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The integration of “green” hydrogen into the energy supply represents a key strategy for the defossilization
of energy systems. However, its economic viability remains constrained by the currently high production
costs. A possible strategy to enhance the economic feasibility of hydrogen-based energy systems is the
system-integrated utilization of oxygen, a by-product of electrolysis. This study examines the potential of
integrating electrolysis-derived oxygen into various industrial applications using an energy system optimization

Keywords: model of Germany. The analysis focuses on identifying the cost-saving potential, the resulting impact on the
Green hydrogen hydrogen and oxygen supply chains, and suitable industrial sites for oxygen utilization. The findings reveal
Electrolysis that integrating electrolysis-derived oxygen into industrial processes offers substantial cost-saving opportunities
Oxygen while influencing the optimal configuration of hydrogen supply chains and infrastructure. Incorporating

Energy system optimization electrolysis-derived oxygen into existing industrial processes can reduce total system costs by up to 0.2%

without significantly changing hydrogen infrastructure design or the average levelized costs of hydrogen.
Further savings are achievable by introducing new applications such as oxy-fuel combustion and wastewater
treatment. In this case, system costs can decrease by up to 1.3%, and average levelized costs of hydrogen can
fall by 7%. These changes also shift optimal electrolyzer siting toward industrial locations with high oxygen
demand. The high-value chemical industry, in particular, can cover nearly its entire newly created oxygen
demand through electrolysis. The results highlight the systemic value of integrating electrolysis-derived oxygen
and underscore the importance of including oxygen utilization in early hydrogen infrastructure planning.

1. Introduction

Hydrogen is increasingly recognized as a key element in the transi-
tion to renewable energy systems to mitigate climate change [1]. Beside
its traditional use as an industrial feedstock, hydrogen is being explored
for emerging applications such as seasonal energy storage and ‘‘green”
fuel for selected segments of the transportation sector [2]. To comply
with established greenhouse gas reduction targets, “green” hydrogen
is produced using electrolyzers powered by electricity from renewable
energy sources [3]. However, the current cost of “green” hydrogen
production remains high [4], and reducing these costs is critical for
enabling its large-scale deployment [5].

A promising strategy to enhance the economic feasibility of “green”
hydrogen is the system-integrated utilization of oxygen, a by-product of
electrolysis. By the year 2050, the global hydrogen demand is projected
to range between 148 to 660 Mt/a [6]. If this demand is entirely met
through water electrolysis, it would result in the production of 1184
to 5280Mt/a of oxygen as a by-product. Currently, the global oxygen
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demand stands at approximately 500 Mt/a [7], with major consump-
tion occurring in the iron and steel industry [8], the paper and pulp
industry [9], the chemical industry [10], and in medical care [11].
Therefore, by the year 2050, oxygen generated as a by-product of
hydrogen production via electrolysis could potentially exceed current
global oxygen demand by up to a factor of ten.

Today, oxygen is mainly supplied via air separation processes
(e.g., cryogenic separation [12], pressure swing adsorption, and
membrane-based methods [13]) either as a main product or by-product.
Typically, these methods are energy-intensive and costly [14]. Utilizing
oxygen produced as a by-product of electrolysis can therefore help
reduce energy consumption and costs associated with oxygen supply,
while enhancing the economic viability of electrolyzers by generating
additional revenue through the utilization or sale of the by-product
oxygen [15].

Moreover, employing pure oxygen in sectors that have previously
used it in limited quantities (e.g., glass industry [16], wastewater
treatment [17], combustion air enrichment [14]), can improve process
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Nomenclature

Sets

C Set of all components
N Set of all nodes

T Set of all time steps

Latin letters

Price [€/k Wh]

Specific mass demand [t/t,;q4]

Commodity flow [kW; kg/h]

Amount of commodity [kWh; kg]

Molar mass [g/mol]

Amount of substance [mol]

Electricity demand [kWh]

Specific electricity demand [kWh/kg]

Per capita wastewater production rate
[L/(dpers)]

SN m = EpmEmo

Greek letters
A Difference [-]

Superscripts and Subscripts

air Air

ASU Air separation unit

avg Average

bm Biomass

[¢ Component

CH,4 Methane

D Demand

d Daily

EL Electrolyzer

el Electricity

n Node

oxy Oxy-fuel combustion

prod Product

t Time step

wwt Wastewater treatment
Abbreviations

ASU Air separation unit

BOD Base oxygen demand

BOxD Biochemical oxygen demand
CAPEX Capital expenditures

CC Carbon capture

EOD Extended oxygen demand
H, Hydrogen

HVC High-value chemicals

LCOE Levelized costs of electricity
LCOH Levelized costs of hydrogen
LCOO Levelized costs of oxygen
LHV Lower heating value

0O, Oxygen

SOTE Standard oxygen transfer efficiency
WWT Wastewater treatment

efficiency and enhance carbon dioxide (CO,) capture effectiveness,
where applicable.
Previous research mainly explored the integration of electrolyzers
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to replace fossil fuels with hydrogen in applications that already utilize
oxygen. One study highlighted the viability of producing oxygen on-site
via electrolysis in healthcare facilities, where hydrogen is simultane-
ously used for internal energy needs. For oxygen market prices above 3
to 4€/kg, on-site production via an electrolyzer is more cost-effective
than external procurement [11]. Another investigation demonstrated
that surplus electricity can be effectively utilized in pulp mills by
generating hydrogen for heat production and employing oxygen in
existing chemical processes [9]. Under specific conditions, produc-
ing oxygen via electrolysis and selling the hydrogen has also been
shown to be more advantageous than purchasing oxygen from external
sources [10]. In the wastewater treatment sector, a circular system was
proposed in which hydrogen produced by a nearby electrolyzer is used
for biological methanation, while oxygen is utilized for the treatment
process, resulting in both energy savings and emissions reductions of
up to 40% [18]. Nhuchhen et al. [19] present a concept in which
oxy-fuel combustion is combined with carbon capture and storage
to enhance the energy efficiency and to achieve climate neutrality
of cement clinker production. The study shows that utilizing the by-
product oxygen from electrolysis is more cost-effective than oxygen
produced via air separation units (ASUs), enabling electrolyzer op-
erators to generate additional revenue of approximately 0.3 USD/kg
through oxygen sales. Another study proposes a waste heat utilization
concept for a cement plant, in which an organic Rankine cycle is used
to generate electricity for operating an electrolyzer. The hydrogen and
oxygen produced are then utilized together with methane in an oxy-
fuel process within a rotary kiln. By substituting oxygen from ASUs
and reducing the methane required for combustion, the plant’s overall
energy demand can be significantly lowered [20].

Despite these promising findings, the broader impact of electrolyzer-
derived oxygen utilization across various sectors and the overall energy
system remains insufficiently understood. While these studies highlight
the economic benefits of combined hydrogen and oxygen use, they
often fail to compare these approaches with alternative, potentially
more cost-effective defossilization technologies. In addition, most of
them emphasize decentralized on-site electrolysis and air separation,
overlooking the potential cost advantages of centralized, large-scale
deployment, which may be more attractive to operators. It also remains
unclear how much electrolysis-derived oxygen will be available in the
future, and where and when it will be produced. To overcome these
limitations, a system-wide approach is needed to assess whether it is
more beneficial to site electrolyzers for optimal oxygen utilization, or
to prioritize cost-effective hydrogen production, leaving oxygen supply
to conventional air separation methods.

To close this research gap, this paper employs an energy sys-
tem optimization model focused on Germany to assess the potential
for utilizing oxygen produced from electrolyzers as by-product. From
a cost-optimal perspective, this study evaluates the extent to which
electrolyzer-generated oxygen can be integrated into existing supply
chains, the resulting cost savings, and the corresponding impacts on
both the hydrogen and oxygen supply chains. Based on this investiga-
tion, this study identifies the most promising locations and industrial
applications that could benefit from the use of electrolysis-derived
oxygen.

The paper is structured as follows. Section 2 outlines the method-
ological approach, detailing the energy system model, the model exten-
sions, and the assessment criteria. Section 3 introduces the case studies
and scenarios analyzed, followed by the presentation and discussion of
the results in Sections 4 and 5, respectively. Lastly, Section 6 concludes
the overall study.

2. Methodological approach
The methodological approach to answer the research question out-

lined above is depicted in Fig. 1, featuring a model-based design
and operational optimization of the German energy system. Two case
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Fig. 1. Methodological approach (LCOH: Levelized cost of hydrogen, LCOO: Levelized cost of oxygen).

