
ETH Library

Decarbonizing copper production
by power-to-hydrogen: A techno-
economic analysis

Journal Article

Author(s):
Röben, Fritz T.C.; Schöne, Nikolas; Bau, Uwe; Reuter, Markus A.; Dahmen, Manuel; Bardow, André 

Publication date:
2021-07-15

Permanent link:
https://doi.org/10.3929/ethz-b-000484739

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
Journal of Cleaner Production 306, https://doi.org/10.1016/j.jclepro.2021.127191

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0002-3831-0691
https://doi.org/10.3929/ethz-b-000484739
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jclepro.2021.127191
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


lable at ScienceDirect

Journal of Cleaner Production 306 (2021) 127191
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Decarbonizing copper production by power-to-hydrogen: A techno-
economic analysis

Fritz T.C. R€oben a, b, Nikolas Sch€one a, Uwe Bau a, Markus A. Reuter c, d, Manuel Dahmen a,
Andr�e Bardow e, a, f, g, *

a Institute of Energy and Climate Research - Energy Systems Engineering (IEK-10), Forschungszentrum Jülich GmbH, 52425, Jülich, Germany
b RWTH Aachen University, 52062, Aachen, Germany
c SMS Group GmbH, 40237, Düsseldorf, Germany
d Helmholtz Institute Freiberg for Resource Technology (HIF), 09599, Freiberg, Germany
e JARA-ENERGY, 52425, Jülich, Germany
f Institute of Technical Thermodynamics, RWTH Aachen University, 52062, Aachen, Germany
g Energy & Process Systems Engineering, ETH Zürich, 8092, Zürich, Switzerland
a r t i c l e i n f o

Article history:
Received 20 December 2020
Received in revised form
18 March 2021
Accepted 18 April 2021
Available online 25 April 2021

Handling editor: Cecilia Maria Villas Bôas de
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a b s t r a c t

Electrifying energy-intensive processes is currently intensively explored to cut greenhouse gas (GHG)
emissions through renewable electricity. Electrification is particularly challenging if fossil resources are
not only used for energy supply but also as feedstock. Copper production is such an energy-intensive
process consuming large quantities of fossil fuels both as reducing agent and as energy supply.

Here, we explore the techno-economic potential of Power-to-Hydrogen to decarbonize copper pro-
duction. To determine the minimal cost of an on-site retrofit with Power-to-Hydrogen technology, we
formulate and solve a mixed-integer linear program for the integrated system. Under current techno-
economic parameters for Germany, the resulting direct CO2 abatement cost is 201 EUR/t CO2-eq for
Power-to-Hydrogen in copper production. On-site utilization of the electrolysis by-product oxygen has a
substantial economic benefit. While the abatement cost vastly exceeds current European emission cer-
tificate prices, a sensitivity analysis shows that projected future developments in Power-to-Hydrogen
technologies can greatly reduce the direct CO2 abatement cost to 54 EUR/t CO2-eq. An analysis of the
total GHG emissions shows that decarbonization through Power-to-Hydrogen reduces the global GHG
emissions only if the emission factor of the electricity supply lies below 160 g CO2-eq/kWhel.

The results suggest that decarbonization of copper production by Power-to-Hydrogen could become
economically and environmentally beneficial over the next decades due to cheaper and more efficient
Power-to-Hydrogen technology, rising GHG emission certificate prices, and further decarbonization of
the electricity supply.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The reduction of CO2 emissions in the industrial sector will be
crucial to meet the goals for climate changemitigation (Rogelj et al.,
2018; de Coninck et al., 2018). Besides increased energy efficiency,
additional options are necessary to reduce emissions (Fischedick
et al., 2014b). An increasingly powerful tool for reducing emis-
sions is electrification due to the rapid decarbonization of power
Engineering, ETH Zürich, CLA

r Ltd. This is an open access article
supply (Luderer et al., 2018).
However, replacing fossil fuels with electricity is not always

directly possible since fossil fuels serve two use cases in energy-
intensive industries: 1) the supply of process heat by combustion
and 2) the use as chemical feedstock. Process heat demand is
typically large and only few alternatives to fossil fuels can supply
heat at the required consistency, fluxes, and in particular high
temperatures (Friedmann et al., 2019). A promising alternative to
fossil fuels is the combustion of renewable hydrogen (H2) to pro-
vide high-temperature process heat (Friedmann et al., 2019).
Renewable H2 can often also be used as an alternative chemical
feedstock.
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abbreviations
AEL Alkaline electrolysis
AF Anode furnace
ASU Air separation unit
C Carbon
CH4 Methane
CO2-eq Carbon dioxide equivalent
EL Electrolyzer system
GHG Greenhouse gas
H2 Hydrogen
H2C Hydrogen compressor
H2st Hydrogen storage
MILP Mixed-integer linear program
O2 Oxygen
PEMEL Polymer electrolyte membrane electrolysis
PES Process electricity supply
PHS Process heat supply
SCF Slag-cleaning furnace
SOEL Solid oxide electrolysis
TAC Total annualized cost
VL Valve
WACC Weighted average cost of capital

Sets
c 2C Components ¼ {EL, H2st, H2C, VL, PHS, AF, SCF, PES}
d 2D Demands ¼ {phd, O2d, rad, rsd, phsd, eld}
i 2I Intermediates ¼ {H2, pH2, O2e}
s 2S Sources ¼ {el, CH4, C, O2s}
t 2T Time steps

Parameters
a CO2 cap in relation to conventional operation [-]
DhR Enthalpy of reaction [kJ/mol]
_Dd;t Time-specific process demands [kW, kg/h]
ε
dir
s;c Direct CO2 emission factors [g/kWh]
ε
ind
s Indirect GHG emission factors [g/kWh]
hc;eo;ei Efficiency of component [-, kgO2/kWhH2]
nc;Deo;H2 Correction factor for H2 use [-]
COAL

2 Annual limit of direct CO2 emissions [g/a]
COconv

2 Conventional CO2 emissions [g/a]
cpxfixc Fixed investment costs [EUR]
cpxvarc Size-specific investment costs [EUR/kW]
CRF Capital recovery factor [1/a]
int Interest rate of investment [%]
n Lifetime of the project [a]
nstk Lifetime electrolyzer stack [a]
omin
c Minimal part-load factor [-]

opxfixc Fixed annual operation and maintenance cost factor
[%/a]

Pmax
c Maximal installation size [kW]

Pmin
c Minimal installation size [kW]

ps;t Commodity prices [EUR/kWh, EUR/kg]
LHVs Lower heating value [kWh/mol]

Variables
_Ee;c;t Energy/material flow e2S ∪ I ∪D [kW, kg/h]
_Ss;t Supply of energy/material [kW, kg/h]
COdir

2t
Time-specific direct CO2 emissions [g/h]

COdir
2 Annual direct CO2 emissions [g/a]

CPXc Capital expenditures [EUR]
GHGind Annual indirect GHG emissions [g/a]
GHGtot Annual total GHG emissions [g/a]
OPXfix

c Fixed annual operation and maintenance costs [EUR/
a]

OPXvar
s;t Variable operating costs [EUR/h]

PNc Capacity of component [kW]
POc;t Operation rate of component [kW]
SOC0 Initial state of charge of the H2 storage [kWh]
SOCt State of charge of the H2 storage [kWh]
xc;t Decision to operate component [-]
yc Decision to install component [-]

Subscripts
Dphd;H2 Process heat demand savings when using H2 as

reducing agent
Dphsd;H2 Process heat demand savings in SCF when using H2

as reducing agent
ei Material/energy input
eo Material/energy output
stk Electrolyzer stack
el electricity
eld electricity demand
O2d Oxygen demand
O2e Oxygen from water electrolysis
O2s Oxygen source
pH2 Pressurized hydrogen
phd Process heat demand
phsd Process heat demand SCF
rad Reducing agent demand AF
rsd Reducing agent demand SCF

Superscripts
dir Direct
fix Fixed
ind Indirect
tot Total
var Variable
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Water electrolysis systems can produce H2 from water and
renewable electricity and thus are often summarized under the
term Power-to-H2. These systems are already commercially avail-
able at large system sizes of several MW power rating (Siemens AG,
2018). Additionally, further improvements are expected with re-
gard to technical and economic performance (Buttler and
Spliethoff, 2018). Due to these attractive features, Power-to-H2
systems are intensively investigated in literature (Parra et al., 2019)
and in numerous demonstration projects around the world (Thema
et al., 2019).
2

A prominent example for H2 as a decarbonization option for
energy-intensive industries is steel production (Fischedick et al.,
2014a; Weigel et al., 2016; Otto et al., 2017; Thyssenkrupp, 2019).
Studies show that steel production with direct hydrogen reduction
is economically and environmentally the most promising process-
ing route (Fischedick et al., 2014a; Weigel et al., 2016). In practice,
Thyssenkrupp, a large steel producer, recently started injecting
hydrogen as reducing agent into a blast furnace (Thyssenkrupp,
2019). In addition to their use as reducing agents, fossil fuels are
currently required for the provision of process heat. Here, the
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combustion of synthetic natural gas produced by methanation of
renewable H2 and carbon-rich off-gases, e.g., from steel production,
represents a further decarbonization option in integrated steel
plants (Rosenfeld et al., 2020).

Hydrogen could take a similar role in the energy-intensive
production of copper. Reducing copper production's environ-
mental impact is important as the global copper demand is ex-
pected to triple from2010 to 2050 (Elshkaki et al., 2016). This strong
increase in global copper demand is mostly attributed to socio-
economic development (Elshkaki et al., 2016; Deetman et al.,
2018; Henckens and Worrell, 2020). A significant driver for
growth is due to the fact that copper is a key element for low-
carbon technologies like renewable electricity and electric vehi-
cles and thus a central material for a sustainable energy transition
(Deetman et al., 2018; Kuipers et al., 2018). The specific climate
change impact per copper produced is expected to decrease due to
a cleaner electricity supply. However, this decrease can only
partially compensate for the additional emissions due to higher
copper demand (Kuipers et al., 2018). Consequently, several studies
consistently forecast that copper production's climate change
impact will significantly increase if no additional measures are
taken (Van der Voet et al., 2018; Kuipers et al., 2018; Dong et al.,
2020).

