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Preface

HySelect will demonstrate the production of hydrogen (H>) by splitting water via concentrated
solar technologies (CST) with an attractive efficiency and cost, through the Hybrid Sulphur
cycle (HyS). The HyS consists of two central steps: the high temperature -yet below-900 °C
-decomposition of sulphuric acid forming Sulphur dioxide (SO.) and the subsequent low
temperature (50-80 °C) SO; depolarized electrolysis (SDE) of water to produce H,. HySelect
will introduce, develop and operate under real conditions a complete H. production chain
focusing on two innovative, full scale plant prototype core devices for both steps of the HyS
cycle: an allothermally heated, spatially decoupled from a centrifugal particle solar receiver,
sulphuric acid decomposition-Sulphur trioxide splitting (SAD-STS) reactor and a Sulphur
dioxide depolarized electrolyzer (SDE) without expensive Platinum Group Metals (PGMs).
Furthermore, a heat recovery system will be integrated to exploit the temperature difference
within the cycle and boost the overall process efficiency. In the course of the work, non-
critical materials and catalysts will be developed, qualified and integrated into the plant scale
prototype units for both the acid splitting reactor and the SDE unit. Experimental work will
be accompanied by component modelling and overall process simulation and culminate with
a demonstration of the complete process integrating its key units of a 750 kWi, centrifugal
particle receiver, a hot particles storage system, a 250 kW, SAD-STS and a 100 kW. SDE
into a pilot plant. Testing for a period of at least 6 months in a large-scale solar tower, driven
with smart operation and control strategies, will establish the HySelect targeted efficiency
and costs. Finally, an overall process evaluation will be carried out in order to assess the
technical and economic prospects of the HySelect technology, directly linked to the know-
how and developments of the sulphuric acid and water electrolyzers industries.

DLR German Aerospace Center DE
»~ CERTH
CERTH (H:elrlnre for Research and Technology GR | CENTREFOR
ellas HELLAS
AALTO Aalto University FI

Aalto University

Italian National Agency for New
ENEA Technologies, Energy and Sustainable IT M
Economic Development

FENR FEN Research GmbH AT @ research

GRILLO  Grillo Werke AG DE GR’ LLO

Co-funded by i
the European Union i, Partnership




D9.4 Preliminary L1
- Market Study HySelect

Summary

To expand the first group of potential end-users identified in the dissemination, exploitation
and communication plan (D9.3), an initial market study is carried out in the current
deliverable D9.4 (M16) focusing on the electrolyser as a first step into exploring
commercialisation. An extensive literature review is thus provided on current deployment
state of electrolyser technologies, current market of electrolysers and related economic
analysis. The current study will be followed with updates and studies on the splitting reactor
and solar receiver.

The market study on the Hybrid Sulphur Cycle (HyS) is foreseen to be completed by the
project’s 21-Month review meeting as a submitted/accepted peer reviewed joint publication
by the consortium.

The results of this study will be used as a basis for the techno-economic analysis results
(WP2) and will be completed through the planned sustainable business case study by the
end of the project (Task 2.4, D2.4).
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Abbreviations

HySelect

Term Description

AEL Alkaline Electrolyser

BoP Balance of Plant

CAGR Compound Annual Growth Rate

CAPEX Capital Expenditures

CCiDs Carbon Contracts for Differences

CHP Combined Heat and Power

CCM Catalyst Coated Membrane

CST Concentrated Solar Technology

EPC Engineering, Procurement and Construction
FID Final Investment Decision

HyS Hybrid Sulphur Cycle

IEA International Energy Agency

KPI Key Performance Indicator

LCOH Levelized Cost of Hydrogen

NPV Net Present Value

NZE Net Zero Emission

OPEX Operational expenditures

PEMEL Proton Exchange Membrane Electrolyser
PGM Platinum Group Metal

PTL Porous Transport Layer

R&D Research and Development

RES Renewable Energy Sources

SA Sulphuric Acid

SDE Sulphur dioxide Depolarised Electrolyser
SOEL Solid Oxide Electrolyser

SRIA Strategic Research and Innovation Agenda
TCEP Tracking Clean Energy Progress

TSO Transmission System Operators
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1. Introduction

The deliverable at hand provides a global overview of the latest deployment state and market
of the commercially available electrolyser technologies, alkaline electrolyser (AEL) and proton
exchange membrane electrolyser (PEMEL) in sections 2 and 3. An extensive economic
analysis of PEMEL is further provided in section 4, reviewed from the most recent literature
data. The economic assessment result is planned to be further employed as a basis for the
development of a cost model for the sulphur dioxide depolarized electrolyser (SDE) system in
a joint publication with the consortium. This model will provide a better understanding of the
technology under development to complete the currently ongoing market research.