Source: Adapted from [2].

studies are established, differentiated by their consideration of possible
oxygen applications and the corresponding oxygen demands. For each
case study, scenarios defining oxygen supply and utilization boundaries
are developed. These case studies and scenarios — combined with over-
arching framework conditions and system assumptions — are evaluated
through an optimization model to assess Germany’s overall potential
for utilizing oxygen provided as a by-product from electrolyzers. In
addition to optimizing the entire energy supply (i.e., the energy system
design and operation), the model places particular emphasis on the
expansion and operation of the oxygen and hydrogen supply infrastruc-
ture, enabling a comprehensive infrastructure and economic assessment
of electrolysis oxygen integration.

2.1. Energy system model

The studies in this paper are conducted using PyPSA-Eur [21], an
open-source capacity expansion model of the European energy system.
The fundamental structure and functionality of the model are outlined
below.

The model optimizes system design and operation of the European
energy system by jointly optimizing the investment and operation of
generation, storage, conversion, and transmission infrastructure. It em-
ploys a linear optimization framework to minimize total annual system
costs while accounting for constraints such as transmission capacities,
energy demands, and carbon emission limits.

The model integrates energy demands across different sectors — in-
cluding electricity, transport, heating, and industry — using open data
sources as inputs. It simulates intra-European energy flows, assuming
unlimited fossil fuel imports but excluding cross-border energy ex-
change beyond Europe. The model represents system interconnections
by capturing the spatial and temporal distribution of energy demand
and renewable energy supply potential across the continent. Spatially,
energy demand, renewable energy supply potential, and infrastructure
data are allocated to so-called regional nodes, while temporally, the
model supports a minimum granularity of 1h.

For modeling the hydrogen infrastructure, hydrogen demand is
considered both for direct use as a raw material (e.g., in the steel
industry) and as a feedstock in the chemical sector (e.g., for ammonia,
synthetic methane, and liquid hydrocarbons). In addition to these
partially existing hydrogen markets, potential future applications of
hydrogen and its derivatives are also taken into account, including
use in the transport sector (e.g., heavy-duty vehicles, aviation, and

shipping) as well as for electricity generation in gas turbines and fuel
cells.

Hydrogen production pathways modeled include electrolysis and
methane reforming with carbon capture and storage (CCS). Storage
is realized in underground salt caverns, and hydrogen transport is
represented through pipeline systems, either retrofitted natural gas
pipelines or newly constructed hydrogen pipelines. A brief overview
of the mathematical formulation of the model and its optimization is
outlined in Appendix A.

Model extensions. PyPSA-Eur does not originally include oxygen as a
commodity. Therefore, oxygen is integrated as a carrier along with
the necessary infrastructure into the model (Fig. 2). Oxygen demand is
defined for various possible industrial applications (as defined in Sec-
tion 3.2). The model allows for meeting this demand either through the
construction of ASUs or by utilizing oxygen produced as a by-product
of electrolysis.

In addition to oxygen, ASUs produce also other industrial gases that
can serve as feedstocks, such as argon. To account for this coupled
production in system planning, a demand for industrial argon is ex-
plicitly included. This demand can only be satisfied by ASUs, implying
that even with large-scale integration of electrolysis-derived oxygen, a
minimum share of ASUs must remain operational to meet the required
argon demand (as defined in Section 3.2). For simplicity, the argon
demand is modeled as an aggregated total across the entire energy
system, rather than being spatially distributed. Moreover, the argon
demand is considered inelastic and cannot be substituted by other
industrial gases.

Excess oxygen, whether produced by ASUs or electrolyzers, can
either be stored in oxygen storage facilities or released into the at-
mosphere. Similarly, any surplus argon—co-produced with oxygen in
ASUs—may also be stored in argon storage facilities or vented, as
needed. This reflects the modeling assumption that ASUs generate oxy-
gen and argon in fixed mass proportions, meaning that for each unit of
oxygen produced, a corresponding fraction of argon is simultaneously
generated. Given that electrolysis-derived oxygen is primarily intended
for local use, it is assumed that oxygen transport is limited to short
distances. As a result, distribution is allowed within a node but not be-
tween neighboring nodes. Table B.1 summarizes the techno-economic
parameters of the components described above.
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Oxygen Power Hydrogen

Surplus Lines Pipelines
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I 7 |
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Fig. 2. Overview of the oxygen model extension marked in gray (ASU: Air Separation Unit).

Source: adapted from [2]

2.2. Assessment criteria

The analysis of the potential for utilizing electrolysis-derived oxygen
is conducted through both infrastructure and economic evaluations.
The infrastructure evaluation considers the following parameters:

» Local and total installed capacities of ASUs and electrolyzers.

» Quantities of oxygen produced by these capacities and the pro-
portion of electrolyzer-generated oxygen that can be integrated
into the existing and possible future demand pattern. Since ASUs
constitute the established oxygen infrastructure, the integration
framework assumes that, at each node (Vn € N'), locally produced
oxygen from ASUs is utilized first, with any remaining demand
covered by electrolyzer-produced oxygen.

The economic evaluation focuses on the following parameters:

» Total costs (i.e., investment and operational expenses) of the
modeled energy system, which includes not only the costs related
to oxygen supply but also the overall costs of each other sec-
tor (e.g., electricity generation, transportation, industrial sectors)
modeled within the system.

+ The levelized cost of oxygen (LCOO) and the levelized cost of
hydrogen (LCOH).

The LCOO and LCOH are calculated using Egs. (1) and (2), respec-
tively. For the LCOO, the annualized capital expenditures CAPEX,, .
of the oxygen-related components (Ve € €%2) and the electricity costs
for oxygen production via the ASU are divided by the total oxygen
demand ED The electricity costs are determined by multiplying the
local electr1c1ty marginal price ¢, ., at each time step (V¢ € 7) by the
local electricity consumption of the ASU E??Y. This is then summed
across all time steps, adjusted by the tlme step length Ar, with the
balance calculated for each node (vn € N'), before being summarized
to derive the total oxygen costs.

X .
LCOO=— Y| 3 CAPEX, +4 ) c, BN M
0, neN \cec02 €7

Similarly, the LCOH are calculated for all hydrogen-related com-
ponents (Ve € CH2). However, in this case, the revenue from oxygen
sales is also considered. This revenue is the product of the local oxygen

marginal price c,,o, and the locally integrated electrolysis oxygen
SEL

nt,0,"
]
LCOH = — CAPEX
, ne cech2 @
Y (ot — ey B ))
teT

3. Model setup

The following sections outline the system assumptions applied in
the energy system model and describe the case studies and scenarios
developed for this analysis. The system assumptions apply identically
to all scenarios and case studies.

3.1. System assumptions and framework conditions

This study focuses solely on Germany allowing for a detailed anal-
ysis of industrial oxygen supply while managing the computational
complexity. The reference year is set to 2045, aligned with Germany’s
climate neutrality goal [22]. Accordingly, no CO, emissions may be
present in the system-wide balance. However, local CO, emissions are
permitted if they are offset through direct air capture systems and/or
carbon capture and storage. Carbon capture and storage is limited
to 100Mt/a, with associated storage costs of 10€/t [21]. Techno-
economic parameters are designed to reflect anticipated technologi-
cal advancements by that year, while industrial energy demands are
aligned with future defossilization pathways (e.g., steel production
through direct reduction of iron).

To accurately represent the expected availability of electrolyzer-
derived oxygen based on realistic hydrogen production levels, the study
accounts for all hydrogen-related sectors (i.e., electricity, transport,
industry). Hydrogen production is limited to electrolysis only.

+ In the electricity sector, hydrogen is incorporated through its
production using electrolyzers and its subsequent reconversion
into electricity (e.g., through gas turbines and fuel cells).

» For the transportation sector, hydrogen demand is restricted to
liquid hydrocarbon applications in shipping and aviation, with
land-based transport assumed to be fully electrified.

+ In industrial applications, hydrogen demand arises both directly
(e.g., steel production) and indirectly (e.g., synthetic methane
synthesis). Additionally, the industrial sector includes a repre-
sentative oxygen demand from German industry (as defined in
Section 3.2).

For spatial resolution, 90 nodes are selected, distributed across
Germany. Temporally, the time series data for 2045 is aggregated
into 3-hour intervals to limit computational effort while maintaining
sufficient resolution for renewable energy availability. The standard
weather data in PyPSA-Eur is used [23], based on 2013 SARAH-2 [24]
and ERA-5 [25] datasets for renewable energy resource modeling.

3.2. Case study definition

Two case studies are investigated, differing in the considered appli-
cations of oxygen. Their characteristics and assumptions are outlined
below.
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Table 1
Overview of the specific oxygen demands and total argon demand used in the Base
Oxygen Demand case study.