Copper's mass-specific climate impact is three times higher than
for iron (Van der Voet et al., 2018). Accordingly, several recent
studies analyze the life-cycle of copper with a focus on the impact
of mines (Song et al., 2017; Segura-Salazar et al., 2019), primary
production technologies (Kulczycka et al., 2016), and the recycling
of copper-rich waste (Zhang et al., 2021) for a circular economy
(Soulier et al., 2018; Bonnin et al., 2019; Reuter et al., 2015, 2019).
The reported climate change impact of copper production ranges
from 1.1 to 8.9 kg CO2-eq per kg of refined copper (Dong et al.,
2020). The wide variation of environmental impacts is due to
different production technologies, ore grades, and local energy
mixes (Dong et al., 2020), especially at the location of the mine
(Abadías Llamas et al., 2019). The climate change impact, in
particular, is strongly linked to energy consumption (Kuipers et al.,
2018). Thus, a clean energy supply is important to reduce copper
production's impact (Dong et al., 2020), particularly to mitigate the
rising energy demand due to the general decline of copper ore
grades at the mining sites. The energy-focused analysis by Moreno-
Leiva et al. (2019) concluded that detailed assessment and optimal
design of energy systems in copper production can enable eco-
nomic and environmental benefits, with the integration of
renewable energy supply offering a large potential. However, the
direct use of low-carbon electricity only reduces greenhouse gas
(GHG) emissions related to electricity consumption, while emis-
sions remain from process-related use of fossil fuels. To further
reduce the climate impact, production systems need to employ
clean fuels across the production chain of copper (Dong et al.,
2020). Power-to-H2 provides a potential pathway to also elimi-
nate process-related emissions. So far, the integration of Power-to-
H2 both in the energy supply system and the production process
has not been analyzed, despite the importance of copper and the
promising application due to the co-utilization of oxygen.

First tests on the use of H2 in copper production were recently
carried out, identifying promising applications in hydrogen
burners, anode refining furnaces, and melting units (Degel et al.,
2019). H2 has also successfully been employed experimentally as
an alternative reducing agent (Goyal et al., 1982; Parra De Lazzari
and Capocchi, 1997; Marin and Utigard, 2010; Qu et al., 2020). As
copper production also requires oxygen, on-site integration of a
Power-to-H2 system becomes particularly attractive, as the elec-
trolysis by-product O2 can partially replace its current supply by
energy-intensive cryogenic air separation.
3

To evaluate the environmental and economic potential of ret-
rofitting copper production with a Power-to-H2 system, a detailed
model is necessary for the integrated supply system for energy and
materials. Although the potential of Power-to-H2 systems has been
analyzed for many applications (Bertuccioli et al., 2014; Brunner
et al., 2015; Parra et al., 2017; van Leeuwen and Mulder, 2018;
Nguyen et al., 2019; Morgenthaler et al., 2020), the integrationwith
co-utilization of O2 and H2 has not yet been investigated for copper
production.

In this contribution, our main objective is to determine the
techno-economic potential of decarbonizing copper production by
Power-to-H2 technology. The techno-economic potential is quan-
tified by the minimal abatement cost of direct CO2 emissions. To
also evaluate the overall climate change impact, we assess the total
greenhouse gas emissions, including upstream processes, e.g.,
electricity supply. For this purpose, an optimal system design is
proposed for a representative copper production site. A model is
developed for the energy supply system for copper production
integrating a Power-to-H2 system. Through numerical optimiza-
tion, this model is used to analyze the techno-economic potential of
decarbonizing copper production. Specifically, we formulate and
solve a mixed-integer linear program (MILP) that minimizes the
total annualized cost (TAC), varying GHG emissions reductions. As
several parameters such as investment cost and efficiency of the
water electrolyzer in Power-to-H2 systems are expected to change
in the future, we conduct a broad sensitivity analysis to give an
outlook on the future economic and environmental impacts.

The remainder of the paper is structured as follows: Section 2
gives a brief overview of copper production, Power-to-H2 tech-
nology and states the assumptions and parameters used in our
analysis. Section 3 presents the mixed-integer linear program. In
Section 4, the results of the optimization and sensitivity analysis are
presented. Finally, conclusions are drawn in Section 5.

2. Material and data: Retrofitting copper production with
Power-to-H2

In this section, we give an overview of the reference copper
production plant and a Power-to-H2 system. Section 2.1 provides a
brief overview of the conventional reference process. In Section 2.2,
we discuss the assumptions and parameters for the use of H2 and
O2 in the process. Technical and economic parameters of the Power-
to-H2 system are presented in Section 2.3. Indirect GHG emissions
from upstream processes are examined in Section 2.4. Section 2.5
details the assumptions with respect to commodity prices and
energy demand profiles.

2.1. Conventional copper production

The production of copper consists of several process steps to
produce highly pure copper from copper concentrate. Our refer-
ence production process is based on Schlesinger et al. (2011) and its
retrofit with Power-to-H2 technology is shown in Fig. 1.

In the flash furnace, copper concentrate is smelted into a molten
mass. The required energy originates from oxidizing iron and sul-
fides in the concentrate. The oxidation takes place in an oxygen-
enriched blast of 50e70% O2, thus requiring large quantities of
O2. In the furnace bath, the molten mass separates into two layers
with copper-rich matte (50e70 wt-% Cu) at the bottom and lighter
slag, containing mostly iron oxides, at the top. Matte is sent to the
converters and slag to the slag-cleaning furnace. The slag-cleaning
furnace recovers matte droplets entrapped in the slag. To enhance
recovery and maintain a low-viscosity slag, the slag is kept at
operating temperature and a layer of coke acts as reducing agent.
Recovered matte is added to the converters along with matte from



Fig. 1. Flowsheet of copper production process retrofitted with Power-to-H2 technology to supply hydrogen as reducing agent in the anode furnace and slag-cleaning furnace, and
to supply high-temperature process heat. The electrolysis by-product oxygen is utilized in the flash furnace and converters. The structure of the conventional copper production
process is based on Schlesinger et al. (2011) and represented by solid lines, while the new material streams for the Power-to-H2 system are represented by dashed lines. The other
process heat (aggregated) represents the further process heat demands in the plant besides those explicitly mentioned.
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flash smelting. In the converters, oxygen-enriched air (22e28 vol-%
O2) is blown through the matte to oxidize iron and sulfides and
produce blister copper of 99 wt-% copper. The blister copper is sent
to the anode furnaces where remaining sulfur and oxygen are
removed by blowing first air and then a reducing agent through the
melt. Typically, natural gas is used as reducing agent, but other
fossil fuels are also in use (Ramachandran et al., 2003). The
resulting melt has a purity of 99.5 wt-% copper and is cast into
copper anodes. The anodes are electrolytically refined to copper
cathodes of 99.99 wt-% purity in the final process step. The corre-
sponding energy demands of an exemplary copper production
plant are shown in Table 1 (Aurubis, 2019).

Copper production processes are very heterogeneous due to
different geological, geographical, and technological conditions
(Kuipers et al., 2018). However, the chosen reference process ap-
plies the most commonly used technologies for smelting and
converting, i.e., flash smelting and Peirce-Smith converting (Wang
et al., 2019). Further, virtually all molten copper is fire refined and
electrolytically refined (Schlesinger et al., 2011), as performed in
our reference process. Thus, our reference process reflects the most
common setup of copper production and should therefore be
representative to establish the techno-economic potential of Po-
wer-to-H2. The carbon footprint of copper produced by the refer-
ence plant corresponds to a comparatively low value in relation to
other reported copper productions (Dong et al., 2020), which
strongly depends on the specific impacts of mining operations
Table 1
Annual energy demands of a conventional copper plant (Aurubis, 2019).

Energy form Unit Annual demand

Natural gasa GWh 481
Metallurgical cokea GWh 48
Electricity (direct use) GWh 552
Electricity (oxygen production) GWh 127
Other energy sources GWh 16
Annual production of copper kt 473
Specific energy demand MWh/t 2.6

a Energy amount stated as lower heating value (LHV).

4

(Abadías Llamas et al., 2019), but also indicates rather high effi-
ciency of the analyzed process. Thus, the considered plant rather
corresponds to a challenging case for decarbonization of copper.

2.2. Copper production with Power-to-H2 and eO2

The considered integration of a Power-to-H2 system into copper
production is shown in Fig. 1. In the following, we discuss our as-
sumptions for the use of H2 and O2 in copper production.

2.2.1. H2 as reducing agent in anode furnaces
Different copper production plants use different reducing agents

to deoxidize the molten blister copper (Ramachandran et al., 2003).
In our reference process, natural gas (CH4) is used as reducing agent
(Schlesinger et al., 2011). While there is little public information
about the industrial practice of using H2 instead of CH4 in anode
furnaces, experimental investigations have shown that H2 is an
effective reducing agent for refining molten copper (Goyal et al.,
1982; Parra De Lazzari and Capocchi, 1997; Marin and Utigard,
2010).

Due to a lack of public data, we assume that the reducing agents
CH4 and H2 react completely in the melt. Note that utilization in
industrial practice is typically not complete and will likely differ
between CH4 and H2 due to differing transport phenomena at the
interface between gas and liquid metal. To estimate the theoretical
potential of replacing CH4 by H2, we consider complete conversion
in the two reactions:

Cu2Oþ1
4
CH4/2 Cuþ 1

4
CO2 þ

1
2
H2O DhR1 ¼ �56:02 kJ

�
mol

(R1)

Cu2Oþ H2/2 Cuþ H2O DhR2 ¼ �88:73 kJ=mol (R2)

The enthalpies of reaction are stated in relation to 1 mol Cu2O
and assume that the reducing agents enter at 25 �C while the other
reactants are at 1200 �C (Schlesinger et al., 2011). The stoichiometry
shows that reducing 1 mol Cu2O requires 1 mol H2 instead of 14 mol
CH4. Since 1 mol H2 has an energy content of 241.8 kJ (LHV)



Table 3
Direct emission factors of the processes when using fossil fuels.

