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List of abbreviations
aFRR

Automatic Frequency Restauration Reserve

AHPE

Alkaline high pressure electrolyzer

ALK

Alkaline electrolysis

CAPEX

Capital expenses

CO

Carbon monoxide

CO2

Carbon dioxide

FCR-D

Frequency Containment Reserve - Disturbance

FCR-N

Frequency Containment Reserve - Normal

FFR

Fast Frequency Reserve

FID

Final investment decision

H2

Hydrogen

HHV

High Heating Value, i.e. gross calorific value

LBG

Liquified biogas

LCOH

Levelized cost of hydrogen = specific cost of hydrogen

LHV

Low Heating Value, i.e. net calorific value

LNG

Liquified natural gas

mFRR

Manual Frequency Restauration Reserve

Nm3

Normal cubic meters at atmospheric pressure and 0°C.
(Details in Appendix 1)

NG

Natural gas

OPEX

Operational expenses

PEM

Proton exchange membrane electrolysis

PSA

Pressure swing adsorption

SE1, SE2, SE3, SE4

Electricity price areas in Sweden

SMR

Steam methane reformer

Sm3

Standard cubic meters at atmospheric pressure and 15°C.
(Details in Appendix 1)

SOEC

Solid oxide electrolysis cells

TSO

Transmission system operator
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Sammanfattning
Många förutspår att vattenelektrolys med förnybar eller klimatneutral elektricitet
kommer att vara en viktig teknik i övergången till klimatneutralitet inom EU.
Elektrolysörernas förmåga att producera vätgas utan direkta koldioxidutsläpp
samtidigt som vätgas är en kolfri energibärare är mycket attraktiva egenskaper i
arbetet med att ställa om industrin. Tidigare studier visar att både drifts- och
kapitalkostnaderna för elektrolysörer har minskat betydligt under de senaste åren
och förutspås fortsätta att minska även det kommande decenniet. Det växande
intresset för storskalig tillämpning har gett upphov till globala FoU-aktiviteter för
att utveckla billigare och effektivare elektrolysörer samtidigt som nivån av
sällsynta metaller som används reduceras. Även om många forskare hävdar att
moderna elektrolysörer redan eller snart kommer att konkurrera med
ångreformering (SMR) med naturgas som råvara, är det mycket svårt för
intressenter i industrin att förstå, om detta är giltigt också för deras egna
produktionsenheter. Informationen är ofta mycket allmän och relevanta
parametrar som tillgång till el, vätgaskvalitet och driftstid inkluderas inte.
Ett mål med detta projekt var att stödja övergången till klimatneutralitet i industrin
genom att belysa olika parametrars effekter på den ekonomiska kalkylen för
elektrolysörer. Ett annat mål var att förse Boliden AB och Höganäs AB med
tillräckligt detaljerat material för att avgöra om elektrolys är intressant för vidare
utredning eller inte. Två fallstudier definierades utifrån Bolidens och Höganäs
krav på kvalitet och mängd vätgas, redundans och överkapacitet. Projektpartnerna
Haldor Topsoe, HydrogenPro, Euromekanik och Siemens Energy har
tillhandahållit budgetofferter för fyra olika lösningar som använder elektrolysörer
med SOEC-, ALK-, och PEM-teknik. Dessa lösningar har jämförts med en SMR
med naturgas och biogas.
Ytterligare ett mål specifikt för Boliden-fallet var att identifiera tekniska
möjligheter för att ersätta kol med väte för injektion i slaggsmältor för att reducera
zinkoxid. Det har identifierats att både de nuvarande nedsänkta formorna och en
kontaktfri supersonisk koherent lans, (Co-jet) är kandidater för vätgasinjektion.
Den beräknade koleffektiviteten i zinkslagg vid Boliden är cirka 10%. Den
beräknade minskningen av koldioxidutsläppen kan uppgå till 45 000 ton per år,
när 3 000 Nm3/h vätgas används i stället för kol. Ytterligare pilottester är dock
nödvändiga för att bevisa att vätgas kan ersätta kol. Det är också nödvändigt att
utvärdera den tekniska funktionen hos de identifierade injektionsteknikerna.
Den teknoekonomiska analysen visar att de fyra inkluderade elektrolysörerna har
likartade ekonomiska prestanda om de körs under designförhållanden. Ett sätt att
minska produktionskostnaderna för elektrolysörer är att utveckla moduler som har
en viss kapacitet och kan produceras i stora serier vilket gör det billigare att köpa
en sådan modul även om det innebär överkapacitet. Vid specifika krav på
vätgasproduktionen har den modul som bäst matchar dessa krav bäst
förutsättningar att väljas i ett slutligt investeringsbeslut (FID). Andra funktioner
som utrymme, byggnad, buller, matarvattenbehov, tryck, vätgasens renhet, typ av
styrsystem, redundans, tillgänglighet och typ av serviceavtal är viktiga kriterier
som också måste beaktas vid val av lösning. Vissa funktioner kan vara absoluta
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krav, medan andra är förhandlingsbara. Alla fyra elektrolysörer visade fördelar
och nackdelar med avseende på olika funktioner och en FID beror på kundens
preferenser.
Jämförelsen av produktionskostnaden för vätgas (LCOH) mellan elektrolysörer
och SMR visade att det fortfarande finns en fördel för SMR som använder
naturgas även om utsläppspriset för CO2 inom EU ETS stiger från 25 €/t till 100
€/t vid ett konstant elpris. Vid en antagen minskning av stackkostnaderna med
50% var LCOH från SMR och elektrolysörer likartade i Höganäsfallet. I
Bolidenfallet har ett 1.5 gånger högre naturgaspris antagits, då det till skillnad från
i Höganäs inte finns någon naturgasledning till Boliden. Med det antagandet
kostar vätgas producerat från SMR och via elektrolys ungefär lika mycket. Vid
biogas som råvara i stället för naturgas i SMR, var LCOH jämförbar för elektrolys
och SMR i Höganäsfallet. I Boliden blir det antagligen billigare att producera
grön vätgas via elektrolys, eftersom det förmodligen kommer vara nödvändigt att
använda förvätskad biogas (LBG) som idag kostar ungefär dubbelt så mycket som
LNG.
Ett sätt att minska elkostnaderna vid elektrolys är att undvika timmar med höga
elpriser genom att investera i ett vätgaslager och en överkapacitet för
elektrolysören, vilket ger en högre investeringskostnad men en flexibilitet för
vätgasproduktionen. Vid större prisvariationer på elpriserna under dagen desto
större är möjligheten att reducera elkostnaden desto större. En elektrolysör kan
också leverera olika balanstjänster till elnätet. Kraven på dessa tjänster begränsar
driften av elektrolysören och kan kräva olika nivåer av överkapacitet hos
elektrolysören beroende på hur vätgasbehovet ser ut samt möjlighet till
vätgaslagring. Intäkterna måste jämföras med kostnaden för extra kapacitet och
erforderlig lagring. För balanseringstjänster som endast kräver en liten mängd
överkapacitet med befintligt vätgaslager förefaller intäkterna vara tillräckliga för
att kompensera för kostnaderna i samband med överkapacitet.
En jämförelse har gjorts för olika lokalisering av elektrolysören. Denna indikerar
att det är dyrare att placera elektrolysören på en annan plats än den industriella
även om en elnätsförstärkning krävs på industriområdet. Detta på grund av de
tillkommande kostnaderna för vätgaskomprimering, mellanlagring och transport.
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Summary
Many predict that water electrolysis using renewable or climate neutral electricity
will be a key technology in the transition to climate neutrality within the EU. The
ability of electrolyzers to produce hydrogen with principally no CO2 emissions
and hydrogen being a carbon-free energy carrier are very attractive features in the
efforts to decarbonize the industry. Many studies have been carried out and show
that both the operating and the capital cost of electrolyzers have been decreasing
significantly during the last years and are predicted to continue decreasing also the
coming decade. The growing interest in large-scale application has given rise to
global R&D activities to develop not only cheaper and more efficient
electrolyzers but also electrodes with a lower content of rare metals. Although
many researcher claims that modern electrolyzers are already, or soon will be,
competitive to steam methane reforming (SMR) using natural gas as feedstock, it
is very difficult for stakeholders in industry to understand, whether this conclusion
is valid for their own production units. The available information is often very
general and relevant parameters like access to sufficient electricity, hydrogen
quality and operating hours are not covered.
One aim with this project was to support the transition to climate neutrality in
industry by revealing the impact of some of these details on the economic
efficiency of water electrolysis. Another aim was to provide Boliden AB and
Höganäs AB with material, detailed enough, to decide if electrolysis is interesting
for further investigation or not an option for them. Two case studies were defined
with different requirements regarding quality and amount of hydrogen,
redundancy, and overcapacity. Four different electrolyzer solutions, using PEM,
ALK and SOEC techniques, have been compared with a standard SMR using
natural gas and biogas. The project partners Haldor Topsoe, HydrogenPro,
Euromekanik and Siemens Energy provided a budgetary quotation.
An additional aim specific for the Boliden case was to identify technical
possibilities to replace coal with hydrogen for injection into slag melts to reduce
zinc oxide. It has been identified that both the current submerged tuyeres and a
contact free supersonic coherent lance, (Co-jet) are candidates for hydrogen
injection. The calculated carbon efficiency in the zinc slag fuming at Boliden is
about 10%. The theoretical CO2-footprint reduction can be up to 45 000 ton
annually, when 3 000 Nm3/h hydrogen is used and replaces coal. However, further
investigations in pilot tests are necessary to prove that hydrogen can replace coal.
It is also necessary to evaluate the technical function of the identified injection
technologies.
A general result from the techno-economic analysis shows that all included
electrolyzers have a similar economic performance if they can operate under the
design conditions. Since a way to reduce production costs of electrolyzers is to
develop modules that have a certain capacity and can be produced in large series,
it is cheaper to buy such a module even if it means overcapacity. In case of
specific requirements, the module that best matches these requirements has the
best prerequisite to be selected in a final investment decision (FID). However,
also other features like space, building, noise, feed water requirement, pressure,
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H2 purity, type of control system, redundancy, availability, and type of service
contract are important criteria. Some features may be absolute claims, while
others are negotiable. All four electrolyzers showed advantages and disadvantages
with respect to different features and an FID will depend on the customer’s
preferences.
The comparison of the levelized cost of hydrogen (LCOH) between electrolyzers
and SMR showed that there is still an advantage for the SMR using natural gas
even if the CO2 emission price in the ETS rises from 25 €/t to 100 €/t at constant
electricity prices. However, assuming a decrease in stack costs by 50%, the
LCOH from SMR and electrolyzers was similar in the Höganäs case. In the
Boliden case, it was assumed that the natural gas price is 1.5 times higher than the
price at Höganäs. because no gas pipeline exists at Boliden and LNG would
probably the only alternative. With this assumption, the production cost of
hydrogen with SMR and electrolysis are in the same range. Assuming biogas as
feedstock instead of natural gas in the SMR, electrolysis and SMR showed a
similar LCOH in the Höganäs study. Assuming that Boliden would depend on
liquified biogas (LBG), that may cost twice as much as LNG, the production cost
of hydrogen with a Bio-SMR is expected to be more expensive than with
electrolysis.
A way to reduce the cost for electricity is to utilize a hydrogen storage and an over
capacity of an electrolyzer to avoid hours with high electricity prices, which of
course is related to a larger CAPEX cost. With larger within-day price variations,
more savings in electricity cost is possible. An electrolyzer could also supply
different balancing services to the power grid. The requirements of these services
constrain the operation of the electrolyzer and might require different levels of
overcapacity of the electrolyzer dependent on the hydrogen application and
demand as well as a hydrogen storage. The revenue needs to be compared to the
cost for the extra capacity and the required storage. For balancing services that
only require a small amount of excess capacity with existing storage, the revenues
appear sufficient for offsetting the costs associated with excess capacity.
The option to relocate hydrogen production has been studied as a way to reduce
electricity cost. However, the comparison of different locations of electrolyzers
indicate that it is more expensive to place the electrolyzer at another site than the
industrial even if a grid reinforcement is required at the industrial site, due to the
cost of hydrogen compression, intermediate storage and transportation.
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1. Introduction
1.1.

Background

The interest in fossil-free hydrogen is increasing in the world, and the
development of hydrogen technologies and system solutions in different sectors
has accelerated during the recent years, not least within the industrial sector.
There are several reasons to this development. First, fossil free hydrogen has the
potential to drastically reduce the carbon footprint from several sectors, not least
the hard-to-abate process industry. Second, hydrogen produced via electrolysis, is
an enabler that can connect different sectors of the future energy system and
contribute with flexibility and energy storage. Other important driving forces
behind this increasing interest are the falling prices of renewable electricity and
electrolysis technology. In all, fossil-free hydrogen is now considered to be a key
component in the transition to a climate neutral society within the EU. The
European hydrogen strategy from 2020 presents very ambitious hydrogen plans
and announces investments in the order of 4300 billion SEK. In Sweden, fossilfree hydrogen is also considered to be an enabler for meeting our national climate
goals. There are currently several larger plans and ongoing industrial projects,
where large scale electrolysis is central. HYBRIT might be the most well-known,
but only during 2020 a couple of new initiatives were announced, e.g. LKAB’s
major industrialization of HYBRIT’s technology and in January 2021, the
governmental initiative Fossil-free Sweden presented a national hydrogen
strategy.
The test bed “Swedish Hydrogen Development Center” (SHDC) [1] aims to
support and complement on-going as well as new activities and projects that are
initiated in the area of large-scale electrolysis and industrial hydrogen applications
in Sweden, but also abroad. The project is driven by RISE and Swerim in
collaboration with an industrial consortium of >20 external organizations.
Although several initiatives and projects in the area are already underway, and a
larger number of articles and reports are available in the open literature, a couple
of the process industries in this consortium have underlined the lack of easily
accessible information on electrolysis on the industrial scale, adapted to industry
issues prior to large-scale implementation. More specifically described, it has
been perceived as difficult and costly to independently evaluate and obtain a
neutral overview of the suitability of the latest technologies for large-scale
electrolysis (> 10 MWe). Not least for different processes and locations in
comparison with existing ones within their respective organizations. In addition,
the electrolyzer suppliers in the SHDC-consortium have an interest in
continuously increasing their own knowledge on potential end-users of their
respective technologies, so also to achieve ideas for improvements and/or
adaptions compared to competing technologies. As energy system related issues
are of high utmost importance for electrolysis to take the expected role in the
industrial transformation, also energy companies within the SHDC-consortium
have a strong interest to also increase their knowledge in the area.
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The different expressed needs and interests described above are also the
background and the underlying motivation to this study. The work has taken its
starting point and has been carried out in the form of two case studies that
altogether has the potential to annually reduce the climate footprint. The case
studies include:
-

-

Replacement of hydrogen produced from natural gas reforming with
fossil-free hydrogen produced by electrolysis at Höganäs AB in Höganäs
(electricity area 4, SE4).
Replacement of fossil coal with fossil-free hydrogen produced by
electrolysis at Boliden’s meltery in Rönnskär (electricity area 1, SE1).

The work has included mapping and analysis of site-specific prerequisites and
specifications for different electrolysis technologies and operating conditions,
LCC-analyses, aspects related to the energy market and different geographical
locations and electricity areas, etc.
1.2.

Aim of study

The overall aim of this project has been to investigate the techno-economic
prerequisites as well as the potential for reducing the climate emissions from
Boliden and Höganäs industries by replacing today’s fossil-based process steps
with the state-of-the-art industrial electrolysis technology for hydrogen
production.
More specifically, the aims of this project have been to:
•

Provide Boliden and Höganäs with a basis for decision on further
investments in electrolysis in the form of pilot tests and/or implementation
of the technology in industrial scale.

•

Increase technology suppliers and other stakeholders’ knowledge of the
process industry needs of the energy system, opportunities and limitations
regarding industrial electrolysis.

1.3.

Work approach, funding and structure of report

The work of this project has been divided into 5 work packages (WP1-5) with
underlying sub-activities, excluding a work package for project management
(WP0) and reporting (WP6). The work was carried out by RISE Innventia, RISE
and Swerim in close co-operation with the industrial partners, listed in the
foreword, during the period March 2020 – March 2021. The work was funded by
the industrial partners and the Swedish Energy Agency. The different WPs are
shortly described in the following section. The structure of the report does not
consider the order of the WPs but is instead starting with the results of the case
studies, including the techno-economic analysis, followed by different energy
market aspects and a conclusive discussion, presentation of key findings and some
suggestions for further work.
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WP1 Focus-driven demand, generic analysis
An important task of this project was to ensure that the results of the case studies
meet the whole project consortium’s interests (described in Ch. 1.1-1.2) and not
only the specific needs of the case study industries. Within this WP, several
project meetings were therefore arranged with representatives from all project
participants, where preliminary results from the case studies were shared and
discussed, and necessary coordination between the studies’ generic needs of
knowledge acquisition and analysis were provided.
WP2 Inventory and analysis of state-of-the-art industrial electrolysis
In this WP, an inventory and analysis of different state-of-the-art electrolysis
technologies were carried out, including: 1) Alkaline electrolysis (ALK),
2) Proton Exchange Membrane electrolysis (PEM), 3) Solid Oxide Electrolysis
(SOEC). The inventory was based on budget quotes from the project’s
participating electrolysis suppliers, as well as supplementary data from the open
literature. The budget quotes were in turn based on the needs and boundary
conditions of the two case studies, focused on parameters such as hydrogen
output, efficiency, turn-down-ratio, product quality (temperature, pressure,
purity, including the quality of the electrolysis by-products oxygen and
heat), life time, footprint, maintenance, safety aspects, necessary auxiliary
components and costs (CAPEX and OPEX). The results of this inventory are in
turn used as input to analyses in WP3-5 and described in the corresponding
chapters. For a more general description about the different electrolysis
technologies including prospects for the future, we refer to the summaries that can
be found in several articles and reports in the open literature, for example [2],
[3].
WP3 Energy market aspects of location for industrial electrolysis and
hydrogen production
This WP addressed issues on how electric network restrictions and other regional
electricity markets conditions can affect the possibility to a cost-efficient location
of industrial electrolysis. Location aspects based on the two case studies were
analysed, including electricity network’s capacity, centralized vs. decentralized
hydrogen production and potential income from balancing services.
WP4 Case study Höganäs
This WP included:
•

Description and mapping of existing natural gas-based hydrogen
production and use including energy efficiency, maintenance needs,
input raw material, personnel and security aspects.

•

Inventory and comparison of different alternatives to replace the fossil
hydrogen production at site Höganäs with electrolysis technologies
based on the results from WP2.
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•

Investigation of the possibility to locally use the electrolysis byproducts oxygen and heat.

•

A techno-economic comparative analysis of different electrolysis
technologies with existing gas reforming technology.

WP5 Case study Boliden
This WP included:
•

Mapping of methods and suppliers of equipment for gas injection in slag
and metal melts with hydrogen, produced from various electrolysis
technologies (based on the results from AP2).

•

A description of energy efficiency with carbon-based slag reduction
including gas use and heat recovery (existing situation).

•

Investigation of the possibility to locally use the electrolysis by-products
oxygen and heat.

•

Calculation of possible CO2 reduction for different levels of coal use and
increased proportion of hydrogen additive, including internal use of
produced oxygen and heat.

•

Techno-economic comparative analysis of different electrolysis
technologies with existing production and use.

•

Development of a test plan to evaluate the results of a pilot experiment
hydrogen use for slag reduction.
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2. Case studies with different prerequisites
In this study, two site-specific case studies have been carried out with different
prerequisites, of which the primary differences in conditions are described in this
section.
Höganäs has long experience of both producing and utilizing hydrogen on
industrial scale, so also from operation of industrial electrolysis. Boliden, on the
other hand, is currently investigating the possibility to replace some of their coal
consumption with hydrogen and has so far no hydrogen experience. Currently,
Höganäs uses two steam methane reformers (SMR) to produce hydrogen. One of
the reformers needs a major overhaul in 20251, which gives an opportunity to
consider electrolysis instead of a retrofit of the reformer. The second reformer will
be in operation at least until 2030 before it also could be replaced by electrolysis.
For Boliden, an investment in an electrolyzer is expected to become interesting
around 2030, which is about the same time when Höganäs needs to look over the
second reformer. Boliden is expecting a hydrogen demand of 3 000 Nm3/h and a
production rate at the maximum capacity of the electrolyzer. Höganäs needs today
about 1 200 - 1 800 Nm3/h on average and has a back-up storage to secure
hydrogen supply for about one day without hydrogen production, or two days
with only one plant in operation.
Redundancy is important for Höganäs, because no alternative to hydrogen exists
in their production, while Boliden could increase coal utilisation if the hydrogen
plant is not available. Höganäs wants to have two independent hydrogen plants
with each providing a capacity that is large enough to maintain operation at high
load over a few days. As a consequence, the electrolyzer will operate at part-load
for most of the time and also on minimum load over longer periods.
Another difference of the two case studies is that Boliden has an oxyfuel
combustion on site and today buys oxygen from a Gas Company that operates a
cryogenic air separation unit (ASU) on Boliden’s site. Today’s oxygen demand is
about ten times larger than the expected oxygen production of the possible
electrolyzer. Presently, Höganäs AB has no application of oxygen on the site in
Höganäs.
To ease the comparison of the different costs throughout the analysis all costs are
converted to Euro using the exchange rates in Table 1.
Table 1. Exchange rates used for conversion.

Exchange rates
[€/SEK]
[$/€]

1

10.5892
1.1195

Reference
[4]
[5]

Covid-19 and recession has prolonged the expected lifetime of the SMR by approximately 1 year
due to reduced operating time.
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3. Case studies at Höganäs
Today, Höganäs has two steam reformers that produce hydrogen for the
metallurgical processes, in which hydrogen acts as a reducing agent for iron oxide
as described below. The oldest reformer needs a major overhaul in a few years
(e.g. 2024) while the second reformer can stay in operation until at least 2030. In
WP 4, five technical solutions are described, of which four include an electrolyzer
for hydrogen production and one a new steam methane reformer (SMR).
Chapter 3 is divided in four subchapters: Ch. 3.1 describes the existing hydrogen
production at Höganäs, Ch. 3.2 presents four state-of-the-art electrolyzer systems
that could replace the old reformer, Ch. 3.3 discusses possible applications for the
by-products oxygen and heat, whereas Ch. 3.4 evaluates the suggested solutions
on a techno-economically basis.
3.1.
Description of existing hydrogen production system in
Höganäs
3.1.1. Existing infrastructure

In production in Höganäs, 10-14 million Nm3 of hydrogen is used annually as
shielding and reduction gas in the furnace processes. The hydrogen system shall
primarily supply the processes in the Powder and Distaloy plants, but also pilot
and laboratory operations, with a continuous and reliable supply of high-quality
pure hydrogen. The system consists of two production facilities (SPPH2REF1 and
SPPH2REF2), a high-pressure storage (SPPH2LAG) intended for back-up, a
flow-through buffer (SPPH2BUF), pipelines and reducer stations. The hydrogen
consumers are four production units and the central laboratory. Auxiliaries that
belong to the system are the utility supply in the form of nitrogen gas, compressed
air, natural gas, osmosis water, etc. is included.
The facilities that produce, store and transport hydrogen to the factories in
Höganäs are described in the principle sketch in Figure 3-1 below, which also
provides a geographical indication of mutual location.
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Figure 3-1. Schematic diagram for the hydrogen system in Höganäs.

Hydrogen is produced in two reformer plants (SPPH2REF1 and SPPH2REF2)
which supply hydrogen to a backbone network that transports the gas to the
consumers. The backbone network has an operating pressure of 14-15 bar(g). As a
back-up in the event of production disruptions, approximately 20,000 Nm3 of
hydrogen gas is stored at 300 bar(g) in the high-pressure storage (SPPH2LAG).
Five buffer tanks form one buffer storage, SPPH2BUF, have the task to avoid
temporary imbalances between production and extraction of hydrogen from the
main line until production has been able to be adapted to actual needs.
3.1.2. Hydrogen demand

The consumers of hydrogen are several annealing / reduction furnaces. Figure 3-2
below shows typical data on hydrogen production. The figure shows that
production/demand do not normally vary to any larger extent over days or even
over weeks. Most consumers are continuous processes. However, the production
at a plant can vary quite widely. The figure shows as an example of the annual
maintenance stop of reformer 1, which means that reformer 2 significantly
increases its production during the current week. A few days before the annual
shutdown, there are also two short unplanned outages in Reformer 1, which are
immediately balanced by Reformer 2.
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Figure 3-2. Hydrogen production over one month including the yearly maintenance stop.
Blue: Total hydrogen production. Yellow: Hydrogen production Reformer 1 (SMR 1)
Red: Hydrogen production Reformer 2 (SMR 2). [Nm 3] is defined at 0 °C and 1.01325
bar(a)

For the techno-economic analysis, an average demand of 1500 Nm3/h has been
used.
3.1.3. Description of existing steam reformers

In the two production facilities, hydrogen is produced at 15 bar(g) by steam
reforming of natural gas. Reformer 1 (SMR 1) has a maximum capacity of
1200 Nm3 / h and Reformer 2 (SMR 2) a maximum capacity of 1500 Nm3/h.
Design data for facilities and utility supply as below (Table 2).
Table 2. Design data for SMR 1 and SMR 2 at Höganäs.