Industry Unit Value Ref.

Integrated Steelworks to, /tprod 0.135742 [8,28]

Electric Arc Furnaces to, /tproa 0.0536 [29]

Direct Reduced Iron to, /tyrod 0.05293 [30]

Ethylene Oxide to, /throd 0.363% own calc., [31]
Hydrogen Peroxide to, /torod 0.9412 own calc., [31]
Sulfuric Acid to, /tyrod 0.327% own calc., [31]
Pulp Production to, /throd 0.02 [91

Medical Use to, /(apers) 0.0011122 [32]

Other Industrial Sectors to, /torod 0.024" own calc.
Argon Mty /a 0.3 [33]

a Based on stoichiometric reaction ratios.

b The value was determined to ensure that, along with other specific demands defined
in the model, it results in a total oxygen demand of 9 Mt/a, which corresponds to
the German oxygen production in 2017 [34], based on today’s industrial production
specified in the model.

3.2.1. Case 1: Base Oxygen Demand

The Base Oxygen Demand (BOD) case study focuses on industrial
applications that currently utilize pure oxygen (i.e., steel production,
pulp production, glass production, non-ferrous metal production, medi-
cal uses). Oxygen is also employed in producing basic chemicals such as
ethylene oxide, hydrogen peroxide, and sulfuric acid, alongside smaller
applications in food packaging, metal processing, and electronics.

In the energy system model, each application is assigned a mass-
specific oxygen demand per manufactured product within the respec-
tive industrial sector.

For steel production, distinctions are made between the inte-
grated steelworks route, the electric arc furnace route, and direct
iron reduction processes.

Regarding the glass and non-ferrous metal production, a com-
plete electrification of these industries by the year 2045 is as-
sumed [26], resulting in no modeled oxygen demand despite the
fact that these sectors currently utilize oxygen in their processes.
Since the aforementioned basic chemicals are not explicitly rep-
resented within the defined model sectors, they are categorized
under the basic chemicals sector.

All other small-scale oxygen applications are allocated to the
‘other industrial’ sectors.

The oxygen demand for medical use is distributed according
to the local population density. As electrolysis-derived oxygen
can fulfill medical-grade standards without additional purifica-
tion [27], its use in the medical sector is permitted within the
model.

To determine the specific oxygen demand of the considered appli-
cations, it is assumed that the current specific oxygen input remains
unchanged in the future. Table 1 provides a summary of the specific
oxygen demands for each industry application as well as the total argon
demand considered here.

3.2.2. Case 2: Extended oxygen demand

As hydrogen production from electrolyzers is expected to generate
a significant surplus of oxygen in the future, a further case study
explores the potential utilization of this excess. One application is the
transformation of existing industrial combustion processes to oxy-fuel
combustion, where fuels are burned with pure oxygen instead of air.
This method can enhance fuel efficiency [35] and facilitates more
effective carbon capture [19].

Within the model, oxy-fuel combustion is allowed for implemen-
tation in industrial applications, containing sub processes that are
expected to continue to rely on combustion processes to cover their
process heat demand by the year 2045 (i.e., steel [21], high-value
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chemicals (HVC) [21,26,36], cement [21], alumina [21]). Based on
the temperature requirements of the heat needed [37], methane (either
from fossil origins or from biogenic and synthetic sources) combustion
is pre-specified for these industries [21]. The ratio between synthetic
and fossil-based methane in the respective industry emerges endoge-
nously from the optimization (i.e., is a degree of freedom within the
optimization). Accordingly, local CO, emissions are permitted if they
are offset through direct air capture systems and/or carbon capture and
storage (see Section 3.1). It is assumed, that the fuel demand can be
reduced by 20% through oxy-fuel combustion compared to traditional
air-fueled combustion [35]. The calculation of the specific oxygen
demand for oxy-fuel combustion is defined in Eq. (B.1).

Furthermore, pure oxygen can be utilized in wastewater treatment
plants to decrease the energy consumption per capita of the air blowers
from 56 to 11kWh/(apers) [17]. The derivation of the needed oxygen
and the resulting electricity consumption can be found in Eq. (B.2) and
(B.3). The oxygen and electricity demand for wastewater treatment are
distributed according to the local population density.

These two additional oxygen applications are implemented as ex-
pansion options in this case study in addition to the existing oxygen
demand from the BOD case study (Table 1), allowing the resulting ex-
tended oxygen demand to emerge endogenously from a cost-optimized
energy supply. The integration of oxy-fuel combustion and wastewater
treatment into the existing model and their techno-economic parame-
ters are depicted in Fig. 3 and Table B.3, respectively.

3.3. Scenario definition

Each of the two case studies is analyzed based on four scenarios.
These scenarios establish boundary conditions for oxygen supply within
the optimization. In every scenario, the operational strategies for both
ASUs and electrolyzers are subject to optimization. Additionally, the
scenarios vary based on whether infrastructure capacities are optimized
and whether the utilization of oxygen generated through electrolysis
is allowed. The scenarios are partially interdependent, as certain re-
sults from preceding scenarios serve as starting points for subsequent
ones. Fig. 4 illustrates these interrelations, along with the respective
constraints and degrees of freedom concerning the design of the oxygen
and electrolyzer infrastructure within each optimization. These aspects
are explained in more detail below.

« Reference Scenario (S1). The Sl-scenario reflects the status
quo, in which hydrogen and oxygen supply systems are planned
independently. In this setup, the model separately optimizes the
capacity and operation of ASUs and electrolyzers to meet local
demands for hydrogen, oxygen, and argon—without considering
the use of oxygen produced as a by-product of electrolysis. Since
the real ASU infrastructure is not explicitly modeled, this scenario
adopts a greenfield approach. A distinction between the two case
studies arises only from differences in local oxygen demand: while
the BOD case study includes only baseline applications, the EOD
case study additionally incorporates extended uses, potentially
leading to varying demand levels. This variation is not prede-
fined but emerges as an endogenous outcome of the optimization
process. If no extended applications — requiring exclusive sup-
ply from ASU-produced oxygen — are included, the S1-scenario
remains identical across both case studies. In addition, scenario
S1 serves as the starting point for scenarios S2 and S3. One
outcome of the optimization in scenario S1 is the determination
of optimal local electrolyzer and ASU capacities. These optimal
ASU capacities are carried over to scenarios S2 and S3, while the
electrolyzer capacities from scenario S2 are reused in scenario S3
(see Fig. 4).
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+ Optimizing the Utilization of Electrolysis Oxygen Without
Consideration in the Design Stage (S2). The S2-scenario illus-
trates a situation where the oxygen produced through electrolysis
can be used additionally, or as a ‘bonus’, without having been
considered in the initial design of the hydrogen supply. In this
context, the capacities for ASUs and electrolyzers are fixed exoge-
nously based on the outcomes of the scenario S1 and are therefore
not treated as degrees of freedom within the optimization (see Fig.
4). The model now allows for the utilization of electrolysis oxygen
within the optimization process. However, since the infrastructure
capacities remain fixed, the optimization focuses exclusively on
the operational aspects of both the ASUs and the electrolyzers.
Optimizing the Hydrogen Supply Infrastructure Incorporat-
ing the Utilization of Electrolysis Oxygen in Parallel to the
Existing Oxygen Infrastructure (S3). The S3-scenario represents
a situation where, alongside the existing oxygen supply infrastruc-
ture, the potential use of oxygen from electrolysis is considered
in designing the hydrogen supply infrastructure. In the energy
system model, the capacities of the ASUs remain fixed, based
on the results from the Sl-scenario. However, the electrolyzer
capacities can now be freely optimized while incorporating the
utilization of electrolysis oxygen.

Simultaneous Design Optimization of the Oxygen and Hydro-
gen Supply Infrastructure Including the Utilization of Elec-
trolysis Oxygen (S4). In the S4-scenario, the optimization is
conducted from a greenfield perspective, allowing for the simul-
taneous design of both the oxygen and hydrogen supply infras-
tructures. This comprehensive approach aims to evaluate the full
potential of integrating electrolysis-derived oxygen. In contrast to
the S1-scenario, the optimization here explicitly incorporates the
possible utilization of oxygen produced via electrolysis.

The scenario descriptions focus solely on the differences in the
optimization of oxygen and hydrogen supply. In each scenario, the
design and operation of the remaining energy system (i.e., electricity,
transport, industrial sectors; see Section 3.1) are also optimized.