Process Factor Unit Value

Anode furnace reduction (AF) ε
dir
AF;CH4

g CO2/kWhCH4 197.4

Slag-cleaning furnace reduction (SCF) ε
dir
SCF;C

g CO2/kWhc 402.6

Process heat supply (PHS) ε
dir
PHS;CH4

g CO2/kWhCH4 197.4
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compared to 200.6 kJ for 1
4 mol CH4, more energy is consumed

when using H2. Thus, switching from CH4 to H2 increases the en-
ergy demand for reduction by 20.5%. The efficiency is calculated
relative to conventional operation using methane by

hAF;rad;H2 ¼
1
4LHVCH4

LHVH2
¼ 0:830; (1)

where hAF;rad;H2 is the efficiency for using H2 to meet the reducing
agent demand in the anode furnace instead of CH4, LHVCH4 and
LHVH2 are the lower heating values of CH4 and H2, respectively. The
efficiency hAF;rad;CH4 for using CH4 as a reducing agent is per defi-
nition equal to 1. The hydrogen-based reduction (Reaction (R2)),
however, is 58% more exothermic than the methane-based reduc-
tion (Reaction (R1)). The additional reaction enthalpy thus reduces
the process heat demand (phd). Setting the additional enthalpy of
reaction in relation to the LHV of the H2 input gives the correction
factor nAF;Dphd;H2 for the process heat demand as

nAF;Dphd;H2 ¼ DhR1 � DhR2

LHVH2
¼ 0:135: (2)

An overview of the efficiencies and correction factors is given in
Table 2.

According to Reaction (R1), 1 mol CO2 is released per 1 mol CH4.
Therefore, we calculate the direct CO2 emissions of the methane-
based operation with respect to the energy demand as

ε
dir
AF;CH4 ¼ MCO2

LHVCH4
¼ 197:4

�
gCO2

kWhCH4

�
; (3)

where ε
dir
AF;CH4 are the CO2 emissions per kWh input of the anode

furnace AF when using CH4, MCO2 is the molar mass of CO2, and
LHVCH4 is the molar lower heating value of CH4 (see Table 3 for the
emission factors).
2.2.2. H2 as reducing agent in slag-cleaning furnace
In the slag-cleaning furnace, slag is kept at the operating tem-

perature by electric resistance heating while suspended matte
droplets finish settling (Schlesinger et al., 2011). To maintain a low-
viscosity slag, magnetite (Fe3O4) is reduced to FeO with coke as
reducing agent because magnetite forms a solid in slag (Schlesinger
et al., 2011).

As reducing agents, pulverized coal, diesel, and natural gas have
been used (Sallee and Ushakov,1999; Li et al., 2017). Bio-diesel from
Table 2
Efficiencies and correction factors of different fuels to supply the demands
normalized to conventional operation: reducing agent anode furnace demand (rad),
process heat demand (phd), reducing agent slag-cleaning furnace demand (rsd),
process heat slag-cleaning furnace demand (phsd), and process electricity demand
(eld). The energy inputs are natural gas (CH4), hydrogen (H2), coke (C), and elec-
tricity (el).

Process Parameter Value

Anode Furnace (AF) hAF;rad;CH4 1
hAF;rad;H2 0.830
nAF;Dphd;H2 0.135

Slag-cleaning furnace (SCF) hSCF;rsd;C 1
hSCF;rsd;H2 0.814
nSCF;Dphsd;H2 0.114
hSCF;phsd;el 1

Process heat supply (PHS) hPHS;phd;CH4 1
hPHS;phd;H2 1

Process electricity supply (PES) hPES;eld;el 1

5

waste cooking oil has also been tested as reducing agent in an in-
dustrial slag-cleaning furnace (Li et al., 2018). The corresponding
analysis showed that the bio-diesel is primarily pyrolyzed to C and
H2, which then react with Fe3O4 in the slag. Just recently, Qu et al.
(2020) have conducted experiments to analyze the reduction with
H2 by injecting a gas stream of 70% H2 and 30% N2 into the slag.
Their results show good reduction of Fe3O4 and settling conditions.

Based on these applications and experiments, we assume that
the switch from coke (C) to H2 is feasible. Our calculations further
assume that coke consists entirely of carbon and that utilization of
both C and H2 is 100%. Note that utilization is again likely not
complete in industrial practice and will differ between reducing
agents due to the differing transport phenomena, e.g., C particles
gasify and create a gas film around themselves (Warczok and
Riveros, 2007).

To estimate the theoretical potential of H2 in slag reduction, the
reaction

Fe3O4 þ
1
2
C/3 FeOþ 1

2
CO2 DhR3 ¼ 57:8 kJ

�
mol (R3)

is replaced by the reaction

Fe3O4 þH2/3 FeOþ H2O DhR4 ¼ 30:2 kJ=mol: (R4)

The enthalpies of reaction are stated in relation to 1 mol Fe3O4
and assume that the reducing agents enter at 25 �C while the other
reactants are at 1230 �C (Schlesinger et al., 2011). The stoichiome-
tries in Reactions (R3) and (R4) show that 1 mol H2 is necessary
instead of 1

2 mol C to reduce the same amount of Fe3O4, assuming

complete reaction. The energy content of 12 mol C and 1 mol H2 are
196.8 kJ and 241.8 kJ, respectively. Therefore, switching the
reducing agent from C to H2 increases the energy demand by 22.9%
in terms of lower heating value. The corresponding efficiencies in
relation to conventional operation using C are calculated as

hSCF;rsd;H2 ¼
1
2LHVC

LHVH2
¼ 0:814; (4)

where hSCF;rsd;H2 is the efficiency for using H2 as a reducing agent,
LHVC and LHVH2 are the lower heating values of C and H2,
respectively. The efficiency hSCF;rsd;C for using C as a reducing agent
is per definition equal to 1. However, hydrogen-based slag reduc-
tion (Reaction (R4)) is less endothermic than coke-based reduction
(Reaction (R3)) and thus requires 48% less heat. Therefore, the
electrical energy input to heat the slag can be reduced accordingly.
The process heat savings in relation to the H2 input are given by the
correction factor nSCF;Dphsd;H2 as

nSCF;Dphsd;H2 ¼ DhR3 � DhR4

LHVH2
¼ 0:114: (5)

The efficiency for the resistive-electric heating is assumed to be
100%, with the corresponding efficiency hSCF;phd;el being equal to 1
(Table 2).

According to Reaction (R3), 1 mol CO2 is released per mol C.
Therefore, we calculate the direct CO2 emissions of the coke-based
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operation with respect to the energy demand as

ε
dir
SCF;C ¼ MCO2

LHVC
¼ 402:6

�
gCO2
kWhC

�
; (6)

where ε
dir
SCF;C are the CO2 emissions per kWh of the slag reduction

when using carbon C, MCO2 is the molar mass of CO2, and LHVC is
the heating value of C (see Table 3 for a summary of the emission
factors). In contrast, Reaction (R4) with H2 causes no direct CO2
emissions. The indirect greenhouse gas emissions from upstream
electricity supply are introduced in Section 2.4 along with other
indirect upstream emissions.

2.2.3. H2 as substitute for CH4 in process heat supply
We assume that hydrogen burners can be used to provide pro-

cess heat (Degel et al., 2019). Further, we assume that the efficiency
of heat supply is 100% for both CH4 and H2 with regard to their
lower-heating values. The respective direct CO2 emissions for
methane-based heat supply are calculated as

ε
dir
PHS;CH4 ¼ MCO2

LHVCH4
¼ 197:4

�
gCO2

kWhCH4

�
; (7)

assuming complete combustion. In Eqn. (7), εdirPHS;CH4 are the CO2

emissions of natural gas use (CH4) to fulfill the process heat supply
(PHS), MCO2 is the molar mass of CO2, and LHVCH4 is the lower
heating value of CH4.

2.2.4. Utilization of electrolysis by-product O2

One advantage of retrofitting a Power-to-H2 system into copper
production is the utilization of the electrolysis by-product O2.
Typically, the by-product O2 is emitted to the atmosphere. When
producing 1 kg of H2 fromwater electrolysis, around 8 kg of O2 are
produced based on the stoichiometric reaction of water
electrolysis:

H2O/H2 þ
1
2
O2 (R5)
Table 4
Parameters for the Power-to-H2 system.

Component Parameter Unit

Electrolyzer CAPEX cpxvarEL EUR=kW
Electrolyzer stack reinvest cpxvarstk EUR=kW

Electrolyzer fix. OPEX opxfixEL %-Inves

Electrolyzer lifetime system n a
Electrolyzer lifetime stack nstk a
Discount rate int %
Electrolyzer efficiency hEL;H2;el e

hEL;O2e;H2 kgO2/kW

Electrolyzer min. part-load omin;EL e

H2 storage CAPEX cpxvarH2st EUR/kg
H2 storage fix. OPEX opxfixH2st %-Inves

H2 compressor CAPEX cpxfixH2C EUR

cpxvarH2C EUR/(kg
H2 compressor fix. OPEX opxfixH2C %-Inves

H2 compressor efficiency hH2C;pH2;el kWhel/k
hH2C;pH2;H2 e

Pressure reduction hVL;H2;pH2 e

[1]: (Buttler and Spliethoff, 2018) [2]: (Sm
[3]: (KPMG, 2019) [4]: (Ch
[5]: (Parra et al., 2019)
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Today, O2 required for copper production is usually obtained
from external production in a dedicated cryogenic air separation
unit (ASU). In the investigated copper process, the annual elec-
tricity demand for the required O2 is reported as 127 GWh (Aurubis,
2019). With a typical ASU efficiency of 200e300 kWhel/tO2
(Banaszkiewicz et al., 2014), this energy demand corresponds to an
annual O2 demand of around 423e635 ktO2 of the copper pro-
duction. Replacing the annual fuel demand (Table 1) with H2 based
on LHV requires around 16 kt of H2, corresponding to around 128 kt
of O2. Even if the lower estimate for the O2 demand is taken as
reference, the electrolysis by-product O2 can only fulfill around 30%
of the O2 demand in copper production. Thus, all by-product O2 can
be utilized and we assume that every ton of O2 produced by the
water electrolyzer substitutes a ton of O2 otherwise produced
externally, following the approach taken for O2 utilization in other
Power-to-Gas studies (Parra et al., 2017; Guilera et al., 2018; Breyer
et al., 2015; Bailera et al., 2015; Kuparinen and Vakkilainen, 2017;
Morgenthaler et al., 2020; Rosenfeld et al., 2020).

2.3. Power-to-H2 system

To evaluate the techno-economic potential of a retrofit, we
analyze the Power-to-H2 system components in the following. The
discussed parameters are summarized in Table 4.