Feature
Capacity
Pressure hydrogen
Dew point hydrogen
Load range
Consumption of NG, max at
continuous operation
Feedwater consumption at
max. operation
Cooling water (m3/h), max.
operation
Pressurized air
Power consumption, at max. at
continuous operation
Maximum demand of nitrogen
at start up

Unit

SMR 1

SMR 2

[Nm3/h]
[bar(g)]
[°C]
[Nm3/h]

1200
>15
-30 °C
42-100 %
513

1500
>15
-50 °C
40-100 %
630

[m3/h]

0.8

0.85

[m3/h]

100

110

[Nm3/h]
[kW]

20
92

20
124

[Nm3/h]

420

525
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The process works according to the principle illustrated in simplified form in
Figure 3-3. Incoming natural gas is compressed, and a smaller amount of
hydrogen gas is added. The gas is preheated by heat exchange with flue gases and
then hydrotreated to convert the various sulfur compounds to hydrogen sulphide,
H2S. In the next step the gas is passed through the desulfurization reactors with a
bed of zinc oxide which absorbs the hydrogen sulfide. Desulphurisation is
necessary because sulphur compounds poison the nickel catalyst used in the
reformation itself.

Figure 3-3. Process flow diagram of a standard steam methane reformer (SMR) plant [6].

After the reactor the synthesis gas is led to a final reactor for CO conversion,
where excess water vapor reacts with the carbon monoxide to form carbon dioxide
and more hydrogen gas. The reaction is exothermic which results in a temperature
increase across the reactor. The gas mixture formed is cooled while the remaining
water vapor is condensed. The condensate is degassed and returned to the feed
water tank while the gases are separated with a PSA (Pressure Swing Adsorption).
Some of the heat from the condenser is delivered as residual energy to the
municipality's wastewater treatment plant (in exchange for biogas) while the main
part is cooled against seawater.
The PSA facilities have four towers with different adsorption materials. The
adsorbers operates in a cycle where the adsorbers are rotated through a higherpressure adsorption followed by a pressure reduction. When the gas mixture
passes at high pressure, all gases except hydrogen are adsorbed and basically pure
hydrogen gas is obtained at the top of the column. The residual gas is collected in
a buffer tank.
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The residual gas consists mainly of carbon dioxide but also of smaller amounts of
methane and a significant proportion of hydrogen. This gas mixture is
combustible and is used as the main fuel in the reformer. Only a small proportion
of natural gas is used in normal operation as fuel. At start-up, however, only
natural gas is available. The composition of the residual gas varies over time, as
does the need for natural gas. The burner is thus flexible both for gas composition
and flow. This has made it possible to use raw gas from the local wastewater
treatment plant as a replacement for some of the natural gas in SMR 2. The flue
gases from the reformer are used both for steam generation and for preheating of
incoming gas flows and incoming combustion air.
3.1.4. Prerequisites for future hydrogen production

Höganäs currently has a significant overcapacity for hydrogen. The requirement
rarely exceeds 1800 Nm3/h and the maximum capacity is about 2700 Nm3/h.
However, SMR 1 is approaching a major overhaul within a few years (about
2024). Around 2030, SMR 2 will also need a corresponding review.
If the costs for renovation become significant, there may be reason to consider
compensation and possible alternative technology. Also, with regard to Höganäs'
climate goals, it is important to consider alternative technology. However, new
technologies must meet the basic technical requirements of gas quality, security of
supply, personal safety, and economy.
The structure of the system makes it easy to supplement with additional
production facilities but requires that the hydrogen gas hold at least 15 bar (a),
that it is sufficiently clean and has a dew point clearly below - 30 °C. Regarding
infrastructure, additional facilities should be located nearby the existing
production facilities or at least nearby the existing hydrogen loop.
Along this loop there is no power supply that corresponds to the requirement for
an electrolysis plant. Thus, the internal electricity network must also be expanded.
Another alternative would be to produce hydrogen from biogas from the natural
gas network or from synthesis gas produced by gasification of other biomass and
subsequent separation of hydrogen. In a solution including biomass gasification
there would also be the possibility to include CO2 capture and to produce either
biogenic CO2 for the market or in combination with CO2 storage, even negative
emissions. However, these options are not part of this study.
3.1.5. Reference case - New steam reforming

As reference case, in this study, it has been assumed that the existing reformers
cannot be repaired to a reasonable price but must be replaced by a new system. A
new steam reformer for natural gas would be the simplest solution since all
infrastructure is already in place. The new reformer can also use biomethane just
like the existing reformer 2, if biomethane is available in the grid2.

2

Approximately 29% biogas in the west Swedish gas grid in 2020
https://www.swedegas.se/gas/biogas/Gasbarometern
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The retrofit of Höganäs hydrogen supply would be carried out in two phases. A
first phase in 2024 and a second phase in 2030. In phase one a new reformer will
be installed with a nominal capacity of 1200 Nm3/h (SMR-P1). The second new
reformer will replace SMR 2 in phase 2 and will have a nominal capacity of 1 500
Nm3/h (SMR-P2).
The process is the same as in the existing plants as show in Figure 3-3. Since the
hydrogen leaves the plant at 15 bar(a), no additional hydrogen compression is
required.
The investment cost for the new reformers have been updated from the investment
cost of the existing plants and adjusted by the CEPCI to price levels of 2019.
Due to the large overcapacity, the new reformers will operate most of the time in
part load, which in turn affects the efficiency.
3.2.
Alternative types of electrolyzer to replace natural gas
reforming

In order to enable a detailed comparison between commercial electrolyzers as
alternatives to a new natural gas reformer a “questionnaire for project initiation”
has been sent to the project partners Siemens Energy, HydrogenPro, Euromekanik
AB and Haldor Topsoe, who answered with a budgetary offer including
descriptions of the electrolyzers and a price indication.
Among others, the questionnaire defined the demand and quality of hydrogen that
is needed and provided information about the existing auxiliaries at Höganäs such
as compressed air, nitrogen and water that is demineralised by an osmosis plant.
Höganäs will also provide electricity with a voltage of 10 kV to the electrolyzer.
The manufactures were asked to include a transformer if their system needs a
lower voltage.
For Höganäs a certain purity of hydrogen (>99) is needed for their metallurgic
process and the elevated pressure of 15 bar(a).
For the Höganäs case two quotes have been provided by each company. One
quote for a hydrogen production of 1200 Nm3 in 2024 (stage 1) and one quote for
a hydrogen production of 1500 Nm3 in 2030 (stage 2).
In practice, companies prefer to develop modular electrolyzer to ease serial
production and, thereby, reduce manufacturing cost. In this study four
manufacturer provided a cost indication (budgetary quotation) for their products
as input for a detailed technoeconomic assessment for the case study at Höganäs.
The provided data comprises investment cost, performance and operational cost
for a pressurized PEM system, an atmospheric PEM system, a high pressure
alkaline electrolyzer system and a SOEC system.
The technical descriptions of the techniques can be found below. Most companies
offered standard modules from their product portfolios, and chose to offer a
solution with a somewhat larger nominal hydrogen capacity than requested for

21 (130)

both phase 1 and 2. The SOEC system on the other hand is designed to fit the
specified capacity in both stages.
3.2.1. Silyzer 300 (Siemens Energy)

Siemens Energy electrolysis technology is based on the PEM-technology. In this
case, Siemens Energy suggested an “half array” (165 kg/h) of their atmospheric
electrolyzer model Silyzer 300 (Figure 3-4) for phase 1 and an expansion into a
full array Silyzer 300 in phase 2 as the overall most cost-effective solution. A fullarray Silyzer 300 has a nominal hydrogen production of 330 kg/h, which is much
larger than Höganäs installed capacity of 242 kg/h. The module-based design of
the Silyzer 300 array allows to install half of the modules (12 of 24 modules) in
phase 1 and the other half in the second phase.
The electrolyzer will be installed in a new building at an area of 25.5 m x 30 m. In
order to benefit from the possibility to retrofit the half Silyzer 300 with 12
modules to a full Silyzer 300 with 24 modules it may be interesting to design the
building to match the requirements of the full Silyzer 300. However, this would
mean that Höganäs is locked to the Silyzer 300 and may miss the chance to invest
in a solution that is at state-of-the-art in 2030. This flexibility could be maintained
by installing a half array Silyzer 300 in Phase 1 in a building designed for this size
only and keep the technological decision completely open for Phase 2. Due to the
increasing interest in green hydrogen, a fast development of the electrolyzer
technology is expected in the coming decade. In addition, two independent
electrolyzers increase the availability to almost 100 % which is beneficial.

Figure 3-4. Silyzer 300 module array terminology.
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Table 3 shows the performance data that is used in the technoeconomic analysis.
Table 3. Characteristics and performance data for a half Silyzer 300 from Siemens Energy
(PEM electrolyzer).
Feature

Unit

Value

Comment
Anode: Iridium based

Electrode material

Cathode: platinum based

Electrolyte material

PFSA-Membrane

TRL

Commercial

Start-up time from cold
condition/hot condition

[seconds]

60

Pressurized start if standstill
shorter than 1 h: 30 seconds

< 60

Inside of the building

Noise dB(A) @ 1 m at
various operation
conditions/loads

[dB]

Footprint (BxLxH and
Weight)

[m]

Purity O2 (%, opposing
gas and other
gases/traces, water
content)

[%]

>98

Dry basis, the gas is water
saturated

Hydrogen production

[Nm3/h]

1830

reference temp. 0 °C

Hydrogen production

[kg/h]

165

Nominal capacity

Days of operation

[d/y]

365*

Most maintenance during
operation

Availability

[%]

96 %

8410 hours/year, planned and
unplanned downtime
considered

Power consumption (AC)

[kWh/Nm³]

4.74

reference temp. 0 °C

Power consumption (AC)

[kWh/kg]

52.6

Nominal

Power consumption H2
compressions

[kWh/kg]

1.43

Nominal, one line

[MW]

8.9

At nominal capacity at
beginning of lifetime including
H2 compression

40%**

Long-term operation

734

reference temp. 0 °C

electricity consumption
(AC)
Lowest production

[%]

Lowest production

[Nm3/h]

21.5 x 7.0

Data is given for a 17.1 MW
stack array only (incl.
electrolyzer and gas coolers).
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Feature

Unit

Value

Comment

Minimum production

[%]

20%

Short-term operation

Minimum production

[Nm3/h]

367

reference temp. 0 °C

System efficiency at
design load

[kWh/kg]

48.9

At 60 % of nominal hydrogen
capacity

Feedwater

[kg/kgH2]

14.0

Tap water

*)

Some maintenance activities require the electrolyzer to be shut down.
)Lower long-term operating load possible subject to detailed check of site’s boundary
conditions and design adjustments.
**

The Silyzer 300 works at nearly atmospheric pressure and, therefore, a hydrogen
compressor is needed to increase the pressure to 15 bar(a). Since the capacity of
the electrolyzer is much larger than the expected average operation, two
compressor lines are assumed. The compressors are controlled by a bypass such
that the part load operation consumes about the same amount of power as if it
operates at nominal capacity. This means the compression plant has only two
levels of consumption. The specific power consumption in kWh per kilogram
hydrogen [kWh/kg] reaches, therefore, a minimum at 950 Nm3/h (50% load) and
at maximum at full load (Figure 3-5).
Other compressor capacity control mechanisms are conceivable but have not been
studied at this stage. For example, frequency-controlled compressors provide a
better part-load efficiency. They are more expensive, but they may be more
interesting for a costumer with many operating hours in part load.

Figure 3-5. Power consumption in [kWh/kg] hydrogen for the Silyzer 300. The red curve
is the total power consumption in AC including hydrogen compression by two parallel
compressor lines.
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Figure 3-5 also shows the minimum production that is recommended for long
term operation up to a few weeks and the expected average production per
electrolyzer after a second electrolyzer is installed at Höganäs in 2030 (phase 2,
total average H2 production 1500 Nm3/h, divided between two half arrays Silyzer
300). In case of the Silyzer 300, the minimum production is the same as the
average production after phase 2.
The red curve in Figure 3-5 refers to the total consumption (system AC + H2
comp.) and has been used to calculate the electricity consumption in the Höganäs
case studies.
Regarding the water consumption, at least the stoichiometric amount of water is
required to feed the electrolyzer. This is 8.93 kg/kg water per hydrogen.
Deionized water is used as process water in the electrolyzer. Total consumption
including some process-related losses is around 10 kg/kg water per hydrogen.
Siemens Energy specifies a raw water requirement of approximately 14.0 kg
water per kg produced hydrogen as feed into the deionized water production unit.
Herein the assumed raw water quality is tap water. The feed water preparation to a
quality of Type II is included in the CAPEX and OPEX in the solution. Since
Höganäs has an osmosis plant available and therewith water that already is purer
than tap water, the CAPEX and OPEX for feedwater preparation may be
somewhat lower than in this study.
For the purposes of this report maintenance work is considered as the sum of
yearly maintenance work and the cost of stack replacement. A stack replacement
is only required approximately once in a decade if the maintenance schedule is
followed and over-proportionally detrimental operating conditions are kept to a
minimum (e.g. maintain process water quality at required level at all times, avoid
long-term operation below respectively recommended load limit, etc.). At the
same time the fact that required capacity only equals a part load of the equipment
means an extended lifetime until end of life is reached. The stacks efficiency will
decrease over time and may have decreased from 72 % to 62 % over ten years,
measured at full nominal load. In order to compare the cost of stack replacement
between electrolyzers, the cost is equally distributed over the lifetime of the stack.
The cost of personnel has been assumed in this case to be the same for Höganäs
for all types of electrolyzer. Furthermore, the same number of operators will be
needed as for the steam reformers that are used today.
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Table 4. Data for calculating the cost of maintenance for the Silyzer 300.

Feature
Cost of stack
replacement

Unit
[M€/M€]

Value

Comment

20-25 %

As fraction of initial investment
in equipment
Depends on load and
maintenance work

Expected operating
hours between
replacement

Yearly maintenance
work

[equiv. op. h] 80 000
[y]

Ca. 10

[M€/y]

≤3 %

Achievable total operating hours
until end of life is reached are
depending on the average
operating load, operating
conditions, and maintenance. A
more accurate estimation can be
provided once more details of
the operating regime are known.
of initial investment in
equipment. Stack replacement
included.

Since no cost indication has been provided for the compression of hydrogen, both
investment cost and power consumption have been estimated by the authors
according to Chapter (3.4.3).
The purification of hydrogen shall be according to the description in Chapter 3.2.
For this requirement, an additional catalytic bed reactor is needed to remove the
oxygen. Since this is standard equipment and the prices will be small compared to
electrolyzer and compressor plant, this cost has been neglected in the analysis of
the Silyzer 300, although is included in the other solutions.
The cost of the building for the electrolysis plant is estimated according to chapter
3.4.5.
3.2.2. Alkaline High Pressure Electrolyzer Plant (HydrogenPro)

The core of HydrogenPro’s electrolysis system is based on a high-pressure
alkaline electrolyzer technology. This high-pressure system has been on the
market for the past two decades. The system builds in turn on well-proven core
technology from Chinese partners. For the Höganäs case, a solution providing a
product gas at the delivery pressure of 15 bar electrolyzer has been chosen. The
pressurized electrolyzer requires therefore no additional hydrogen compressor to
meet the given requirement.
The system has an AC power consumption at 4.5 kWh/Nm3 H2 at 15 bar. The
complete 1 760 Nm3/h electrolyzer plant includes two units with nominal capacity
of 880 Nm3/h (150 kg/h).
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Table 5 shows the performance and production data of the Alkaline High Pressure
Electrolyzer Plant (AHPE). The plant is designed for continuous operation and the
system can be started and shut down automatically. Operational uptime is
normally 98%. Most of the maintenance of the electrolyzer is carried out with
plant in operation. Maintenance philosophy is further discussed later in this
chapter, but options for both planned maintenance and predictive maintenance are
available.
Table 5. Characteristics and performance data for the AHPE from HydrogenPro.
Feature

Unit

Value

Comment

Electrode material

Nickel +

Electrolyte material

KOH

TRL

commercial

Start-up time from cold
condition/hot condition

Noise dB(A) @ 1 m at
various operation
conditions/loads

[minutes/-]

[dB(A)]

Footprint (BxLxH and
Weight)
Purity O2 (%, opposing gas
and other gases/traces,
water content)

[%]

Approx. 30
minutes /
Immediately

See
comment

No noise from electrolyzer.
Feed water pump has a noise
level of 90 dB(A) and rectifier
of 72 dB

-

-

See
comment

99,5% or 99,999% depending
on if purifier is included or not

Hydrogen production

[Nm3/h]

1760

reference temp. 0 °C

Hydrogen production

[kg/h]

158

Nominal capacity

Days of operation

[d/y]

365

Most maintenance during
operation

Availability

[%]

98.0

normally

Power consumption (AC)

[kWh/Nm³]

4.5

reference temp. 0 °C

Power consumption (AC)

[kWh/kg]

50

Nominal

Efficiency of balance of
plant

[%]

97.8

DC/AC

electricity consumption
(AC)

[MW]

7.9

At nominal capacity

[%]

50%

Long-term operation

Lowest production
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Feature

Value

Comment

[Nm3/h]

880

reference temp. 0 °C

Minimum production

[%]

20%

Short-term operation

Minimum production

[Nm3/h]

352

reference temp. 0 °C

Feedwater

[kg/kg]H2

10.6

Tap water

Lowest production

Unit

An efficiency ratio of the efficiency of the whole plant (in AC) and the efficiency
of the stack (DC) has been calculated. This factor includes the rectifier and power
consumptions for feed water preparation and pumps. In Table 5, this “Efficiency
ratio” is called “Efficiency of balance of plant”.
According to HydrogenPro, the electrolyzer stack has a DC power consumption
going from 3.8 kWh/Nm3 to 4.4 kWh/Nm3 of H2, depending on the load and
standard configuration Figure 3-6.

Figure 3-6. Efficiency curve of electrolyzer (power consumption of stack) for AHPE.
Values in [kWh/Nm³] at 0 °C. Source: HydrogenPro

Figure 3-7 shows the power consumption in kWh/kg. The blue curve corresponds
to Figure 3-6. The red curve in Figure 3-7 is the power consumption of the whole
system in kWh/kg (AC). The difference is calculated by a factor of 0.978 that has
been provided for the nominal capacity. Here, it has been assumed that this factor
is constant over the whole load range.
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Figure 3-7. Power consumption in [kWh/kg] hydrogen for the AHPE. The red curve is the
total power consumption in AC. Hydrogen compression is not required because the
electrolyzers operate at the required pressure.

The efficiency curve in Figure 3-7 has been used to calculate the power
consumption in the techno-economic evaluation. According to the technical
description the AHPE-plant can operate between 50 % and 100 %. This means
that the minimum load for long-term operation is above the expected average
operation after phase 2. Since the requested design capacity for phase 1 was
1200 Nm3/h and 1500 Nm3/h for phase 2, HydrogenPro suggested a solution with
two units in both cases to fulfil the request. However, three units would together
provide a capacity of 2640 Nm3/h, which would be large enough for Höganäs.
Assuming that Höganäs buys only one additional unit in 2030, and not two as
suggested in the quotation, the average load would be about 55% for all three
units and the electrolyzer from Phase 1 (two units) would be about 1000 Nm3/h
(Phase 2b in Figure 3-7). This would suit the AHPE system better than 750 Nm3/h
as shown in Figure 3-7.
Regarding the water consumption, HydrogenPro states that 1584 l/h are needed at
100 % load. The specific water requirement is, therewith, 10.56 kg water per kg
produced hydrogen. Since Höganäs already has an osmosis plant, demineralised
water available at the site and no further water treatment is needed according to
the specifications given. No CAPEX and OPEX for feedwater preparation are
included for HydrogenPro’s solution.
Maintenance work is the sum of yearly maintenance work and the cost of stack
replacement. A stack replacement is only required once in a decade if the
maintenance schedule is followed and long-term operation below 50 % of
nominal load is avoided. The efficiency of the stack decreases with 0.1 - 0.5 % per
year. After ten years of operation the efficiency may have decreased by up to 5%.
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Estimated replacement time less than 1 week. It can be an interesting option to do
this work locally with a service station close to the hydrogen plant. Lye pumps,
heat exchangers etc. are designed 20+ years of operation. Lye to be monitored
regularly. Possible replacement every 5th year, but this need to be evaluated based
on operation.
In order to compare the cost of stack replacement between electrolyzers, the cost
is equally distributed over the lifetime of the stack according to data shown in
Table 6.
It has been assumed that no additional operators will be needed at Höganäs AB
for all types of electrolyzer. The same number of operators will be needed as for
the steam reformers that are used today.
Table 6. Data for calculating the cost of maintenance for the AHPE from HydrogenPro.
Feature

Unit

Value

Comment
As fraction of initial investment
in equipment

Cost of stack replacement

[M€/M€]

40 %

Expected operating hours
between replacement

[h]

87600

[y]

10.0

Yearly maintenance work

[M€/y]

2%

Depends on load and
maintenance work
of initial investment in
equipment

There is no additional cost or power consumption for hydrogen compression since
the electrolyzer is pressurised.
The purification of hydrogen according to requirements from Höganäs is
included.
HydrogenPro has not included any civil work in their price indication. The cost of
the building for the electrolysis is estimated according to Chapter 3.4.5. As an
indication the manufacturer estimates cost of civil work to be between 20-30% of
the total project cost.
3.2.3. HCS S450/70 (Euromekanik and H-TEC)

Euromekanik and their partner H-TEC’s electrolysis technology is based on the
PEM-technology. In this case, the hydrogen cube system S450/70 (HCS S450/70)
is suggested. The HCS S450/70 is based on equal modules to build larger
electrolysis plants. The basic modules are the following:
•

Electrolysis cube: Stack module in a 20' ISO container. This module
contains the electrolysis stacks and the H2 drying. There are 6 skids with
each 3 pcs. S450/70 electrolysis stacks installed.
The S450/70 stacks are known in SERIES ME electrolyzer from H-TEC
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SYSTEMS and proven in field. The S450/70 stacks are developed and
produced by H-TEC SYSTEMS.
•

Process water cube: Deionized water circular module (suitable for a stack
module) in a 20' container. Conditioning the process water for the stacks
and heat dissipation.

•

Electrical cube: Power electronics and controls container in a 20'
container.

At a nominal load of 2 MW, the HCS can produce 900 kg H2 per day of pure
high-value Hydrogen and as a turnkey plant only needs to be supplied with
ultrapure water (Type I) and low voltage power. All auxiliary units required for
hydrogen production are located within the container or on the container.

Figure 3-8. Footprint of the three 20' container w/o water and hydrogen purification.
Source: Euromekanik.

Figure 3-9. Sideview 1 pc. HCS. Source: Euromekanik.
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For phase 1 in the Höganäs case Euromekanik suggests three parallel lines with a
single hydrogen capacity of 37.5 kg/h. Three lines can provide 112.5 kg/h which
is 1251 Nm3/h. This means Höganäs needs to buy nine containers in the first
phase and 12 containers in the second phase.
For phase 2 Euromekanik suggests 4 additional lines of HCS S450/70 system in
2030 to fulfil the request of 1500 Nm3/h to replace the existing steam reformer.
After phase 2 Höganäs will have seven lines and a total capacity of 2920 Nm3/h.
Likewise, the solutions presented by Siemens Energy and HydrogenPro,
Euromekanik’s solution results in a significant overcapacity that is even larger
than todays. Considering that Höganäs needs a very high availability up to a
hydrogen production of 1500 Nm3/h, the cube system can provide a very high
availability already with five lines. Four lines can produce 1670 Nm3/h while the
fifth line is shut down for maintenance. A sixth line could be an additional reserve
to further secure the availability, but at cost of a larger CAPEX. The suggested
case with seven lines increases this CAPEX further and requires more space.
The combination of several lines as discussed above, compensates for the
somewhat lower availability of 90-95 % for a single line such that it can be
assumed that the total availability for more than two lines is nearly 100 %
Table 7 shows the performance data for the HCS S450/70 system that has been
used in this study. The power consumption of 4.8 kWh/Nm3 is for the stack only.
The supplier stated a peripheral load of approximately 150 kW excluding the
feedwater purification to ultra clean (Type I quality). Recalculating this
consumption into a specific efficiency for the produced hydrogen gives:
150 [kW]/1251 [Nm3/h] =0.12 [kW/Nm3]
4.8 [kW/Nm3] + 0.12 [kW/Nm3] = 4.92 [kW/Nm3]
The “efficiency of balance of plant” in Table 7 is defined as the ratio of efficiency
stack (DC) and efficiency plant (AC) and assumed to be constant for the whole
load range.
Table 7. Characteristics and performance data for three sets of the HCS S450/70 from HTEC (PEM-technology).