4. Results

The results are presented in the following sections. The analysis
comprises both infrastructure (Section 4.1) and economic evaluations
(Section 4.2). The infrastructure analysis focuses on the installed capac-
ities of ASUs and electrolyzers, as well as the amount of oxygen they
produce. Building on these findings, the economic analysis evaluates
the potential cost savings resulting from the integration of electrolysis
oxygen into the energy system.

4.1. Infrastructure assessment

The infrastructure assessment first examines the installed capacities
of ASUs and electrolyzers at both national (Section 4.1.1) and local
levels (Section 4.1.2), along with the total quantities of oxygen pro-
duced. Subsequently, industries that could particularly benefit from
the provision of oxygen generated by electrolyzers are identified in
Section 4.1.3.

4.1.1. Overall capacity and production assessment
Fig. 5 displays the total installed capacities of ASUs and electrolyz-
ers, as well as the quantities of oxygen produced.

Base Oxygen Demand. In the S1-scenario, the ASU capacity is designed
to exactly meet the given oxygen demand. This capacity remains un-
changed in the S2- and S3-scenarios (as defined in Section 3.2). In these
two scenarios, the integration of electrolysis-derived oxygen reduces
the amount of oxygen produced by ASUs to a level that still satisfies
the argon demand, given that argon is a by-product of ASU-based
oxygen production. Any additional oxygen demand that exceeds the
amount generated as a by-product of argon production is supplied by
electrolysis. In the S4-scenario, the installed ASU capacity is specifically
dimensioned to avoid oversizing, with ASUs operating at full capacity
primarily to fulfill the argon demand—making oxygen a by-product in
this case.

Regarding electrolyzers, in all scenarios, the amount of electrolysis-
produced oxygen exceeds the demand; i.e., a significant portion of the
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Fig. 5. Total installed capacities of the air separation unit (ASU) and electrolysis (EL), along with the resulting oxygen production volumes across all scenarios for both case
studies (CS). Additionally, the industrial demands for oxygen, hydrogen, and argon (converted to an equivalent amount of oxygen) are highlighted, as well as surplus oxygen from
electrolysis. For comparability, the equivalent hydrogen demand is offset by the ASU oxygen production to align with electrolyzer-derived oxygen production.

electrolysis oxygen cannot be utilized within the given markets. Across
all scenarios, the electrolyzer capacity remains nearly unchanged, and
the amount of oxygen produced is directly tied to the hydrogen de-
mand. Consequently, the consideration of electrolysis-derived oxygen
utilization does not influence the design (i.e., total capacity) or oper-
ation (i.e., total hydrogen amount) of the electrolyzers at the national
level in any of the scenarios.

Extended Oxygen Demand. Regarding the ASUs, a similar trend is ob-
served in the S1-scenario. The capacity and quantities of oxygen pro-
duced are slightly higher than those in the BOD case study, with only
a small additional amount of oxygen being produced for wastewater
treatment purposes (see Fig. 9). The findings from the BOD case study
apply equally to the other scenarios of the EOD case study. The addi-
tional oxygen applications do not justify the extended use of oxygen
derived from ASUs.

In contrast, the results for electrolyzers show a distinct pattern.
Starting in scenario S2, additional electrolytic oxygen is integrated by
incorporating further oxygen applications — such as oxy-fuel combus-
tion and wastewater treatment — significantly surpassing the utiliza-
tion observed in the BOD case study. The trend expands in scenario S3,
with nearly all industrial combustion processes transitioning to oxy-fuel
combustion (see Fig. 9). These changes result in significant methane
savings, allowing the conserved methane to be redirected to other
applications. This, in turn, reduces the system-wide total hydrogen
demand and causes the total electrolyzer capacity to decrease from
ca. 63GW,, to around 59 GW,. Consequently, the production of both
hydrogen and oxygen declines. By scenario S4, no further changes are
observed at the national level compared to scenario S3.

4.1.2. Capacity assessment at local level

Fig. 6 shows the installed ASU and electrolyzer capacities at each
location for the S1- and S4-scenario of both case studies. These scenar-
ios have been selected in order to depict all key trends as compactly as
possible. The results for the S2- and S3-scenarios can be found in the
appendix in Figs. C.1-C.7.

Base Oxygen Demand. As explained in Section 4.1.1, the total installed
ASU capacity decreases from S1 to S4. Regarding scenario S4, this
leads to a slightly more even distribution. Beyond this, however, the
integration of electrolysis-derived oxygen has no significant impact on
the ASU value chain (see also Figs. C.5 and C.7).

A similar observation applies to the siting and design of the elec-
trolyzers. While isolated changes to local capacities occur (see also
Figs. C.2 and C.7), these variations are negligible overall, as the total
distribution and capacity remain nearly unchanged.

Extended Oxygen Demand. Significant differences arise between the
S1- and S4-scenario due to potential additional oxygen applications.
Regarding ASUs, scenario S1 exhibits a pattern similar to that of the
BOD case study, whereas the distribution shifts significantly in scenario
S4. Although the total installed capacity is of a comparable magnitude
to scenario S4 in the BOD case study, local capacities are distributed
less evenly. At many locations, the capacity is reduced, while a few
sites still require high capacities (see also Figs. C.6 and C.7).

This behavior results from the siting of the electrolyzers. The in-
tegration of additional oxygen applications, supplied by electrolysis-
derived oxygen, introduces an economic incentive to distribute elec-
trolyzers more evenly across locations, resulting in the installation of
smaller, more decentralized located electrolyzers. This decentralized
production of hydrogen and oxygen enables the substitution of some
local ASU capacities and the oxygen they generate by electrolysis-
derived oxygen. This is visualized on the map of Germany in Fig.
7. In the Sl-scenario (without electrolysis oxygen utilization), large
electrolyzers are primarily installed in Northern Germany. This siting
strategy leverages the region’s low electricity costs, primarily resulting
from high availability of offshore wind power. In contrast, in the S4-
scenario, electrolyzers are located more prominently at industrial sites
(for reference see Fig. C.8) to maximize oxygen integration. The focus
shifts from producing hydrogen at the lowest possible cost to minimiz-
ing overall system costs by leveraging synergies between hydrogen and
oxygen production.

4.1.3. Industrial oxygen supply assessment

Fig. 8 illustrates the oxygen demand and supply across various
industrial sectors for all scenarios in the two case studies. The oxygen
supply is further divided into contributions from ASUs and electrolysis-
derived oxygen. For calculating these proportions, it is assumed that
locally produced oxygen from the ASU is first used to meet the process-
related oxygen demand (BOD). Any potential excess oxygen from
the ASUs is allocated to the extended oxygen demand applications
(EOD). The remaining demand, both BOD and EOD, is fulfilled using
electrolysis-derived oxygen.

Base Oxygen Demand. In the scenario, where electrolysis oxygen is
used but not explicitly included in the system design (S2), 18% (steel
production) to 34% (pulp production) of the oxygen demand is cov-
ered by electrolysis-derived oxygen. In scenarios S3 and S4, these
shares shift slightly due to isolated local changes in electrolysis capac-
ities (see Figs. 6 and C.7). On average, this results in a supply share
of ca. 24% across all industries, consistent with the findings in Sec-
tion 4.1.1, with no industry standing out significantly in relative terms.
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In absolute terms, steel production and smaller-scale applications (sum-
marized under other industries) benefit the most from the supply of
electrolysis-derived oxygen. Oxygen utilization from electrolysis in the
steel industry is particularly advantageous, as this industrial application
requires both hydrogen and oxygen through the direct reduced iron
process route. As a result, local hydrogen and oxygen production via
electrolyzers creates notable synergies.

Extended Oxygen Demand. The consideration of oxy-fuel and wastew-
ater treatment applications leads to a more decentralized distribution
of electrolyzer locations (see Section 4.1.2). For the BOD applications
(i.e., pulp, basic chemicals, other industries, medical) in scenarios S2
and S3, no significant changes occur compared to the BOD case study.
However, in scenario S4, where the ASU distribution is also adjusted
(see Section 4.1.2), the supply share of electrolysis oxygen increases to
as much as 77%.

For the EOD applications (i.e., steel, high-value chemicals, cement,
alumina, wastewater treatment), several effects are observed. In the
S1-scenario, no oxy-fuel processes are implemented, and only a small
fraction of wastewater treatment processes are converted, relying solely
on oxygen from ASUs, as shown in Fig. 9. Significant development of
these extended oxygen applications occurs only with the integration of
electrolysis-derived oxygen (S2), which fully supplies these processes.
When the utilization of electrolysis-derived oxygen is incorporated into

hydrogen infrastructure planning (S3 and S4), the share of extended
oxygen applications increases further. Most industrial combustion pro-
cesses are converted to oxy-fuel processes, and ca. 60% of wastewater
treatment processes convert to a pure oxygen supply (see Fig. 9).