In comparison to current PEM stacks, the SDE stack under development in this project pursues
lower temperature, pressure, current density and acid concentration. Innovative catalyst
materials with high efficiencies are being developed which have lower (or even none) platinum
group metals (PGM). Moreover, downgraded stack structures with increased efficiency will be
employed, improving stack operation for H2 production [1]. In addition to these hardware
improvements, new types of membranes are required in order to supress the sulphur dioxide
(S0y) carry over and increase the efficiency. These actions allow reduction of the SDE stack
costs by 2 to 3 times versus known analogues.

Main potential end-users who will further uptake the results under development in this project
are the sulphuric acid (world’s most produced chemical) industries, hydrogen industrial users
and electrolyser manufacturers. Starting in the beginning of the third year of the project, task
activities regarding research for future sustainable business cases will initiate including
economical, ecological and social aspects. Detailed market system analysis results of SDE
with reference to the main identified stakeholders, suppliers and end-users will be used as the
basis for this study.

Co-funded by
the European Union




D9.4 Preliminary L1
- Market Study HySelect

2. Current Deployment State of Electrolyser Technologies

According to the assessment report by the International Energy Agency (IEA) in the framework
of the Tracking Clean Energy Progress (TCEP), the electrolyser manufacturing capacity
showed a grow by more than 25 % as of July 2023. This report emphasises that significant
acceleration regarding electrolysis capacity is required in order to align with the Net Zero
Emissions (NZE) Scenario by 2050, requiring installed electrolysis capacity of more than
550 GW by 2030 [2]. The European Union adopted important policies in the recent years which
resulted in the installed electrolysis capacity of about 80 MW in 2022. Globally, the installed
capacity for the two most commercially available technologies, AEL and PEMEL, and the end-
use sectors since 2021 to date are summarised in Table 1 [3-5]. Type of electricity used for
the electrolysis is from renewables and / or grid.

Table 1 Number of globally installed commercially available electrolysers and industrial end users

[3-5].
AEL PEMEL _ : Iron & Other
Year (MWe) | (MWe) Refining | Ammonia | Methanol Steel Industries
2021 159 41 1 - 2 2 2
2022 36 66 2 1 1 0 3
2023 505 305 6 4 2 4 9
2024 3117 1628 6 9 2 6 16

Despite the slowed rate in the global deployment of the electrolyser capacity in 2022, a
significant growth is visible in the last two years with an annual capacity of about 3 GW for AEL
technology and 1.6 GW for PEMEL technology [3].

The main industrial end use categories identified in this database are considered within the
use of hydrogen in refining of oil products, in ammonia and methanol production (as a
chemical feedstock or as a fuel), in iron and steel making and other industries where hydrogen
is used in high temperature processes [4,6]. Other categories include mobility, power, grid
injection, combined heat and power systems and use of hydrogen in buildings. While the
refining industry shows only increase from 2022 to 2023, and the methanol industry remains
stagnant, ammonia, iron & steel and other industries show a significant increase over the last
4 years in the electrolysis technology deployment (see Figure 1) [4].

18
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Figure 1 Number of industrial end users of AEL and PEMEL from 2021 to date.
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IEA further reports that the manufacturing capacity for electrolysers at the global level could
reach more than 130 GW per year by 2030, representing almost three-quarters of the capacity
needed in the NZE Scenario. With about a fifth of this capacity, Europe and China would still
lead the electrolysis technology deployment. It is noteworthy that from all project plans by 2030,
final investment decision (FID) has been reached for less than 10 %. This indicates that the
future manufacturing capacity faces a degree of uncertainty, which could be strongly supported
by the policy framework of each country [3].

In general, ambitions to increase electrolysis capacity have significantly raised by governments
with the aim to address their vision for long-term deployment of hydrogen technologies.
Accordingly, policies have been implemented in form of loans and grants as well as carbon
contracts for difference (CCfDs) to support pioneers in this field. For example, the H2Global
initiative® was launched in 2021 in Germany, with the aim to compensate the supply and
demand prices difference, by using funding grant from the German government [3].

3. Current Market of Electrolysers

Electrolysers have been traditionally built for niche markets in small volume, however foreseen
increase in production volumes and optimisation of supply chains are expected to reduce
investment costs for all electrolyser technologies [3]. In general, economic performance of
hydrogen production systems is determined by capital expenditures (CAPEX) of installed
electrolyser including Balance of Plant (BoP), costs of electricity input and market for
hydrogen [7].