Feature

Unit

Value

Comment

Electrode material

-

Electrolyte material

polymer

TRL

8-9

Start-up time from cold
condition/hot condition

[hours/seconds]

< 1 h /30
seconds
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Feature
Noise (dB(A) @ 1 m at
various operation
conditions/loads

Unit
[dB(A)]

Comment

< 90

Inside of the building

3*3 40´´
container

Footprint (BxLxH and
Weight)
Purity O2 (%, opposing
gas and other
gases/traces, water
content)

Value

Not for consumption

[%]

Hydrogen production

[Nm3/h]

1251

reference temp. 0 °C

Hydrogen production

[kg/h]

113

Nominal capacity

Days of operation

[d/y]

365

Most maintenance during
operation

[%]

99.9

typically, 90 % to 95% for a
single line. 99.9 because only
two of three lines required to
produce 750 Nm3/h.

efficiency plant (AC)

[kWh/Nm³]

4.8

reference temp. 0 °C

efficiency plant (AC)

[kWh/kg]

53.4

Nominal

Efficiency of balance of
plant

[%]

97.6

DC/AC + consumers

electricity consumption
(AC)

[MW]

6.0

At nominal capacity at
beginning of lifetime

Lowest production

[%]

20%

Long-term operation

Lowest production

[Nm3/h]

250

reference temp. 0 °C

Minimum production

[%]

20%

continuous 20 -110%

Minimum production

[Nm3/h]

250

reference temp. 0 °C

System efficiency at part
load

[kWh/kg]

51.1

At 60 % of nominal hydrogen
capacity

Feedwater

[kg/kgH2]

12.0

Ultra-pure water, Type I acc.
(EU) 2015/1787

Availability

Figure 3-10 shows the power consumption in kWh/kg. The blue curve
corresponds to the stack and the red curve is the power consumption of the whole
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system in kWh/kg (AC). The difference is calculated by a factor of 0.976
(efficiency of balance of plant in Table 7) that has been calculated for the nominal
capacity.

Figure 3-10. Power consumption in kWh/kg hydrogen for the HCS S450/70. The red curve
is the total power consumption in AC. Hydrogen compression is not required because the
electrolyzers operate at 30 bar(a).

The HCS S450/70 system can operate continuously over a range from 20-100% of
its nominal hydrogen production. For the following evaluation, a minimum
production of 250 Nm3/h of hydrogen is used. The expected average demand for
this plant after phase two is about 640 Nm3/h if Höganäs in the second phase buys
four additional lines and the production would be distributed equally over all
seven lines (Phase 2a in Figure 3-10). If Höganäs buys three additional lines the
load would be 60 % of each line with a production of 750 Nm3/h (Phase 2b in
Figure 3-10). As discussed above, it may be interesting for Höganäs to buy only
two additional units in phase 2 (year 2030) and thereby decrease the CAPEX
while maintain a very high availability up to 1500 Nm3/h hydrogen. This decision
would result in an average load of 72 % and an average hydrogen flow of 900
Nm3/h (Phase 2c in Figure 3-10).
Regarding the water consumption, Euromekanik states that 450 l/h are needed for
one HCS S450/70 line at 100% load (37.5 kg/h, hydrogen). The specific water
requirement is, therewith, 12 kg water per kg produced hydrogen. Since Höganäs
only has an osmosis plant, further treatment is required. Euromekanik recommend
using a central water treatment for all electrolysis systems.
The lifetime of a stack is at least 10 years. It is expected that efficiency of the
stack decreases over time as it has been stated for the Silyzer 300 and the alkaline
high pressure electrolyzer. Euromekanik has, however, not specified the decrease
of efficiency over time. How quickly a stack will wear out depends on many
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factors and can probably be optimized with three and more parallel lines
available.
In order to compare the cost of stack replacement between electrolyzers, the cost
is equally distributed over the lifetime of the stack according to data shown in
Table 8.
Table 8. Data for calculating the cost of maintenance for the HCS S450/70 electrolyzer plant.
Feature

Unit

Value

Comment
As fraction of initial investment
in equipment

Cost of stack replacement

[M€/M€]

<60 %

Expected operating hours
between replacement

[h]

87600

[y]

10.0

Yearly maintenance work

[M€/y]

5%

Depends on load and
maintenance work
of initial investment in
equipment. Stack exchange
included

There are no additional cost or power consumption for hydrogen compression
since the electrolyzers are pressurised.
No buildings are needed for Euromekanik’s and H-TEC’s container solution.
A further purification of hydrogen is needed for Euromekanik’s solution to fulfil
the requirements from Höganäs and for this Euromekanik recommends using a
central H2 drying unit and deoxidation. H2 drying unit will be integrated in the
HCS controls. This central unit may be installed in an additional container and a
cost has been added.
3.2.4. SOEC (Haldor Topsoe)

Haldor Topsoe develops electrolysis based on the SOEC technology, which Core
(or Stack Module) includes the SOEC stacks, heaters and heat exchangers. The
SOEC given an applied current, splits CO2 into CO and/or H2O as steam into H2.
O2 is generated as part of the process as illustrated for H2O electrolysis in Figure
3-11.
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Figure 3-11 Principle of SOEC. Source: Haldor Topsoe

A block diagram for a SOEC plant is shown in Figure 3-12. In contrast to PEM
and ALK electrolyzers, the SOEC system uses steam as feedstock instead of
water. The steam can be provided at near atmospheric pressure in the current
system. However, a new stack generation platform and system is being developed,
which should be able to operate and at elevated pressure. If there is steam
available on site, the energy demand for the electrolysis process of SOEC is
significantly lower (>25% higher efficiency H2 LHV) than that of PEM and ALK
electrolysis.

Figure 3-12. Principle SOEC plant layout for H2O electrolysis.

In Höganäs the metallurgical process requires hydrogen at 15 bar(a), why a
compressor unit must currently be added following the H2O-removal. Such a unit
can be an electrical steam generator and a single line three-step hydrogen
compressor, and thereby naturally increasing the power demand.
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The calculations for the steam generator and the compressor are described in
chapter 3.4.4 and chapter 3.4.3, respectively. The impact on the specific power
consumption is shown below in Figure 3-13.
Haldor Topsoe has provided a cost indication and performance data for their
SOEC system with a design hydrogen-capacity of 1200 Nm³/h (107.9 kg/h). Table
9 shows the performance data that is used in the technoeconomic analysis.
The availability is ≥ 8 300 hour per year (95 % availability), with some time
reserved for potential maintenance. A higher availability is expected but Haldor
Topsoe has provided a conservative estimation.
Table 9. Characteristics and performance data for a SOEC from Haldor Topsoe.
Feature

Unit

Value

Comment

Electrode material

Ni-YSZ, LSCF-CGO

Electrolyte material

YSZ (yttria stabilized
zirconium)
5-6 (H2O
electrolysis)

TRL
8 (CO2
electrolysis)
Start-up time from cold
condition/hot condition

Noise dB(A) @ 1 m at
various operation
conditions/loads

[hours/seconds]

[dB(A)]

Footprint (BxLxH and
Weight)

Purity O2 (%, opposing
gas and other
gases/traces, water
content)

[%]

Under upscaling. Haldor
Topsoe is planning and
designing a factory to be ready
in 2023 with an annual
production capacity of 500
MW.

10-12 hours
/ <5 seconds

<80 dB(A)

Possible but not included in
this project, does not include
compressor

-

In general, 70-100 m2/MW
including auxiliary systems.
The SOEC system is in this
case around 4.74 MW, so max
500 m2.-

-

-

Hydrogen production

[Nm3/h]

1200

reference temp. 0 °C

Hydrogen production

[kg/h]

107.9

Nominal capacity
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Feature

Unit

Value

Comment

Days of operation

[d/y]

365

Most maintenance during
operation

Availability

[%]

95

About 8300 hours a year

Power consumption
(AC)

[kWh/Nm³]

3.33*

reference temp. 0 °C

Power consumption
(AC)

[kWh/kg]

37.0

Nominal, stack and rectifier

[%]

99.0

Transformer + rectifier

1.43

Nominal, one line
(Compressor calculation by
the authors in Chapter 3.4.3)

[kWh/kg]

5.52

Electrical steam generator,
feedwater pump neglected
(Chapter 3.4.4)

[MW]

4.74

At nominal capacity at
beginning of lifetime

1.3%***

Long-term operation

Estimated Efficiency of
balance of plant
Power consumption H2
compressions

Power consumption
steam generator
electricity consumption
(AC)

[kWh/kg]

Lowest production

[%]

Lowest production

[Nm3/h]

16

reference temp. 0 °C

[%]

0%

Possible load change from 0 %
till 150%

3.0

reference temp. 0 °C
(parts of the SOEC system
operate in full load, other
parts/modules are idle or shut
off)

Minimum production

Power consumption at
20 % load

[kWh/Nm³]

*)

The value in DC mode is 3.3 kWh/Nm3 assuming steam is available.
Not included in the budget off and therefore estimated by the authors.
***) It would technically be possible to operate with only one stack module, so called Stack
CORE. That has a nominal production of 16 Nm3/h. That would be the lowest production
possible for long-term operation, the other modules would be switched off.
**)

The stack power consumption of 33.4 kWh/kg (Table 9) is more than 25 % lower
than for the other solutions. However, the power consumption for the compressor
and the steam generation reduces this advantage significantly. In addition, the
SOEC electrolyzer system maintains the same efficiency over the whole range of
operation. One would rather shut down sections to maintain 100 % load in the
running sections than operate in part load which accelerates degradation of the
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stack. Figure 3-13 shows the specific power consumption that is used for the
technoeconomic analysis.

Figure 3-13. Power consumption in kWh/kg hydrogen for the SOEC system. The red
curve is the total power consumption in AC including hydrogen compression by a single
line.

The red curve in Figure 3-13 is the total consumption (system AC + H2 comp +
steam generation) and has been used to calculate the electricity consumption in
the case studies.
The difference between “stack DC” and “system AC” Figure 3-13 is the estimated
efficiency of the transformer plus rectifier. The power consumption of feedwater
pumps is neglected.
Figure 3-13 also shows the minimum production that is recommended for long
term operation up to a few weeks and the expected average production after a
second electrolyzer is installed at Höganäs in 2030 (phase 2). Due to the
increasing specific power consumption of the single line compressor at lower
load, the SOEC solution has the optimum operation at 100 % load. However, the
difference in specific power consumption (efficiency) is small between a
hydrogen flow of 700 Nm3/h and 1200 Nm3/h. If the plant will operate most of the
time at a load below 50 % of the nominal capacity it may be better to invest in two
parallel compressor lines or a more expensive frequency controlled compressor to
avoid losses in part load. The assumptions regarding hydrogen compression are
described in Chapter 3.4.3.
The steam consumption in a SOEC system is equal to the stoichiometric amount
of water is required to feed the electrolyzer. This is 1.1 kg/kg steam per Nm3
hydrogen. Since Höganäs has an osmosis plant on side for feedwater preparation
for the two steam reformers no investment for additional water purification is
included.
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Haldor Topsoe suggests calculating with a service contract in this study. The
contract would include all maintenance work and the stack replacement when
necessary. The details for such contract will have to be negotiated with the
customer in a later phase. Since the price indication of the service is suggested to
be based on the amount of produced hydrogen, it makes no sense to present the
maintenance cost of the SOEC plant in the common way; i.e. as a fraction of the
equipment cost.
For providing hydrogen at 15 bar(a) a new compressor plant is needed to
compress the hydrogen for atmospheric pressure to 15 bar(a). Here a single line
bypass-controlled compressor is assumed. This approach is to minimise the
investment cost rather than the operating costs at low load. In addition, the benefit
of two parallel lines with half the hydrogen capacity of the SOEC plant is less
compared to the Silyzer 300 since the SOEC plant has a smaller nominal capacity
and will therefore not operate at equally low load as the Silyzer 300.
The SOEC can operate in a range from 0% to 150% of the design capacity as
stated in Table 9 and illustrated in Figure 3-13. However, in this study a
maximum compressor capacity of 1200 Nm3/h is applied for the SOEC system,
hence a larger production than 1200 Nm3/h requires a second compressor.
The SOEC plant will be delivered in containers or skid mounted systems and
therefore no buildings are needed. The same is assumed for the hydrogen
compressor. Although a compressor house is included for the two compressor
lines for Silyzer 300, in case of the SOEC solution a rain protection that covers
the compressor plant is assumed. This means for the techno-economic analysis
that no cost for a compressor building is included.
An electrical steam generator is included and is described in Chapter 3.4.4.
To reach the requirements from Höganäs it is only necessary to dry the product
gas since no oxygen is in the produced hydrogen according to Haldor Topsoe.
3.3.
heat

Potential income from the electrolysis by-products oxygen and

3.3.1. Oxygen reutilisation

Today, Höganäs has no application demanding pure oxygen. In future, it could
however be an option to retrofit some of Höganäs’ furnaces to enable also oxyfuel
operation. To motivate such investment, the oxygen must be available at the
required pressure without any additional costs.
Other potential application could be:
1. Fish farms
2. Oxygen to refresh sea bottom and riverbeds.
3. Wastewater treating in pulp mills and communities.
4. Oxyfuel application, reduce NOx and flue gas losses.
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5. Converting O2 into ozone for NOx reduction in combination with a wet
scrubber.
6. Oxygen for bleaching at pulp mills
In the first three applications compressed air may be a cheaper alternative.
However, according to Linde (2020) it has been shown that supplementary
oxygenation is the key to enhancing a fish farm’s stocking density, to keeping it
disease-free and the productivity and overall profitability high. A perfectly
balanced oxygen saturation will
•

Improve feed conversion ratio (FCR) for feed cost savings.

•

A reduction in the FCR from 1.5 to 1.0 can lower production costs by up
to 20%

•

Raise specific growth rate (SGR) for increased profitability.

•

Increase fish growth rates even on higher stocking densities.

•

Better fish healthy and reduced mortality

Applying pure oxygen results in a larger absorption of oxygen since no nitrogen
strips off the oxygen from the water. The same mechanism also applies for
refreshing of sea bottoms and in water treatment plants.
In case, Höganäs may have access to a fish farm, in future, the oxygen could be
used and probably increase the profit. However, if the oxygen must be liquefied
for transportation or storage, it is evident that the oxygen from the electrolysis
process cannot compete with oxygen from a PSA or cryogenic air separation plant
at the location of the consumer [7].
3.3.2. Waste heat recovery

Höganäs sees opportunities to utilize waste heat and has the possibility to sell
more district heating. At their site, the return temperature is 44-45 °C and the
contracted supply temperature is 105 °C (often 90 °C is sufficient; 110 °C is
maximum)
Today, Höganäs has a surplus of waste heat below 50 °C. Heat at temperature
between 80 to 90 °C would be very interesting, whereas heat at temperature
between 50 and 65 °C can potentially be used for district heating, especially
during winter. This means that the heat source must provide heat at a temperature
above 50 °C.
According to the manufactures, a special design is required to provide some of the
waste heat at higher temperature than 50 °C. None of the electrolyzer
manufacturer could provide an estimation of the additional cost within the frame
of this project.
According to Haldor Topsoe, SOEC plants are highly integrated and reutilise all
useful heat internally to preheat steam, air, and feed water for the steam generator.
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Due to its low operating temperature, it is also unlikely that an interesting amount
of heat can be directly recovered from Siemens Energy’s Silyzer 300. If district
heating water could be used directly as cooling medium in the electrolyzer, some
heat could be recovered theoretically.
The alkaline high-pressure electrolyzer operates at 80 °C and provides a larger
potential of waste heat recovery. However, the cooling system will be less
efficient if the cooling water is supposed to leave the plant at a much higher
temperature and needs to be redesigned. This is, according to HydrogenPro,
probably not economically feasible.
The H-Tec cube system can in principal provide 20 % of the electrical duty at a
temperature of ca. 65 °C, according to Euromekanik (Figure 3-14). This applies at
full load. However, the required temperature difference between the cooling water
and the electrolyzer is unclear. A redesign of the cooling system is required, and
the investment cost would change. An estimation of the extra cost requires more
details as available in the frame of this project. A general estimation is that
usually heat extraction with a proper heat sink is worth the investment. For a
10 MW plant and 8000 hours of operation the system would generate 16 GWh/y
heat. Assuming 10 € per MWh would contribute with 160 k€ income per year. In
the Höganäs case, an average load of 3.6 MW is expected and therewith a possible
income from heat production about 60 k€, which could motivate an investment of
about 460 k€ assuming an annuity of 0.13.

Figure 3-14. Heat balance for the HCS S450/70 showing that 20 % of the power input can
be recovered at 65 °C.

In both the AHPE and HCS S450/70 system, it may be worth to recover heat,
although, the investment may not generate any profit. A scenario could be
possible where the investment can pay for itself within 15 years with a zero-
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interest rate. In this case no profit will be made but some fuel may be saved in the
district heating system.
From the discussion above, it has been concluded that no significant income can
be expected neither from oxygen nor from heat, in the Höganäs case. If an
investment can only just pay for itself, it will have an insignificant impact on the
overall techno-economic analysis and can be neglected at this early stage.
3.4.
Techno-economic evaluation of alternatives for hydrogen
production at Höganäs AB

This chapter presents the techno-economic comparative analysis between state-ofthe-art water electrolysis and natural gas reforming. Four commercially available
types of electrolyzers have been compared with a new SMR plant. The different
electrolyzers are described in chapter 3.2. The comparison has been carried out
referring to Höganäs as costumer and hydrogen consumer.
It has been a challenge to avoid comparing “apples with oranges”, although all
manufacturers provided a budget quotation as an answer to a questionnaire that
has been elaborated in cooperation with Höganäs. Besides the concern that the
budget quotations did not include all equipment to provide hydrogen at 15 bar(a)
and with an oxygen content according to the requirements, the efficiency and
production capacity were given in different units or followed different standards.
It was therefore necessary to re-calculate these data into the standards that are
used by Höganäs. Appendix 1 lists the properties of hydrogen and methane for
several assumptions.
3.4.1. Prices of consumables

The spot price of electrical power at Nord Pool varies over a day and from day to
day. Future scenarios of the electricity price at Nord Pool and intraday variations
is presented in Chapter 5.4.1. This variation is in general larger than the fee an
industrial costumer pays to an electricity provider that has been contracted.
However, in this techno-economic study, an objective is to compare cost for
hydrogen generation from natural gas and from electrical power. From a costumer
point of view, it is important to point out that the price of electricity is not the
same as the spot price and that the fee for the grid and the fee to the power
provider accumulate in the yearly cost of operating the electrolyzer. Since each
industrial costumer has an own contract with its provider and these contracts are
not official, the authors assume a symbolic additional charge of 20 %.
The price for natural gas is estimated and includes also costs for transport and
pipelines and profit for the gas supplier. This means that the price of natural gas in
this study is higher than the European market price. In addition, also the price for
natural gas varies significantly.
Table 10 shows the prices for the consumables that are used in the technoeconomic study.

43 (130)

Table 10. Prices of consumables.
Feature

Unit

Value

Comment

Electricity price

[€/MWh]

35.55

Assumed spot price at Nord Pool

Total price of electricity
at site

[€/MWh]

44.44

20% for grid and cost + profit of
provider

Price of methane

[€/MWh]

28

[€/t]

25.00

[€/m3]

1.00

Cost for CO2 emissions
Water

Including transport and cost +
profit for the provider
Assuming ETS price
Tap water

3.4.2. Cost model for total fixed-capital investment

The fixed-capital investment at Höganäs phase 1 includes at least the following
equipment that will be included in the manufactures’ offers:
•

Electrolyzer/ Process technology

•

O2 Cooler

•

H2 Cooler

•

DeOxoDryer

•

Transformer from 10kV to electrolyzer (e.g. 440 V)

•

Rectifier

•

System Cabinet Control & Safety

•

Aux. transformer

•

Feed water purification

•

Equipment installation /erection of plant

Depending on the type of the electrolyzer, the following listed equipment would
also be required. In case of a SOEC system, a steam generator is needed since no
steam is available at Höganäs AB, provided that both reformers shall be replaced
by electrolyzers. In case the electrolyzer is not pressurized, a hydrogen
compressor plant would also be needed. The compressor plant is described later in
this section.
•

Steam generator

•

Buffer tank H2

•

H2 Compressor 15 bar

•

H2 Compressor installation

•

H2 Compressor building and foundation
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Further cost that are directly connected to the plant, but probably not covered by
the contract with the manufacturer of the electrolyzer, are:
•

Yard improvement (e.g. fence, roads, drains and interface to media)

•

Foundation

•

A building plus internal facilities (e.g. HVAC, Plumbing, lighting, Note:
an overhead crane is not included)

•

Power cable to electrolyzer

•

Electrical installation and connection to control room

•

Utility supply (water, instrument air, chemicals)

•

Hydrogen pipeline (underground)

The total project cost would also include:
•

High voltage infrastructure (transformer 130 to 50 kV),

•

Transformer from 50 kV to 10kV,

•

Grid connection, and

•

Service facilities.

However, these four positions are excluded from the Höganäs case, because they
are very site-specific and Höganäs already has much of this equipment in place.
Further included, so called indirect costs that belong to the fixed-capital
investment, are:
•

Own Engineering and project supervision, procurement

•

Legal expenses (permissions)

•

Construction expenses

•

Inspection since dangerous medium

•

Spare parts

•

Commissioning

•

Training of operators

•

Contingency (adding 10% of fixed-capital investment)

3.4.3. Hydrogen compressor plant

For the compression of hydrogen from about atmospheric pressure to 15 bar(a), a
three-step compressor with intercooling was in this case-study assumed.
According to own calculations, a solution with three steps and intercooling
reduces the power consumption for compression compared to a one-step
compression by about 22 % from 0.17 to 0.13 kWh/Nm3. However, this specific
power consumption is only valid at nominal hydrogen flow, an adiabatic
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efficiency of 78 %, an electrical efficiency of 98 % for the motor and an
intercooling to 30 °C.
As described below, chapter 3.4.7, the hydrogen flowrate is expected to be either
at maximum, minimum or after the second phase between 600 to 800 Nm3/h. A
common way to control a compressor and to realise part-load flow is to use an
external bypass around the compressor to recycle gas from the compressor
discharge to the inlet. The take-off point for the bypass must be downstream of a
heat exchanger so that cooled gas will be fed back to the suction. If there is no
exchanger in the discharge, the bypass must branch into the suction line upstream
of an exchanger. The bypass method results in a constant power consumption for
the compressor plant independent from the needed flowrate. This means, that the
specific power consumption in kWh/Nm3 increases for part load.
A solution to this described inefficiency for part load operation is to invest in two
compressor lines. In practice it is an optimisation task to find the optimal size of
the compressor lines. For simplification reason, in this study, a nominal capacity
for a compressor has been used that is about half the nominal capacity of the
electrolyzer. In this way, the average efficiency over a year is higher, and a very
high redundancy will be achieved compared to a single compressor line. With this
solution, the power consumption is either the nominal electrical duty of one
compressor line, if the flow rate is below or equal to half of the nominal
production rate, or twice the duty of one compressor line, if the hydrogen flowrate
is larger than half of the nominal capacity.
The equipment cost for a compressor line has been estimated to be 1.63 M€ for a
nominal flowrate of 1600 Nm3/h by applying data presented in [8]. The cost has
been updated to the price level of year 2019 by using the CEPCI index (607.5 for
2019). To consider the economy of size, an exponent of 0.84 was used for the
capacity method according to [9]:
𝑽̇
)
̇𝑽𝒓𝒆𝒇

𝑪 = 𝑪𝒓𝒆𝒇 (

𝟎.𝟖𝟒

Equation 3.1.