Besides the Power-to-H2 system itself, retrofitting an existing
copper production plant would incur additional costs, e.g., for
replacing burners or furnace equipment. However, reliably defining
such cost data is difficult as the data depends on site-specific factors
and non-disclosed data (Cusano et al., 2017). Therefore, we exclude
costs that arise from the substitution of process equipment and
point out that such costs must be added when applying the results
to an existing plant.

2.3.1. Water electrolysis system
The central component of a Power-to-H2 system is the water

electrolyzer with the three main technology options: alkaline
electrolysis (AEL), polymer electrolyte membrane electrolysis
(PEMEL), and solid oxide electrolysis (SOEL). Generally, AEL is
Value Reference

el 1000 assumption in range of [1]

el 271 45% of investment cost [2]
discounted by 10 years

t/a 3 [1]

20 assumption in range of [1]
10 assumption in range of [1]
5.2 based on WACC from [3]
0.6 [1][2]

hH2 0.238 based on stoichiometric
reaction, see Section 2.3

0.2 [1]

H2 470 [4]
t/a 2.0 [4]

500,000 fit to model in [4]

H2/h) 2440 fit to model in [4]
t/a 1.5 [5]

WhH2 0.051 based on [4]
1
1 assuming no H2 losses

olinka et al., 2018)
ardonnet et al., 2017)
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considered the most mature technology and has been available in
large system sizes for a long time. PEMEL is often considered for
Power-to-Gas plants, as rapid load changes are possible, allowing
intermittent operation and provision of ancillary grid services
(Kopp et al., 2017). SOEL is currently the least mature technology
only available at high costs and small system sizes. However, SOEL
technology offers very high efficiencies with a high potential for
heat integration (Buttler et al., 2015).

We base the parameters of our water electrolysis system on an
AEL system because AEL is the most mature technology and
currently has the lowest investment cost (Buttler and Spliethoff,
2018; Parra et al., 2019; Proost, 2019). Current investment costs
for AEL systems are stated in the range of 600-1500 EUR/kWel
(Buttler and Spliethoff, 2018; Smolinka et al., 2018). We choose
intermediate investment cost, also called capital expenditures
(cpx), of the electrolyzer system (EL) cpxvarEL of 1000 EUR/kWel. It
must be noted that significant scaling effects are expected when
considering large water electrolysis systems (B€ohm et al., 2020;
IRENA, 2020). Such investment cost reductions in line with ex-
pected future developments and scaling effects will be evaluated in
a detailed sensitivity analysis (cf. Section 4.3.2).

Equally important is the lifetime of the system. We differentiate
between the lifetime of the electrolyzer stack and the other com-
ponents. For the stack, we assume a lifetime nstk of 10 years which
is an average value for AEL stacks (Buttler and Spliethoff, 2018). For
the other components of the Power-to-H2 system, we assume a
lifetime n of 20 years (Smolinka et al., 2018). Since the lifetime of
the electrolyzer stack is shorter than the lifetime of the system, we
include reinvestment cost for a new stack after 10 years. The cost-
share of the stack is assumed to be 45% of the electrolyzer system
cost (Smolinka et al., 2018). The future reinvestment cost is dis-
counted by 10 years with an interest rate int of 5.2%, the weighted
average cost of capital (WACC) for energy projects in 2018/19
(KPMG, 2019). The discounted reinvestment cost for the stack
cpxvarstk is 271 EUR/kWel.

The operating costs include fixed and variable operating costs.
Fixed operating costs, including maintenance, are often defined as
an annual share of the initial investment costs. We assume fixed
operational expenditures (opx) of 3%/a in our model (Buttler and
Spliethoff, 2018). In contrast, the variable operating costs depend
on the energy consumption and thereby on electrolyzer system
efficiency. We choose a typical value for AEL systems with a system
efficiency hEL;H2;el of 60 %-LHV excluding the H2 compressor
(Buttler and Spliethoff, 2018; Smolinka et al., 2018). The production
rate of the by-product O2 is calculated from the stoichiometric re-
action (R5) as

_mO2;EL

�
kgO2
h

�
¼ 0:5

_EH2;EL
LHVH2

MO2 ¼ 0:238
�

kgO2
kWhH2

�
_EH2;EL; (8)

where _mO2;EL is the producedmaterial flow of O2 by the electrolyzer

(EL), _EH2;EL is the hydrogen output in terms of lower heating value,
LHVH2 is the molar energy content of hydrogen, and MO2 is the
molar mass of O2. We assume that the products are supplied at an
operating pressure of 30 bar, a typical value for commercially
available systems (Smolinka et al., 2018; Buttler and Spliethoff,
2018).

A drawback discussed for AEL systems is the limited part-load
operation. To account for that limitation in our model, we choose
a typical minimal part-load omin;EL of 20% (Buttler and Spliethoff,
2018; Smolinka et al., 2018). It should be noted that for applica-
tions requiring fast response times and frequent system standby,
e.g., ancillary grid services, another limitation of AEL systems must
be considered, namely the start-up times in the order of 1e5 min
7

for a warm-start and 1e2 h for a cold-start (Buttler and Spliethoff,
2018). In contrast, load changes at nominal operating temperature
are in the order of seconds (Buttler and Spliethoff, 2018). Since long
shut-downs do not occur in our system due to the continuously
operating copper production, we do not consider start-up times in
the present study.

2.3.2. Pressurized H2 storage
To gain more flexibility in operating the water electrolyzer, a H2

storage tank is added to ourmodel. We consider a steel storage tank
to store pressurized H2 at 200 bar, as such tanks are widely used in
industry (Chardonnet et al., 2017). The investment costs cpxvarH2st are
assumed to be 470 EUR/kgH2 with fixed operating costs of 2%, the
current parameters for stationary storage systems (Chardonnet
et al., 2017).

2.3.3. H2 compressor for pressurized storage
To store H2 at 200 bar, a compressor is required to increase the

pressure from the 30 bar operating pressure of the electrolyzer. Due
to the wide range of H2 compressor configurations, investment
costs vary widely in literature (van Leeuwen andMulder, 2018). We
use a variable cost function for H2 compressors which depends on
the compressor capacity _mH2, compression ratio, and output pres-
sure (Chardonnet et al., 2017). To keep the compressor cost function
in our model linear, we fit a linear cost function to the model of
Chardonnet et al. (2017) in the range from 0 to 40 MWH2

throughput and a compression ratio of H2 from 30 to 200 bar. The
resulting investment cost for the compressor can be calculated as

cpxtotH2C ¼ 500;000 EUR þ 2440
EUR,h
kgH2

_mH2; (9)

where cpxtotH2C is the capital expenditure of the compressor system
in EUR and _mH2 is the maximum mass flow of H2 in kg/h. The
corresponding fixed operating costs opxfixH2C are estimated as 1.5% of
the initial investment costs (Parra et al., 2019).

For the operation of the compressor, we assume an electricity
demand of 1.7 kWhel/kgH2 based on a two-stage compression from
30 to 200 bar (Chardonnet et al., 2017), which is 0.051 kWhel/
kWhH2 based on the LHV of H2 input (see hH2C;pH2;el in Table 4). We
assume that there are no H2 losses during compression and
decompression (see hH2C;pH2;H2 and hVL;H2;pH2 in Table 4).

2.4. Indirect GHG emissions

Fossil fuels, electricity, and system components are associated
with indirect GHG emissions from upstream processes, e.g.,
extraction, transport, and production, typically summarized in CO2
equivalents.

For the indirect GHG emissions, we consider only the upstream
emissions of commodities since the impact of the Power-to-H2
components is typically small compared to the impact of electricity
supply (Koj et al., 2017; Zhang et al., 2017; Bareib et al., 2019). The
total GHG emissions then consist of the direct CO2 emissions of the
copper production and the indirect GHG emissions. The assump-
tions for the upstream GHG emissions of electricity supply and
commodities are presented in Table 5.

Since the electricity supply is upstream of our copper produc-
tion, we refer to them as indirect GHG emissions. However, the
GHG emissions of electricity supply itself are typically separated
into direct and indirect emissions. For the direct GHG emissions of

electricity supply, we use the emission factor εind;direl of 401 g CO2-
eq/kWhel for grid electricity in Germany in 2019 (Icha and Kuhs,

2020). For the indirect GHG emissions, we add a factor ε
ind;ind
el of



Table 5
Upstream GHG emission factors of the commodities.

Commodity Factor Unit Value Reference

Electricity mix directa
ε
ind;dir
el

g CO2-eq/kWhel 401.0 Icha and Kuhs (2020)

Electricity mix indirect
ε
ind;ind
el

g CO2-eq/kWhel 30.0 Wietschel et al. (2019)

Natural gas ε
ind
CH4

g CO2-eq/kWhCH4 46.1 Moro and Lonza (2018)

Metallurgical cokeb ε
ind
C

g CO2-eq/kWhc 98.9 own calculationb

Oxygen from ASUc
ε
ind
O2

g CO2-eq/kgO2 80.2 own calculationc

a Average direct emission factor of grid electricity in Germany in 2019.
b Based on upstream coke plant emissions (Pardo et al., 2012) and LHV of coke (Suopaj€arvi et al., 2018).
c ASU efficiency of 200 kWhel/tO2(Banaszkiewicz et al., 2014) and emission factor of electricity mix.

Table 6
Commodity prices.

Commodity Parameter Unit Value Reference

Electricitya pel;t EUR/MWh 34.2 Bundesnetzagentur SMARD.de (2020)
Natural gas pCH4;t EUR/MWh 28.6 Bundesnetzagentur and Bundeskartellamt (2019)
Coke pC;t EUR/MWh 35.2 (Steelonthenet, 2019; Suopaj€arvi et al., 2018)
Oxygen pO2;t EUR/tO2 72 Pardo and Moya (2013)

a The shown electricity price is the average price of the historic price time series used (year 2019, German day-ahead market).
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30 g CO2-eq/kWhel for electricity in Germany (Wietschel et al.,
2019).

2.5. Commodity prices and time of energy use

The consumption of commodities generates operating costs. In
this section, we define the commodity prices and the demand
profile of our reference copper production.