The S4-scenario is notable because, for the first time, non-negligible
quantities of oxygen from ASUs are also utilized for these applications
(Fig. 8). Since the total amount of oxygen produced by the ASUs re-
mains identical between scenario S3 and scenario S4 (see Section 4.1),
the difference in ASU-oxygen utilization is attributed to a shift in the
ASU production sites (see Figs. C.6 and C.7). The ASUs are now oper-
ated primarily to meet argon demand, which is location-independent.
As a result, the selection of ASU sites is more flexible, leading to a more
even distribution of absolute production volumes across various types
of oxygen demand. This approach helps balance potential fluctuations
in oxygen supply from electrolyzers.

These overall findings suggest that industries with combustion
processes (i.e., high-value chemicals (HVC), cement, alumina, steel)
and wastewater treatment plants benefit the most from the supply of
electrolysis-derived oxygen, both in relative and absolute terms. Due to
the high production volume of the HVC industry and the large wastew-
ater volumes in wastewater treatment, these two applications offer the
greatest absolute potential for the integration of electrolysis-derived
oxygen.



L. Bornemann et al.

Energy Conversion and Management 344 (2025) 120213

. SRS

X CS: Base Oxygen Demand §§§§ B I S| (ASU/Electrolysis)
= S I [ S2 (ASU/Electrolysis)
g = I [ S3 (ASU/Electrolysis)
E BN I S4 (ASU/Electrolysis)
<

=

j0)

A

=1

Q

g (SPNSENS)

= SRV

o 338

1 T T T T
< 109 CS: Extended Oxygen Demand S
S =5
8 -

g
e}

[=]

[a~1

g

()
=)

=}

]

2

5 SRR
© AR g

1
» & & &
S < oM $ S & & Iy
'&Q OQQ@ K& @ YS’
Q’fﬁ’

Fig. 8. Industrial oxygen demand and the proportionate supply from air separation units (ASU) and electrolysis for both case studies (CS). The color hue represents the scenario,
with a lighter tint indicating oxygen supply via electrolysis and a darker shade indicating oxygen supply via ASU. The supply share from electrolysis is shown above the bars

(HVC: High-Value Chemicals, WWT: Wastewater Treatment).

I Air-fueled Combustion
[ Air-fueled Combustion CC

N Oxy-fuel Combustion
[ Oxy-fuel Combustion CC

B Air WWT
3 Pure Oxygen WWT

)
3
1

N
w
1

N
9
1

Share of Supply in %
3
1

S1 S2

S3 S4

Fig. 9. Shares of the supply types in the industrial methane supply (blue, purple) and wastewater treatment (orange) for each of the four scenarios in the ‘Extended Oxygen

Demand’ case study (CC: Carbon Capture, WWT: Wastewater Treatment).

4.2. Economic assessment

The economic analysis builds upon the infrastructure analysis. It
first evaluates the total costs of the modeled German energy system
in Section 4.2.1, followed by an examination of the levelized costs of
oxygen and hydrogen in Section 4.2.2. The S1-scenario of the BOD case
study serves as the reference case for the following comparisons, as
it depicts the status quo of oxygen supply, reflecting current oxygen
applications without accounting for electrolysis-derived oxygen.

4.2.1. Total costs

Fig. 10 illustrates the total annual costs of the modeled German
energy system. The energy system model includes the entire electricity
supply, industry, and transport sectors, with the oxygen supply consti-
tuting only a small fraction. Consequently, only modest relative cost
reductions compared to total system costs are anticipated. Nonethe-
less, adopting a holistic perspective is crucial, as the utilization of
electrolysis-derived oxygen can lead to cross-sectoral effects.

Base Oxygen Demand. Compared to the S1-scenario, total annual costs
decrease across all subsequent scenarios. However, when the utilization

of electrolysis-derived oxygen is not taken into account in the planning
of electrolyzer deployment (as in S2), the reduction in total costs is
negligible, amounting to only 0.01%. By slightly adjusting the siting of
electrolyzers (see Figs. C.3 and C.7) and incorporating the utilization
of electrolysis-derived oxygen (S3), a cost reduction of ca. 0.14% can
be achieved. When both the oxygen and hydrogen supply infrastruc-
tures are redesigned simultaneously (S4), cost savings of ca. 0.17% are
attainable. These findings indicate that, in principle, the integration of
electrolysis-derived oxygen into existing oxygen applications is bene-
ficial from a system-wide perspective. However, its overall impact on
total system costs remains relatively modest in comparative terms.

Extended Oxygen Demand. In comparison to the reference case (S1
BOD), total costs in the Sl-scenario of the EOD case study decrease
by 0.11%, which is lower than the savings achieved in scenario S3 and
higher than those in scenario S2 of the BOD case study. The conversion
of individual wastewater treatment processes, which are supplied with
oxygen from ASUs (see Section 4.1.3), is therefore cost-effective enough
to outweigh the potential savings from the use of electrolysis-derived
oxygen for existing oxygen applications, in the case that electrolysis
oxygen utilization was not previously incorporated into the electrolyzer
design.
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Case Study, BOD: Base Oxygen Demand, EOD: Extended Oxygen Demand).

However, total costs can be reduced by 0.22% in scenario S2, sur-
passing the savings in the best-case scenario of the BOD case study. This
demonstrates that overall costs can be significantly reduced even if the
utilization of electrolysis-derived oxygen is considered retrospectively,
provided that expanded oxygen applications are developed. Neverthe-
less, the full potential of these applications is only realized when the
utilization of electrolysis-derived oxygen is integrated into electrolyzer
system design, yielding total cost savings of 0.96% (S3) and 1.3% (S4).

The development of new oxygen applications to maximize the uti-
lization of excess oxygen from electrolysis offers significant cost-saving
potential from a system-wide perspective. This potential arises from the
ability to effectively integrate excess electrolyzer oxygen (in relation
to the BOD case study) into the new EOD applications. Since the
corresponding volumes of electrolysis-derived oxygen are produced
either way as by-product, the associated oxygen supply costs for these
applications are very low. As a result, the cost savings achieved through
more efficient processes (i.e., methane savings in oxy-fuel applications
and electricity savings in wastewater treatment) outweigh the minimal
oxygen supply costs, leading to a net reduction in overall system costs.
To fully capitalize on this potential, it is essential to account for oxygen
use during the initial planning of hydrogen infrastructure.

4.2.2. Levelized costs

Fig. 11 illustrates the national levelized costs of oxygen (LCOO)
and hydrogen (LCOH), broken down into their components for each
scenario in the two case studies.

Base Oxygen Demand. Similar to the total costs, the LCOO progressively
decrease across the scenarios, ranging from approximately 0.08 €/kg
to 0.06 €/kg. This trend is driven by the integration of larger amounts
of electrolysis-produced oxygen in each subsequent scenario (see Sec-
tion 4.1.1). As a result, the reduced electricity consumption of the ASUs
lowers their electricity costs since less oxygen is produced by the ASUs.
However, this is accompanied by an increase in investment costs for
oxygen storage tanks, which are required to balance the fluctuating
production of electrolysis-derived oxygen with the industrial demand.
The largest cost reduction occurs in scenario S4, where significant
savings in ASU investment costs are realized due to the reduced ASU
capacities (see Section 4.1.1).

For the BOD case study, the use of electrolysis-derived oxygen has
a negligible impact on hydrogen infrastructure planning or hydrogen
production from a national perspective (see Section 4.1.2). Further-
more, high oxygen surpluses result in low oxygen marginal prices.
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Combined with the relatively small absolute quantities of integrated
electrolysis-derived oxygen, the utilization of electrolysis oxygen shows
a minimal effect on the LCOH. Consequently, the total LCOH remain at
ca. 3.3€/kg across all scenarios.

Examining the deviation of the local LCOH relative to the corre-
sponding Sl-scenario (Fig. 12), similar to the national perspective,
most local LCOH values are largely unaffected by the integration of
electrolysis-derived oxygen. Due to slight capacity changes
(see Fig. C.7), some sites exhibit minor reductions, while others show
slight increases. However, changes of this magnitude may also result
from numerical inaccuracies.