With Cref = 1.63 M€ and 𝑉̇𝑟𝑒𝑓 = 1600 Nm3/h

The equipment cost has been multiplied with a factor of 0.4 for installation and
0.55 of a building for the Silyer 300 solution. Towler and Sinnot [8] suggest a
Lang factor of 2.5 for complete installation. Since Höganäs already has electricity,
pressurized, nitrogen and safety equipment available the authors reduced the Lang
factor to an estimation of cost for installation and a building. Besides providing
weather protection and convenient operating and serving of the compressor plant,
the building also reduces the noise emission from the compressor to the
surroundings.
Haldor Topsoe has included a weather protection for the compressor. In case a
customer requests a building, the cost must be added.
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3.4.4. Steam generation

A SOEC system operates with steam. For this solution steam is required instead of
water as feedstock, which is an advantage in cases with excess steam available.
However, in the actual case studies is either no steam available (Höganäs) or the
steam has a cost of 18.5 €/MWh (11.1 €/t at 3 bar) (Boliden).
At Höganäs, a steam generator would be required. Fossil-free steam could be
generated in a biogas boiler or in an electrical boiler. The investment cost for a
packed boiler using biogas as fuel may be about 80 k€ to 100 k€, for saturated,
low-pressure steam installed on site (data from [10]) This cost is much less than
the cost for an electrolyzer; it stands for less than 1 % of the total cost.
However, the energy consumption for steam generation must be considered. For
the generation of 3 bar steam an energy consumption of 0.6 kWh/kg is required.
In case of a gas-fired boiler an efficiency of 90% may be reasonable. Most of the
10% losses are flue-gas losses.
In order to simplify the case, in this study, it has been assumed that the steam is
produced in an electrical heater instead of a gas-fired boiler. The investment cost
is relatively low, and the efficiency is about 100 % since no flue gas losses exists.
For the techno-economic study, this assumption means that the electricity
consumption increases by 0.6 kWh/kg of feedwater. To calculate the increase in
power consumption per Nm3 of hydrogen the steam consumption has been
considered (performance data in Table 9).
3.4.5. Buildings (civil work)

In process industry a common assumption is that the cost for a building is about
20 % to 30 % of the equipment. HydrogenPro confirms the viability of this
assumption also for an electrolysis plant.
In their budget quotations, both Siemens Energy and HydrogenPro provide a
layout for their plant including the dimensions of the suggested building. Since
none of them included civil work in their offer, the authors had to add an own
assumption.
Instead of using a factor based on the equipment cost, the authors adjusted an own
factor based on the volume of the building. A factor of 185 €/m3 has been
calculated from other projects. Applying this factor, the results for cost of civil
work were in case of HydrogenPro’s solution 21 % of the equipment cost. This
fits well with the lower boundary of HydrogenPro’s own estimation. In Siemens
Energy’s suggested solution, the civil work would cost 28 % of the equipment
cost for the building housing the half Silyzer 300. In Siemens Energy’s case, a
building for the compressor plant was added. Due to the uncertainty of the size of
this building, a standard factor was used as described in Chapter 3.4.3.
3.4.6. Model for Operating cost

The previous chapter showed that the studied commercial solutions differ in
hydrogen capacity. A larger electrolyzer results in larger annual capital expenses
due to the larger investment. However, the PEM and alkaline electrolyzers have a
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higher efficiency when operating in part load, which decreases the specific
electricity consumption. In case of the Silyzer 300 and the SOEC the hydrogen
compressor has also an impact on the power consumption as shown in Chapter
3.2.
The variable operating cost for an electrolyzer includes:
•

Electricity consumption, and

•

Water consumption

The electricity demand and water consumption are calculated based on data that
was provided by the manufacturers and the produced amount of hydrogen in the
respective case.
The fixed operating cost include:
•

Maintenance cost/ service contract

•

Replacement of stack

No cost for personnel is included. It has been assumed that the same number of
operators and maintenance personnel is required as today. Regarding stack
replacement and maintenance work, this study neglects the effect of long-time
part load operation on the maintenance cost.
More details on each solution can be found in Chapter 3.2.
3.4.7. Challenges with a clear case definition

The request for the phase 1 was a nominal capacity of 1200 Nm3/h of hydrogen.
According to Figure 3-2, the average hydrogen demand is around 1500 Nm3/h.
Since the demand will be covered by the new electrolyzer and the remaining
reformer together, it is likely that the electrolyzer will either operate at full load, if
the electricity price is low, and at minimum load, if the electricity price is high
compared to the price of natural gas. Assuming that in Stage 2, in 2030, the
second reformer will be replaced by an electrolyzer it is likely that the production
is distributed equally over both electrolyzers to maximize the utilization of their
overcapacity. This means after Phase 2 both electrolyzers may operate between
40 % to 60 % of their nominal capacity to minimize the power consumption per
ton of produced hydrogen. This would result in a production of 600 to 800 Nm3/h
in each electrolyser (or the delivered system from phase 1 and phase 2).
This implies that there is a breakeven point for the ratio of electricity price to the
price of natural gas in the period, during which Höganäs has both an electrolyzer
and a reformer.
The consideration above suggests that three cases are interesting.
1. Maximum load
2. Minimum load
3. 50 to 60 % of nominal load
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However, the minimum load differs in all suggested solution. In case of the AHPE
plant the minimum load is even higher than half of the average hydrogen demand
(about 880 Nm3/h). In order to produce average required hydrogen quantity of
1500 Nm3/h this means that both, the remaining reformer (reformer 2) and the
AHPE must operate at their minimum load or one of the two be switched off.
Operating both at minimum capacity would mean about 40 % of the nominal
capacity of the reformer. The thermal efficiency for the reformer drops with
approximately 25% at such low load, which also implies that a further reduction
of reformer load would not make any sense. Since the overall efficiency of the
hydrogen production is important, this means a high efficiency of the electrolyzer
alone will not result in a high overall efficiency if the remaining reformer will
have to operate at adverse conditions. In addition, no margin is left for continuous
operation to reduce the hydrogen production furthermore if for some reason the
demand sinks below 1500 Nm3/h for a certain period.
This means, a low minimum load could be a value itself, even though the
operation cost increases towards the lowest point. A low minimum load would
increase the flexibility of the hydrogen production in the relevant range and
reduce the number of start-ups.
This means, regarding the definition of a case study, no relevant results can be
expected from a study with the same minimum for all solutions and neither from a
study with individual minima for each solution.
The same problem exits with the maximum load. Each solution enables individual
operation modes due to the large variation in maximum load. For example, at low
electricity prices the reformer 2 could be shut down for a longer period in case
Höganäs would invest in a half Silyzer 300 or the suggested AHPE solution which
both have a nominal load above 1500 Nm3/h.
A clear definition of studied cases is, therefore, not meaningful. Instead the
levelized cost of hydrogen has been calculated for the whole range of operation
for all solutions.
Furthermore, the variable cost of hydrogen production for each solution has been
plotted to find out at which price ratio of electricity and natural gas either the
reformer or an electrolyzer would operate at minimum load or be shut down,
temporarily.
The basis for the calculations is the technical descriptions of each solution in
chapter 3.2. The descriptions include diagrams of the part load efficiencies and
markings of the feasible minimum/maximum loads and an expected load after
phase 2 (Figure 3-5, Figure 3-7, Figure 3-10, Figure 3-13).
3.4.8. Results of techno-economic analysis

This chapter includes the result of the total fixed expenses that has been calculated
according to Chapter 3.4 hence the budgetary offer, that has been provided by the
manufactures is only a part of the total cost. Because the scope of all budgetary
offers was different, the authors added equipment to equalize the scope. In
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addition, a significant budget has been added to all solutions for required
installation at Höganäs site (Chapter 3.4.2)
The annual capital expenses (CAPEX) are calculated by multiplying the fixed
capital with an annuity factor of 0.13.
There are large differences in the CAPEX between the four solutions with an
electrolyzer. The difference in offered hydrogen capacity is one reason. Another
reason is the offered gas condition causing the requirement of an additional
hydrogen compression for the Silyzer 300 and the SOEC system.
Siemens Energy and Haldor Topsoe are working on compressed versions of their
suggested electrolyzers, with similar high efficiencies, but could not supply data
for those solutions within this study since they are still under development.
Siemens Energy also has the commercial Silyzer 200 in its product portfolio,
which can operate between 5 and 35 bar(g). However, according to Siemens
Energy, the Silyzer 300 provides a higher efficiency although power consumption
of the compressor must be added.
In future, also the SOEC system will operate pressurised, which will reduce the
power consumption further. There are furthermore large uncertainties in the actual
cost numbers for the SOEC system, even within the time frame up to 2024. The
reason being that Haldor Topsoe is currently planning and designing a factory to
be up and running by 2023, with an annual production capacity of 500 MW.
SOEC systems from that factory will have a completely different pricing
(significantly lower) compared with the budgetary offers in this study.
It must be mentioned that the solutions also differ in “comfort” regarding a
building. Both, the AHPE and the Silyzer 300 are installed in a building, which
adds between 20% to 30% onto the equipment cost. Siemens Energy suggests a
building both for the compressor plant and the Silyzer 300 as described in chapter
3.2.1. Haldor Topsoe suggests only a weather protection for the compressor plant.
Which of the two alternatives will finally be selected will also depend on factors
such as noise attenuation requirements etc.
In general, manufacturers expect a significant price decrease during the next
decades if the hydrogen demand increases as predicted.
Levelized cost of hydrogen
This section presents the levelized cost of hydrogen (LCOH) in €/Nm3, with Nm3
referring to 0 °C, for all five solutions over the load range from 200 to 2000
Nm3/h, which is the range that is covered by all suggested solution for hydrogen
production at Höganäs together. The prices for consumables are according to
Table 10.
Figure 3-15 shows the LCOH for all four electrolyzer solutions compared to a
new SMR plant described in Chapter 3.1.5. Due to confidentiality of some
economic data, the four electrolyzer solutions are summarized in one staple. The
staple shows the average of all four solutions, “max” shows the solution with the
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New SMR

Figure 3-17. LCOH for the green field SMR
plant and the four studied electrolyzer
solutions for a production of 1200 Nm3/h.
Prices for electricity 44 €/MWh, NG: 28
€/MWh (LHV), CO2: 25 €/t.

Figure 3-18. Fraction in [%] of cost
drivers for a production of 1200 Nm3/h.
Average values of the four electrolyzer
solutions.

Figure 3-17 and Figure 3-18 show the same results as Figure 3-15 and Figure 3-16
but with a production of 1200 Nm3/h hydrogen as average yearly production. This
case is included to show the impact of full-load hours on the LCOH. It is not
expected that the electrolyzers will operate at a load higher than 750 Nm3/h for a
longer time. However, the study shows the sensitivity of the LCOH to the degree
of average utilisation of the installed capacity. The fraction of CAPEX of the
LCOH decreases by more than 10 %-points while the fraction of electricity cost
increases correspondingly. The LCOH decrease from 0.5 €/Nm3 to 0.4 €/Nm3. A
similar decrease in production cost applies for the SMR.
Between phase 1 and phase 2, there are years, in which Höganäs can minimize the
cost of hydrogen production by running the electrolyzer at maximum load, when
the electricity price is low compared to the price of natural gas, and vice versa
when the price of natural gas and CO2 is low compared to the electricity price.
This means, in cases of high prices for electricity and with both a new electrolyzer
and Reformer 2 in operation, Höganäs would want to reduce the load of the
electrolyzer as much as possible. In such cases a low minimum load has its own
value. Only the HCS, the SOEC and the SMR could go down in operation as low
as 500 Nm3/h.
The other extreme is also interesting. The Silyzer 300 and AHPE have both a
nominal capacity above 1500 Nm3/h, which is the average hydrogen demand at
Höganäs. This means, that Reformer 2 could be shut down for a longer period and
the electrolyzer could produce all hydrogen alone.
Figure 3-19 shows only the variable production costs of hydrogen, which are
relevant for choosing between operating an SMR or electrolyzer if both are
available. The data show that all electrolyzers are fairly close to each other and

52 (130)

vary between 0.18 €/Nm3 and 0.24 €/Nm3 over the entire range from 200 Nm3/h
to 2000 Nm3/h hydrogen.

Figure 3-19. Variable cost: Electricity, natural gas, feedwater and CO 2 emissions. Prices
for electricity 44.4 €/MWh, NG: 28 €/MWh (LHV), CO2: 25 €/t

Due to the large decrease in efficiency at part load of the SMR and the increase in
efficiency for the PEM and AHPE systems, it is more interesting to operate an
electrolyzer at part load than a SMR. However, at an electricity price of
44 €/MWh and a price of natural gas of 28 €/MWh and a CO2 price of 25 €/t it is
still less costly to operate the SMR.

Figure 3-20 Variable cost: electricity, natural gas, feedwater and CO 2 emissions. Prices for
electricity 28.9 €/MWh, NG: 28 € MWh (LHV), CO2: 25 €/t.

Decreasing the electricity price from 44 €/MWh to 28.9 €/MWh, at fixed prices
for natural gas and CO2 emissions, results in a situation, in which it is more costly
to operate the SMR than an electrolyzer, as shown in Figure 3-20.
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New SMR

Figure 3-21. LCOH for the new SMR plant
and the four studied electrolyzer solutions for
a production of 750 Nm3/h. Prices for
electricity 29 €/MWh (35% lower than in base
case), NG: 28 €/MWh (LHV), CO2: 25 €/t.

New SMR

Figure 3-22. LCOH for the new SMR plant
and the four studied electrolyzer solutions for
a production of 750 Nm3/h. Prices for
electricity 60 €/MWh (35% higher than in base
case), NG: 28 €/MWh (LHV), CO2: 25 €/t.

The electricity price is a main cost driver for hydrogen from electrolysis. Figure
3-21 show the impact on the LCOH if the price of electricity would decrease by
35% to a level as low as 29 €/MWh. This price includes 20 % for other fees which
industries pay to the electricity and grid providers, which means that the spot price
needs to be around 23 €/MWh. According to the scenarios in Chapter 5.4.1, the
price of electricity will rather increase until 2030 than decrease. An increase of the
average price up to about 50 €/MWh in 2030 and somewhat less in 2040 has been
simulated. Adding 20 % for fees results in an electricity price of 60 €/MWh.
Figure 3-22 shows the impact of such increase in electricity price on the
production cost for hydrogen. The power consumption of the SMR plant is small
compared to the electrolyzers and it is therefore almost independent of the
electricity price.
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New SMR

Figure 3-23. LCOH for the green field SMR
plant and the four studied electrolyzer
solutions for a production of 750 Nm 3/h at
50% of the stack cost. Also maintenance
cost is reduced while other prices are as in
base case (Figure 3-15).

Figure 3-24. Fraction in [%] of cost drivers
for a production of 750 Nm3/h and at 50 %
of the stack cost. Average values of all four
electrolyzer solutions.

The development of electrolyzer technology is progressing fast due to the
increasingly large interest of both industry and the transportation sector.
Manufacturers predict a strong decrease in stack prices according to Fossilfritt
Sverige’s recently presented hydrogen strategy [11]. Figure 3-23 shows the
decrease in LCOH if the stack cost would decrease by 50% while all the other
costs related to the installation at Höganäs including buildings and compressor
plants remain the same. Maintenance cost has also been decreased by 50 %.
Figure 3-23 shows that the prices for hydrogen will be at the same level for
electrolysis and SMR, if the prices for natural gas, electricity and CO2 emissions
remain as in the base case (Figure 3-15).

Figure 3-25. LCOH for the new Bio-SMR
plant and the four studied electrolyzer
solutions for a production of 750 Nm3/h.
Prices for electricity 44 €/MWh, Biogas: 56
€/MWh (LHV), CO2: 0 €/t.

Figure 3-26. LCOH for the new Bio-SMR
plant and the four studied electrolyzer
solutions with reduced stack cost by 50 %
for a production of 750 Nm3/h. Prices for
electricity 60 €/MWh, Biogas: 56 €/MWh
(LHV), CO2: 0 €/t.
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Figure 3-25 shows a comparison between the LCOH for the four electrolyzers and
a “Bio-SMR”. The difference to the base case is that the price of methane is twice
the price of today’s price for NG, which may correspond to the price of biogas.
According to the calculations, both processes produce green hydrogen at similar
price levels. Assuming a future scenario for 2030, the stack costs may be reduced
to 50 % of today’s level, which reduces the LCOH by about 1 €/Nm3. This should
result in a clear advantage for the electrolyzers. However, if the electricity price
increases as simulated for 2030 this affects the LCOH of the electrolyzers
negative. Applying both the cost reduction for the stacks and a electricity price
increase by 35%, the benefit for the decreasing investment cost may be
counteracted by an increasing price for electricity, so that the Bio-SMR and the
electrolyzers still have similar LCOH, as shown in Figure 3-26.
3.5.

Conclusions case study Höganäs

In case of commercial electrolyzer systems companies usually offer standard
modules from their product portfolios. A special design for one costumer usually
increases the investment cost. This means, a specific manufacturer will be able to
provide more or less suitable solutions depending on the required capacity,
pressure, purity and, in case of SOEC, availability of steam.
From the discussion in Chapter 3.3 above, it has been concluded that no
significant income can be expected from the byproducts oxygen and heat, in the
Höganäs case. Höganäs has no need for oxygen, today, and neither in the near
future. Heat recovery is interesting since it may save resources elsewhere,
although the investment in the required additional equipment to recover heat from
electrolysis will probably not generate any profit for Höganäs.
It has been a challenge to avoid comparing “apples with oranges”, although all
manufacturers provided a budget quotation as an answer to a questionnaire that
has been elaborated in cooperation with Höganäs.
In the Höganäs case, hydrogen at an elevated pressure is required. This
presumption is an advantage for pressurized electrolyzer because no compression
plant is needed. Compressors are limited in their operation range, which reduces
the flexibility of the plant and reduces its efficiency in part load. In addition, the
compressor plant adds a significant cost to the total equipment cost.
Due to low degree of utilization of electrolyzer capacity in the Höganäs case, the
largest fraction of the LCOH is CAPEX. Therefore, a decrease of stack costs has a
stronger impact on the LCOH in the Höganäs case than in a case, in which the
utilization of capacity is higher as, for example, in the Boliden case.
Using biogas in Höganäs existing SMRs, retrofitted SMRs or new SMRs, if
available, is an alternative for Höganäs to get access to green hydrogen. The
LCOH may be similar as for hydrogen produced through electrolysis.
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4. Case studies at Boliden
4.1.

Background and aims of case study

In specifically, the aim of this case study is to develop a proposal for a test plan to
evaluate the possibilities for hydrogen use in slag reduction through pilot trials.
The aim is to identify technical possibilities for hydrogen injection into slag melts,
to review the thermodynamic limitations and potential for reduced CO2 emissions,
and finally, to evaluate the techno-economic conditions for hydrogen use in slag
reduction.
At Boliden’s plants in Rönnskär, a purification of zinc (Zn) and lead (Pb)containing slag is carried out by carbon reduction and degassing in so-called zinc
fuming.

Figure 4-1. A schematic sketch of the slag fuming process at Boliden Rönnskär, [12].

The fuming of a silica (SiO2)-rich slag melt is carried out in the temperature range
1200 - 1250°C. Fine-grained charcoal powder is blown in with air via 52
horizontally and opposite directional nozzles, also called molds, in a rectangular
and water-cooled oven. The injection provides energy to create a sufficiently high
temperature, but above all a reduction of zinc oxide (ZnO) with formed CO(g) but
also a reduction between carbon and Zn. Above slag air is supplied in excess in
two stages where CO(g) is incinerated to CO2(g) and Zn is oxidized to ZnO. Both
reactions are highly exothermic, which is why this process also generates a high
energy contribution in the form of hot flue gases and steam. The energy from the
overheated steam can be recycled for electricity generation.
4.2.

Mapping of methods and equipment for injection

A survey of available methods of gas injection into slag and metal melts has been
carried out. The following industrial methods have been identified:
1.
Bottom nozzle – often used in steel making for selective oxidation,
reduction or stirring.
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1.
2.
3.
4.

Heating of carbon particles before ignition;
Ignition and firing of flight;
Ignition of coal tar; and finally
Burning of coal tar

The process is most affected by particle diameter, oxygen content and gas
temperature. For particles <50-100 μm, carbon turnover occurs in the space of
0.1-0.2 seconds.
Furthermore, the proportion of carbon converted can be determined in three ways:
(a) by means of exhaust gas analysis and the use of nitrogen balance,

(b) by ash content of originating materials and residues,
(c) by means of carbon and ash content in originating materials.
Babich [14] conducted injection trials with different tuyere geometries, two of
which are shown below. In these trials, carbon was injected centrally into the
nozzle, with nitrogen as carrier gas, while oxygen and carbon monoxide were
introduced radially outside.

Figure 4-3. A schematic sketch of two tuyere geometries [14]. Type 2 differs from type 1, in
that type 2, has a common mixture of injection school (PCI) and oxygen before withdrawal
from the nozzle.

In this study, two different CO:O2 ratios were evaluated, 1.0 and 1.5 respectively,
while the C:O2 ratio was kept constant to 0.6 kg/Nm3. Preheated CO (1 100°C)
and cold oxygen (RT) were used in these trials. The coal turnover for two trials
using CO:O2 = 1 is shown in Figure 4-4. According to Figure 4-4Figure , a
complete carbon turnover is obtained at a carbon mass flow rate below 150 g/h.
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Figure 4-4. A graphic presentation of how carbon yield decreases with increasing injection
rate, [14].

In Figure 4-4, it is that co-mixing of injection school and oxygen according to
scenario 2 can lead to higher conversion degrees at mass flows in the range 250600 g/h. In the test performed by Babich [14], the coal conversion increased to
about 100% when the hot CO(g) flow was removed, which increases the residence
time, but coal turnover also increased slightly to about 90%, when added CO was
replaced with N2.

Figure 4-5. A graphic presentation of how the carbon injection affects the gas analysis, [14].

In Figure 4-5, it is seen that the oxygen level drops sharply when the carbon
injection begins. It can also be established that the CO level increases in the same
way. The nitrogen content is close to constant, as assumed above. Furthermore, it
is seen that limited amounts of hydrogen and methane are formed. The hydrogen
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is obtained by reacting with the moisture content, but also through methane
cracking. Zinc fuming is performed at a similar C:O2 ratio, which in turn can
affect carbon conversion to CO and carbon yield in slag reduction. One
conclusion from Babich's work [14] is that the formation of CO occurs very
quickly. An explanation may be that the reaction and formation of H2 is limited by
the excess carbon or that the mixture of air and carbon is incomplete. According
to Das and Sarkar [17], about 180 kJ/mol is consumed to reduce ZnO to Zn.
Oxidation of C to CO(g) generates about 113 kJ/mol, where the residual heat
demand up to 180 kJ/mol is created by excess carbon and oxidation of CO(g) to
CO2(g). In the work of Das and Sarkar [17], process data from industrial fuming
furnaces are presented. In the fuming furnace version reported from Kellogg,
about 1.2 kg of carbon/ kg Zn is used at a starting content of about 16% Zn and
final level of about 1%. The fuming furnace size discussed is of similar size as the
one used at Boliden, water cooled and equipped with 2 opposite rows with a total
of 52 tuyeres. The ratio (C+H2):O (added air) is about 2 i.e. a strong oxygen
deficit. This compares with data from Boliden Rönnskär, showing that about 1.26
kg of carbon/kg Zn is used at one (C+H2):O ratio of 1.14. The lower oxygen
deficit should benefit the formation of CO(g), which seem to be the main carbon
reducing agent, (c.f. Chapter 4.3).
The zinc fuming reaction rate increases at higher temperatures, lower oxygen
partial pressure and an intense remixing of the stroke. The slightly higher carbon
consumption for Rönnskär maybe due to a lower (C+H2):O conditions, cooling
losses and that the starting level is significantly lower (11-12%). By using a
heated and oxygen-enriched air, Boliden can reduce the carbon requirement for
heating the process. According to Bell [16], a preheated air can be about 540°,
reduces the coal demand by 5% and increase the capacity of the fuming process
by 80%. This could for example be evaluated during pilot trials at Swerim (c.f.
Chapter 4.7).
4.3.
Description of the energy efficiency of carbon-based slag
injection

The current slag fuming process is based on a semi-continuous batch process.
90 tons of hot slag from the electric melting furnace is dropped via ladle into a
fuming furnace every two hours. The zinc content of the slag is reduced and
fumed by blowing in 5 000 – 9 000 kg of carbon with 30 000 Nm3 of air every
hours, via 52 tuyeres, as shown in Figure 4-6.
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Figure 4-6. A schematic sketch, viewed from above, of the slag-fuming furnace with 52
opposite facing tuyeres.