2.5.1. Commodity prices
The commodity prices used in our model are based on typical

prices for industrial consumers in Germany in 2019 (cf. Table 6).
We assume a natural gas price of 28:6 EUR=MWh

(Bundesnetzagentur and Bundeskartellamt, 2019) and a coke price
of 293 EUR=t, based on the average European coke price in 2019
(Steelonthenet, 2019). Assuming an average heating value of 30 MJ=
kg (Suopaj€arvi et al., 2018), the price for coke (C) amounts to 35.2
EUR/MWh.

To analyze the cost savings from using the electrolysis by-
product O2, we define a price for substituted O2. We assume an
oxygen price pO2;t of 72 EUR/t for 2020, based on a study of iron and
steel production in Europe and an estimated annual growth rate of
1%/a compared to the reference year 2010 (Pardo and Moya, 2013).
Table 7
Parameters for the energy and material demands: process heat (phd), reducing
agent anode furnace (rad), reducing agent slag-cleaning furnace (rsd), process heat
slag-cleaning furnace (phsd), process electricity demand (eld), and oxygen (O2d).
The parameters are calculated based on the annual demands from Aurubis (2019)
and operating parameters from Schlesinger et al. (2011), as explained in Section 2.5.

Demand Parameter Unit Value Profile

Process heat _Dphd;t MW 47.7 Constant

Reducing agent AF _Drad;t MW 12.0 Intermittenta

Reducing agent SCF _Drsd;t MW 5.5 Constant

Electricity for process heat SCF _Dphsd;t MW 3.0 Constant

Other electricity demand _Deld;t MW 60.0 Constant

Oxygen _DO2d;t t/h 72.6 Constant

a The intermittent demand profile is shown in Fig. 2.
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This value fits into price ranges for O2 in Power-to-Gas studies
ranging from 50 EUR/tO2 (Kuparinen and Vakkilainen, 2017;
Rosenfeld et al., 2020) to 150 EUR/tO2 (Guilera et al., 2018), with
several studies also lying in the middle of this range (Parra et al.,
2017; Breyer et al., 2015; Pardo and Moya, 2013; Graf et al., 2014).

For the electricity prices, we use the 2019 historic day-ahead
spot market prices in Germany with hourly resolution
(Bundesnetzagentur d SMARD.de, 2020). The average electricity
price pel;t was 34.2 EUR/MWh. We use wholesale electricity prices
because Power-to-Gas systems in combination with energy-
intensive industry are largely exempted from electricity tax and
levies in Germany (Chardonnet et al., 2017). Following Felgenhauer
and Hamacher (2015), we assume that the cost of water is
negligible.
2.5.2. Energy and material demands
In this section, we present the assumed energy and material

demands of our reference copper production plant throughout the
year (Table 7).

The time to process one batch of 270 t of copper in an anode
furnace is 9 h (Schlesinger et al., 2011). The reduction with natural
gas is one sub-task which lasts 3 h while consuming 120 m3=h
(Schlesinger et al., 2011). Since we consider an annual production of
473;040 t copper (cf. Table 1) (Aurubis, 2019), the overall produc-
tion consists of around 1;752 batches. These batches are refined by
two anode furnaces (Schlesinger et al., 2011). We assume that the
two anode furnaces operate in an alternating manner (cf. Fig. 2).
The alternating operation causes an intermittent natural gas de-
mand of _Drad;t of 12.0 MW during the reduction.

The slag-cleaning furnace continuously treats slag coming from
the smelter (Schlesinger et al., 2011). Thus, we assume that the slag-
cleaning furnace has a steady-state demand for coke. Based on the
annual coke demand (Table 1), the hourly coke demand _Drsd;t is
5.5 MWh. Additionally, the slag-cleaning furnace has a power de-
mand of 3 MW to heat the slag.

Due to a lack of public data, we assume a constant aggregated
process heat demand, which is calculated from the annual natural
gas demand (cf. Table 1) minus the gas used as reducing agent. The
resulting annual process heat demand is 417.9 GWh, which



Fig. 2. Intermittent natural gas demand profile as reducing agent in the anode furnace.
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corresponds to a steady-state demand of process heat _Dphd;t of
47.7 MW.

Oxygen is primarily used for the oxygen enrichment of the blast
in the flash furnace. Since the flash furnace runs continuously and
due to the lack of detailed operating data, we assume a steady-state
oxygen demand. We calculate the O2 demand from the electricity
consumption of a modern air separation unit (Table 1) with an ef-
ficiency of 200 kWh/t of O2 (Banaszkiewicz et al., 2014). The cor-
responding O2 demand _DO2d;t is 72.6 t/h.

The annual electricity demand of our reference copper pro-
duction plant (Table 1) corresponds to an average steady-state
demand of 63 MW. Since we analyze the slag-cleaning furnace
separately, we have to subtract the 3 MW electricity demand for
heating the slag. Thus, all other electricity consumers correspond to
an electricity demand _Deld;t of 60 MW.

3. Method and problem description

To evaluate the benefits of retrofitting a Power-to-H2 into cop-
per production, we use mathematical optimization.

3.1. Optimization formulation

We use mixed-integer linear programming (MILP) to optimize
the design and operation of the Power-to-H2 system. MILP is an
optimization method that minimizes a given linear objective
function subject to a set of linear constraints (Nemhauser and
Wolsey, 1988). The optimization variables include both discrete
decisions, e.g., whether to install a certain component, and
continuous decisions, e.g., the size of a component or the level of
operation at a certain point of time. Design problems where both
investment and the operating costs shall be optimized can often be
stated as (piece-wise) linear models and solved efficiently to global
optimality by MILP (Grossmann, 1985; Voll et al., 2013).

3.1.1. Objective: total annualized cost (TAC)
The objective of our optimization is to minimize the total

annualized cost (TAC) of the retrofit. The TAC includes investment
and operating costs over a project lifetime of 20 years. The objective
9

is written as

min
X

c 2 C

�
CPXc ,CRF þOPXfix

c

�
þ

X
t 2 T

X
s 2 S

OPXvar
s;t ,Dt; (10)

where CPXc is the capital expenditure for the investment cost of
component cwith C as the set of all components, CRF is the capital
recovery factor which converts initial investment cost to annual
cost based on project lifetime n and discount rate int. Based on n
and int, we calculate the capital recovery factor as

CRF ¼ ð1þ intÞn,int
ð1þ intÞn � 1

: (11)

In the objective (10), OPXfix
c are the fixed operating expendi-

tures, i.e., maintenance cost. OPXvar
s;t are the variable cost which

arise from consuming commodity s in time step t. Set S contains all
commodity sources and set T contains the 8760 hourly time steps
of the year. The operating costs are multiplied by Dt which is the
uniform duration of each time step and set to 1 h.

The capital expenditure CPX or investment cost for a component
is calculated as

CPXc ¼ yc cpxfixc þ PNc cpxvarc c c2C ; (12)

where the binary variable yc takes the value 1 if a component is
installed, cpxfixc is the fixed investment cost, PNc is the component
size, and cpxvarc is the size-specific investment cost.

The annual fixed operating expenditure OPXfix
c of a component c

is determined by

OPXfix
c ¼CPXc,opxfixc c c2C ; (13)

where CPXc is the initial investment cost of component c, and opxfixc
is a factor for the annual operation and maintenance cost inde-
pendent of operation.

In contrast, the variable operating expenditure OPXvar
s;t depends

on the actual operation. OPXvar
s;t arises when commodities are

consumed and is calculated as
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OPXvar
s;t ¼ps;t _Ss;t c s2S ; t2T ; (14)

where ps;t is the price of commodity s in time step t, _Ss;t is the
amount of commodity consumed.
3.1.2. Constraints
The copper production process has to be supplied by the

necessary energy and materials of reducing agents, oxygen, process
heat, and electricity (cf. Table 1). To this end, we formulate a
system-wide balance equation for each type of energy and material
in each time step as

X
c 2 C

_Ee;c;t þ _Ss;t ¼ _Dd;t c e2S ∪I ∪D ; s2S ; d2D ; t2T ;

(15)

where _Ee;c;t describes the energy/material flow e to/from compo-

nent c in time step t, _Ss;t are the flows from source s supplying the

system with a commodity, _Dd;t represents the energy or material
demand d.

The demand setD contains demands that have to be fulfilled in
every time step t to not hinder copper production. The six consid-
ered demands are: process heat, oxygen, reducing agent for the
anode furnace, reducing agent for the slag-cleaning furnace, elec-
tricity for process heat in the slag-cleaning furnace, and other
electricity demands. The set S contains four sources available in
the model: electricity, natural gas, metallurgical coke, and oxygen.

Components transform materials and energy from the sources
to fulfill the demands of the system. The installation of components
is described as

yc Pmin
c � PNc � yc Pmax

c c c2C ; (16)

where yc is the binary decision to install component cwith Pmin
c and

Pmax
c as the minimal and maximal installation size. Pmin

c is set to
0 MW and Pmax

c is chosen sufficiently high with 1000 MW to not
influence the optimal solution.

To determine the operation rate POc;t of a component in each time
step, we formulate operating constraints as

xc;t PNc omin
c � POc;t � xc;t PNc c c2C ; t2T ; (17)

where xc;t is the binary decision to operate the component in time

step t, and omin
c is the minimal part-load factor of component c. As

Eqn. (17) contains a bi-linear product of a binary variable and a
continuous variable, i.e., xc;t and PNc , we reformulate the bi-linear
term based on Glover (1975).

The operation of a component is connected to the energy and
material flows by

_Eeo;c;t ¼ POc;t ; c c2C ; t2T ; (18)

_Eeo;c;t ¼ hc;eo;ei
_Eei;c;t c c2C ; t2T ; (19)

where _Eeo ;c;t is the main material/energy output and hc;eo ;ei denotes
the efficiency of transforming ei into eo. Note that a componentmay
have multiple in- and outputs, e.g., the water electrolyzer has one
input (electricity) and two outputs (H2 and O2).

Based on the input of H2 as reducing agent, the correction fac-
tors nc;Deo ;H2 determine the reduction in process heat demand as
10
_EDphd;AF;t ¼ nAF;Dphd;H2
_EH2;AF;t c t2T ; (20)

_EDphsd;SCF;t ¼ nSCF;Dphsd;H2
_EH2;SCF;t c t2T ; (21)

where _EDphd;AF;t and _EDphsd;SCF;t are the amounts of process heat

reduction, and _EH2;AF;t and _EH2;SCF;t are the corresponding inputs of
H2 as reducing agent based on LHV.