Comparing CAPEX of electrolysers across different systems is usually difficult, as often
information regarding the key performance indicators (KPIs) is missing. Cost reductions over
recent decades have been significant for PEMEL and moderate for AEL. However, PEMEL
still remains more expensive and less mature than AEL. A recent techno-economic analysis
study reported CAPEX costs for both PEMEL and AEL based on commercially received
quotations, showing that capital costs increase about 40 % from AEL to PEMEL [8]. Reported
cost reductions by IEA [3] for PEMEL and AEL mostly were perceptible within research and
development (R&D) activities and less in the market. With the trends reported in the literature
[9], due to upscaling and mass manufacturing of AELs, their CAPEX is expected to decrease
towards 2050. A £ 50 % uncertainty is although considered for the estimated CAPEX in 2050
based on the current literature review and technical reports [9]. Another recent study however
predicts a significant decrease in the CAPEX gap between both technologies towards 2030
[10].

Despite lower costs of AEL, PEMEL has positioned itself as a main competitor, having 5 times
higher current densities and up to 6 % higher efficiencies than AEL [11]. The competition
between these two technologies became increasingly global as multi-MW capacity range
electrolysers are currently being placed on to the market by manufacturers [7,10]. Key
industrial PEMEL players by geographical segmentation are; Plug Power Inc? and Cummins
Inc® in USA, NEL Hydrogen* and Hystar® in Norway, ITM Power Inc® in GB, Elogen’, Siemens
Energy AG® and H-TEC Systems GmbH? in Germany and Hitachi Zosen Corporation in Japan
[5,12]. Detailed information in regard to the electrolysis system series, hydrogen production

! https://lwww.h2-global.de/project/h2g-mechanism

2 https://www.plugpower.com/

8 https://www.cummins.com/

4 https://nelhydrogen.com/

5 https://hystar.com/

6 https://itm-power.com/

7 https://elogenh2.com/en/

8 https://www.siemens-energy.com/global/en/home.html
9 https://lwww.h-tec.com/en/
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rate (Nm3 per hour), nominal power (MW), maximum pressure (bar), specific energy
consumption (kWh per Nm?3), efficiency and lost flexibility (%) of the above-mentioned key
industrial players were reviewed by Bulttler et al. [12]. Based on the foreseen application, the
PEMEL market is classified in chemical industry, mobility, energy storage, power to gas and
grid services [6,13].

CAPEX of electrolysers is one of the identified key performance indicators (KPIs) within the
roadmap of the European Commission. Table 2 summarises reported values for both CAPEX
and electricity consumption at nominal capacity for PEMEL according to the published work
plans from 2015 to 2027 [12—-14]. CAPEX figures in this table are based on the assumption of
100 MW manufacturing for a single company [14].

Table 2 KPIs for PEMEL [12-14]

2020 2024 2030
Efficiency | Electricity consumption | 55 kWh/kg 52 kWhlkg 48 kWh/kg
(@nominal power)
CAPEX _ 2,100 1,550 1,000
Including BoP and € per kgH2/day | € per kgH2/day | € per kgH2/day
commissioning 900 € per kW | 700 € per kW | 500 € per kW

Other KPIs from these reports are flexibility (ability of operating at any power setpoint),
reactivity (ability of moving in a short time from a given set point to another), durability (lifetime
of the equipment) and safety (maximum hydrogen content in oxygen).

4. Economic Analysis of PEMEL

A set of economic characteristics of PEMEL, namely CAPEX range and CAPEX reduction
perspectives were identified by Bessarabov and Millet [13], with the aim to reach the roadmap
values reported in the strategic research and innovation (SRIA) agenda 2015-2020. According
to their report, a CAPEX range of 1700-2500 €/kW for 300-500 kWe systems requires a CAPEX
breakdown of 45 % for electrolysis cells, 15 % for power electronics, 25 % for ancillary
equipment, 5% for power grid interface, 7 % for manufacturing, transport and onsite
installation and 3 % for process engineering [13].

Identified perspectives contributing to the CAPEX reduction are; increase in operating current
density from 1.0 to 3.5 A/cm? in order to reduce the cost of stack, active surface area increase
with the aim to reduce cell number, power consumption reduction in AC/DC converters,
development of larger capacity units and replacement of PGM catalyst materials [13].

