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List of abbreviations
P2G

Power-to-Gas

P2L

Power-to-Liquid

H2

Hydrogen

CO

Carbon monoxide

CO2

Carbon dioxide

Electro-H2

Hydrogen produced from electricity
and water via electrolysis

Electro-methane

Methane produced from electro-H2
and CO2

Electro-methanol

Methanol produced from electro-H2
and CO2

CCS

Carbon Capture Storage

CCU

Carbon Capture Utilization

ADt

Air Dried tons pulp

CTMP

Chemi -Thermomechanical Pulp

NSSC -pulp

Neutral Sulphite Semi Chemical Pulp

TMP

Thermomechanical pulp

COD

Chemical oxygen demand

BOD

Biological oxygen demand

AEC

Alkaline Electrolysis Cell

PEM

Polymer Electrolyte Membrane
Eectrolysis

SOEC

Solid Oxide Electrolyte Cell

LHV

Lower Heating Value, i.e. net calorific
value

CAPEX

Capital Expenses

OPEX

Operational Expenses

Turn-key cost

CAPEX + installation and engineering
costs
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TRL

Technology Leadiness Level. TRL are
based on a scale from 1 to 9 with 9
being the most mature technology.

endothermic

Requires energy, usually in the form
of heat

exothermic

Releases energy in the form of heat

H2S

Hydrogen sulfide

SNG

Synthetic Natural Gas or Substitute
Natural Gas, i.e. a gas that can
substitute natural gas