To enable a flexible operation of the water electrolyzer, a H2
storage tank (H2st) is part of the Power-to-H2 system. The state of
charge (SOC) of the H2 storage is obtained from

SOCtþ1 ¼ SOCt þ _EpH2;H2st;t,Dt c t2T \f8760g; (22)

1¼ xstorage�in;t þ xstorage�out;t c t2T ; (23)

SOC8760 ¼ SOC0; (24)

where SOCtþ1 is the state of charge based on the state of charge

SOCt from the previous time step and the in- or output _EpH2;H2st;t of
pressurized H2 in time step t. The storage can only charge or
discharge at a time (Eqn. (23)). The initial state of charge is a var-
iable and Equation (24) enforces that the final state of charge (end
of year) is equal to the initial state of charge (beginning of year).
3.1.3. GHG emissions
Direct CO2 emissions are emitted when fossil fuel is consumed

by a component. The arising CO2 output contributes to the direct
CO2 emissions of the overall system. The hourly system-wide direct
CO2 emissions COdir

2t
are calculated by summing over the different

components and sources, i.e.,

COdir
2t

¼
X
s 2S

X
c 2 C

ε
dir
s;c

_Es;c;t c t2T ; (25)

and the annual direct CO2 emissions COdir
2 are calculated as

COdir
2 ¼

X
t 2T

COdir
2t

(26)

COdir
2 � COAL

2 ; (27)

where _Es;c;t is the material consumption of component c in time
step t, εc;s is the emission factorwhen component c consumes s, e.g.,
natural gas. The parameter COAL

2 in Eqn. (27) limits the annual

direct CO2 emissions COdir
2 . We vary the limit COAL

2 to analyze
different degrees of decarbonization. The optimizer chooses how
and when to reduce CO2 to determine the most cost-efficient
design and operation for a given annual limit COAL

2 .
The indirect GHG emissions are calculated as

GHGind ¼
X
t 2T

X
s 2S

ε
ind
s

_Ss;t ; (28)

where ε
ind
s is the indirect emission factor corresponding to the

commodity consumption _Ss;t in time step t.
Finally, the total GHG emissions are computed by

GHGtot ¼COdir
2 þ GHGind: (29)
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3.2. Successive decarbonization

Our reference scenario is defined as conventional production
and energy supply based on fossil fuels as well as electricity from
the grid. We then investigate different degrees of decarbonization
by imposing limits on the allowed direct CO2 emissions (COAL

2 )
corresponding to emission reductions from 5% to 100% in in-
crements of 5% (see Fig. 3). The CO2 limit is defined as

COAL
2 ¼a,COconv

2 ; (30)

where a is the share of CO2 emissions allowed in relation to the
emissions from conventional operation COconv

2 which correspond to
an a of 1 (100%). The CO2 limitation makes the retrofit with the
Power-to-H2 system necessary as it allows to replace coke and/or
natural gas by H2 (Section 2.2). To chart a successive design path for
decarbonization, the results of the previous optimization are used
as lower bound of the design decisions yc and Pmin

c (Eqn. (16)) in the
successive optimizationwith tighter CO2 limit. Thereby, the designs
Fig. 3. Solution procedure of the successive decarbonization of copper production. The
rhomboid represents input data. Rectangles without a heading describe actions. The
rectangle with heading represents the design optimization. The rhombi mark branches
in the procedure with the corresponding condition written at the outgoing arrow. The
rectangles with rounded corners represent the collected results: the optimal system
designs.
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build on each other.
As a key figure of each scenario, we define the direct CO2

abatement cost (AC) as

AC¼ DTAC
DCOdir

2

; (31)

where DTAC is the increase of total annualized cost (TAC) of the
retrofitted production in comparison to the reference case, and
DCOdir

2 is the annual reduction of direct CO2 emissions compared to
the reference case. Analogously, we calculate the total GHG
abatement cost based on the total GHG emissions.
4. Results and discussion

In this section, we evaluate the potential of Power-to-H2 to
decarbonize copper production for various degrees of decarbon-
ization. First, we analyze the economic potential and system design
in Section 4.1. Second, we assess the environmental impact with
regard to GHG emissions in Section 4.2. Last, in Section 4.3, the
sensitivity of the results towards several techno-economic pa-
rameters is evaluated and set into relation to expected future
technological advancements.
4.1. Decarbonizing copper production

We analyze the optimal results for decarbonizing a copper
production with a Power-to-H2 system under today's technical
parameters and prices. To rank the economic efficiency of decar-
bonizing the sub-tasks of our copper production, we analyze the
results of optimized systems under increasingly strict CO2 limits.

With increasing CO2 emission reduction from 5% to 100%, the
resulting direct CO2 abatement cost for the retrofit increases from
112 to 201 EUR/t CO2, see Fig. 4(a).

These abatement costs vastly exceed current European Union
Allowances (EUA) that had an average price of 24.6 EUR/t CO2 in
2019 on the European Energy Exchange (EEX, 2019). However, CO2
prices are expected to increase in the future as governments take
more action on climate change. While the expected future CO2
prices vary strongly between different scenarios and models
(Rogelj et al., 2018), a European scenario projects up to 310 EUR/t
CO2 in 2050 (EU Commission, 2011). Such a price is consistent with
studies considering the 1.5 �C climate change mitigation goals
(Rogelj et al., 2018).

Meanwhile, costs for CO2 higher than the current EUA prices are
already in place in some countries today, e.g., in Sweden with 110
EUR/t CO2 (Government Offices of Sweden, 2020) or in Switzerland
with 90 EUR/t CO2 in 2018 (Bundesamt für Umwelt, 2019).

Breakdowns of the direct CO2 abatement costs are shown in
Fig. 4(a). As expected, the electricity cost for the Power-to-H2 sys-
tem is the largest cost factor of the retrofit with 70% for the com-
plete elimination of direct CO2 emissions. Therefore, we analyze the
impact of different electricity prices in a sensitivity analysis.
Further, we find that the utilization of the O2 by-product has a
substantial positive economic impact on the direct CO2 abatement
cost, reducing costs by 81 EUR/t CO2 in the 100% reduction case.
Thus, the utilization of the water electrolysis by-product O2 reduces
the direct CO2 abatement cost by 29% compared to a system that
emits the O2. The results make a strong case for retrofitting Power-
to-H2 on-site at a plant with large O2 demand. Furthermore, it can
be seen that the investment cost of the H2 storage system is
negligible. The electricity cost of the compressor is small as well,
compared to the water electrolyzer with only 0.15% of the elec-
tricity cost of the supplied H2.



Fig. 4. Results of the decarbonization of copper production by retrofitting a Power-to-H2 system. (a) The resulting direct CO2 abatement cost for increasingly tighter direct CO2

emission limits ranging from the conventional process (0% reduction) to the fully-decarbonized process (100% reduction). (b) The degree of substitution with H2. The substitution is
defined as the share of H2 in the total energy demand.

Fig. 5. Electrolyzer peak capacity in terms of hydrogen output (LHV). The left axis
shows the total peak capacity and the right axis shows the peak capacity in relation to
the annual copper production volume.

Table 8
Power-to-H2 system design in the fully-decarbonized case.

Component Unit Value

Water electrolyzer MWH2 63.1
H2 compressor MWH2 8.7
H2 storage capacity MWhH2 77.8
H2 initial filling level (t ¼ 0) MWhH2 24.5

Fig. 6. Influence of the electricity prices (a) on the electrolyzer operation (b) and state
of charge of the H2 storage over the first week of the year (c). The solid ellipse (c) marks
the effect of the intermittent demand of the anode furnace reducing agent. The dashed
ellipses mark an example of discharging the storage in hours of high electricity prices
followed by slow recharging of the storage. The dashed line in the electrolyzer oper-
ation (b) marks the minimal active part-load.
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Fig. 4(b) shows the degree of H2 usage which is defined as the
share of H2 in the annual energy demand of the respective process.
When imposing a CO2 limit, the first process to switch to H2 is the
slag-reduction task because of the large direct CO2 emissions from
the reductionwith coke. The use of H2 in the slag-reduction quickly
reaches 99% and only in the fully-decarbonized case reaches 100%.
The 99% threshold occurs because the water electrolyzer is shut
down during the highest electricity price peaks in the year and coke
is used instead.

When almost all coke is substituted, H2 is also used to supply
12
process heat (Fig. 4(b)). The stagnation of the H2 use for process
heat at around 85e90% reduction is caused by a change in system
design:When the copper refining in the anode furnace starts to use
H2, a larger H2 storage is introduced to balance the uneven demand
profile of the copper refining (Fig. 2). Therefore, it becomes cheaper



Fig. 8. The additional total annualized cost per ton of copper.

Fig. 9. Direct CO2 plus indirect GHG emissions of copper production with Power-to-H2

retrofit. The GHG emissions of electricity include only the direct emissions of grid
electricity in Germany in 2019 (Icha and Kuhs, 2020). The other GHG emissions further
include upstream emissions from electricity supply and other commodities, i.e., natural
gas and coke. The left axis shows the annual GHG emissions and the right axis shows
the annual GHG emissions in relation to the annual copper production volume.
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to use H2 for copper refining than for increasing H2 usage in process
heat supply during times of high electricity prices.

Fig. 5 shows the optimal electrolyzer capacity for varying degree
of decarbonization. To enable comparisons with other electrolysis
applications, we set the electrolyzer capacity in relation to the
annual copper production volume (Fig. 5, right axis).

The resulting design for the Power-to-H2 system in the fully-
decarbonized case shows that the optimal storage is small
compared to the electrolyzer output with a capacity corresponding
to 1.23 h of operation, see Table 8. This design decision is attributed
to the relatively constant energy demand of the process, the addi-
tional costs for the storage system, and most importantly, the
necessary over-sizing of the electrolyzer for intermittent produc-
tion of stock H2 for later use.