During the carbon injection by air, a reaction occurs with carbon and air, which is
strongly exothermic and occurs in two stages.
C(s) + O2(g) CO(g)
CO(g) + O2(g) CO2(g)

(Equation 4.1)
(Equation 4.2)

The exothermic reactions contribute to the necessary heat generation to
compensate for cooling losses but also to increase the slag temperature during the
latter part of the process when the zinc content is lower and thus also the driving
force for capture.
The reduction of ZnO to Zn is assumed to be mainly co-related, as this gas is
widely dispersed in the slag melt. A schematic sketch of the progress is given in
Figure 4-7, below. According to Bell [16], it is not clear that only CO, but also C,
can act as a reducing agent.
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Figure 4-7. A schematic sketch of slag treatment with air injection of carbon powder via
tuyeres.

ZnO(s) + CO(g)  Zn (s, l, g) + CO2(g) (Equation 4.3)
Since the oxidation of carbon in the slag melt is kinetically limited, some amount
of carbon will also reduce ZnO, whereby additional CO is formed, according to
(Equation 4.4) and may react as above.
ZnO(s) + C(s)  Zn(s) + CO(g).

(Equation 4.4)

Formed CO may both react with ZnO(s) according to (Equation 4.3) or pass up
through the slag. The formed zinc quickly transitions from solid phase, via molten
phase to gas and leaves the slag bath.
The equilibrium constant of (Equation 4.3) can be written as:
2 ∙𝑝 𝑍𝑛
(Equation 4.5)
𝐾3 = 𝑝𝑎 𝐶𝑂
𝑍𝑛𝑂∙𝑝 𝐶𝑂
There aZnO describes the activity of ZnO in the slag melt.

According to the thermodynamic description of Bell, the aZnO is significantly
reduced with the ZnO content, see also Figure 4-8.
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Figure 4-8. A graphic presentation of how the activity of ZnO in the molten slag decreases
with decreasing ZnO content in the slag melt, [16].

A reduced ZnO activity requires increasing the slag temperature to maintain the
displacement speed. The temperature increase is obtained by a continuous energy
supplement via carbon inflation with air. The gaseous components formed above
the slag bath are oxidized with secondary and tertiary air attachment resulting in
heavy heat development. CO thus forms CO2 and evaporated zinc is oxidized by
means of added air to ZnO, which is separated as a flue gas dust. The formed heat
energy in the process is recycled via a boiler.
The carbon efficiency can be calculated by using the relative carbon requirement,
i.e. a calculation based on the relationship between the theoretical carbon
requirement and the added carbon quantity. With this procedure, it should be
taken into account that current carbon in slag fuming consists of about 15 – 25 %
volatiles, the main component of which can be considered to be methane (CH4),
i.e. we use a ratio that includes both C and H2 as a reducing agent. The theoretical
carbon requirement for 1 h operation can be calculated using the average amount
of ZnO that is reduced. The theoretical efficiency of carbon reduction of ZnO can
then be calculated to 7-12%.
4.4.
Inventory of the possibilities of using the electrolysis’ byproducts locally

At present, there are the following local possibilities for the use of waste heat and
oxygen.
Produced oxygen can be used for oxygen enrichment of the blast when melting
cold material in copper production. Today, oxygen is produced in the production
area, by an external supplier, via conventional air condensation. The oxygen
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demand is significantly greater than what will be produced via the electrolysis.
Low-grade heat from electrolysis can be used for building heating purposes. An
interesting possibility is to use the high process heat existing as steam, to reuse
produced CO2 for efficient SOEC production of syngas.
4.5.

Techno-economic study for Boliden

The techno-economic analyses for the Boliden case follows the method that is
described in Chapter 3. The project partners Siemens Energy, HydrogenPro,
Euromekanik AB and Haldor Topsoe provided a budgetary offer for an
electrolyzer with the hydrogen capacity ≥ 3000 Nm3/h (at 0 °C, and 1.013 bar(a)).
Besides the larger hydrogen demand in the Boliden case, the main differences are:
•

The required pressure is 1 bar(g) instead of 15 bar(a) as in the Höganäs
case. The power consumption of the compressor has been calculated to
1.26 MJ/kg hydrogen (0.35 kWh/kg). This consumption has been added to
the atmospheric electrolyzers.

•

Steam is available at a price of 11 €/MWh.

•

Oxygen can be utilized. Boliden has an air separation unit (ASU) at site
that is owned and operated by an external gas company. Boliden pays the
gas company for the consumed oxygen. The price of oxygen is
confidential; hence, a price of 50 €/t of oxygen is assumed as used in [3].
This means that 0.036 €/Nm3/h hydrogen can be saved by using oxygen
from the electrolysis instead of buying it from the gas company. In this
way the cost of LCOH can be reduced by 0.036 €/Nm3/h. The effect on the
LCOH is illustrated below in Figure 4-10.

•

The oxygen network at Boliden operates at 3 bar(g). Assuming a one-step
compressor adds 0.17 MJ/kg oxygen (0.049 kWh/kg) to the power
consumption if the oxygen is fed into the oxygen network.

•

Regarding the utilization of waste heat from the electrolysis the same
consideration can be applied as in the Höganäs case, Chapter 3.3.

As well as in the Höganäs case costs are added for hydrogen pipeline,
transformer, site preparation and auxiliaries. Some indirect costs are added for
own engineering and 10% contingency. 10% contingency are also added to the
investment cost of the reformer.
The investment at Boliden is not expected to be taken before 2030 and
manufacturers expect a price decrease of about 50% of the stack over the next
decade, the budgetary quotations were based on 2020 price level.
4.5.1. Silyzer 300 (Siemens Energy)

For the Boliden case, Siemens Energy suggested a full-array Silyzer 300 (Figure
3-4). The Silyzer 300 has a nominal capacity of 330 kg/h (3 670 Nm3/h), at 0°C
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and 1.013 bar(a)) and is further described in Chapter 3.2.1. The electrolyzer will
be installed in a new building at an area of 33 x 30 m2.
Since the electrolyzer operates at atmospheric pressure a compressor is required to
compress the hydrogen to 1 bar(g), with an additional investment cost.
If the by-product oxygen is utilised, a second compressor is required to compress
the oxygen from 1 bar(a) to 4 bar(a). The investment cost for the compressor and
the power consumption is subtracted from the income of the oxygen.
4.5.2. Alkaline High Pressure Electrolyzer Plant (HydrogenPro)

The core of HydrogenPro’s electrolysis system is based on a high-pressure
alkaline electrolyzer technology. HydrogenPro suggests 3 electrolyser units with 2
cell stacks each with a nominal capacity of 500 Nm3/h. The total nominal
hydrogen capacity is 3 000 Nm3/h. The system has an AC power consumption at
4.6 kWh/Nm3 H2 at 15 bar. A more detailed description can be found Chapter
3.2.2. The electrolyzers will be installed in a building with a ground area of 43.2 x
26 m2.
4.5.3. HCS S450/70 (Euromekanik and H-TEC)

Euromekanik and their partner H-TEC’s electrolysis solution is based on the
PEM-technology as described in Chapter 3.2.3. Euromekanik offered 8 sets of the
hydrogen cube system S450/70 (HCS S450/70) for the Boliden case. The HCS
S450/70 is based on equal modules to build larger electrolysis plants. The basic
modules have the same performance as in the Höganäs case. The nominal
capacity for the whole plant is 3 336 Nm3/h.
4.5.4. SOEC (Haldor Topsoe)

Haldor Topsoe develops electrolysis based on the SOEC technology, which core
(or Stack Module) includes the SOEC stacks, heaters and heat exchangers as
described in Chapter 3.2.4. Haldor Topsoe offers a SOEC system with a nominal
capacity of the requested 3 000 Nm3/h. The performance is the same as in the
Höganäs case.
Since the SOEC electrolyzer operates at atmospheric pressure such as the Silyzer
300, compressors are required for hydrogen and oxygen if utilized.
An advantage for the SOEC system is that steam is available at Boliden and no
additional steam generator is required. The power consumption for steam
generation is replaced by a price of 11 €/MWh for steam.
4.5.5. Levelized cost of hydrogen (LCOH) for Boliden

The LCOH for the four electrolyzer solutions is summarized to one staple since
the details are confidential. However, the diagrams show the range from the
solution with the highest LCOH to the lowest LCOH. The average indicates
whether most of the solutions are closer to the solution with the highest LCOH or
the lowest.
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Table 11. A summary of zinc fuming rates by various process changes.

Table 11 [16], shows that hydrogen can increase capacity by 100% compared to
medium-level carbon. This compares to natural gas (CH4), which gives a 37%
capacity increase.
Figure 4-19 shows a graph from Bell, [16] describing the potential for
improvement by replacing coal with hydrogen.

Figure 4-19. A theoretical description of how a transition from low-carbon carbon, via highly
active carbon to hydrogen, increases the rate of zinc oxide reduction, [16].
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Boliden Rönnskär currently uses a medium-level carbon. The activity is
controlled, among other things, by the amount of volatiles (CH4). As described
above, hydrogen should contribute to a much faster reduction process and zinc
fuming.
Thermodynamically, hydrogen can replace carbon at ZnO reduction by the
following reaction, (Equation 4.6).
ZnO + H2  Zn + H2O

(Equation 4.6)

The composition of the furnace gas is also controlled by the water-gas
equilibrium, (Equation 4.7).
H2O + CO CO2 + H2
(Equation 4.7)
It can be assumed that the composition of the gas leaving the bath is in
equilibrium with the ZnO content of the slag.
Bell has carried out an early thermodynamic description of how an increased
hydrogen content affects zinc fuming of lead-slag, [16]. This description has been
partially validated with industrial experience. Bell [16] presents the following
equilibrium diagrams for the equilibrium reactions (Equation 4.6) and (Equation
4.7) above.

Figure 4-20. The equilibrium constant (K) changes with temperature, (T) for reduction of
ZnO by CO(g), and how the water-gas equilibrium changes [16].

Figure 4-20 shows that at a temperature lower than about 1500 K (given by the
intersection of these lines) the CO reduction of the water-gas equilibrium is
limited. Bell [16] has in his work studied the impact of the C:H ratio, on the
effectiveness of the reduction process of ZnO. Carbon provides faster reduction at
temperatures higher than 800°C, while hydrogen provides a faster reduction at
lower temperatures. The higher diffusion of hydrogen contributes, according to
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Rosenqvist, [18] the reduction of different metal oxides with CO and H2 can be
described with Figure 4-21 and Figure 4-22, respectively.

Figure 4-21. A diagram showing CO:CO2 equilibrium ratio (log(pCO/pCO2) for the
reduction of different metal oxides, [18].

Figure 4-22. A diagram showing the H2O:H2 equilibrium ratio (log(pH2O/logH2) for
reduction of various metal oxides, [18].

Figure 4-21 illustrates that CO reduction requires the CO2/CO-ratio to be less than
0.1, which corresponds to the oxygen level being lower than log pO2 = -10 atm in
the temperature range of 1150-1250°C. Figure 4-22 shows that hydrogen
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been made in the temperature range 1200-1300°C at ZnO activity of 0.4 and 0.8.
The opening data for the equilibrium calculation for carbon reduction in a zinc
activity of 0.4 and 0.8.
In both cases, the requirement that the partial pressure for oxygen is less than log
10 pO2 = -10 atm and that the moisture content is less than 0.01 kmol. The
calculations have been carried out by continuously adding reducing agents in the
form of coal or coal and hydrogen via 21 additives.
Figure 4-25 shows the estimated change in the ZnO content at a reduction cycle
with approximately 20 additions. Partly for carbon reduction and partly where 7
weight% carbon has been replaced by hydrogen.
a)

b
)

Figure 4-25. (a) and (b) shows the change in the ZnO content at 1200°C, (a) By 100% carbon
added, and 93 % carbon and (b) Where 7 % carbon is replaced by the corresponding mol
equivalents H2, (1000 Nm3/h).

It can be seen that the equilibrium content decreases slightly faster with carbon
reduction and that the appearance of the reduction curve is slightly different.
Similarly, the composition of the gas phase above the slag can be described. This
is shown for carbon and carbon + hydrogen reduction in Figure 4-26, with the
same process conditions as in Figure 4-25.

a)

b
)

Figure 4-26 (a) and (b) shows the change in gas composition at 1200°C, (a) By 100 % added
carbon, and (b) Where 7 % carbon is replaced by the corresponding mol equivalents H 2,
(1000Nm3 /h).
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Figure 4-26 does not unexpectedly show that the CO-concentration decreases,
while the H2O content increases, when replacing carbon with hydrogen. The
change in equilibrium is increasing with increasing hydrogen additives. It can be
assumed that the high gas flow generates excess hydrogen and that low H2O
concentrations are obtained.
The impact on ZnO reduction by increasing hydrogen additives is shown in Figure
4-27, below.
a)

b
)

Figure 4-27. (a) and (b) shows the change in the ZnO content at 1200°C, for (a) 21% and (b)
35% hydrogen carbon substitutes, respectively.

From Figure 4-27, it can be concluded that an increasing hydrogen content does
not contribute to a reduction in the ZnO content. This may be because a higher
temperature is required to further reduce the ZnO content. As shown for carbon
reduction in Figure 4-28 and Figure 4-29. Another explanation may be that the
moisture content of the gas composition increases.

Figure 4-28. A graph showing the change in ZnO-content at 1200 °C at carbon reduction.
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Figure 4-29. Graph showing the change in the ZnO content at 1250 °C for carbon reduction.

In Figure 4-28 and Figure 4-29, it is shown that an increasing temperature from
1200 to 1250°C increases the reduction of ZnO and lowers the equilibrium
content.

Figure 4-30 shows the change in gas composition at 1200°C, (a) 21% replaced coal with
hydrogen, and (b) Where 35% coal has been replaced by hydrogen.

The graphs in Figure 4-30 indicate that increasing hydrogen content leads to a
sharp increase in water content, which lowers the CO content, which leads to a
lower ZnO reduction. According to the equilibrium calculations above, it is
possible to use hydrogen to replace coal during the fuming process. Increasing
levels of hydrogen seem to lead to decreasing ZnO reduction. This can be
explained by the increasing moisture content of the gas phase. This is
counteracted by constantly adding new hydrogen to transport away reaction
products.
A compilation of theoretically calculated CO2 reduction in the event of increasing
hydrogen additives is given in Table 12, below. In this case, it is assumed that 45
tons of slag is added every hour and that the process runs 8000 h/year.
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Table 12. Hydrogen additive scenarios for Boliden.
H2

H2

Carbon share
exchanged

Carbon
equivalents

CO2e

Total CO2-red

Nm3/h

Mol/h

/%

mol/h

ton/h

/ton

1

1000

44643

7

44643

2

15714

2

2000

89286

14

89286

4

31429

3

3000

133929

21

133929

6

47143

4

4000

178571

28

178571

8

62857

5

5000

223214

35

223214

10

78571

Scenario

It can be seen in Table 12, that the theoretical CO2 reduction is about 15 000 ton
for every 1 000 Nm3/h hydrogen that is used and replaces coal. It is also seen that
a total CO2 reduction up to about 78 000 tonnes is obtained if 35 % carbon is
replaced by hydrogen.
4.7.

Proposal for a pilot test plan

There is a long industrial experience at Boliden of the effectiveness of carbon
reduction in slag fuming of Zn. The carbon quality currently used contains about
15 – 25 % volatiles by weight which gives a contribution in the form
hydrocarbons that can be assumed to be in the form of methane. CH4 decomposes
at temperatures higher than 1100°C to coal and hydrogen. A pilot strategy to
evaluate the effectiveness of hydrogen on a pilot scale should therefore be
compared with carbon reduction. The present pilot test plan is to melt down a
representative slag grey from Boliden for slag fuming in a preheated converter at
Swerim in Luleå, cf. Figure 4-31.

Figure 4-31. An illustration of a cross-section of the converter vessel, including refract lining.
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The total height of the converter vessel is about 4 m and the internal diameter is
about 1 m.
The planning of the pilot trials includes the following main elements:
1.
Characterization and adaptation and sizing of raw materials for
handling to the converter;
2.
Design and cost of adaptation test equipment;
3.
Risk analysis;
4.
Thermodynamic calculations of mass and heat balances; And
5.
A detailed experimental plan, see Appendix 2.
The experimental plan includes both lethal injection and hydrogen injection trials
at the lower part of the wall of the converter vessel. However, lance injection will
only be carried out by hydrogen injection. The hydrogen injection can be
combined with nitrogen to increase penetration into the slag. However, nitrogen
will add a cost by increased energy consumption.
A risk analysis is planned, based on the experience of Swerim and participating
companies, Boliden and Linde gas.
Swerim has extensive experience in conducting both lance trials and studies with
carbon injection to the converter vessel. One major limiting factor for the
converter trials is the volume of gas supplied. Excessive gas volumes can cause
bubbling too strongly and lifting the slag out of the converter vessel. The process
gases are incinerated with a false air attachment in the outlet of the converter
vessel. Process gases are purified and separated from zinc oxide in textile filters
and wet scrubbers.
When it comes to handling hydrogen to the converter, Linde has a long experience
in the entire process chain from transport to connections of hydrogen media to
lance or nozzle packages.
The fuming efficiency of hydrogen is measured by intermittent slag sampling
every five minutes, during a one-hour trial period. The remaining zinc content is
than related to the amount of added hydrogen. As a reference is carbon injection
by air to be used.
The estimated costs of pilot trials, including planning and preparation, amount to
approximately 5 MSEK, see Appendix 3.
4.8.

Main takeaways case study Boliden

•

The mapping of industrial injection technology identified that both the
current submerged tuyeres and a contact free supersonic coherent lance,
(Co-jet) are possible candidates to be used with hydrogen.

•

The calculated carbon efficiency in the zinc slag fuming at Boliden is 712%.
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•

The yearly CO2-footprint can be reduced with up to 15 000 ton, for every
1000 Nm3 hydrogen added which replaces coal.

•

A test plan for hydrogen slag reduction has been prepared for the 2ton
converter at Swerim, using both tuyeres and Co-jet lance. As a reference,
carbon-air injection with tuyeres is to be used.
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5. Energy market aspects of localization for industrial
electrolysis and hydrogen production
5.1.

Existing capacity of the grid

For each case study, an investigation is made of the conditions for the electricity
grid to be able to handle an investment in hydrogen production through
electrolysis. This is done through interviews with the appropriate network
company and industry for each case.
5.1.1. Höganäs – The facility of today and future hydrogen demand and
power capacity

Höganäs Sweden AB is connected to the grid owned by Öresundskraft and they
have a 10.5 MW subscription on the regional grid with the tariff N50L [20].
The power consumption today for Höganäs is maximum 10 MW when the factory
is in full production. The future electrolysis facility will need to have a total
capacity of 2700 Nm3/h, see section 3.1.4. Continuous supply of hydrogen is of
high importance for Höganäs and the two electrolyzers will together have a large
overcapacity, rarely more the 1 800 Nm3/h is needed. Redundancy to secure
1 800 Nm3/h is therefore achieved by two electrolyzers and a hydrogen storage of
20 000 Nm3.
A production of 2 700 Nm3/h hydrogen roughly corresponds to an electricity
consumption of about 13.5 MW. Since only 1 800 Nm3/h is needed the power
consumption is based on a maximum production of 2 100 Nm3/h hydrogen, which
roughly correspond to an increased power subscription of 10.5 MW to a total
subscription of 21 MW.
As previously described, Höganäs does not plan to take this extension in one step
but will adapt the new facility to the current state of existing facilities and when
investments need to be made for them. If the cost of renovating existing facilities
becomes significant, there may be reason to consider replacement and possible
alternative technology. The preliminary schedule is an expansion in two steps:
•
•

Reformer 1 will be replaced with an electrolyzer with capacity of
1 200 Nm3/h installed 2024, power increase of about 5 MW.
Reformer 2 will be replaced with an electrolyzer with a capacity of
1 500 Nm3/h installed 2030, power increase of about 5.5 MW.

Höganäs has previously had hydrogen production from electrolysis at site and
therefore they have had a higher subscription level and paid for a larger
connection fee. According to information from Öresundskraft they have paid a
connection fee for up to and including 20 MW, which means that they are allowed
to increase to that level without paying for any reinforcements needed in the grid
of Öresundskraft.
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5.1.2. Höganäs – Existing capacity of the grid

Höganäs is connected to the grid company Öresundskraft, the regional line
Mörarp - Höganäs, and today they have a power subscription of 10.5 MW with a
connection point in the 50-kV grid. Höganäs Energi is connected to the same
substation but they have their own 130/50 kV transformer, see Figure 5-1.

Figure 5-1. Simplified picture of the connection point for Höganäs AB.

The 130-kV line, Mörarp - Höganäs, is connected to the 130-kV substation
Mörarp owned by E.ON Elnät. From Mörarp there is another 130-kV line to the
130-kV substation Söderåsen, also owned by E.ON Elnät. From the 130-kV
substation there is a connection to the 400-kV substation owned by Svenska
kraftnät.
According to Öresundskraft, there is currently a limitation in the transmission
capacity from the transmission grid to the regional grid. It is therefore a limitation
for the subscription for Öresundskraft from E.ON. According to the information
Öresundskraft have received from Svenska kraftnät, this limitation of transmission
capacity will be resolved before 2024, when the first step in the schedule of
electrolysis at Höganäs might be taken. Öresundskraft do not see any difficulties
today for the overall transmission capacity with Höganäs expanding to a total
level of 23 MW by 2030. The transmission capacity is calculated according to
todays’ situation and will be affected if changes, such as connections of other
customers, will be realized.
For Höganäs especially the 130/50 kV transformer can be limiting and also the
130-kV line Mörarp – Höganäs. If these needs to be reinforced, the cost will be
related to the real cost of the reinforcement. The 130/50 kV transformer should
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not be limiting since it is a 40 MVA transformer and there are no other customers
below that transformer.
5.1.3. Boliden – The facility of today and future hydrogen demand and power
capacity

Boliden is connected to the grid owned by Skellefteå Kraft and they have a power
subscription in the regional grid with the tariff NH61 [21].
Today the power consumption of Boliden is between 25 and 75 MW with an
average of 68 MW (including the consumption in the oxygen plant). The
calculation for the electricity grid is based in the assumption that the future
electrolysis facility needs to produce at least 5000 Nm3/h. This amount was later
revised to be 3000 Nm3/h, see section 4.5.
The preliminary schedule in the Boliden case is that the installation will not take
place before 2030 but then the whole installation of a hydrogen facility that can
produce 5000 Nm3/h will take place at the same time. The installation can later, if
needed, be increased with more electrolyzers to meet the total demand of
hydrogen.
For every 1000 Nm3/h of hydrogen production it is necessary to use 5 MW
electricity. A production of 5000 Nm3/h hydrogen corresponds to an electricity
consumption of around 25 MW, which roughly correspond to an increased
maximum power consumption of the whole Boliden facility to 100 MW.
According to information from Skellefteå Kraft Boliden has paid a connection fee
for up to and including 90 MW, which means that they are allowed to increase the
power consumption to that level without paying for any reinforcements needed in
the grid of Skellefteå Kraft.
If the level of 3000 Nm3/h hydrogen is used, which corresponds to an electricity
consumption of around 15 MW, the total maximum of power consumption of
90 MW is already included in the previous paid connection fee.
5.1.4. Boliden – Existing capacity of the grid

Boliden is connected to the grid owned by Skellefteå Kraft and the substation
ST19 Rönnskär. Today they have a power subscription with a connection point in
the 30-kV grid. There is one more customer connected to the same substation,
below the 65 MVA transformer, see Figure 5-2. This customer consumes around
3 MW, which needs to be considered when calculating the total available power in
the substation.
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Figure 5-2. Simplified picture of the connection point for Boliden.

According to Skellefteå Kraft the substation with its transformers, 1 x 65 MVA
and 2 x 50 MVA, has a threshold power of 100 MW and the overhead lines
connected to this substation has a threshold power of 110 MW. This means that
Boliden can increase to 97 MW today without reinforcing the station. According
to Skellefteå Kraft, there is no limitation today in the transmission capacity from
the transmission grid to the regional grid. The transmission capacity is calculated
according to todays’ situation and will be affected if changes, such as connections
of other customers, will be realized. The connection point to the transmission
system is available 25 km west of Skellefteå city, Högnäs 400 kV station.
5.2.