FCR-N

Frequency Containment ReserveNormal

FCR-D

Frequency Containment ReserveDisturbance

FRR

Frequency Restoration Reserve

aFRR

Automatic Frequency Restoration
Reserve

mFRR

Manual Frequency Restoration
Reserve

LP-steam

Low-pressure steam

MP-steam

Medium-pressure steam

HP-steam

High-pressure steam
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Sammanfattning
Genom att styra elkrävande processer och introducera nya, t.ex.
elektrobränsleprocesser (även kallade power-to-gas, P2G, eller power-to-liquid,
P2L) eller elektrolys av natriumsulfat, inom massa- och pappersindustrin kan
nyttan av intermittent tillgänglig produktionskapacitet maximeras på samma gång
som förnybara bränslen/kemikalier produceras integrerat i cirkulära flöden.
I detta arbete har vi undersökt flexibilitetspotentialen i både de befintliga
enhetsprocesserna och införandet av elektrobränsleprocesser för produktion av
förnybar vätgas, metan och/eller metanol. Studien har innefattat analys på både
fristående massabruk och integrerade massa- och pappersindustrier utifrån såväl
nuvarande elmarknad (2015 – 2017, timbasis) som framtida elmarknadsscenarier
(2030 och 2040, timbasis). Möjligheter med andra nya processer såsom elektrolys
av natriumsulfat var i denna studie i korthet beskrivet.
Resultaten från denna studie visar att massa- och pappersindustrin innehar goda
framtidsutsikter för att öka sin aktivitet på elmarknaden och bidra med både
flexibilitet och produktion av gröna bränslen och kemikalier.
Genom att skjuta drift/last hos existerande processenheter (vedgård, massatork,
avloppsvattenrening, kondensturbin) från högpris till lågpristimmar erhölls
elkostnadsbesparingar upp till 15 % per processenhet för de framtida
elmarknadspriserna. Detta utan några förluster eller andra tillkommande kostnader
för bruket. Utifrån 2015-2017 års elpriser visade sig elkostnadsbesparingen
däremot vara blygsam.
Den tillgängliga energireserven, baserat på analysen med existerande elkrävande
processer, för ett enskilt typiskt svenskt massabruk (800 kAdt/år) uppskattas till ca
10 MWe under några timmar eller en dag. Vissa bruk (t ex Södras bruk i Värö och
Mönsterås) har dessutom en kondenserande ångturbin och barkpanna med
överkapacitet som ytterligare ökar brukets flexibilitetspotential och möjligheter att
delta på elmarknaden (ca + 5 MWe). Vidare indikerar studien att den totala
flexibilitetspotentialen hos svensk massa- och pappersindustri är ≥ 100 MWe. Om
också TMP-bruk (Termo Mekanisk Massa) inkluderas i uppskattningen skulle
ytterligare 500 MWe flexibilitet kunna tillgängliggöras utifall elpriset > 100
€/MWh.
När det gäller införsel av P2G/P2L och när de framtida elprisdata används visar
detta arbete att det är lönsamt att investera i elektrolysöverskottkapacitet för att
möjliggöra ytterligare flexibilitet vid bruken. I framtiden kan ytterligare intäkter
också förväntas genom att utnyttja detta överskott för att delta på
balansmarknaden. Med 2015-2017 elprisdata visade det sig däremot att denna
överkapacitet inte är lönsam.
Om man skulle låta all grön koldioxid som svensk massa- och pappersindustri
årligen släpper ut (ca 22 Mton/år) reagera med förnybar vätgas skulle det
teoretiskt räcka till att producera upp till ett par tiotals Mton förnybar metan eller
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metanol; volymer som kan ersätta fossila alternativ med väsentliga klimatvinster
som följd. Som referens kan t.ex. nämnas att för svensk polymerproduktion för
tillverkning av färg/lack, m.m., skulle användningen av förnybar elektro-metanol
som insatsråvara som ersättare till dagens naturgasbaserade metanol (1,5-2
Mton/år) innebära en årlig klimatutsläppsbesparing upp mot flera hundra kton
CO2. Studien visar dock att tillgången och infångningen av CO2 idag inte är de
begränsande faktorerna för etablering av P2G/P2L i varken fristående och
integrerade bruk. Istället begränsas etableringen av tillgången på el vid bruken
samt av rådande marknadsförutsättningar för gröna kemikalier/bränslen.
Produktionskostnaderna för elektrobränslena visade sig i detta fall vara högre
(från omkring 10% upp till dubbel kostnad, beroende på scenario) än dagens
marknadspris, men förväntas minska betydligt i takt med att
investeringskostnaden för elektrolys och kostnaden för CO2-infångning med tiden
minskar.
Avslutningsvis skall nämnas att resultaten i denna studie endast kan betraktas som
”screeningpotentialer” eftersom varje bruk är unikt med avseende på
energibalanser och processers effektivitet. En fördjupad studie vid ett specifikt
bruk är därför att föreslå som nästa steg för att erhålla mer exakta data. Andra
förslag till nästa steg inkluderar t.ex. utredningar av nya användningsområden vid
bruken för syrgasöverskottet som produceras av elektrolysen, och en fördjupad
analys av hur elektrolysören kan bidra med olika balanstjänster. Båda två sätt som
potentiellt kan öka flexibiliteten hos och förbättra lönsamheten för
elektrobränsleproduktion på bruken och för samhället i stort.
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Summary
By controlling power demanding processes and introducing new ones, e.g.
electro-fuel processes (also called power-to-gas/power-to-liquid) or electrolysis of
sodium sulphate, in the pulp and paper industry, the benefits of intermittent
available power production capacity can be maximized at the same time as
renewable fuels/chemicals are produced integrated in a circular economy.
In this work, we have investigated the flexibility potential in both the existing
power demanding process units and the introduction of electro-fuel processes for
renewable hydrogen, methane and/or methanol production. The analysis includes
analysis of both stand-alone pulp mills and integrated pulp and paper industries,
with respect to current electricity market (2015-2017) and future scenarios (2030
and 2040). Opportunities with other new processes such as electrolysis of sodium
sulphate were herein in short described.
The results of this study show that the pulp and paper industry have good
prospects for increasing its activity on the electricity market and contributing with
both flexibility and production of green chemicals and fuels.
By shifting operation of existing process units (wood yard, pulp dryer, waste
water treatment, condensing turbine) from high-priced to low-priced hours,
electricity cost savings up to 15 % per process unit were obtained for future
electricity market prices. This without any losses or other additional costs for the
mill. On the other hand, with 2015-2017 electricity prices, the electricity cost
savings were found to be modest.
The available energy reserve, based on the analysis with the existing power
demanding processes, for a single typical Swedish pulp mill (800 kAdt/yr) is
estimated to be up to 10 MWe, for a few hours or a day. Some mills (e.g. Södra´s
mills in Värö and Mönsterås) also have a condensing steam turbine and a bark
boiler with overcapacity which further increases the mill´s flexibility potential (ca
+5 MWe) and opportunities to participate on the electricity market. Furthermore,
the study indicates that the total free-available power reserve of the Swedish pulp
and paper industry is up to ≥ 100 MWe. If also TMP (Thermo Mechanical Pulp)
mills are included in the estimate, an additional capacity up to 500 MWe could
also be made available in case of electricity prices > 100 €/MWh.
As regards the introduction of P2G/P2L and when the future electricity prices are
used, this study shows that it is profitable to invest in excess electrolysis capacity
to enable further flexibility at the mills. In the future, additional revenues can also
be expected from utilizing this overcapacity to participate in the balancing market.
With 2015-2017 electricity price data, this overcapacity was however not found to
be profitable.
If all the green carbon dioxide annually emitted from the Swedish pulp and paper
industry (ca 22 Mton) were captured and reacted with renewable hydrogen, it
would theoretically be enough to produce up to a few tenths of Mtons renewable
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methane or methanol; volumes that can replace fossil alternatives with significant
climate gains as a result. As a reference, it could for example be mentioned that
for the Swedish polymer production to produce paint/varnish, etc, the use of
renewable electro-methanol as raw material instead of today´s natural gas-based
methanol (1,5-2 Mton/year) would correspond to an annual climate emission
saving up to several hundred kton carbon dioxide. However, this study shows that
the establishment of P2G/P2L for the production of methane/methanol in neither
stand-alone nor integrated mills is limited by the availability nor the capture of
carbon dioxide. Instead, the P2G/P2L establishment is limited by the availability
of electricity at the mill and by the present market conditions for green
chemicals/fuels. In this case, the production costs for the electro-fuels were found
to be higher (from ~10 % up to the double cost, depending on the scenario) than
the current market price. The production costs are however expected to decrease
significantly as the investment cost of electrolysis and the cost of CO2 capture
with time decrease.
Finally, as every mill is unique with respect to energy balance and process units’
efficiencies, it should be underlined that the results of this study can only be
considered as screening potentials. A more in-depth study at a specific mill is
therefore to propose as the next step to obtain more accurate data. Other
suggestions for further works include for example investigations of new areas of
applications at the mill for the surplus of oxygen produced by the electrolysis, and
a more in-depth analysis of how electrolysis may contribute with different
balancing services. Both two ways that could potentially improve the flexibility of
and the overall business case of electro-fuel production at the mills and for the
society at large.
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1. Introduction
1.1.