Fig. 6 shows the state of charge (SOC) for the H2 storage during
the first week in the year. The storage is slowly charged during
times of low electricity prices and discharged within few hours of
high electricity prices (e.g. hours 64 to 68). The pattern of rapid
discharging followed by slowcharging repeats itself throughout the
year. The electrolyzer operation (Fig. 6(b)) shows the economic
advantage of adding H2 storage: the system can react to variable
electricity prices. Beyond this pattern, the state of charge also re-
veals a shorter charging and discharging patternwhich is caused by
the intermittent demand for reducing agent in the copper refining
(Fig. 6(c)). In our model, a potential energy demand of the elec-
trolyzer during system standby is neglected, as we observe that
standby occurs only in 69 h of the year and never lasts longer than
1 h. The additional annual electricity demand for hot-standbymode
would amount to just 0.008e0.04% of the annual electrolyzer
electricity demand, assuming typical values for standby energy
demand of 1e5% of nominal load (Smolinka et al., 2018). We want
to note, however, that in systems with more frequent or extensive
standby operation, electrolyzer technology allowing for fast startup
times and thus complete shutdowns avoiding standby losses might
be advantageous.

An analysis of the H2 cost structure (Fig. 7) shows that initial
investment and electricity costs dominate. The resulting cost for
the H2 is around 2.65 EUR/kgH2 which is similar to the study by
Chardonnet et al. (2017), which finds H2 costs of 2.4 EUR/kg for a
large-scale water electrolysis system supplying an oil refinery. Note
that the system in Chardonnet et al. (2017) considers an oversized
water electrolyzer which enables even lower electricity prices.
However, themain reason for the relatively lowH2 price are the low
electricity prices both in our investigation and their study. The
electricity prices are based on direct procurement on the wholesale
day-ahead market and tax exemption (Section 2.5.1).

Besides the cost of hydrogen, the additional cost related to the
final product copper are most relevant for the economic operation
of a plant. Fig. 8 shows the increase in copper production cost due
Fig. 7. Cost structure of the produced H2 in the fully-decarbonized scenario.
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to decarbonization by Power-to-H2. While the cost per ton of
copper may appear small compared to typical copper market pri-
ces, the actual revenue realized for smelting and refining (around
435 EUR/t Cu in February 2020 (Aurubis, 2020)) is significantly
smaller than the copper market price. This revenue is calculated
from treatment and refining charges as well as premiums for the
sale of copper cathodes (Aurubis, 2020), as these make up the main
revenue of a smelter (Díaz-Borrego et al., 2019). Therefore, the
shown additional cost corresponds to up to 11% of the main reve-
nue when the production is fully decarbonized, thus constituting a
relevant cost factor.
4.2. Total GHG emissions

Fig. 9 shows the impact of direct CO2 emission reductions on the
GHG emissions of our copper production retrofitted by Power-to-
H2.

A major part of the total GHG emissions originates from up-
stream processes even in the conventional system (74%), most
notably from electricity generation. For grid electricity, we differ-
entiate between direct emissions from electricity supply with 401 g
CO2-eq/kWhel (Icha and Kuhs, 2020) and indirect emissions from
processes upstream of electricity supply with 30 g CO2-eq/kWhel
(Wietschel et al., 2019). The remaining indirect GHG emissions in
our analysis are from the upstream processes for natural gas and



Fig. 10. Impact of the emission factor of electricity on the indirect (a) and total GHG emissions (b). The dashed line shows the point of intersection between the conventional
production and the fully-decarbonized production. The left axes show the annual GHG emissions and the right axes show the annual GHG emissions in relation to the annual copper
production volume.
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coke supply. The specific emissions of the conventional operation
(0.92 t CO2-eq/t Cu) in our model agree well with the reported
direct and indirect CO2 emissions (0.96 t CO2-eq/t Cu) of the
reference plant (Aurubis, 2019). These climate impacts are small
compared to the average climate change impacts reported for
copper production (Dong et al., 2020), since only the production
plant is considered and not the mining operations for copper ore
concentrate which make up a large part of the overall climate
change impact, especially at low ore grades (Norgate and Haque,
2010). For a production process using the same technologies as
our model, Reuter et al. (2015) and Abadías Llamas et al. (2019)
determined the climate change impact of the complete produc-
tion chain, including the mining operations with copper ore grades
Fig. 11. Total GHG abatement cost for complete decarbonization of copper production
by Power-to-H2, i.e., 100% reduction of direct emissions. The remaining indirect GHG
emissions of electricity are based on the total emission factor of electricity and the
fossil fuels consider the avoided upstream GHG emissions from natural gas and coke
supply.
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of 1% and 0.7% Cu, to account for 2.6 and 2.7 t CO2-eq/t Cu,
respectively. These climate impacts are in the lower range of values
of copper production reported by Dong et al. (2020). While the
analyzed plant thus already represents a modern and very efficient
plant in Europe, it remains important to further reduce emissions in
view of the growing global copper demand.

For the Power-to-H2 system, GHG emissions from electricity
supply exceed the avoided emissions from natural gas and coke of a
decarbonized system (Fig. 9). Thus, running the Power-to-H2 sys-
tem using today's German electricity mix would increase total GHG
emissions.

In view of the evolving decarbonization of the electricity supply,
we analyze the impact of lower electricity emission factors in in-
crements of 50 g CO2-eq/kWhel (Fig. 10).

A decreasing total emission factor for grid electricity also re-
duces the total GHG emissions of the conventional copper pro-
duction due to the high electricity demand of the conventional
process. The scenario with 150 g CO2-eq/kWhel is the first instance
where total GHG emissions of the fully-decarbonized copper pro-
duction are lower than for conventional copper production. A linear
interpolation shows that the crossover point between the con-
ventional and the fully-decarbonized copper production lies at
160 g CO2-eq/kWhel. Thus, only if the GHG emissions from the
electricity supply are below 160 g CO2-eq/kWhel, decarbonization
of copper productionwith Power-to-H2 has not only a local but also
a positive global impact on GHG emissions.

Since the total GHG emissions strongly depend on the upstream
emissions of electricity supply, we further evaluate the abatement
cost in relation to avoided total GHG emissions (Fig. 11). The copper
plant is assumed to have reduced all direct emissions. Because total
GHG emissions are reduced only if the emission factor of electricity
is below 160 g CO2-eq/kWhel (Fig. 10), we focus our total GHG
abatement cost analysis on values below this threshold. As ex-
pected, the total GHG abatement cost strongly depends on the total
emission factor of electricity. Further, we see that the total GHG
abatement cost is much higher than the direct CO2 abatement cost
and only reaches similar cost at low-emission electricity with



Fig. 12. Sensitivity analysis for the fully-decarbonized system. The values are set in
relation to the reference case with direct CO2 abatement cost of 201 EUR/t CO2.

Fig. 13. Total direct CO2 abatement cost under varied parameters: (a) electrolyzer
investment cost and (b) electrolyzer efficiency.
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around 30 g CO2-eq/kWhel. Beyond that value, the total GHG
abatement cost can drop below the direct CO2 emission abatement
cost due to the avoided emissions from upstream natural gas and
coke supply, which are not considered in the direct CO2 emissions.

4.3. Future technology developments

Some parameters in our model are likely to change in the future
due to technological progress. Most importantly, water electrolysis
systems are expected to be further improved leading to lower in-
vestment cost (Thema et al., 2019; Buttler and Spliethoff, 2018;
Smolinka et al., 2018) and higher efficiency, e.g., by commerciali-
zation of large SOEL systems (Buttler and Spliethoff, 2018). Com-
modity prices, most notably for grid electricity and O2, are also
subject to change and influence the economic feasibility of the
Power-to-H2 retrofit. We, therefore, conduct a sensitivity analysis
on the influence of prices for O2 and electricity, water electrolyzer
efficiency and investment cost, as well as H2 storage investment
cost on the direct CO2 abatement cost.

4.3.1. Sensitivity analysis
Fig.12 shows that the direct CO2 abatement cost is very sensitive

to changes in the electricity cost. This result is not surprising as
electricity costs dominate the cost structure (Fig. 7). Any change in
electricity prices through power generation, procurement strate-
gies, taxes or tax exemptions can have a huge influence on the
profitability of decarbonization by Power-to-H2. Thus, the eco-
nomics of decarbonization depend strongly on the local electricity
market conditions. An electricity price increase of 10%, for instance,
results in additional abatement cost of 29 EUR/t CO2 (14.5%).

The second most influential parameter is the efficiency of the
electrolyzer system, which influences both investment cost and
operating cost by reducing the necessary electrolyzer size as well as
the electricity demand. Thus, any potential improvement in the
efficiency has a large influence on the direct CO2 abatement cost.
Assuming an electrolyzer system can improve its efficiency by 5% in
absolute terms, e.g., from 60 to 65% system efficiency (corre-
sponding to a relative increase of 8%), the abatement cost decrease
by 23 EUR/t CO2 (11.3%).

The investment cost of the electrolyzer system has the third
strongest influence on the direct CO2 abatement cost. A decrease of
100 EUR/kWel (10%) reduces the direct CO2 abatement cost by 12
15
EUR/t CO2 (6.1%).
Increasing the O2 price by 10% decreases the abatement cost by 8

EUR/t CO2 (4.1%) due to the higher economic benefit from the
avoided O2 procurement cost.

The shown investment cost of the hydrogen storage system
includes both costs for H2 storage and compressor. However, the
influence of the H2 storage on the direct CO2 abatement cost is
negligible. An increase of the storage system cost of 10% increases
the direct CO2 abatement cost by only 0.2 EUR/t CO2 (0.1%). Inter-
estingly, the H2 storage is designed larger in scenarios with low
electrolyzer investment cost as over-sizing becomes more attrac-
tive. When the electrolyzer investment cost is reduced by 10%, the
optimal storage size increases by about 53%.

4.3.2. Impact of water electrolysis development
Since technical and economic performance of water electrolysis

systems are expected to improve in the future, we analyze the
impact of such developments on the direct CO2 abatement cost by
Power-to-H2.

To analyze the impact of decreasing water electrolyzer invest-
ment cost, we analyze the direct CO2 abatement cost over a typical
range of investment costs (Fig. 13(a)). The investment costs range
from 1500 to 500 EUR/kWel, which represents the range from an
expensive alkaline-electrolyzer system today down to future AEL
and PEMEL systems (Smolinka et al., 2018). Assuming investment
cost of 500 EUR/kWel for the electrolyzer system, the direct CO2
abatement cost reaches 136 EUR/t CO2 to avoid all direct emissions.