A recent literature review reported that for small manufacturing volumes of 1 MW PEMEL,
contribution of BoP (water treatment, gas separators, tubes, fittings, valves, etc.) and stacks
to capital costs is estimated to be around 25 % each, with the remaining costs being installation
and markup [13,15]. With larger capacities, the BoP components costs tends to increase as a
power law of the capacity (with an exponent of about 0.6) and the stacks cost tends to increase
linearly with the capacity. Based on this information and plotted specific installed capital costs
for PEMEL from the literature reviewed data as a function of power input in KW, an electrolyser
system cost model could be validated [7,15]:

Cq=A-P+B-PC¢

In this model, the total investment cost is shown with Ce and P is the electrolyser capacity in
kW. A, B and C are adjustable parameters that depend on the type of electrolyser and year of
production. Since electrolyser capital costs are foreseen to decrease in the future (see Table
2), values of the adjustable factors could be significantly decreased. Quantitative estimations
suggest a decrease in the capital costs by 55 % when increasing the production capacity of a
1 MW PEMEL by a factor of 100 units a year [7,16].
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In another recent study, the levelized cost of hydrogen (LCOH) was used for the assessment
of the economic feasibility of waste heat recovery implementation in case of a 10 MW PEMEL
system [17]. For this study, most recent and official data were collected through consultation
with the Hydrogen Supply Chain Evidence report. In this approach, the net present value (NPV)
of total costs and the hydrogen production were employed, which consider the time factor
(costs/hydrogen production within certain time period and/or system’s operating lifetime) in the
calculated costs. LCOH is the result of dividing NPV total costs by NPV hydrogen production.
CAPEX is accordingly the sum of total initial investment Ci,y and the total replacement costs
over the lifetime Crepi; [17].

CAPEX = Ciny + Crepie

For calculating the cost of required electricity for hydrogen production Ceic, the market price
for electricity Priceeiec is multiplied by total required electrical energy (electricity input) En2 and
the operating hours h [17].

Celec = Pricegiec " Epz - h

Techno-economic modelling studies of hydrogen production by PEMEL using renewable
energy sources (RES) reported use of MATLAB/Simulink model for the calculation of LCOH
and hydrogen price for different applications [18,19].

A recent technology cost assessment study by SINTEF industry and Hystar® (one of the key
industrial PEMEL suppliers, see section 3), presents a developed cost model for PEMEL,
including technology improvements as well as pant size [10]. Authors state that using a
modified power law, cost of an electrolyser plant towards 2030 based on the overall capacity
and a learning/technology development rate can be estimated. The proposed electrolyser plant
cost is described as shown below [10]:

e (e 5 )

C: electrolyser plant cost ($ per kW)

k and ko: fitting constants

Q: electrolyser plant capacity/size (kW)

V: electrolyser plant installation year

Vo: electrolyser plant reference year

a: fitting constant referring to a scaling factor
B: fitting constant referring to a learning factor

The selected cost data from available literature and reports for PEMEL were fitted using this
eguation. The selected electrolyser plant cost in this study includes stacks, BoP and required
power, excluding compressors and installation costs as well as civil works. Based on the
modelling results, a significant decrease in CAPEX of PEMEL was observed until a plant size
of about 1-2 MW, mainly attributed to the peripheral costs being less dependent on capacity.
When scaling up to larger stacks (increase in a fitting constant), electrolyser plant cost
reduction can be expected as well due to the assembly cost reduction. Overall, a relative price
decline (learning rate) in the range of 25 to 30 % was estimated for PEMEL towards 2030 [10].

Manufacturing cost analysis for PEMEL was reported through a bottom-up developed costing
model for key parts in the stack, encompassing catalyst coated membrane (CCM), porous
transport layer (PTL), seal/frame, bipolar plates, stack assembly and end plates [11]. The data
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used in this study were collected from the literature, industry and factsheets of PEMEL
commercial systems. It was shown that stack costs are dominated directly by material costs,
especially with an increase in the number of produced electrolyser systems per year. Smaller
cost reductions were foreseen for the BoP, being manufactured for multiple markets by several
suppliers. Power electronics contribute to 50 % of the BoP cost. Water circulation and
hydrogen processing subsystems share 20 % of the BoP cost each [11]. Using a similar
bottom-up costing model approach and in line with previous trends in the literature [11,13],
Krishnan et al. recently reported that for PEMEL the material costs have the most dominant
contribution to the direct cost [20]. The membrane coatings and PTL from stack mainly
contribute to the material costs. Operation at higher current densities, by 1.75 factor increase,
and lower catalyst loading mainly support cost reduction assumptions as well. The input data
for this modelling approach was collected by reaching out to industry expertise [20].

The economic assessment of PEMEL carried out in the literature will be used as a basis for
the SDE technology under development in this project. The results of this assessment will help
to complete the SDE market research and analysis.