Estimation of grid costs

For each case, a cost calculation is carried out for how the network-related costs
of the industry would be affected by an investment in hydrogen production
through electrolysis. If the capacity of the electricity grid is deemed to be
insufficient, an approximate estimate of the cost of grid reinforcement is also
carried out.
The estimations of grid costs for both cases are based on the current situation and
do not consider future and not already planned changes in the grid. The costs are
initially defined in Swedish SEK but all costs are converted into Euro to facilitate
the comparison with other costs, the exchange rate used is presented in Table 1.
5.2.1. Höganäs

Höganäs has previously paid for a power subscription of 20 MW, which means
that they are allowed to increase to that level without paying for any
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reinforcements needed in the grid of Öresundskraft. The cost for increasing with a
few MW above 20 MW is calculated to be a standard cost of 405 000 SEK/MW.
This means that the cost for increasing from 20 MW to 21 MW is calculated to be
405 000 SEK and that the total cost for increasing the power subscription from
10.5 MW to 21 MW is also 405 000 SEK, which is equal to 38 k€.
5.2.2. Boliden

Boliden has paid a connection fee for up to and including 90 MW, which means
that they are allowed to increase the power consumption to that level without
paying for any reinforcements needed in the grid of Skellefteå Kraft.
The cost of increasing from 90 MW to 97 MW is calculated to be a standard cost
of 405 000 SEK/MW, giving a total cost of approximately 2.8 MSEK or 268 k€.
If more power than 97 MW is needed the grid needs to be reinforced. Replacing a
transformer to a larger one or expanding with an additional transformer in the
substation allows a power subscription up to 107 MW (due to the other customer).
Additional reinforcement of the overhead lines, approximately 15 km, would
allow a power subscription up to 140 MW. The cost of the transformer would
probably be paid by Boliden, but the cost of the lines would probably be shared
according to the utilization of the lines.
Since there is a threshold level of 97 MW for the substation the cost would
probably be about the same for an increase up to a level between 98 MW and
107 MW. A simplified calculation shows that the connection fee for an increased
subscription would be around 8 MSEK or 755 k€.
Since there is a threshold level of 110 MW for the overhead lines the cost would
probably be about the same for an increase up to a level between 107 MW and
140 MW. A simplified calculation shows that the connection fee for an increased
subscription would be around 20-30 MSEK or 2-3 M€ including cost for the
overhead lines and the transformer.
5.3.

Main takeaways electricity grid

•

The possibility to increase the subscription to the electricity grid does not
seem to be related to a high cost neither for Höganäs or Boliden with
todays’ situation.

•

Höganäs has paid a connection fee up to 20 MW which only requires an
increase of 1 MW since they have a maximum consumption of 10 MW, if
the electrolyzer will be used with a maximum production of 2100 Nm3/h
hydrogen even though they have a higher capacity. This cost is estimated
to be 38 k€.

•

Boliden has paid a connection fee up to 90 MW and has today a maximum
consumption of 75 MW. The electricity needed for the proposed
electrolyzer of 3000 Nm3/h hydrogen is covered with the already paid
connection fee.
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•

If Boliden needs a larger electrolyser it is possible to increase the power
subscription to 97 MW without any reinforcements in the grid. This will
allow Boliden to increase their maximum consumption with 22 MW.

•

Increase in demand of electricity above the 23 MW and 97 MW for
Höganäs and Boliden respectively or increased demand by other
consumers will probably require reinforcement of the grid and replacement
or expansion of transformer substations.

•

Electrification is identified as important in the transition to a fossil-free
society, i.e. electrification of transportation, electrification of industrial
processes, etc. This means that there is a significant risk of a higher
demand of electricity than the grid can support, and the expansion of the
subscription might compete with other electrification projects in the same
region.

5.4.

Energy market

As is by now well-known, the cost of electricity is a key cost component when
producing hydrogen using electrolysis. Assumptions regarding future power
prices are therefore going to have a large impact when analyzing an electrolyzer
investment. Further, the variability of future electricity prices is relevant when
dimensioning electrolyzer and hydrogen storage capacities. This is because a
higher capacity electrolyzer and larger hydrogen storage (relative to the amount of
hydrogen produced) means that the electrolyzer can be operated in a way that
takes short-run electricity price variations into account. This flexibility is more
valuable if the short-run price variability is large [3].
The first part of this section describes possible future electricity prices in the SE1
(northern Sweden) and SE4 (southern Sweden) market areas, based on an analysis
of simulated prices from future scenarios. In the next part, the simulated prices are
compared to currently observed prices in futures markets, illustrating the very
large amount of uncertainty in forecasting electricity prices over the long run. In
the final part of this section, the simulated future electricity prices are used to
estimate the potential cost-savings that can be expected if an electrolyzer is
operated flexibly, based on hourly electricity prices.
5.4.1. Prices from simulated scenarios

Svenska Kraftnät semi-annually publishes a long-term electricity market analysis
where electricity market outcomes are simulated for various possible future
scenarios. The most recent such analysis was published in early 2019 and contains
scenarios for 2030 and 2040 [22]. This section briefly summarizes the simulated
future electricity prices for SE1 and SE4 from that analysis. In addition to the
scenarios for 2030 and 2040, the analysis also includes a scenario for 2020 which
was developed by Svenska Kraftnät for the 2018 short-term market analysis [23],
using a similar methodology.
The simulated prices for 2030 and 2040 presented below are based on a reference
scenario that Svenska kraftnät has developed jointly with the other Nordic
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transmission system operators. In this scenario, it is assumed that five Swedish
nuclear reactors are in operation in 2030 but that all Swedish nuclear has been
decommissioned by 2040. The amount of installed wind power capacity in
Sweden reaches almost 25 GW in the 2040 scenario. Total yearly electricity
consumption is assumed to increase by around 20 TWh until 2040, driven
primarily by electrification of transport and new electricity-intensive industry.
As emphasized by Svenska kraftnät, these scenarios should not be interpreted as
forecasts. The underlying assumptions reflect scenarios that were perceived to be
relevant and valuable for Svenska kraftnät to analyze, but this does not necessarily
mean that Svenska kraftnät believe that these scenarios are the most likely. For
example, the fact that the 2040 scenario assumes that all nuclear in Sweden has
been decommissioned does not necessarily mean that Svenska kraftnät believe
that this will be the case. It just reflects that they found it interesting to include a
post-nuclear scenario in the analysis.
In addition to developments in the generation mix and consumption patterns, the
prices from the scenario analysis are also highly sensitive to assumptions
regarding future prices for fuels and CO2 emissions. For more details about the
scenarios and assumptions, see [22].
The scenarios include simulated electricity prices at an hourly time-resolution,
where each simulation covers one year. Weather conditions, especially the amount
and type of precipitation, can vary significantly from year to year, and has a large
impact on electricity prices. Therefore, the simulations for each future scenarioyear are preformed multiple times using different historical weather-years.
Specifically, each future year is simulated 31 times, using weather data from 31
different historical weather-years.
Figure 5-3 shows average electricity prices across all hours of the year in SE1 and
SE4 for the 2020, 2030 and 2040 scenarios. Each black dot represents average
prices based on one historical weather-year, and the red dot represents the average
across all weather-years. The figure illustrates how the average price in a given
scenario-year differs substantially depending on the weather conditions. For
example, the 2020 average price in SE1 ranges between 20 EUR/MWh and 60
EUR/MWh. Prices in SE4 are on average somewhat higher than in SE1 in the
2020 scenario, but the difference is less than 10%.3
In the 2030 scenario, the average prices are higher – close to 50 EUR/MWh – but
the difference between weather-years is smaller and the average price difference
between SE1 and SE4 is reduced compared to the 2020 scenario. This price
convergence between the market areas is due to a higher network transfer capacity
in the 2030 scenario.
3

At the time of writing this section (summer 2020), the actual electricity prices observed for the
first half of 2020 have been very low, with prices being even lower than the simulated prices when
using the weather-year that yields the lowest average price for the 2020 scenario. This is due to a
combination of several factors, including large amounts of precipitation, a mild winter, low fuel
prices across Europe, and reduced demand due to the Covid-19 pandemic.
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In the 2040 scenario, the average price across all weather years in SE4 is similar
to the 2030 scenario, while the average price in SE1 is about 10% lower. The
variation between weather-years is substantially higher in the 2040 scenario as the
system in this scenario is more reliant on renewables and less on nuclear power.

Figure 5-3. Average electricity prices for different scenarios.

Figure 5-4 shows the average difference between the highest and lowest hourly
price per day. Again, each black dot represents a particular weather-year, and the
red dot shows the average across all weather-years. The within-day price variation
is consistently higher in SE4 than in SE1 across the scenarios. In the 2040
scenario, the amount of within-day price variation differs dramatically between
the different weather-years. For example, three of the weather-years show average
within-day price variations in SE4 exceeding 75 EUR/MWh. This indicates that,
if the 2040 scenario becomes reality, the value of flexibility will be very high
some years and more moderate other years, depending on the weather conditions.
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Figure 5-4. Average within-day difference between highest and lowest price.

5.4.2. Prices in futures markets

An alternative to using a scenario-based modelling approach when investigating
possible future electricity prices is to look at current prices for electricity futures
contracts. These prices can be viewed as reflecting the market’s best guess for
what electricity prices will be over the next few years. Compared to the
timeframes covered by the scenario-based analysis discussed above, an
investigation of prices in futures markets is limited to a shorter time-period. This
is because the liquidity in the relevant futures contracts is very low beyond 2-3
years into the future. Further, the futures contracts have a much lower timeresolution, which means that they cannot be used to analyze, for example, withinday price variability.
As of the summer 2020, yearly electricity futures contracts with maturity in 20212023 are trading at around 20-25 EUR/MWh for SE1 and around 25-30
EUR/MWh for SE4 [24]. Compared to the simulated prices for 2021-2023 (these
are not shown in Figure 5-3, but are similar to the simulated prices for 2020 with
slightly increasing average prices from year to year) the prices in the futures
markets are at the very low end of the range of simulated prices, in line with the
weather-years with the lowest average prices. This likely does not mean that
market participants are foreseeing extreme weather conditions for several years
ahead. At least to some extent, it likely reflects that fuel prices (both spot and
futures) have decreased across Europe since when Svenska kraftnät did the
simulations. For example, the natural gas prices used for the simulations were
around 20 EUR per MWh across most of the scenario-years, which at the time
was is in line with futures prices for natural gas for the next few years. However,
prices for yearly natural gas futures for 2021-2022 has since then declined to
around 13-14 EUR per MWh [25] and spot prices in 2020 have been even lower.
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5.4.3. Spot market value of flexibility

This section briefly investigates the potential electricity cost-savings that could be
achieved if hydrogen production is operated with some flexibility to increase
production during hours with low electricity prices and avoiding hours with high
electricity prices. For this purpose, the hourly electricity prices presented above
from the 2020, 2030 and 2040 scenarios are used. The analysis is based on the
following setup: it is assumed that an electrolyzer will be invested in to meet a
continuous demand for hydrogen, such as for a continuously operating industrial
process. To simplify the analysis, it is assumed that the amount of hydrogen
needed corresponds to an electrolyzer continuously operating at 1 MW electricity.
However, due to the linearity of the optimization problem utilized below, the
results in this section are scalable to any continuous hydrogen demand amount.
The following three cases are compared:
•
•

•

Static operations: The electrolyzer is operated at 1 MW continuously,
without taking hourly electricity prices into account.
Moderately flexible operations: 20% extra electrolyzer capacity (for a total
of 1.2 MW) and 24 hours’ worth of hydrogen storage capacity is available,
enabling operations that take hourly electricity prices into account.
Highly flexible operations: 100% extra electrolyzer capacity (for a total of
2 MW) and 24 hours’ worth of hydrogen storage capacity is available,
enabling operations that take hourly electricity prices into account.

24 hours’ worth of hydrogen storage, combined with 20% or 100% excess
capacity, are chosen for this analysis as examples. Neither of these options
necessarily reflect an optimal tradeoff between the value of flexible operations
and the cost of excess capacity. However, as shown in [3], it is unlikely that larger
amounts of excess capacity can be financially motivated for spot market
flexibility purposes.
The flexible operations case is here simulated using weekly optimizations, where
the electrolyzer is scheduled to run in a way that minimizes the electricity costs
while still ensuring sufficient hydrogen storage levels to meet the continuous
demand at all times. The optimization problem, which is a modified version of the
electrolyzer production-planning model presented in [3], is expressed as follows:
𝑇

min ∑ 𝑝𝑡 𝑥𝑡
xt

Subject to:
𝑇

𝑇

𝑡=1

𝑡=1

−𝐼 ≤ ∑ 𝑥𝑡 − ∑ 𝑧𝑡 ≤ 𝑌 − 𝐼,

𝑡=1

∀n ∈ {1, … , T − 1}

(Equation 5.1)

90 (130)

𝑇

𝑇

𝑡=1

𝑡=1

0 ≤ ∑ 𝑥𝑡 − ∑ 𝑧𝑡 ≤ 𝑌 − 𝐼

0 ≤ 𝑥𝑡 ≤ 𝑋,

∀𝑡 ∈ {1, … , 𝑇}

(Equation 5.2)

(Equation 5.3)

Where the following notation is used:
Index of hours. 𝑡 ∈ {1, … , 𝑇} where 𝑇 is the total number of hours
𝑡
in the week.
𝑝𝑡

Electricity price for hour 𝑡. (EUR per MWh)

𝑧𝑡

Amount of hydrogen delivered from the electrolyzer and/or
storage in hour 𝑡, in terms of MWh electricity required to produce
it.
Electrolyzer capacity. (MW electricity)

𝑌

Hydrogen storage capacity, in terms of MWh electricity required
to produce it.
Amount of hydrogen in storage at the beginning of the period, in
terms of MWh electricity required to produce it.

𝑥𝑡

𝑋
𝐼

Amount of electricity consumed by the electrolyzer in hour 𝑡.
(MWh)

The constraints in Equations 5.1 and 5.2 reflect the hydrogen storage capacity,
ensuring that the amount of hydrogen in storage is between 0 and 𝑌 at all times,
and that the amount in storage at the end of the week is the same as it was when
the week started (i.e. the amount of hydrogen in storage at the end of the week
should equal 𝐼). Equation 5.3 reflects the electrolyzer capacity constraints. As
noted above, the model is here applied using the following parameterization: 𝑧𝑡 =
1 for all t, 𝑋 = 1.2 (20% excess capacity) for the moderately flexible case, 𝑋 = 2
(100% excess capacity) for the highly flexible case, and 𝑌 = 24 (24 hours of
storage) for both cases. Further, 𝐼 is set to 12, meaning that the storage should be
half-full at the beginning and end of each week.
With this modelling approach, the electrolyzer operations are scheduled at an
hourly resolution one week at the time. This implicitly assumes that the scheduler
is capable of forecasting electricity prices up to one week in advance. While
forecasts for day-ahead electricity prices are available, they are not 100%
accurate. This means that the cost-savings estimated in this analysis may not fully
materialize in practice. On the other hand, this analysis does not take the
possibility for intraday trading into account, which could allow for additional cost
savings.
5.4.4. Moderately flexible operations

Figure 5-5 shows the cost reductions achieved with the moderately flexible
operations case, compared to the static operations case, for the 2020, 2030 and
2040 scenario years. As in the previous sections, each black dot reflects the result
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for a particular weather-year, and the red dot shows the average across all
weather-years.
In SE4, the moderately flexible operations case lead to a reduction in electricity
costs of about 6% on average in both the 2020 and 2030 scenarios, and about 10%
in the 2040 scenario. The variation across weather-years is significant, especially
in the 2040 scenario where the yearly cost savings range from below 7% to almost
20%. Compared to SE4, the percentage cost reductions in SE1 are somewhat
lower across all scenarios and weather-years, as is expected given that prices are
less variable.
Focusing on the 2030 scenario and the average across all weather-years, the total
yearly energy cost for the static operations case (i.e. the cost for procuring 1 MWh
for every hour of the year) is about 430 000 EUR in SE1 and 440 000 EUR in
SE4. The 5% cost reduction in SE1 therefore corresponds to about 20 000 EUR
per year, and the 6% cost reduction in SE4 corresponds to almost 30 000 EUR per
year.

Figure 5-5. Electricity cost reduction from 20% excess electrolyzer capacity and 24 hours
hydrogen storage

5.4.5. Highly flexible operations

Figure 5-6 provides the same information as Figure 5-5, but for the highly flexible
case where 100% excess electrolyzer capacity is available. With this amount of
flexibility, the average electricity costs are reduced by around 12% in SE4 in the
2020 and 2030 scenarios, and about 18% on average in the 2040 scenario. The
average cost reductions in SE1 for the three scenarios are 8%, 10% and 17%,
respectively.
Focusing on the 2030 scenario, the 10% cost reduction in SE1 corresponds to
about 40 000 EUR per year and the 12% reduction in SE4 corresponds to about
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50 000 EUR per year. As above, these cost reductions are relative to the static
operations case where the yearly energy costs for 1 MW continuous load is 430
000 EUR in SE1 and 440 000 EUR in SE4. This illustrates the diminishing
marginal returns to excess electrolyzer capacity: although the highly flexible case
has 5 times more excess electrolyzer capacity compared to the moderately flexible
case, the benefits in terms of cost reductions only increase by a factor of about 2.

Figure 5-6. Electricity cost reduction from 100% excess electrolyzer capacity and 24 hours
hydrogen storage

5.5.

Potential revenues from balancing services

The amount of power injected and withdrawn from an electric grid must always
be balanced, meaning that consumption and production must equal in every
moment. In Sweden, as in most European countries, this balance is maintained
through a sequence of market-based processes. First, the wholesale spot market
for electricity trades electricity at an hourly level and is designed such that market
participants are incentivized to match production and consumption for every hour.
Before each hour, market participants submit their consumption and production
plans to the transmissions system operator (TSO) who then takes over
responsibility for maintaining system balance in real time. However, even if the
hourly wholesale trading processes leads to balanced production and consumption
plans, some imbalances will nevertheless occur. These imbalances arise because
of, for example, within-hour differences in consumption and production,
consumption and production forecasting errors, or sudden disturbances that lead
to unplanned disconnections or shutdowns of large producers or consumers.
Svenska kraftnät is responsible for real time management of these imbalances. For
this purpose, Svenska kraftnät needs access to consumption or production assets
that can quickly change their consumption or production to correct for an
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imbalance. Since Svenska kraftnät does not itself own these assets, it procures
balancing services from market participants.
The balancing services are procured as a collection of standardized services. Each
service has specific requirements regarding activation time, duration, metering,
communication etc. Svenska kraftnät procures the services using various shortterm markets where market participants submit bids for providing the services.
These markets are set up in different ways for the different services, and they also
differ in terms of how market participants get paid. This section discusses
possibilities for electrolyzers to provide balancing services to Svenska kraftnät,
and the revenues that this could potentially provide.
5.5.1. Description of services

Svenska kraftnät currently procures the following five different short-term
balancing services:
• Fast Frequency Reserve (FFR)
• Frequency Containment Reserve – Disturbance (FCR-D)
• Frequency Containment Reserve – Normal (FCR-N)
• Automatic Frequency Restauration Reserve (aFRR)
• Manual Frequency Restauration Reserve (mFRR)
These services complement each other, and all contribute to maintaining the
necessary balance between production and consumption but on different time
scales. Some of the balancing services are activated based on explicit activation
requests from Svenska kraftnät, while others should be activated when the grid
frequency deviates from 50 Hz (which occurs whenever there is an imbalance
between production and consumption in the Nordic synchronous grid). The
information provided in these subsections is to a large extent based on information
from Svenska kraftnät’s balance responsibility agreement [26].
•

FFR: Fast Frequency Reserve

FRR is a relatively new balancing service, which Svenska kraftnät began
procuring in 2020. It is the fastest of the reserve services, requiring activation
within about a second. An asset delivering FFR should provide power (i.e. reduce
consumption or increase production) in the event of a large frequency drop. A
provider of FFR can choose between three options concerning at what frequency
the reserve should be activated and how fast the activation should be:
• Activation at 49.7 Hz = activation time 1.3 seconds.
• Activation at 49.6 Hz = activation time 1 second.
• Activation at 49.5 Hz = activation time 0.7 seconds.
Once an activation has occurred, the required support duration is relatively short
(up to 30 seconds). Frequency drops below 49.7 Hz are relatively rare, which
means that reserve activations are infrequent. Svenska kraftnät has not yet
implemented a continuous market process for procuring FFR. Instead, a first
procurement of FFR was made for the summer season 2020, where a group of
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assets were pre-qualified and are being scheduled as needed. A new market model
is planned for 2021 [27].
•

FCR-D: Frequency Containment Reserve – Disturbance

Assets that provide FCR-D should provide power (i.e. reduce consumption or
increase production) when the frequency drops below 49.9 Hz. When this occurs,
the reserve should be activated to at least 50% within 5 seconds and fully
activated within 30 seconds. The reserve should remain activated for as long as
the frequency deviation persists (with some exemptions). The total amount of
FCR-D capacity that Svenska kraftnät procures depends on the single largest
contingency and therefore varies over time. Oskarshamn 3 often sets the
requirement, in which case the Nordic TSOs collectively buy 1450 MW of FCRD capacity, of which the Swedish share is 573 MW [28].
FCR-D is traded as an hourly product, with separate bids for each hour. The
procurement takes place using a 2-step process with some of the capacity
procured 2 days in advance and the remainder procured the day before. Market
participants submit bids quoted in EUR per MW and hour (minimum bid size is
0.1 MW), referring to the availability of reserve capacity, not the activations. The
accepted bids receive payments based on pay-as-bid, and there is no additional
payment for the energy provided in case of an activation.
•

FCR-N: Frequency Containment Reserve – Normal

FCR-N is a symmetric service, meaning that assets providing FCR-N should be
able to both increase and decrease its production or consumption. Further, the
assets should respond to all frequency deviations from 50 Hz with full activation
at a 0.1 Hz deviation, meaning that they continuously regulate production or
consumption based on the frequency. In terms of activation time, FCR-N should,
in case of a 0.1 Hz deviation, be fully activated within 3 minutes and at least 63%
activated within 60 seconds. The Nordic TSOs collectively procure 600 MW
FCR-N capacity every hour, of which the Swedish share is 237 MW [28]. The
trading process for FCR-N is the same as for FCR-D. However, in contrast to
FCR-D, the capacity payment is complemented by an energy compensation based
on an estimated net energy delivery due to activations during the hour.
•

aFRR: Automatic Frequency Restauration Reserve

Assets providing aFRR do not respond directly to frequency deviations but should
instead follow a setpoint sent by the TSO. When Svenska kraftnät sends a new
setpoint value, the asset proving aFRR should reach the new setpoint within 2
minutes. aFRR is procured for both upward regulation (increasing production or
reducing consumption) and downward regulation (reducing production or
increasing consumption), as two separate services. An asset may therefore choose
to provide aFRR in only one direction.
The current aFRR product was introduced in 2016, and the service is not procured
for all hours of the day. The Nordic TSOs have gradually increased the amount of
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aFRR procured, such that they currently (Q3 2020) procure the service during 104
hours per week. For these hours, the TSOs procure about 300-400 MW each for
up and down regulation for the Nordics as a whole [29], of which the Swedish
share is around 100-150 MW.
In similarity to FCR-N and FCR-D, aFRR is procured as an hourly capacity
product with separate bids for each hour. However, in contrast to the FCR
services, the trading takes place once per week (on Thursdays) instead of daily.
As for FCR-N, the accepted bids are compensated pay-as-bid for the available
capacity (irrespective of activations) and the capacity payments are complemented
by an additional energy payment for the activated energy amounts. The minimum
bid size for aFRR is 5 MW, and bids above 5 MW must be submitted in multiples
of 5 MW.
•

mFRR: Manual Frequency Restauration Reserve

As the name suggests, mFRR is a manually activated balancing service. Market
participants submit bids for either up-regulation or down-regulation, and Svenska
kraftnät’s operators manually request activations as needed. As for the other
services, mFRR is traded hourly, meaning that different bids are submitted for
different hours. Resources providing mFRR should typically be able to reach full
activation within 15 minutes, but exemptions may be possible. The minimum bid
size is 10 MW, except for southern Sweden (SE4) where 5 MW bids are accepted.
In contrast to the other balancing services, mFRR is primarily traded as an energy
product, in the sense that the service provider gets paid for the actual activation of
the service and not for the available capacity. Another difference compared to the
other services is that payment is based on marginal pricing for each hour, instead
of pay-as-bid. The marginal price from the mFRR market is used not only for the
activated mFRR bids, but also when compensating for activated energy from
aFRR and FCR-N, as well as for the final settlement of imbalances.
5.5.2. Planned changes in coming years

The markets for balancing services are evolving and several changes are planned
in the coming years. The changes are driven by a need to adapt the balancing
services to meet the needs of a changing power system, e.g. due to changes in the
generation mix, and to harmonize the balancing services at Nordic and European
levels to enable increased cross-border trade.
Examples of anticipated changes include: a common Nordic capacity market for
aFRR, the introduction of a bid-based energy activation market for aFRR, a
Nordic capacity market for mFRR, automatic activation of mFRR bids and
introduction of FCR-D for down-regulation. An overview of planned changes for
balancing services in the Nordics can be found at [30].
5.5.3. Frequency distribution

Several of the balancing services are activated based on the system frequency,
which can be viewed as an instantaneous measure of the imbalance between
production and consumption in the Nordic synchronous electric power system.
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This section provides a brief description of frequency deviations using frequency
data from 2019 [31], measured at a sample rate of 10 Hz (10 observations per
second).
Figure 5-7 shows the observed frequency for one randomly chosen day (April 14,
2019). This illustrates how the frequency varies in a (mostly) unpredictable way,
occasionally dropping below 49.9 (the level for activation of FCR-D reserves).
Throughout the day, FCR-N reserves would have continuously adjusted their
power production or consumption based on the difference between the measured
frequency and 50 Hz.