Extended Oxygen Demand. Scenario S1 shows a slight increase in the
LCOO compared to the reference case (S1 BOD). This increase is
attributed to higher CAPEX resulting from the expansion of ASU ca-
pacities and the addition of oxygen storage to support the extended
oxygen applications at selected locations. For the other scenarios, a
consistent trend of decreasing LCOO is observed, with even more pro-
nounced cost reductions in these cases (0.02 to 0.08 €/kg). This is due
to the increased integration of electrolysis-derived oxygen, allowing
for greater substitution of ASU-produced oxygen (see Section 4.1.1).
Consequently, the reduction in ASU electricity costs and the rise in
oxygen storage investment costs are more significant. From scenario S2
to scenarios S3 and S4, the total oxygen demand increases significantly,
while the quantities of oxygen produced from ASUs remain unchanged
(see Section 4.1.1). This results in a further reduction in the LCOO, as
per definition in Eq. (1).

The increased integration of electrolysis-derived oxygen also affects
the national LCOH. In scenario S2, hydrogen demand decreases (see
Section 4.1.1), while electrolysis capacities remain unchanged. This re-
sults in a proportionate increase in CAPEX and a reduction in electricity
costs, leading to a slight overall decrease in the LCOH by ca. 0.1 €/kg.
Additionally, the potential revenue from selling the oxygen produced
exerts a further influence across the scenarios. This effect is particularly
pronounced in scenarios, where electrolysis oxygen utilization is taken
into account during the planning of the hydrogen infrastructure (S3,
S4), where more decentralized electrolyzer locations (see Section 4.1.2)
lead to fewer suitable sites for low-cost electricity generation. Although
electricity costs increase in these scenarios, the revenue from oxygen
sales more than compensates for the rise, resulting in a 7% reduction
in LCOH, from 3.3€/kg to slightly below 3.1€/kg, compared to the
reference case (S1 of the BOD case study).

The overall reduction in LCOH is also evident in the local varia-
tions in LCOH (Fig. 12), where nearly all sites exhibit at least slight
reductions. Certain sites achieve significant LCOH reductions through
the utilization of electrolysis-derived oxygen. However, a few sites
experience an increase in LCOH. This is partly attributable to changes
in electrolyzer capacities and hydrogen production volumes compared
to scenario S1 (see Fig. C.7). The primary driver, however, is the rise in
hydrogen storage costs. For example, at location 17, the LCOH includ-
ing storage costs are 3.20€/kg in scenario S1, compared to 3.02€/kg
without storage. In scenario S3, the LCOH increase to 4.48€/kg with
storage, while they are 3.00 €/kg without storage-representing a slight
reduction relative to scenario S1 due to oxygen revenues. The increase
in hydrogen storage costs — and the corresponding rise in storage
capacity — can be attributed to two main factors. First, the specific stor-
age costs for hydrogen are lower than those for oxygen, enabling better
synchronization of electrolysis oxygen production and demand through
hydrogen storage. This also explains the slight increase observed at
location 17 in scenario S2. Second, the more decentralized deployment
of electrolyzers leads to a shift in hydrogen production locations. From
a system-wide perspective, this makes it more cost-effective to estab-
lish higher hydrogen storage capacities at other strategically selected
sites to support a cost-efficient national hydrogen supply. While these
specific cases offer economic benefits for the system as a whole, they
pose economic disadvantages for the respective electrolyzer operations.
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Consequently, a sufficiently high oxygen sales price is required to make
this adjustment financially viable for the electrolyzer operator.

Since both LCOH and LCOO depend on electricity procurement
costs and the utilization factors of the electrolyzers and ASUs, this
relationship is visualized in Fig. C.9 in Appendix C.2.

5. Discussion

The integration of electrolyzer-derived oxygen into industrial appli-
cations presents both opportunities and challenges, depending on the
scale of oxygen demand and the associated infrastructure. For current
industrial oxygen applications, the results project a substantial surplus
of oxygen from electrolyzers by 2045. However, the continued need
for by-products such as argon from ASUs ensures that a baseline ASU
capacity—and the associated oxygen production—remains necessary.
As a result, only about 24% of industrial oxygen demand is met by
electrolyzer-produced oxygen on average, leaving a significant portion
unused. This limited utilization has minimal impact on hydrogen infras-
tructure design (i.e., the siting and capacities of electrolyzers) and does
not incentivize hydrogen production beyond demand solely to use the
by-product oxygen. While the sale of electrolyzer-derived oxygen might
reduce the levelized cost of hydrogen (LCOH) at a few specific sites, its
economic impact is negligible at most locations, making profitability
highly site-dependent. Nevertheless, from a systemic perspective, inte-
grating electrolyzer oxygen can reduce total costs within the German
energy system, even under current industrial applications.
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Expanding the scope of oxygen demand to include new industrial
applications—such as oxy-fuel combustion in industrial processes and
pure oxygen use in wastewater treatment—unlocks additional syn-
ergies. While these processes are often economically unviable when
relying on ASU-derived oxygen due to insufficient overall cost savings
compared to the electricity costs for the ASU, the integration of cost-
effective electrolysis-derived oxygen increases their feasibility. To fully
realize this potential, hydrogen infrastructure planning must consider
the utilization of oxygen as by-product to ensure sufficient local produc-
tion of oxygen via electrolysis to support these extended, cost-effective
applications. Under such conditions, total system costs can be reduced
by up to 1%, surpassing the cost benefits observed with current appli-
cations. Moreover, this approach provides a viable business case for
electrolyzer operators, with LCOH decreasing on average by up to 7%
across nearly all sites.

However, realizing these benefits requires a transition from central-
ized, large-scale electrolyzers — primarily sited in Northern Germany
to capitalize on low-cost electricity from offshore wind — to smaller,
decentralized units co-located with industrial sites. While decentral-
ization enables local availability of oxygen for industrial processes,
it may also result in higher electricity procurement costs, increased
grid load, and relies on sufficiently high local oxygen demand and
favorable pricing conditions to ensure economic viability. Despite these
advances, a persistent surplus of electrolysis-derived oxygen remains
— particularly as ca. 40% of wastewater treatment processes are not
converted to pure oxygen operation — highlighting trade-offs between
optimal electrolyzer siting and maximizing oxygen utilization.
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From a system-cost perspective, redesigning the existing oxygen
infrastructure could further enhance cost efficiency. By shifting ASUs
to prioritize argon as their main product (with oxygen as a by-product),
their strategic role would be redefined, with locations determined by
cost minimization rather than direct oxygen demand. Building on this,
a further step could involve replacing oxygen-based ASUs entirely with
electrolyzers. In this context, industrial gases currently produced as
by-products could either be substituted with alternative gases or, for
instance, generated in ASUs where nitrogen is the primary product.

These findings underscore that while electrolyzer-derived oxygen
offers significant systemic benefits and site-specific opportunities, its
broader economic viability depends on careful alignment of infras-
tructure planning with localized demand conditions. Even in the EOD
case study, with expanded applications and increased oxygen demand,
a substantial share of electrolytic oxygen remains unused. The an-
ticipated scale of hydrogen production—and the resulting by-product
oxygen — exceeds projected oxygen demand. This oversupply chal-
lenges the economic viability of utilizing electrolytic oxygen. Low
demand and high surpluses lead to reduced market prices, limiting the
revenue potential for electrolyzer operators. Although increasing de-
mand could raise market prices and improve profitability, this effect is
constrained. As prices rise, some EOD applications (e.g., oxy-fuel com-
bustion, wastewater treatment) become economically unviable, further
limiting uptake and potentially reducing demand again. In conclusion,
the ongoing surplus of electrolytic oxygen indicates that there is still
untapped integration potential at the national level. Fully exploiting
this potential will require the development of additional innovative
oxygen applications. However, this search may be constrained not only
by technical feasibility but also by economic factors, meaning that
oxygen demand cannot be expanded without limits.

These results are based on an isolated modeling of the German
energy system. This approach is chosen deliberately to ensure high local
resolution, particularly at the industrial level. However, Germany’s
energy supply is part of a larger highly interconnected European energy
system. As a result, optimal locations and capacities for electrolyzers
may differ when considering a cost effective cross-border energy ex-
change with neighboring countries. Additionally, oxygen transportation
between different nodes has been neglected, meaning that a production
facility must be installed at least at every region where oxygen is
needed. Consequently, very small ASUs and electrolyzers are sometimes
modeled, though such small-scale installations would most likely not be
viable in reality due to the high specific costs associated with such small
plants. This limitation arises from the model’s use of size-independent
specific costs, which does not account for economies of scale. This
restriction is necessary to limit computational effort, as otherwise a
mixed-integer optimization would be required, which would render the
optimization of such a complex energy system model computationally
infeasible. In addition, the results outlined above are highly dependent
on the underlying oxygen demand being strongly influenced by the
predefined transformation pathways of the respective industries and the
assumption that specific process-related oxygen demands will remain
unchanged in the future. If alternative industrial process transforma-
tions occur, they could either positively or negatively affect the cost
savings and their implications presented in this analysis.

