (MORDOR INTELLI-
GENCE 2020c). Synthetic graphite is also used as
anode material in lithium-ion batteries. A mix of
both graphite types is common, especially in bat-
teries for high-end applications.

Area of application 2018[%]
Refractory materials 46
Foundries 14
Batteries 14
Friction materials 6
(e.g. for brake pads)

Lubricants 5
Other 15
Total 100

The most important emerging technology with a
high growth potential that makes use of graphite is:

— Lithium-ion high-performance electricity
storage

In 2018, 2 % of flake graphite production were
used for lithium-ion high-capacity storage.
Depending on the scenario, this quantity may
increase to up to 88 % of the 2018 production in
2040, compare Table 4.12 and Figure 4.3.
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Table 4.12: Graphite demand for selected emerging technologies, in tonnes

Demand
Technology in 2018
L|th|urn.-|0n high-performance 21,900
electricity storage
Demand (accumulated) 21,900
Demand / Primary production 29,

flake graphite in 2018

Demand in 2040

SSP1 SSP2 SSP5
Sustainability Middle of the Road Fossil Path
1,019,000 886,400 196,000
1,019,000 886,400 196,000

88% 77% 17%

Graphite

Demand scenarios (2040)

SSP1: Sustainability

76 m

SSP2: Middle of the Road

Demand in 2018 ®

SSP5: Fossil Path

A

45m

|

Production in 2018 1

Demand in 2040 @

Figure 4.3: Graphite production in 2018 and demand for emerging technologies in 2018 and 2040

4.4 Indium

Indium is in the third main group, the boron group,
of the periodic table of the elements under gal-
lium. It was discovered in 1863 and found its first
major area of application in the 1940s as a bear-
ing coating material in high-performance aircraft
engines (JORGENSON & GEORGE 2005; FELIX
2012).

4.4.1 Properties

Indium is a silvery-white, highly lustrous and very
soft metal. It retains its high ductility and plasticity
even at very low temperatures. It can form alloys
with most metals, increasing hardness and corro-
sion resistance even in low concentrations. Indium
wets glass and forms a more corrosion-resistant
mirror surface than silver with equally good reflec-

tive properties (R6mMPP no date; QUADBECK-SEE-
GER 2007; FELIX 2012).

Table 4.13: Indium properties

Density 7.31 g/cm?®
Melting point 156.6°C
Electric conductivity 12.5- 10 S/m
Thermal conductivity 81.6 W/(m - K)

4.4.2 Deposits and production

Indium is relatively rare and dispersed in the
earth’s crust. Rare indium minerals such as indite
(Feln2S,) and roquesite (CulnS,) have high
indium contents in the range between about 45 %
and 60 %. Indium is also contained as a trace ele-



ment in many polymetallic ores/minerals, such as
in sulphidic zinc ores, especially sphalerite, cop-
per ores, e.g. chalcopyrite and bornite, tin ores,
e.g. stannite and cassiterite, and lead ores, espe-
cially galena (RGmMPP no date; ANTHONY et al.
2001a; ANTHONY et al. 2001b; FELIX 2012).

Indium is largely obtained as a by-product from
processing and smelting residues as well as dusts
and gases generated during zinc extraction and
smelting. Sphalerite serves as the indium/zinc
source with indium contents ranging between 1
and 100 ppm. The remaining portion of indium
production is from tin and copper processing resi-
dues (USGS 2017c; PRADHAN et al. 2018; USGS
2020e).

With a share of 50 to 60 % of the worldwide
refined indium production, China is the leading
producer. The data on the supply situation for
indium are shown in Table 4.14. Due to the rela-
tively small indium market, these figures are not
deemed very reliable.
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for these screens in consumer electronics (e.g.
in mobile phones, notebooks and televisions)
and the high demand, this is the most important
area of application for indium in terms of quan-
tity. Depending on the literature source, the share
of indium used in this area is estimated to be
up to approx. 80 % of the total indium demand,
because indium lost in the production process is
also taken into account. Further applications can
be found, amongst others, in