Figure 5-7. Measured frequency for one day (April 14, 2019)

Figure 5-8 shows a histogram of all frequency measurements for 2019, showing
that the frequency remained between 49.9 and 50.1 Hz for more than 97% of the
time. About 1.3% of the frequency measurements showed a frequency below
49.9 Hz (highlighted in red in Figure 5-8). Although not visible in Figure 5-8,
some frequency deviations below 49.8 Hz and above 50.2 Hz did occur. The
lowest observed frequency in 2019 was just below 49.6 Hz, and the highest
observed frequency was just above 50.3 Hz.
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Figure 5-8. Distribution of observed frequencies in Nordic synchronous system (2019)

On most instances when the frequency drops below 49.9 Hz, it recovers back to
above 49.9 Hz within a few seconds. Therefore, most FCR-D reserve activations
are very short. During 2019, there were about 750 instances where the frequency
remained below 49.9 for more than 1 minute, and the longest instance lasted for
about 13 minutes. For an asset that has a limited energy storage capacity and
provides FCR-N, the time between changes in regulation direction is of interest.
During 2019, the longest uninterrupted period with a frequency above 50 Hz
lasted for about 160 minutes, and the longest uninterrupted period below 50 Hz
was about 140 minutes long.
As seen in Figure 5-8, the average frequency is close to 50 Hz. This is not a
coincidence, the system operators aim at ensuring an average frequency of 50 Hz,
meaning that periods with lower frequencies are compensated for by periods with
higher frequencies. This also ensures that an asset providing FCR-N should expect
the same amount of up-regulation as down-regulation. However, for shorter
periods of time (such as a single hour), the average frequency may deviate from
50 Hz.
5.5.4. Revenue potential

This section provides an analysis, based on prices from recent years, of the
revenues that could have been obtained from providing various balancing
services. Because of the pay-as-bid market structure and because of the type of
price data that is publicly available from Svenska kraftnät, it is not possible to
exactly calculate how much a particular resource would have earned in revenues
from a particular balancing service. The revenue potentials present here are
therefore only approximate. The revenue potential from providing FCR-N, FCRD and aFRR is in focus in this section. FFR is not further discussed since the
amount of available price data is limited, and since the market structure is likely
to change in the near future.
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5.5.5. Revenues from providing FCR-N or FCR-D

For FCR-N and FCR-D, Svenska Kraftnät publishes the volume-weighted average
price for all accepted bids for each hour [32]. Since these are weighted average
prices from a pay-as-bid market, they are not equal to what any particular market
participant received for delivering the service during that hour. Instead, these
prices indicate what the accepted bids received on average.
Figure 5-9 shows monthly average prices (blue solid line) and the monthly range
between the 10th and 90th percentile of hourly prices (blue shaded region) for
FCR-N and FCR-D from January 2016 through June 2020. As seen in the figure,
there has been a considerable amount of price-variation during this time-period,
and some seasonality patterns can be identified. For example, FCR-D prices tend
to be higher during the late spring season, likely due to hydrological conditions.
For more detailed analysis of FCR price variations and their likely causes, see
[33] and [34].
The overall average price over the full time-period shown in Figure 5-9 was 14
EUR per MW and hour for FCR-D and 28 EUR per MW and hour for FCR-N.
One potential reason for why the FCR-N price typically is higher than the FCR-D
price is that FCR-N is a symmetric product (i.e. an asset delivering 1 MW of
FCR-N must be able to both increase and decrease its production or consumption
by 1 MW) whereas FCR-D is only for increasing production or reducing
consumption.

Figure 5-9. Monthly average FCR prices (solid line) and monthly range between 10th and 90th
percentile of hourly average prices (shaded region)

In order to calculate the revenues that would have been obtained by a single
market participant during a particular time-period, it is first necessary to identify
how often the bids would have been accepted given a particular bid-price.
However, to establish whether a particular bid would have been accepted for a
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particular hour, it would be necessary to know the highest accepted bid price for
that hour. Since the publicly available data only includes the average accepted bid
price, it is not possible to establish with certainty if a bid would have been
accepted or not. Therefore, to estimate how frequently a bid would have been
accepted, it is necessary to make an assumption regarding how much higher the
highest accepted bid was compared to the average accepted bid. Figure 5-10
shows the fraction of hours that a bid would have been accepted as a function of
the bid price, for three different assumptions regarding how much higher the
highest accepted bid was compared to the average bid. The green solid line
assumes no difference between the maximum and average price, and therefore
reflects a lower bound. The red and blue dashed lines are calculated based on the
assumption that the highest accepted bid was 50% and 100% higher than the
average price, respectively.
For example, if a market participant offered FCR-D with a bid price of 25 EUR
per MW for every hour during January 2016 through June 2020, the bids would
have been accepted in about 25% of hours, assuming that the highest accepted bid
for each hour was 50% higher than the average price for that hour (red dashed
line).
Figure 5-11 shows the corresponding estimated yearly revenues that would have
been obtained from offering 1 MW of FCR-D or FCR-N for all hours of the year.
For example, with a bid price of 25 EUR per MW, a market participant offering 1
MW FCR-D would have received around 50 000 EUR per year in revenues, again
assuming a 50% difference between the highest accepted bid price and the
average bid price.

Figure 5-10. Estimated fraction of hours that bids would have been accepted (January 2016 –
June 2020)
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Figure 5-11. Estimated yearly revenues from offering 1 MW of FCR (January 2016 – June
2020)

Svenska kraftnät requires FCR bids to be cost-based, allowing some margin for
profit and risk. Detailed instructions for how this should be calculated is available
only for hydropower (which currently provides most FCR capacity), and no such
guidelines are provided for other types of assets such as electrolyzers.
Nevertheless, the bid price submitted for an electrolyzer needs to be calculated
using a methodology that Svenska kraftnät finds acceptable. Therefore, a market
participant who would like to offer FCR-N or FCR-D from an electrolyzer may
not be able to choose bid-price freely and may be restricted to a bid price that
yields somewhat lower revenues than what otherwise would be possible. The payas-bid market structure and absence of data on highest accepted bid price,
combined with the high volatility in FCR prices and Svenska kraftnät’s
requirement for cost-based bids, make it very difficult to estimate the revenues
that can be expected if an electrolyzer were to offer FCR-D or FCR-N. Keeping
this uncertainty in mind, Figure 5-11 suggests that yearly revenues around 40 000
EUR per MW seems reasonable for FCR-D, while yearly revenues above 100 000
EUR per MW appears to have been achievable for FCR-N during this time period.
Some excess electrolyzer capacity and hydrogen storage would be needed for an
electrolyzer to be able to offer FCR, compared to continuous operations. Because
of the symmetry of the FCR-N product, and the more infrequent activations for
the FCR-D service, the amount of excess capacity and storage needed would
likely be higher for FCR-N than for FCR-D.
5.5.6. Revenues from providing aFRR

As noted in section 5.5.1, aFRR is traded as two separate products, one for upregulation and one for down-regulation. The naming convention used by Svenska
kraftnät for these services is based on a generation perspective, i.e. “aFRR up”
means that a generator should be able to increase production and “aFRR down”
means that a generator should be able to decrease production. The naming
convention is therefore a bit counterintuitive from the point of view of an
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electrolyzer: an electrolyzer providing aFRR up-regulation should be available for
decreasing its power consumption, and vice versa.
The analysis in this section is based on hourly data for the amount of aFRR
capacity procured by Svenska kraftnät and the corresponding weighted average
price of the accepted bids, for 2016 through June 2020. This data is not available
for download online but can be obtained directly from Svenska kraftnät upon
request.
Figure 5-12 shows monthly average prices (blue solid line) and the monthly range
between the 10th and 90th percentile of hourly prices (blue shaded region) from
January 2016 through June 2020. As for FCR, the aFRR market is a pay-as-bid
market and these prices reflect weighted average prices of accepted bids. Since
the amount of aFRR procured per hour has differed substantially over the sample
period (with no procurement at all for many hours), the monthly average prices in
Figure 5-12 are calculated as a weighted average of the hourly averages, weighted
by the amount procured in each hour. The data gaps visible in Figure 5-12 in 2016
and 2017 reflect months when Svenska kraftnät did not procure any aFRR. Prices
for aFRR has varied considerably over time, reaching their highest levels in the
late spring and early summer months of 2018 and 2019. The average price for
aFRR up-regulation has tended to be somewhat higher than the price for aFRR
down-regulation. The overall weighted average price over the full sample period
was 14 EUR per MW and hour for down-regulation and 18 EUR per MW and
hour for up-regulation.

Figure 5-12. Monthly average aFRR prices (solid line) and monthly range between 10th and
90th percentile of hourly average prices (shaded region)

Using the same methodology as for FCR described in Chapter 5.5.5 above, Figure
5-13 shows the fraction of hours that aFRR bids would have been accepted, as a
function of bid price and for three different assumptions regarding the difference
between the price of the highest accepted bid and the average bid price. The
fraction of hours in Figure 5-13 is calculated excluding the hours for which no
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aFFR was procured, i.e. it shows the fraction of hours for which aFRR was
procured that the bids would have been accepted. aFRR was procured for a total
of about 8700 hours during this 4.5-year period, increasing from about 600 hours
in 2016 to about 2300 hours during the first 6 months of 2020.

Figure 5-13. Estimated fraction of hours that bids would have been accepted (January 2016 –
June 2020)

Figure 5-14 shows the corresponding revenues that would have been obtained
during a year if Svenska kraftnät procured aFRR for all hours of the year. Note
that the yearly revenues during the sample period would have been lower since
aFRR was not procured for all hours of the year. The revenues shown in Figure
5-14 have been adjusted to full-year equivalents to be comparable to the estimates
for FCR in Figure 5-11.
As for FCR, these estimates are highly uncertain and should only be interpreted as
a rough estimate of the revenues that may be expected from providing aFRR.
Figure 5-14 suggests that an asset providing aFRR could earn more than 50 000
EUR per MW for aFRR down-regulation and possibly more than 100 000 EUR
per MW for aFRR up-regulation, based on a full year (8760 hours) of service
provision.
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Figure 5-14. Estimated yearly revenues from offering 1 MW of aFRR (based on data from
January 2016 – June 2020, recalculated to full-year equivalent)

5.5.7.

Illustrative examples

The aim of this section is to provide simplified but realistic examples of how
much revenues the balancing services discussed above can generate for an
electrolyzer that produces hydrogen for an industrial process. This is done for 5
illustrative examples. In all examples, it is assumed that the installed electrolyzer
capacity is 10 MW (in terms of electricity load), and that the electrolyzer can be
operated flexibly down to a minimum load of 2 MW.
For the first 3 examples, it is assumed that the downstream hydrogen demand
corresponds to continuous operation of the electrolyzer at 6 MW, meaning that a
significant amount of excess electrolyzer capacity is available, enabling both
upward and downward flexibility. For examples 4 and 5, a smaller amount of
excess capacity is available. The electrolyzer needs to operate closer to its
maximum capacity to meet the downstream hydrogen demand, meaning that only
downward flexibility is available.
In these examples, an estimated annual revenue for each balancing service is
obtained using the information from Figure 5-11 and Figure 5-14. To arrive at a
specific revenue estimate for each service, the following method is used: First, the
green lines in Figure 5-11 and Figure 5-14 are followed, assuming no difference
between the average and maximum accepted bid. Second, the maximum value for
the green lines are used, reflecting a revenue-maximizing bid price. The first step
yields a conservative estimate while the second is more optimistic, with the
intention of arriving at a realistic estimate. Using this method, the following
estimates are obtained (rounded to nearest 10 000 EUR):
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Table 13. Estimated yearly revenues per MW for different balancing services.

Service
FCR-D
FCR-N
aFRR down
aFRR up

Estimated yearly revenues per MW (full-year equivalents)
40 000 EUR
100 000 EUR
50 000 EUR
80 000 EUR

In the following examples, it is assumed that hydrogen storage is available for
managing the fluctuations in hydrogen production. The amount of storage needed
is different in each example. However, unless a very large amount of hydrogen
storage is available, it may not be possible to continuously provide balancing
services without facing a risk of reaching critically low hydrogen storage levels.
Therefore, the following examples assume that balancing services are offered for
2 out of every 3 hours, ensuring that one third of hours is available for restoring
storage levels if needed. Note that the fraction of hours that a balancing service
would actually be provided would then be lower than 2/3, since the bids would
not always be accepted.
As previously mentioned, the minimum bid size for aFRR is currently 5 MW.
However, Svenska kraftnät is planning to lower this limit to 1 MW in the coming
years [35]. The examples below are therefore not restricted to 5 MW bids.
Further, since Svenska kraftnät is gradually expanding the share of hours for
which aFRR is procured, the estimated aFRR-revenues in the examples below
assume that aFRR is being procured for at least 2/3 of hours.
Examples 1-3, Flexibility in both directions
Figure 5-15 illustrates three different examples of how balancing services can be
provided when both upward and downward flexibility is available.
1. The electrolyzer is providing 4 MW FCR-N (left bar in Figure 5-15). The
estimated yearly revenues are about 270 000 EUR (100 000 * 2/3 * 4).
2. The electrolyzer is providing 4 MW aFRR up and 4 MW aFRR down
(middle bar in Figure 5-15). The estimated yearly revenues are about 350
000 EUR (50 000 * 2/3 * 4 + 80 000 * 2/3 * 4).
3. The electrolyzer is providing 4 MW FCR-D (right bar in Figure 5-15). The
estimated yearly revenues are about 110 000 EUR (40 000 * 2/3 * 4).
Since FCR-N is procured as a symmetric service and since the frequency on
average is 50 Hz, example 1 should on average result in the same amount of upregulation as down-regulation, such that the average load should be close to the
baseline operating point. However, over shorter time-periods (such as an hour),
the activations will in general not be balanced. As the 2019 frequency data shows,
the frequency can remain above or below 50 Hz for several hours, which means
that the hydrogen storage needs to be able to accommodate several hours’ worth
of increased or reduced hydrogen production.
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investments, i.e. 40 000 EUR. Finally, a 6% interest rate is used for converting the
investment costs to an annual value.
Given these assumptions, the annualized cost of 1 additional MW electrolyzer
capacity is about 130 000 EUR. Comparing this to the estimated revenues for the
examples above shows that, for the type of balancing services that only require a
small amount of excess capacity (such as in examples 4 and 5), the balancing
service revenues appear sufficient for offsetting the costs associated with excess
capacity. However, this is likely not the case for balancing services that require
larger amounts of excess capacity (such as examples 1 and 2).

5.6.

Main takeaways energy markets and electrolyzers

•

Certain requirements for the different balancing services constrain the
operation of the electrolyser and might require different levels of excess
electrolyzer capacity dependent on the hydrogen application and demand.

•

For balancing services that only require a small amount of excess capacity,
the balancing service revenues appear sufficient for offsetting the costs
associated with excess capacity.

•

Future electricity prices and market prices for balancing services is hard to
predict and has a large impact on the possible revenue streams of using the
electrolyzer for balancing services.

5.7.

Transport of hydrogen

There are shortages of capacity in the electricity grid in some parts of Sweden,
which limits the possibility to connect additional load to the grid. This could be a
limitation when hydrogen should be produced by electrolyzers, dependent on the
location. Therefore, it is of interest from a system perspective to compare the
costs of different implementation strategies of electrolyzers. The three different
cases evaluated in this section are:
1. Case 1 – centralised, one electrolyzer at the industrial site
2. Case 2 – centralised, one electrolyzer at another site with better
prerequisites in the electricity grid and transportation of the hydrogen to
the industrial site
3. Case 3 – decentralised, three electrolyzers at different locations and
transportation of the hydrogen to the industrial site.
These three alternatives are illustrated in Figure 5-17 - Figure 5-19 below.
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Figure 5-17. Case 1 (centralised), production of hydrogen at industrial site, where the
electricity grid needs to be reinforced
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Figure 5-18. Case 2, (centralised), production of hydrogen at another site, with more
capacity of the electricity grid, compression and transportation hydrogen to the industrial
site
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Figure 5-19. Case 3 (decentralised), production of hydrogen at three sites, compression and
transportation to the industrial site.

5.7.1. Hydrogen transportation

Transportation of hydrogen is an important aspect when comparing the cost of
onsite production (case 1) with production elsewhere (case 2) or with production
at several other sites (case 3) where the hydrogen is transported to the industrial
site. The low volumetric energy density of hydrogen at room conditions along
with the ability to permeate metal-based materials pose constraints on both
transportation as well as on the required storage.
There are mainly three options of hydrogen transportation described in the
literature: 1) compressed hydrogen in gas tubes delivered by truck with different
pressure levels (180-500 bar), 2) liquid hydrogen delivered by truck, and 3)
compressed hydrogen in pipeline [36] [37] [38] [39] [40] [41] [42].
Transportation of compressed hydrogen by truck is most suitable for short to
medium distances due to the comparatively low capacity, which is typically 300
kg at 200 bar. High-pressure tube trailers (500 bar) can deliver payloads up to
1000 kg.
Liquid hydrogen by trailer is more economical for large end use demand and
medium to long distances since it has a larger capacity, 4000 kg at -253 °C.
Liquefaction of hydrogen has high energy requirements, up to 30-40% of the
hydrogen energy content [43] [41].
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Pipelines have a very high capacity (>150 tons per day) but the investment cost is
high, which only makes it relevant for high and steady delivery rates. It is also in
some geographical locations possible to feed hydrogen into existing natural gas
networks. It is estimated that a level of 5 – 15 of hydrogen by volumetric
percentage would be possible to be fed into the gas networks in the US, without
substantial negative effects on the end users or pipeline infrastructure. In Europe
there are different regulations of injection levels into the gas grid in different
countries, varying from 0.5 – 14 volumetric percentage. There are several
successful demonstration projects where hydrogen is fed into the gas grid, mainly
in Germany [44]. It should however be noted that dependent on the utilization of
the gas e.g. industrial processes as in the case of Höganäs and Boliden, the gases
have to be separated before usage and the quality of the gas has to be ensured for
the end-user. Therefore, this is not a desirable way of transporting hydrogen since
it reduces the value of both the hydrogen and natural gas. With an implementation
of the European Hydrogen Backbone described by [45], the costs of transporting
hydrogen over long distances in pipelines would decrease. They have estimated
the cost to 0.09 – 0.17 €/kg per 1000 km. However, this is based on the
assumption that there are possibilities to convert natural gas pipelines for
hydrogen transportation and since that is not the case in Sweden, the Swedish
hydrogen strategy by Fossilfritt Sverige does not see this as a realistic scenario for
Sweden. Instead a scenario with cross-sectoral local and regional hydrogen
clusters is more promising, where both existing and new industries can be
connected through local or regional hydrogen grids and/or common hydrogen
storage [11].
Cost estimations of hydrogen transportation in the literature is mainly based on
different models, applied for specific cases and scenarios. They include different
levels of hydrogen penetration in society, often with focus on the transportation
sector. Different assumptions are made with respect to production volumes,
investment costs, transportation distances and delivery pressure among others, in
the literature. Therefore, the numbers presented in Table 14 should not be seen as
the exact cost of transporting hydrogen but it gives an overview of the costs of the
different hydrogen transportation modes in relation to each other. All costs are
converted into Euro to facilitate the comparison, the exchange rates used are
presented in Table 1.
Table 14. Costs of different hydrogen transportation modes.

Transport
mode

Investment
cost

Compressed
hydrogen
trucks
268 000 €
893 200 €

Cost per unit

Pressure
[bar]

Payload

Ref.

2.83–3.78 €/km
1.89-2.36 €/km
0.5-0.6 €/kg

180
300
200
30 – 160

250 kg
300-400 kg
300 kg
300 kg
1000 kg
400 – 4000
kg

[46]
[46]
[41]
[40]
[47]
[41]

0.13-1.15 €/kg

110 (130)

Transport
mode

Investment
cost

Liquid
hydrogen
trucks
Pipeline

669 900 €
714 600 €
0.28 – 0.83
M€/km

Cost per unit

Payload

Ref.

4000 kg
4000 kg

[47]
[40]

2.63 €/kg

1000 kg/day

[36]

0.14-0.26 €/kg

5 billion
m3/year4

[41]

0.09 -0.17 €/kg
per 1000 km
343 900 €/km5
446 600 €/km6
553 800 €/km

Pressure
[bar]

[45]
[43]
[43]
[37]

In addition to these transportation modes, liquid hydrogen can also be transported
by ship or by rail provided that suitable waterways, railways and loading
terminals are available [38]. According to Hydrogen Council [42], the cost of
shipping liquid hydrogen from Saudi Arabia to Japan is 1.7 $/kg where 0.9 $/kg is
liquefaction and export cost, 0.6 $/kg is shipping cost, and 0.2 $/kg is the cost for
the import terminal. They make a comparison with LNG that costs approximately
12 $/MWh, while liquid hydrogen cost 60 $/MWh including liquefaction,
terminals and shipping.
5.7.2. Comparative analysis

This section describes the cost comparative analysis of the cases presented in
Figure 5-17 - Figure 5-19. Case 1: Hydrogen production at the industrial site, case
2: Hydrogen production at another site followed by hydrogen transportation to the
industrial site, case 3: Decentralised hydrogen production followed by hydrogen
transportation to the industrial site. This analysis enables a comparison of these
different cases having the industrial site at Höganäs as benchmark using generic
costs based on the knowledge and experience of the project partners in
combination with data from the open literature.
As described in section 5.1, both Höganäs and Boliden have already paid for a
higher power subscription than what they currently use and are also able to
increase the subscription to a certain level without having to pay for any
reinforcement of the grid. Therefore, the grid cost at the two industrial sites is
only associated with the standard cost of increasing the subscription, which is
405 000 SEK/MWe. This is the same cost as for a new power subscription which
is relevant for cases 2 and 3. Under these circumstances it is not an alternative to
locate the electrolyzers at another site, since this would only add extra costs. As
this comparative analysis aims to be generic and thus relevant for other industrial
4

The payload required to achieve this cost is almost the same per day as the yearly production in
Höganäs.
5
Trenchless technology with a 20 cm diameter of the pipe.
6
Cut/cover methodology with a 20 cm diameter of the pipe.
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sites than Höganäs and Boliden, we have herein assumed that an industrial site
with a need of a grid reinforcement acts as a baseline for this analysis.
The costs of reinforcing the grid, if necessary, would mainly be associated with
the investment of a new transformer and reinforcing the grid with a new line, as
described in Chapter 5.1.2. The investment cost of a 145/52 kV transformer of 20
MW is 5 MSEK. The investment cost of a line with a capacity of 123-170 kV, Ø
329 mm and wooden posts construction is almost 1 MSEK/km [48]. The length of
the line is decided by the distance to the closest suitable connection point, which
in the case of Höganäs is approximately 30 km. With these generic costs, the
investment cost of the components for reinforcing the grid is 35 MSEK.
As described in Chapter 3.1.1 there is an existing hydrogen storage capacity of 20
00 Nm3 at 300 bars to ensure continuous supply of hydrogen. At the Boliden site,
there is no storage in place since there is no demand for hydrogen today. Some
level of storage is necessary for a robust and resilient production system.
Furthermore, the total storage capacity usually increases having the hydrogen
production located elsewhere. The cost of storage is therefore also an aspect that
is considered in this comparative analysis.
As previously described, the costs of different storage alternatives are presented in
Table 15. To facilitate the comparison between the alternatives, all costs are
converted to €/kg of hydrogen. The pressure levels vary between 45 to 900 bar,
and the costs from 5.56 to 2200 €/kg of hydrogen, which is a large range. As for
transportation costs, these numbers should be seen as indication of the cost for
different storage alternatives at different pressure levels. The costs for high
pressure vessels 450 and 900 bar are estimated to reduce until 2030 [49].
Table 15. Cost of different hydrogen storage alternatives and their pressure levels.