6. Summary and conclusion

Hydrogen is gaining importance in the transition toward renewable
energy, particularly as a clean fuel and energy storage solution. “Green”
hydrogen, produced via electrolyzers powered by renewable sources,
faces cost challenges, which could be partly offset by utilizing oxygen,
a by-product of electrolysis. Thus, this study explores the potential of
integrating electrolysis-derived oxygen into various industries to reduce
overall system costs and optimize the hydrogen infrastructure.

Through a system-wide analysis based on a German energy system
model, this paper evaluates how the incorporation of electrolysis-
derived oxygen can improve economic viability for both the broader
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energy system and the hydrogen supply chain. The main findings can
be summarized as follows.

+ Under current conditions of industrial oxygen applications, sub-
stantial surpluses of oxygen from electrolyzers are expected to
arise in the future, which cannot be fully integrated given ex-
isting demand patterns. Since the conventional oxygen supply
remains essential for the provision of co-produced industrial gases
(e.g., argon)—at least in the absence of suitable substitutes—
redefining these by-products as main products allows only ap-
proximately 24% of the total industrial oxygen demand to be met
by electrolyzers under cost-optimal conditions. Nevertheless, this
partial integration can lead to overall system cost reductions of
up to 0.2%, without significantly affecting the levelized cost of
hydrogen (LCOH) or the hydrogen infrastructure with regard to
electrolyzer siting and installed capacity.

Greater synergies can be achieved if additional oxygen applica-
tions are introduced, resulting in total system cost reductions of
up to 1.3% and LCOH reductions of up to 7% on average. To realize
this cost-effectiveness, electrolysis oxygen utilization needs to be
taken into consideration during planning of the hydrogen infras-
tructure. Under these assumptions, electrolyzer siting would be
driven primarily by industrial oxygen demand rather than optimal
electricity procurement conditions.

Among existing industrial oxygen applications, the steel industry
particularly benefits from the use of electrolysis-derived oxy-
gen. In addition, wastewater treatment and high-value chemical
industries represent the most promising new applications, offer-
ing significant opportunities for system-beneficial integration of
electrolysis oxygen.

In summary, this paper highlights the future potential of
electrolysis-derived oxygen to achieve systemic cost reductions and
enhance the cost-efficiency of hydrogen production. To fully realize
this potential, it is recommended that electrolyzer operators account for
oxygen utilization early in the planning and siting stages. Furthermore,
reviewing industrial processes to assess whether incorporating pure
oxygen from nearby electrolyzers could improve process efficiency may
yield additional system-wide benefits.
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Appendix A. Energy system model

This section provides a concise overview of the mathematical formu-
lation underlying PyPSA-Eur. For a comprehensive explanation of the
model, readers are directed to the original literature (e.g., [21,38,39]).

PyPSA-Eur employs a linear optimization framework to determine
the energy system configuration that minimizes annual system costs, as
defined by the objective function in Eq. (A.1) [2]. In this formulation,
G, , represents the installed capacity of generation technology y € I’
at bus i € 7, while S, denotes the storage capacity of technology
o € ZX. The capacities of electricity transmission lines at line j €
J and energy conversion or transport infrastructure (e.g., hydrogen
pipelines and electrolyzers) at link k € K are represented by L; and
Ty, respectively. Additionally, g; , , indicates the dispatch of generators,
and 1, , represents the dispatch of links at time step 7 € 7.

The cost terms incorporated into the optimization include annu-
alized investment costs ¢ and operating costs o, both considered for
each technology. If the selected temporal resolution exceeds one hour,
operating costs are weighted by a factor w,, ensuring that the total
weighted time steps |7| w, sum to 8760 h.

G,SI,Ill.i,III".g,’ z (Z s + 2, c,-,gS,-,g>

iel \yel' ceX

+ 2 oli+ Y al (A1)
JjeJ kek

+ Z wr <Z Z oi,ygi,y,r + Z Oklk,‘r>
teT iel yel' kex

The model incorporates a series of linear constraints governing
various system components. For instance, the capacities of generators,
storage units, electricity transmission lines, and other infrastructure el-
ements are restricted within a range between the currently installed ca-
pacity and an upper bound reflecting the maximum feasible expansion.
This constraint is exemplified in Eq. (A.2) for generator components
G,-,y [2]:

G, <G,<G, VielLyer (A.2)

Here, G, represents the minimum allowable generator capacity
(e.g., existing installations of a specific technology), while Ei’y denotes
the upper limit, which depends on factors such as land availability for
renewable energy deployment. Not all technologies are subject to this
upper bound. Additionally, operational constraints apply, particularly
for generator dispatch. Eq. (A.3) expresses this limitation, where &8s
defines a time-dependent minimum utilization, and g;, . represents
the maximum availability (e.g., weather-dependent capacity factors for
wind and solar power) [2]:

g vViel,yel,teT (A.3)

Ly,T

Gi,y < gi,y,r < Ei,y,rGi,y

Similarly, energy storage levels are constrained by the installed

capacity S;,, as shown in Eq. (A.4). The variable s, ; , represents the
stored energy in technology o at time step 7 at bus i [2]:

0<s,,<S,, Viel,ceXreT (A4
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Stored energy levels evolve over time according to Eq. (A.5), which
accounts for self-discharge at a rate of 11,'”; and the net charging or
discharging process, represented by ¢; , . [2]:

T+ w. €

S o %07

w.
N .

i1, Viel,ceX,teT (A.5)

io,r —

One of the fundamental constraints in the optimization ensures that
the system meets the (inflexible) energy demand 4, , at every time step.
A simplified version of this condition is given in Eq. (A.6) [2]:

2 gi,y,r + z €ior + 2 Kijlj,r + z Kikrtk.r = di,r

yelr cex jeJ kek (A.6)

Viel,teT

Apart from technology-specific generation and storage operations at
each bus i and time step 7, local energy demand is also met through
energy transport via transmission lines and links. The power flow
through transmission lines, denoted by /; ., is weighted by the incidence
matrix K;;, which contains entries of 1 and -1 to indicate line start and
end points. Similarly, link-based energy transfer is captured using #, .,
scaled by the lossy incidence matrix K., which incorporates efficiency
values 7, . instead of unitary coefficients for links terminating at bus
i [2]. Beyond constraints related to individual technologies, PyPSA-Eur
also imposes system-wide restrictions, such as a cap on total annual CO,
emissions. Eq. (A.7) expresses this limitation, where p, represents the
specific emissions of each generation technology y, and Acp, defines
the maximum allowable CO, emissions for the entire system [2]:

2

i€l,yel'reT

py wrgi,y,r < ACOZ (A7)

Appendix B. Model setup

Further system assumptions and more detailed information on the
case studies are outlined below.

B.1. System assumptions and framework conditions

Table B.1 shows techno-economic parameters of the oxygen-related
energy system components.

The techno-economic data for all hydrogen components are already
integrated into PyPSA-Eur. These data are derived from various primary
sources, account for the respective reference year, and have undergone
multiple peer reviews. Therefore, no manual modifications are made in
this study.

The electrolysis component in PyPSA-Eur does not distinguish be-
tween different electrolyzer technologies. However, the underlying
techno-economic data are largely based on alkaline electrolyzers. Al-
kaline electrolyzers currently represent the most mature electrolyzer
technology, characterized by an operating temperature of 60 to 90 °C,
low current densities, and low load flexibility, with investment costs
ranging from 800 to 1500€/kW. In addition to alkaline systems, poly-
mer electrolyte membrane (PEM) electrolyzers are considered as a
particularly promising technology. Compared to alkaline electrolyzers,
PEM electrolyzers operate at lower temperatures (50 to 80 °C), support
higher current densities and greater load flexibility, making them par-
ticularly attractive for integration into energy systems — albeit currently
at higher investment costs of 1400 to 2100€/kW [3].

Other studies project significantly more optimistic cost develop-
ments for electrolyzers. Depending on the technology, investment
costs could decline by 2050 to as low as 330 USD/kW (alkaline) and
437USD/kW (PEM) [44]. However, these projections often assume
both a significantly faster hydrogen scale-up and more rapid technolog-
ical advancements in electrolyzer technologies than have been observed
in recent years. It is therefore uncertain whether such optimistic
economic assumptions will materialize.

As shown in Egs. (1) and (2), investment costs have a substantial
impact on both LCOH and LCOO. However, this study does not aim
to provide universally valid absolute values for LCOH and LCOO,
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Table B.1
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Techno-economic parameters of the oxygen-related energy system components. The parameters of the argon storage are based on a generic CO,

storage tank (ASU: Air Separation Unit).