The slight non-linearity in the direct CO2 abatement cost curve
is a result of the electrolyzer becoming larger in scenarios with
lower investment cost. The larger size allows for more operational
freedom to exploit fluctuating electricity prices and thus can save
operating cost.

The efficiency of electrolyzer systems is also expected to
improve in the future and has a large impact on the direct CO2
abatement cost (cf. Fig. 13(b)). The costs decrease to 127 EUR/t CO2
for an electrolyzer system efficiency of 80%, a value corresponding
to existing SOEL systems with heat integration (Buttler and
Spliethoff, 2018; Sunfire GmbH, 2020), e.g., a system with satu-
rated steam input at 150�C and 3 bar achieves an electric efficiency
of 82% (LHV) (Sunfire GmbH, 2020). However, the higher invest-
ment cost of SOEL systems counteracts cost reductions in electricity
costs achieved by higher efficiencies.

The non-linearity in the direct CO2 abatement cost curve as a
function of electrolyzer efficiency is caused by the efficiency
influencing both investment and operating costs: a higher effi-
ciency allows for a smaller electrolyzer and less electricity con-
sumption during operation.

As both investment cost and efficiency of water electrolysis
systems are expected to improve, we analyze a combined



Fig. 14. Direct CO2 abatement cost under decreasing electrolyzer investment cost and increasing efficiency. Highlighted estimates for the electrolyzer system parameters are taken
from Smolinka et al. (2018). To display the estimations on our parameter grid, we rounded each value to the nearest increment in our sensitivity analysis. The stated efficiency of the
solid oxide electrolysis (SOEL) does not consider the energy for steam generation (Smolinka et al., 2018).

Fig. 15. Total GHG emissions under decreasing emission factor of the electricity supply
and increasing electrolyzer efficiency. The dashed line marks the threshold where the
total GHG emissions of the fully-decarbonized process decrease in comparison to the
conventional production process.
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development of both parameters. The parameter pairs and the
resulting direct CO2 abatement cost are presented in Fig. 14. We
highlight typical estimates for future electrolyzer systems based on
the parameterized data set given in Smolinka et al. (2018). The
highlighted results show three electrolyzer technologies: alkaline
(AEL), polymer electrolyte membrane (PEMEL), and solid oxide
electrolysis (SOEL) in 2030 and 2050.

The potential commercialization of SOEL systems is often
considered to result in high efficiencies and large cost reductions,
with some estimates even below 500 EUR/kWel in the long-term
(Bertuccioli et al., 2014; Smolinka et al., 2018). We find that the
combination of both parameters can drastically reduce the direct
CO2 abatement cost to a value of 54 EUR/t CO2 for a system expected
in 2050.
16
AEL and PEMEL systems are also expected to improve in the
short-term (2030) and long-term (2050) (Smolinka et al., 2018).
The estimates for 2030 already imply strong reductions in the
direct CO2 abatement cost. The AEL reaches direct CO2 abatement
cost of around 98 EUR/t CO2 in 2030. While the abatement cost for
the PEMEL is noticeably higher in 2030, it reaches a value of 105
EUR/t CO2 in 2050, similar to the 89 EUR/t CO2 for the AEL in 2050.

The expected future improvement of the electrolyzer efficiency
also has an impact on the total GHG emissions (Fig. 15). With
increasing efficiency, the system consumes less electricity which
reduces the indirect GHG emissions from the electricity supply.
Since the emission factor of the electricity supply is expected to
improve in the future, we also analyze its impact.

While an increase in electrolyzer efficiency has a positive impact
on the total GHG emissions, it becomes clear that the emission
factor of the supplied electricity is absolutely crucial. The dashed
line in Fig. 15 marks the threshold at which the retrofit becomes
overall positive in comparison to the conventional copper pro-
duction in terms of total GHG emissions. Thus, a drastic reduction of
GHG emissions in the electricity supply is of utmost importance to
support the decarbonization of copper production by Power-to-H2.
In summary, the results emphasize that the supply with renewable
electricity is by far the most important factor to reduce total GHG
emissions even if considering improvements in electrolyzer
efficiency.
4.4. Discussion and implications

We now discuss the significance and implications of our work
from an economic and environmental perspective, as well as the
importance for different stakeholders.

While our model is based on a specific process design (Section
2.1), the process setup consists of the most commonly applied
technologies in copper production. Thus, we expect our main
findings in combination with the given sensitivity analysis to apply
to a broad range of copper plants. In addition, the disclosure of our
model equations, parameters, and assumptions enables readers
with access to plant-specific data to adapt our analysis to their
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particular plant and site. With access to additional data not publicly
available, the model could also be updated to account for potential
impacts beyond those we could assess, e.g., non-ideal fuel utiliza-
tion rates.

The determined potential provides industry stakeholders with a
first estimate of the cost of decarbonizing copper production by
hydrogen and shows the beneficial co-utilization of the electrolysis
by-product O2. The direct CO2 abatement cost of 201 EUR/t CO2
gives an indication under which cost of CO2 the retrofit becomes
profitable. Vice versa, the findings show policy makers the in-
centives or carbon prices that need to be put in place to encourage
industry to decarbonize.

Our results show that the cost of decarbonization constitutes a
relevant cost factor in copper production. To prevent carbon
leakage by making production regionally unprofitable, border car-
bon adjustment might be necessary. Preserving regional copper
production capacities with low GHG footprints can be especially
important for the goal of a circular economy since copper produc-
tion is of great importance for the recycling of electronic waste and
recovery of valuable minor elements (Reuter et al., 2019).

Future improvements in water electrolysis technology would
greatly reduce the economic cost of decarbonization. High-
temperature electrolysis with heat integration offers particular
high efficiencies. Cooperation between potential customers of
large-scale electrolyzers such as copper producers and manufac-
turers of such systems is beneficial as the estimated cost reductions
are in parts based on learning effects from installed systems (B€ohm
et al., 2020). The expected cost reduction together with higher CO2
certificate prices might lead to a reinforcing effect by making Po-
wer-to-H2 system for decarbonization of industries economically
feasible.

As our analysis has once again confirmed, the electricity price is
a critical factor for cost-efficient decarbonization of energy-
intensive industries by Power-to-H2. Moreover, the required elec-
tricity must come from low-carbon sources, as the overall emis-
sions are highly dependent on the emission factors of electricity
supply and in case of copper production only decrease with elec-
tricity emission factors below 160 g CO2-eq/kWh. Therefore,
assessment of the local electricity supply conditions is always
required to determine the overall GHG emissions reduction po-
tential for such a retrofit. Future works should therefore include
specific local emission factors as the local situation can vary
strongly from the case for Germany laid out here. Many smelters
are located near the sea to receive ore shipments (Schlesinger et al.,
2011) and proximity to off-shore wind parks could potentially offer
opportunities to access low-carbon power.

While the on-site integration of a Power-to-H2 system shows a
great economic benefit by reducing the direct CO2 abatement cost
by 81 EUR/t CO2, imported H2 that is produced in optimal locations
with high full-load hours for wind and solar power generation
represents an interesting alternative that should be investigated in
a future study. Considering H2 production facilities in remote lo-
cations may also become necessary due to the high demand for
renewable electricity when decarbonizing industry, as shown for
the chemical industry (K€atelh€on et al., 2019), which could readily
exceed regional renewable energy potentials.
5. Conclusions

This work analyzes the techno-economic potential of decar-
bonizing copper production with H2 by retrofitting a Power-to-H2
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system to eliminate direct CO2 emissions. The total greenhouse gas
(GHG) emissions are determined to evaluate the climate change
impact of the retrofit.

The results show direct CO2 abatement cost of around 201 EUR/t
CO2 assuming current Power-to-H2 technologies and commodity
costs in Germany (2019). This direct CO2 abatement cost vastly
exceeds the average price of European Union Allowances (EUA) of
24.6 EUR/t CO2 in 2019. However, future prices of up to 310 EUR/t
CO2 in 2050 are estimated in a scenario by the European Union to
mitigate climate change. Other studies find that similar prices for
CO2 emissions are necessary for climate change mitigation in the
future, indicating that the Power-to-H2 route might become viable
in the future.

While the profitability depends strongly on the price of elec-
tricity, the savings from utilizing the electrolysis by-product O2 in
the copper plant have a substantial positive impact on the direct
CO2 abatement cost. This result makes on-site integration of Power-
to-H2 and copper production more attractive than separate oper-
ation sites. Co-utilization of H2 and O2 also reduces GHG emissions
as less O2 has to be supplied by cryogenic air separation. While the
hydrogen storage system has little impact on the abatement cost,
storage allows the water electrolyzer to react to the electricity
prices to some extent. While the storage capacity is sized rather
small compared to the peak power of the electrolyzer in our study,
we expect the storage to have a larger economic impact in case of
more severe electricity price fluctuations.

While direct CO2 emissions can be avoided by retrofitting a
Power-to-H2 system, our results show that the retrofit reduces total
GHG emissions only if the emission factor of electricity is below
160 g CO2-eq/kWh.

The sensitivity analysis shows that expected future de-
velopments of water electrolysis systems in terms of technical and
economic performance can drastically reduce the direct CO2
abatement cost. Reduced investment cost and efficiency gains of
alkaline electrolyzers expected already for 2030 halve the direct
CO2 abatement cost to around 98 EUR/t CO2. Most promising is the
commercialization of large solid oxide electrolyzer systems (SOEL)
with heat integration, enabling direct CO2 abatement cost of around
90 EUR/t CO2 expected in 2030 and 54 EUR/t CO2 expected in 2050.

Based on the progress of water electrolysis technology and ris-
ing future CO2 certificate prices, it seems likely that the decar-
bonization of copper production by a Power-to-H2 system retrofit
will become profitable in the next decades. However, decarbon-
ization of the electricity supply will be crucial to lower the total
GHG emissions of copper production.

Further research should focus on the local conditions of the
energy supply as we observe strong impacts of electricity prices
and emission factors. Our model and analysis can easily be adapted
to a specific plant or site by updating the relevant model parame-
ters. The model should also be refined by learnings from experi-
mental implementations of hydrogen in copper production. Since
renewable energy is key for a successful decarbonization but
intermittent in nature, copper production equipped with a Power-
to-H2 system including H2 storage may also represent a potentially
valuable source of demand-side flexibility.
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