Storage
Buffer field
Salt cavity
Pressure vessel
Pressure vessel
Pressure vessel
Pressure vessel
Pressure vessel
Pressure vessel
Pressure tank
Pipe container
Pipeline

Cost [€/kg]
400
5.56
536
983
1295
225
1600 (960)7
2200 (1320)8
378.2
511.7
1056.7

Pressure [bar]
300
60-180
160
430
860
200
450
900
45
45
45

Reference
[50]
[50]
[39]
[39]
[39]
[49]
[49]
[49]
[50]
[50]
[50]

The output pressure from the electrolyzer depends on technology and
manufacturer but is below the pressure levels required for storing hydrogen which
makes compression necessary. Investment cost and electricity cost of different
7
8

1600 is the cost in 2015, while 960 is the estimated cost in 2030.
2200 is the cost in 2015, while 1320 is the estimated cost in 2030.
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compressors with different capacities and ranges is calculated in accordance with
the calculation in the case studies, presented in Chapter 3.4.3.
To make this comparative analysis more tangible, a numerical comparison is
made between producing hydrogen at the industrial site (case 1), centralised at
another location with transportation (case 2), and decentralised with transportation
(case 3). The aim is to indicate of how far it is possible to transport the hydrogen
comparing the different costs for producing at the industrial site where a
reinforcement of the grid is necessary with the costs at another site or sites. The
different costs included is summarised in Table 16.
The costs for the electrolyzer; CAPEX, O&M + stack, electricity and feed water,
is based on the case studies and the techno-economic analysis described in detail
in Chapter 3.4. These costs are included for all three cases and is based on the
average values for all different electrolyzer technologies.
Table 16. Costs included in the comparative analysis between the three cases.

Included in all
Electrolyzer
O&M + stack
Electricity
Feed water
Compressor9
Power
subscription

Case 1, centralised
at industrial site
Grid reinforcement

Case 2, centralised
at another location
Additional
compressors
Additional storage
Transportation

Case 3,
decentralised
Additional
compressors
Additional storage
Transportation

The costs that is included for all cases within this analysis include all costs
presented in the techno-economic analysis presented in section 3.4, which include
a large part of the costs for installing electrolyzers at an existing industrial site,
with most of the infrastructure already in place. By placing the electrolyser at
another or several other sites would require investments in new infrastructure,
buildings, installations, planning etc. However, since the level of costs are
dependent on location and are highly unsure, they are not included in this
analysis. Instead the exclusion of these costs is discussed in qualitative terms
when comparing the costs of the different cases.
The logic of calculating the possible transportation distance is presented in
Equation 4.
𝑑=
9

𝐶𝑜𝑠𝑡 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑 𝑖𝑛 𝑎𝑙𝑙+𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝐶𝑎𝑠𝑒 1−𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑐𝑎𝑠𝑒 2 𝑜𝑟 𝑐𝑎𝑠𝑒 3
𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡

(Eq 5.4)

Compressors are required for all cases, but for different loads. At the industrial site only a small
share of the hydrogen needs to be compressed, for backup storage, and there is no extra investment
required for this compressor since it is already in place. For case 2 and case 3, all hydrogen is
compressed to facilitate transportation.
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Prices of consumables used in this comparative analysis is the same as used in the
techno-economic analysis for the case studies presented in section 3.4.1, with
electricity price of 44.44 €/MWh, feed water 1 €/m3 and an annuity factor of 0.13.
The Höganäs case is used as a baseline for this analysis, with respect to hydrogen
demand and size of storage etc. As seen in Table 17 costs and capacities vary
between the different components included in the analysis. The assumptions made
is based both on the literature and on the knowledge and experience of the project
group and partners. The costs that are common for all three cases is presented in
Table 17. It is clear that the investment cost of the electrolyzers as well as the
electricity used for production make up the largest costs, which is in line with the
results presented in reference [3] and [51].
Table 17. Data common for all three cases.

Data common for all three cases
Hydrogen demand [Nm3/h]
Full load hours [h]
Storage capacity at industrial site [Nm3] at 300 bar
Yearly production [MNm3]
Additional power capacity [MW]
Costs
CAPEX [€/Nm3]
O&M + stack [€/Nm3]
Electricity [€/Nm3]
Feed water [€/Nm3]
Power subscription cost [M€/year]
Total yearly costs [M€/year]

1 500
8 760
20 000
13.1
7.5
0.110
0.002
0.207
0.040
0.037
4.75

In the case where the electrolyzer is located at the industrial site, it is only a small
share of the yearly hydrogen production that is compressed to 300 bars, since the
storage is only charged and discharged 1-2 times per year. Therefore, only 0.3%
of the yearly hydrogen production is compressed to 300 bar when the electrolyzer
is located at the industrial site. Additional costs for this case are the grid
reinforcement and a cost for compression of the small share of hydrogen. The grid
reinforcement is based on a cost for increasing the capacity for electrolyzer
capacity of 1 500 Nm3/h, which is the average demand in Höganäs corresponding
to 7.5 MW. The costs specific for case 1 is presented in Table 18.
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Table 18. Data for case 1, centralised located at industrial site.

Case 1 – centralised, located at industrial site
Electricity use compressor [kWh/Nm3]10
Costs
Reinforcement of grid
Electricity cost compressor
Additional costs for case 1
Total costs [M€/year]

0.28
Yearly costs [€/year]
429 683
298
429 982
5.18

In the case where the electrolyzer is located at another site where the power grid is
better, a new power subscription needs to be accounted for as well as compression
of all hydrogen produced to enable transportation. Hydrogen storage is also
required and an investment cost of 36 €/Nm3 [50] is assumed for the storage. The
size of the storage is assumed to be able to cover two days of full load production.
The costs specific for case 2 is presented in Table 19.
Table 19. Data for case 2, centralized located at another site.

Case 2 – centralised, located at another site
Additional storage capacity [Nm3] at 300 bar
Electricity use compressor [kWh/Nm3]
Storage cost [€/Nm3] at 300 bars
Costs

72 000
0.28
36
Yearly costs [€/year]

Storage cost
Compressor cost
Additional costs for case 2
Total yearly costs case 2 [M€/year]

336 690
402 795
701 182
5.45

As can be seen, the total costs for case 2 is larger than the total cost for case 1,
which means that there is no room for transportation of hydrogen, since the
additional costs for locating the electrolyzer at another site are larger than the cost
of reinforcing the grid. As mentioned before, it should also be noted that all costs
are not included here, e.g. investments in new infrastructure, buildings,
installations, planning. The real cost of placing the electrolyzer at another site will
therefore probably be much larger than the cost for placing it at the industrial site
even if grid reinforcements is required.
The techno-economic analysis of the electrolyzers show that the costs are not
linearly scalable. To consider the economy of size, an exponent of 0.9 has been
used for scaling the CAPEX of the electrolyzer. The investment cost of the
compressor is based on the equation 3.1 in Chapter 3.4.3. The cost specific for
case 3 is presented in Table 20.

10

Electricity consumption 0.28 kWh/Nm3 hydrogen, storage of 20 000 Nm3 only filled 2 times a
year.
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Table 20. Data for case 3, decentralised, located at three other locations.

Case 3 – decentralised, located at three sites
Additional storage capacity [Nm3] at 300 bar
Electricity use compressor [kWh/Nm3]
Storage cost [€/Nm3] at 300 bars
Costs
Additional electrolyzer cost
Storage cost
Compressor cost
Additional costs for case 3
Total yearly costs case 3 [M€/yearly]

Per site
24 000
0.28
36

Total
72 000
Yearly costs [€/year]
167 529
336 960
402 795
944 574
5.64

The total cost for case 3 is larger than for the other two cases, which means that
there are no room for transportation of hydrogen for this case either.
A comparison of the three cases can be seen in Figure 5-20. Based on the
assumptions and costs used in this analysis, it is not cheaper to locate the
electrolyzer at another site than the industrial, even when the grid needs to be
reinforced at the industrial site. This indicate that the extra costs for placing the
electrolyzer elsewhere are larger than the costs related to a grid reinforcement. It
should be noted that this is the case even when several of the additional costs that
will arise for case 2 and case 3 is not included, e.g. investments in new
infrastructure, buildings, installations, planning etc. The cost for case 2 is 5.7 %
higher and case 3 is 9.8 % higher than the cost for case 1. This is due to the higher
cost for compressor and storage in case 2 and 3 compared to case 1. It can also be
seen that the CAPEX for electrolyzer is also larger for case 3 compared to case 1
and 2, since this cost is not linear with respect to size. The decentralised solution
in case 3 would probably be even worse off compared to the other two cases if
cost for infrastructure, buildings, installations etc. were included since there are
scaling effects for these parts as well. However, it should be noted that the size of
the electrolyzer and storage could be optimized in case 2 and case 3 to reduce the
cost, as well as optimizing the size to use the electrolyzer for balancing services.
However, this is outside the scope of this analysis. Centralised or decentralised
hydrogen production with respect to e.g. cost effectiveness and power supply and
grid reinforcement is an important aspect to consider for different projects and
localisations in Sweden since the prerequisites will be different. Similar issues
with a Nordic perspective are investigated within the study Nordic Clean Energy
Scenario11.
The labour cost during operation will also be affected of the placement of the
electrolyzer. When placed at the industrial site, it is possible to coordinate the
operators for both the electrolyzers and the industrial process. If the electrolyzers
are outsourced it would demand operators both at the industrial site and the
electrolyzer site.
11

Ongoing project Nordic Clean Energy Scenarios (2020-2021)
https://energiforsk.se/en/programme/nordic-clean-energy-scenarios/
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6. Discussion
The techno-economic analysis within this study has highlighted the challenges of
not comparing “apples with oranges”. It has been an iterative process with the
manufacturers to streamline their information as much as possible. All
manufacturers provided a budget quotation as an answer to a questionnaire that
has been elaborated in cooperation with Höganäs and Boliden. Since all budget
quotations did not include all equipment to provide hydrogen at 15 bar(a) and
with a hydrogen quality according to the requirements, further assumptions had to
be made and equipment added to be able to compare the costs in the technoeconomic analysis.
The varying technical readiness level between the different technologies also
makes comparison challenging, both as of now but also when projecting future
costs. The overhaul of the existing SMR at Höganäs was approximated to 2024
but it will probably be postponed until 2026 due to covid-19 and recession. The
manufacturers have however submitted the budget quotations based on 2020
prices and highlight the uncertainties in the actual costs even within the timeframe
of 2024. Electrolyzers has already seen a large cost reduction the last ten years
and the costs are expected to halve in 2030 compared to today due to economies
of scale [52, 11]. It is highlighted in the project consortium that the price
reduction of electrolyzers is a matter of volume and not of time. Upscaling
production will reduce costs, independent of when it happens. Technology
improvements of the electrolyzers are also expected in the coming decade, e.g.
higher efficiency, higher availability, less degradation which will also reduce
hydrogen production cost [53]. As shown in the techno-economic analysis,
halving the stack cost makes the LCOH competitive for electrolysis compared to
SMR at a production of 750 Nm3/h in the Höganäs case.
For both the Höganäs and the Boliden case the cost of increasing the power
subscription is negligible in the context. This is normally not the case and should
be seen as an exception. Electrification such as electrification of transportation,
electrification of industrial processes, etc is identified as important in the
transition to a fossil-free society and will increase the demand for electricity. This
means that there is a significant risk of a higher demand of electricity than the grid
can support, and the expansion of the subscription might compete with other
electrification projects in the same region.
With reducing CAPEX of electrolyzers the electricity prices will be an even more
dominating factor in the hydrogen production cost. It is hard to make any
trustworthy forecasts today of the future cost of electricity. In this report
electricity price scenarios developed by Svenska Kraftnät has been used to show a
prediction of the future price and to get an idea of the future within-day price
variations.
Calculations in chapter 5.4.1 shows that there are a possibility to reduce the cost
for electricity if there is a hydrogen storage and an over capacity of the
electrolyzer that can be used to avoid hours with high electricity prices. The
higher within-day price variations the larger reduced cost of electricity is possible.
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In 2030 the potential cost reduction with 20% extra electrolyzer capacity and 24
hours’ hydrogen storage capacity available is on average 5% in SE1 6% in SE4.
For 2040 with a much higher within-day price variations the potential cost
reduction is close to 10% in both SE1 and SE4.
As described in chapter 5.5 electrolyzers could also be used for balancing
services. The calculations suggest that yearly revenues around 40 000 EUR per
offered MW seems reasonable for FCR-D, while yearly revenues above 100 000
EUR per offered MW appears to have been achievable for FCR-N during this
time period. This potential revenue should be compared to the extra cost for over
capacity of the electrolyzer and the hydrogen storage. For the Höganäs case there
is already an over capacity and a hydrogen storage due to other reasons and
therefore a more detailed cost benefit analysis is recommended to be performed.
The cost of extra electrolyzer capacity, which might be required to enable flexible
operation of the electrolyzer, range between 1000 – 2500 k€/MW. To ensure
continuous supply of hydrogen additional storage might also be required which
will add extra cost. The optimal tradeoff between the size of electrolyzer, storage,
operation strategy, localization, etc. must be evaluated for each specific case since
the boundary conditions are case specific.
In the techno-economic analysis the LCOH from electrolysis was compared with
the LCOH from SMR with natural gas. In both Höganäs and Boliden case, a
sensitivity analysis was made regarding the CO2 price. The additional CO2 cost
due to EU ETS was only added to the natural gas price and not the electricity
price. However, as of today the price correlation of CO2 might be more coupled
with the electricity prices than natural gas price. This might, however, change in
the future due to climate goals and aim for fossil free electricity production.
The characteristics and performance data of the electrolyzer technologies included
in this study varies which affects the feasibility of operating at part load and the
possibilities for flexible operation. The SOEC can operate in a range of 0 – 150 %
of the design capacity with a long-term operation of 1.3% where only the stack
core is producing while the other modules are switched off. The HCS S450/70 can
operate continuously in a range of 20 – 100 % of its nominal hydrogen
production. The Silyzer 300 can continuously operate in a range of 40 – 100 % of
the nominal capacity with the possibility for lower long-term operating load with
design adjustments and a detailed check of the site’s boundary conditions. The
AHPE can operate in the range of 50 – 100 % for long-term operation and down
to 20 % for short term operations.
As described by the manufacturers the efficiency of the stacks decreases over time
and the achievable operating hours will be affected by the operation load,
operating conditions, and maintenance work. This can be optimized dependent on
the setup of the electrolyzer and the specific operation case, but a general
expected operating time is estimated to approximately 10 years for the Sylizer
300, AHPE and HCS S450/70.
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Many of the characteristics and performance data of the electrolyzers are in some
way or another included in the techno-economic analysis, but there are also other
relevant aspects to consider. The use of critical raw materials in catalyst varies
between the different electrolysis technologies [2]:
ALK: 0,6 mg/W
PEM: 2,2 mg/W
SOEC: N/A
However, the PEM manufacturers included in this project highlight that the level
of critical materials in their electrolyzers are already much lower than this, closer
to the ALK values. The possibility for large scale hydrogen development through
electrolysis is affected by the accessibility of critical materials. The search for
new materials, using less, and recycling are areas of research and development for
all electrolyzer manufacturers. The development of critical material prices might
also affect the future price of electrolyzers.
The importance of different characteristics varies between the two cases Höganäs
and Boliden and as described in Chapter 2 the two case studies have different
prerequisites which affects the suitability for the different electrolyzers. In the
Höganäs case the efficiency of operation at part load, the purity of hydrogen and
pressure level is important, and it is not one solution that stands out as better than
the others in all aspects. In the Boliden case the electrolyzer continuously will
operate at full load and the hydrogen requirements are different which affects the
suitability of the solutions. The time horizon, the availability of steam and nonpressurized hydrogen demand makes the SOEC more competitive for the Boliden
case than for Höganäs.
In the Höganäs case the techno-economic analysis shows that the LCOH of
hydrogen is lower if produced from SMR than from electrolyzers based on
todays’ prices and the assumptions made. However, in the final discussion with
the project consortium it is highlighted that other aspects than costs are important
when making this long-term investment decision. Climate goals and ambitions to
be climate neutral and reduce the use of fossil fuels is also an important aspect to
consider. Short and long-term perspectives is difficult to combine for industries
and due to the uncertainties of the future this is even more difficult.
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7. Conclusions
The conclusions for each chapter are presented at the end of respective chapter
whereas the main conclusions of the project are presented below.
The two cases, Höganäs and Boliden, with different prerequisites of the hydrogen
demand illustrates that the application and operation of the electrolyzer affects the
LCOH as well as the fraction of cost drivers for the electrolyzers. Due to low
degree of utilization of electrolyzer capacity in the Höganäs case, the largest
fraction of the LCOH is CAPEX. Therefore, a decrease of stack costs has a
stronger impact on the LCOH in the Höganäs case than in a case, in which the
utilization of capacity is higher as, for example, in the Boliden case.
A specific manufacturer will be able to provide more or less suitable electrolyzer
solutions depending on the required capacity, pressure, purity and availability of
surplus steam, depending on the standard modules in their product portfolios. Too
much customization for one customer usually increases the investment costs.
All four included electrolyzers have advantages and disadvantages and a final
investment decision will depend on which of them a costumer validates highest.
Some criteria may be an absolute claim, some may be negotiable. Relevant
features that have been identified are space, building, noise, quality of feed water
requirement, pressure, H2 purity, type of control system, redundancy, availability,
type of service contract.
The main challenge with the techno-economic analysis was to avoid comparing
“apples with oranges”, although all manufacturers provided a budget quotation as
an answer to a questionnaire that has been elaborated in cooperation with Höganäs
and Boliden.
In Boliden oxygen can reduce the requirement to buy oxygen from a gas
company. Income from oxygen does not change the production cost dramatically.
However, if the price for oxygen is 50 €/t the calculation resulted in about 8 %
savings. In the Höganäs case, no income can be expected from the byproducts,
neither from oxygen nor from heat today. Due to this, it is neglected in the technoeconomic analysis. Mapping of industrial injection technology in the Boliden case
identified that both the current submerged tuyeres and a contact free supersonic
coherent lance, (Co-jet) can be used with hydrogen.
The CO2-footprint of the Zink-fuming process in Boliden can be reduced with up
to 45 000 ton, when 3 000 Nm3/h hydrogen is used and replacing coal.
The possibility to increase the subscription to the electricity grid does not seem to
be related to a high cost for either Höganäs or Boliden with todays’ situation and
the cost is negligible in this context.
There is a possibility to reduce the cost for electricity if there is a hydrogen
storage and an over capacity of the electrolyzer that can be used to avoid hours
with high electricity prices. The higher within-day price variations the larger
reduced cost of electricity is possible.
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An electrolyzer could supply different balancing services to the power grid. The
requirements of these services constrain the operation of the electrolyzer and
might require different levels of over capacity of the electrolyzer dependent on the
hydrogen application and demand as well as a hydrogen storage. The revenue
needs to be compared to the cost for the extra capacity and the storage if this is
not needed for other reasons.
The comparison of different locations of electrolyzers indicate that it is more
expensive to place the electrolyzer at another site than the industrial even if a grid
reinforcement is required at the industrial site, due to the cost of hydrogen
compression and storage if not placed at the industrial site.

8. Further work
For the Höganäs case there is already a planned overcapacity for the electrolyzer
and an existing hydrogen storage and therefore a more detailed cost benefit
analysis is recommended to be performed for balancing services and the potential
of reducing the cost for electricity.
Boliden primary interest is to investigate and test hydrogen reduction in slag
fuming by injection into a liquid slag using conventional tuyeres and Co-jet lance.
The efficiency of hydrogen could be compared with current carbon injection using
the pilot and demo equipment at Swerim in Luleå.
Höganäs and Boliden have several options to become climate neutral. One step in
that direction would be exchanging natural gas steam reforming with water
electrolysis at Höganäs or replacing of coal with hydrogen from electrolysis at
Boliden. An alternative may be steam reforming of biogas or combining both.
Others may be CO2 capture and storage or blue hydrogen from Norway. An
analysis that compares the most realistic solutions in terms of techno-economic
perspectives and lifecycle analysis (LCA) would be interesting.
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Appendix 1

Characterisation of hydrogen
Several definitions of a normal cubic meter [Nm³] and standard cubic meter [Sm³]
are commonly used in industry. The definition differs not only between countries
but also between branches. In the Norwegian gas industry, it is common to
calculate a normal cubic meter based on a temperature of 15 °C while in Sweden,
usually, 0 °C is used. Consequently, the specific gas volume differs significantly
between both standards as shown in Table 21. The difference in specific volume
causes a difference in the LHV and HHV if energy density is expressed for a Nm3.
The hydrogen demand at Höganäs is given in normal cubic meter based on 0 °C
as standard temperature if measured in volumetric units and based on LHV if
measured in energetic units. In this techno-economic study, the standard used by
Höganäs has been applied and all deviating data is converted into this standard.
Table 21. Hydrogen properties for a reference temperature of 15 °C and 0 °C, respectively.
Reference temperature

[°C]

Reference pressure

[bar]

1.013

general gas constant

[m³*Pa/(mol*K)]

8.3145

[g/mol]

2.0159

Molar weight
specific gas volume

[Nm³/kg]H2

15.0

0.0

11.12

11.73

LHV

[MJ/kg]

119.90

LHV

[MJ/kmol]

241.70

LHV

[kWh/kg]

33.31

LHV

[kWh/Nm3]

2.84

3.00

LHV

[MJ/Nm3]

10.22

10.78

HHV

[MJ/kg]

141.70

HHV

[MJ/kmol]

285.65

HHV

[kWh/kg]

39.36*

HHV

[kWh/Nm3]

3.36

3.54

HHV

[MJ/Nm3]

12.08

12.74

**

HHV = 39.45kWh/kg acc. to ISO conditions 101.325kPa and 15°C, as available in REFPROPdatabase from NIST (National Institute of Standards and Technologies) database from NIST
(National Institute of Standards and Technologies)
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Characterisation of natural gas
Fuels which consist of a mixture of several different compounds may vary in
quality between seasons and markets. The values in Table 22 are for natural gas
with the given density. The variation in quality may give heating values within a
range 5 -10% higher and lower than the given value. The quality presented in the
table is an example from the US market. The mixture at Höganäs may differ
somewhat.
It is important to clarify whether a thermal efficiency is based on the LHV or
HHV. As for hydrogen, there is a significant difference in the density of natural
gas if a Nm3 is defined at 15 °C or at 0 °C as seen in Table 22.
In this study, the efficiency is based on LHV and the conditions for a Nm3 at 0 °C
and 1.01325 bar(a)
Table 22. Natural gas properties for a reference temperature of 15 °C and 0 °C, respectively.
Data from www.engineeringtoolbox.com.
Reference temperature

[°C]

Reference pressure

[bar]

1.013

general gas constant

[m³*Pa/(mol*K)]

8.3145

[g/mol]

17.65*

Molar weight
specific gas volume

[Nm³/kg]H2

15.0

0.0

1.34

1.27

LHV

[MJ/kg]

47.10

LHV

[MJ/kmol]

831.15

LHV

[kWh/kg]

13.08

LHV

[kWh/Nm3]

10.30

9.76

LHV

[MJ/Nm3]

37.07

35.14

HHV

[MJ/kg]

52.20

HHV

[MJ/kmol]

921.14

HHV

[kWh/kg]

14.50

HHV

[kWh/Nm3]

11.41

10.82

HHV

[MJ/Nm3]

41.09

38.95

specific CO2 emission
*

[kg/kg]

2.75**

Calculated from data presented for density at 0 °C and 1 bar
HHV = 39.45kWh/kg acc. to ISO conditions 101.325kPa and 15°C, as available in REFPROPdatabase from NIST (National Institute of Standards and Technologies) database from NIST
(National Institute of Standards and Technologies)
**
Assuming only methane => 2.75 [kg/kg]= 44[g/mol]/16[g/mol]
**
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Appendix 2

Plan for execution of the pilot trial
1. Heating of the converter vessel's refractory lining with propane burner to
about 1200°C;
2. Charging and melting of about 1500kg slag, with propane burner;
3. Heating the slag to an equivalent process temperature as in Boliden;
4. Rönnskär, i.e. 1150-1250°C;
5. Temperature measurements
6. Slag fuming with coal/air or hydrogen or hydrogen or hydrogen gas for at
least 60 minutes;
7. Sampling and temperature measurement at least every 10 minutes;
8. If necessary, this is supplemented by follow-on heating via propane
burners;
9. Bottling and cleaning of converter vessels for the next attempt.
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Appendix 3

Estimated cost calculation of pilot trials
Preparation, heating of converter
Four days of trials
Equipment, inklusive gas
Gas
Raw materials and transport
Project manangement
Reporting
Unforseen
Totalt

1 500 000SEK
2 000 000SEK
700 000SEK
150 000SEK
150 000SEK
150 000SEK
75 000SEK
350 000SEK
5 150 000SEK