5. Market System Analysis of SDE

A definition for the energy system was previously introduced and described regarding the
establishment of a green hydrogen economy in western Austria, as the main outcome of the
“Tyrol 2050 energy autonomous” strategy [21]. This system consists of subsystems Resource
(procurement market), Demand (entrepreneur market), and Coverage of Demand (sales
market), which are functionally connected via the flow of materials, values, and information.
By overlaying this system with a dynamic sustainability concept, a circular economy can be
achieved within successful management between three sub-systems of ecology (Resource),
social (Demand), and economy (Coverage of Demand). This conceptual model has proven to
be significantly important in the implementation of projects, since a shared responsibility for
maintaining the stability of the system under development exists between all subsystems and
/ or interested actors in this process [21].

A similar approach is employed for the market system analysis of SDE, where the system is
classified in three subsystems of Resource (stakeholders / suppliers), Demand (demand for
hydrogen produced by SDE) and Coverage of Demand (sustainable business case
development). Each subsystem is described in the following sections.

5.1. Resource (Stakeholders / Suppliers)

In case of the SDE technology and the concept under development together with a chemical
industrial partner in this project, Resource can be identified within the system boundary of this
concept and outside of the identified boundary (see Figure 2). When analysing within the
system boundaries, current identified stakeholders and / or suppliers are:

e Sulphuric acid (SA) relevant industries
e Electrolyser system manufacturers

Regarding the CST group, thermal and thermochemical sites and related processes, including
companies and their products are of interest. Industries providing catalyst/shaped ceramics for
thermochemical processes are considered as well. The chemical and electrochemical sites for
the SA industries can be thoroughly identified through the European Sulphuric Acid
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association®. While a list of potential identified end-users exists within the consortium for the
electrolyser system manufacturers and suppliers, including both stack and BoP, the approach
to this group requires a long-term strategical plan. This approach will be further developed in
the exploitation strategy under development.

HySelect Duisburg

Thermal and thermochemical Chemical and electrochemical
processes processes

Figure 2 HySelect project concept system boundary

Outside of the identified system boundary, grid and transmission system operators (TSOs) as
well as engineering, procurement and construction (EPC) contractors are currently identified
as potential stakeholders and / or suppliers.

5.2. Hydrogen Demand

The Demand for hydrogen produced by SDE can be primarily considered within the SA
industrial sector. Other potential hydrogen industrial users can be considered within the
mining industry and material production (e.g., Copper, Nickel, Zinc, Tungsten).

In the next step, other industrial end use applications of hydrogen, such as those summarised
in Table 1, will be considered. Among others, these applications include use of hydrogen for
refining of oil products or its use as a chemical feedstock/fuel in ammonia and methanol
production as well as iron and steel making. Industries where hydrogen is used in high
temperature processes (e.g., glass manufacturing and fuel burners) could be of interest as
well. One essential factor for further study of the identified industrial end-users is the price
prediction of the hydrogen produced by SDE. The cost model under development will be further
used to complete the hydrogen demand analysis for this technology.

The use of produced hydrogen beyond the industrial sector will depend on its quality and
requirements of the other application sectors (e.g., mobility and transport). Continuous
monitoring of the hydrogen quality within the project’s timeframe will provide the basis for an
extended analysis of the hydrogen demand in future.

5.3. Coverage of Demand

Coverage of Demand system analysis is not independent of Resource and Demand
(sustainability concept). The obtained results within the two previous subsystems will be used
as a basis for the development of a sustainable business case, including economical,
ecological and social aspects. The research in this regard is planned to initiate in the second
quarter of the third year in this project, where a public deliverable (potentially a research paper)
will be published by the end of the project describing the developed sustainable business case.

10 https://www.sulphuric-acid.eu/
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Conclusions

This preliminary market study provides insight into the current market state of commercially
available electrolysers and provides the basis for further development of a cost model for the
SDE electrolyser.

The market analysis for SDE is carried out within three identified subsystems of Resource
(stakeholders / suppliers), Demand (demand for hydrogen produced by SDE) and Coverage
of Demand (sustainable business case development). The identified stakeholders / suppliers
within Resource were classified according to the current project concept, comprising two R&D
sites: HySelect Julich site where all thermal and thermochemical processes are located and
HySelect Duisburg site where are chemical and electrochemical processes are located.
Regarding hydrogen demand, an extended list of end use applications is provided. However,
it is worth noting that hydrogen price and hydrogen quality are determining parameters for the
further development of demand analysis.

To ensure the foreseen sustainability approach within the market system analysis of SDE and
to further complete this study, a sustainable business case will be developed by the end of the
project including ecological (Resource), social (Demand), and economical (Coverage of
Demand) aspects.
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