Component ASU Oxygen Storage Argon Storage Electrolyzer
CAPEX 2.92M€/(to,h) 1670€ /to, 2584 €/t,, 1100€/kW,,
OPEX 4% 1% 1% 4%

Lifetime 25a 25a 25a 25a

Electricity demand 370kWhy /to,? 1.53kWhg /kWhy
References [14,40,41] [42,43] [42] [42] A

a Based on Air Liquide SIGMA plant [14].

Table B.2

Parameter for determining the per capita oxygen and electricity demands for wastewater treatment [17]

and oxy-fuel combustion.

Parameter Value Unit

BOxD 300 mg/L

Qave 250 L/(d pers)

SOTE 20 %

Py, 80 kWh/tq,

Puwtaic 407 kWh/to,

Pe‘ll‘;vxlrdn 55.67 kWh/(apers)
wwt,an

Py 0, 10.96 kWh/(apers)
oxy,CH,

D 0.288 to, /MWhey,

Table B.3

Techno-economic parameters of the extended oxygen-related energy system components (CC: Carbon Capture, WWT:

Wastewater Treatment).

Component Combustion WWT
Oxy-fuel Oxy-fuel CC Air Pure Oxygen
CAPEX M€/ (tgo,h) 0.47 2.7
OPEX - 3 3
Lifetime a 25 25
Electricity Demand kWh/(persa) 55.76 10.96
Oxygen Demand to, /(persa) 0.147
Fuel Reductions % 20
Carbon Capture Rate % 95
References [41] [41] [17] [17]

but rather to examine overall system-level effects and their relative
influence on total system costs, as well as on LCOH and LCOO. While
the assumed investment cost levels do influence the results, their role
is secondary in this context due to the consistent input data used for
all scenarios.

A central requirement of this study is the reflection of realistic
hydrogen applications and, above all, production volumes within the
optimization framework. According to projections by the German Fed-
eral Ministry for Economic Affairs and Climate Protection, domestic
hydrogen production is expected to reach 190 to 245 TWh, supported
by an electrolyzer capacity of 80 to 100GW [45]. Within this work,
across all scenarios and case studies, a domestic hydrogen production
of 195TWh and an electrolyzer capacity of 63 GW is projected, which
are within a realistic range compared to the projections by the German
Federal Ministry for Economic Affairs and Climate Protection. Conse-
quently, these values provide a meaningful basis for analyzing future
hydrogen and oxygen availability.

Varying the assumed investment costs — particularly by reducing
them — would likely result in a more extensive expansion of the hy-
drogen infrastructure, potentially leading to an overestimation of future
hydrogen and oxygen availability. Therefore, no further differentiation
or variation of electrolyzer investment costs is conducted in this study.

B.2. Case studies: Extended oxygen demand
The specific oxygen demand for oxy-fuel combustion of methane

D°Xy M4 is calculated based on the lower heating value of methane
LH Vcn, (as defined in PyPSA-Eur) and the ratio of the molar masses
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M; to the stoichiometric molar quantities n; of oxygen and methane
(Vi € {0,,CH, }), as shown in Eq. (B.1).

oer, _ Mo, o, (B.1)
0 LHVcy, Mcy, ne, '
The annual oxygen demand for wastewater treatment DW“" A s

calculated using the biochemical oxygen demand BOxD, the average
per capita wastewater production rate g,,, and the standard oxygen
transfer efficiency SOTE (Eq. (B.2)).

BOxD q,,
ptan - 83654 B.2
0y SOTE /a (B-2)
The annual power demand for wastewater treatment PW:’” A% is then

determined based on the specific power requirement of the blowers
used for oxygen input p,; (Vi € {air,0,}, Eq. (B.3)).

wwt,an
el,i

wwt,an
D

o (B.3)

4 WWwt,i

The corresponding parameters can be found in Table B.2.

Table B.3 shows the techno-economic parameters of oxy-fuel com-
bustion and wastewater treatment processes integrated into the existing
model.

Appendix C. Further results

Further results of the case studies and scenarios examined are
presented below.
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Fig. C.1. Installed capacity of the air separation unit (ASU) and electrolysis (EL) in each node under consideration for scenarios S2 and S3 of both case studies (BOD: Base Oxygen

Demand, EOD: Extended Oxygen Demand).
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Fig. C.2. Map of Germany for the ‘Base Oxygen Demand’ case study for scenario S1 and S4. The local electrolysis and hydrogen storage capacities as well as the expansion of

the hydrogen network pipelines are shown.

C.1. Infrastructure assessment

Figs. C.1 to C.7 show the local capacities of the air separation units
and electrolyzers of the scenarios that were not analyzed in the main
section. Fig. C.8 shows a production map of the different industries for
reference.

C.2. Levelized costs

Fig. C.9 presents the levelized costs of hydrogen (LCOH) and oxygen
(LCOO) as a function of the levelized costs of electricity (LCOE) and
the capacity factors of electrolyzers (for LCOH) and ASUs (for LCOO)
across all nodes in both case studies for the corresponding scenario S3.
The LCOE represent annual averages for the respective node/location.
For this, the local electricity marginal prices c,,, are weighted by the
electricity consumption of the electrolyzers or the ASU E;I,el (Ve €

15

{EL, ASUY}), ensuring that operating hours and production volumes are
appropriately reflected in the calculated LCOE (Eq. (C.1)).

~C
Dier Cn,r,elEn_,_el

~C
ZreT En,t,ez

The results confirm that both LCOH and LCOO increase with rising
LCOE and decrease with increasing capacity factor. However, it is
evident that electrolyzers operate only within an LCOE range of 22 to
42€/MWh and capacity factors between 40 to 70%, regardless of the
case study. In contrast, ASU operation differs between the case studies:
in the BOD case study, ASUs are operated at LCOEs ranging from 50
to 80€/MWh and capacity factors between 70 to 90%, whereas in the
EOD case study, LCOEs span from 20 to 90€/MWh with capacity factors
between 40 to 90%.

The following conclusions can be drawn: Due to their lower capacity
factors, electrolyzers offer greater operational flexibility, allowing them

LCOE,, = , Vee{EL,ASU} (C.1
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Fig. C.3. Map of Germany for the ‘Base Oxygen Demand’ case study for scenarios S2 and S3. The local electrolysis and hydrogen storage capacities as well as the expansion of
the hydrogen network pipelines are shown.
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Fig. C.4. Map of Germany for the ‘Extended Oxygen Demand’ case study for scenarios S2 and S3. The local electrolysis and hydrogen storage capacities as well as the expansion
of the hydrogen network pipelines are shown.
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Fig. C.5. Map of Germany for the ‘Base Oxygen Demand’ case study for scenarios S1 and S4. The local air separation unit (ASU) and oxygen storage capacities as well as the
expansion of the hydrogen network pipelines are shown.
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Fig. C.6. Map of Germany for the ‘Extended Oxygen Demand’ case study for scenarios S1 and S4. The local air separation unit (ASU) and oxygen storage capacities as well as

the expansion of the hydrogen network pipelines are shown.
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Fig. C.7. Difference in installed capacity of the air separation unit (ASU) and electrolysis (EL) in each node under consideration for the scenarios S3 and S4, compared to the
respective S1-scenario of both case studies (BOD: Base Oxygen Demand, EOD: Extended Oxygen Demand).

to better align production with periods of low electricity prices. In con-
trast, the high capacity factors of ASUs — particularly in the BOD case
study — indicate limited operational flexibility, necessitating oxygen
production even during periods of higher electricity prices.

As discussed in Section 4.1, the more decentralized deployment of
electrolyzers in the EOD case study leads to ASUs being used more
as a supplemental oxygen source. At some sites, this results in lower
capacity utilization and therefore greater flexibility to respond to low
electricity prices. At other sites, higher capacity utilization limits this
flexibility, requiring oxygen production even when electricity prices are
elevated.
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Data availability

The code for the energy system model, along with the results and
input data used in this study, is available in a Zenodo repository at
https://zenodo.org/records/15167498 under the MIT license.

Code and Data for Paper: Oxygen Production via Electrolysis: A Mode
1-Based Assessment of Its Impact on a Climate-Neutral German Energy
System (Original data) (Zenodo)
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Fig. C.9. Levelized costs of hydrogen (LCOH) and oxygen (LCOO) as a function of the levelized costs of electricity (LCOE) and capacity factor of electrolyzers (LCOH) and air
separation units (LCOO) across all nodes in both case studies, exemplified for the corresponding S3 scenario (BOD: Base Oxygen Demand, EOD: Extended Oxygen Demand).
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