Background

This project is essentially motivated by and may contribute to reach four national
energy- and climate goals:
-

-

A 100% renewable power generation by 2040 [1]. This shall mainly be
achieved by expanding the weather-dependent power generation (wind,
solar), from today’s annual output of 17 TWh [2] with the estimated need
of around 70 TWh 2040 [3]. For this conversion to be possible, it is also
necessary at the same rate to expand the electrical system flexibility [4].
A fossil independent vehicle fleet by 2030 [5].
A climate neutral society, with no net emissions of climate gases, by at the
latest 2045, that afterwards is to be followed by negative emissions [6].
Sweden shall be the world leader in taking care of and re-use of waste in a
circular economy [7].

With this background, it is clear that there is a great need to develop and establish
new services and technologies to increase the electrical system’s flexibility, the
production of renewable fuels and chemicals and on the same time to recover
residual flows.
With respect to the electrical system’s flexibility, the industry is expected to play
an increasingly important role. Today, the industry in Sweden accounts for a 3739% of the total electricity consumption and thus the sector plays already today an
important role in the electricity system with respect to both the demand curve and
the requirements for availability. Several industries participate in the strategic
power reserve to deal with major disturbances, but also to some extent on
the regulating market through consumption bids. Some major industries are also
active on the electricity market by their own electricity production. An important
example of the latter is the pulp and paper industry, which today annually
generates about 6-7 TWh (increasing), while consuming a total of 20 TWh
(shrinking) [8]. By a more active control of the industry´s electricity production
and consumption, a more flexible power systems could overall be obtained. This
has for example recently been illustrated by a national strategic agenda [9], in
which various opportunities and challenges for different industrial actors for such
a development are highlighted and the development of new business models are
described as a key prerequisite for realization. Another example are German
studies that indicate that a more active and flexible participation in electricity
markets from industrial actors could help the integration of renewables and create
significant economic values [10].
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One possible way that has the potential of increasing both the flexibility of the
electrical market and the production and availability of storable renewable fuels
and chemicals is to implement electrolysis and electro-fuel-processes (also called
power-to-gas/power-to-liquid) at industrial sites. Through water electrolysis,
hydrogen and oxygen can be produced at periods of low electricity prices. The
hydrogen can either be used directly as fuel or for hydrogenation of e.g. biofuels.
It is also possible to allow the hydrogen to react to other products such as methane
and / or methanol via reactions with carbon monoxide (CO) or carbon dioxide
(CO2) from the industrial flue gases. In cases where the electricity and the CO /
CO2 sources are of renewable origin, negative emissions through carbon sinks are
formed as it replaces fossil fuels and chemicals at the same time as this enables
more cost-efficient energy storing than storing in H2 over longer periods of time.
The interest in electro-fuels has grown rapidly in the last few years, and today
there are over 190 projects identified globally [11] and around 40 demonstration
and / or pilot plants in operation or under construction for the concept in Europe
[12]. There is also a commercial facility in operation in Iceland producing electromethanol from renewable hydrogen and geothermal CO2 [13]. So far, no plant is
in place in Sweden, but the interest for large-scale electrolysis and electro-fuels is
rapidly increasing here too, and several studies have been carried out in recent
years [13-20]. During the past two years, three major projects in the area have also
been initiated. The probably most well-known project today is Hybrit that
Vattenfall initiated with SSAB and LKAB with the goal of large-scale production
and use of renewable hydrogen (about 7-10 TWh H2/year) for the replacement of
fossil coke and coal in the steel process [21-22]. Similar plans exist in Austria and
are being investigated in the project European H2Future project [23]. The second
one is Preem´s and Vattenfall’s collaboration to investigate the possibilities of
using renewable hydrogen from electrolysis in the production of 3 million m3 of
biofuels by 2030 [24]. The third example is the EU project “FReSMe”, which
aims to evaluate a pilot next to SSAB’s steel production in Luleå for the
generation of electro-methanol from blast furnace gas and hydrogen from wind
power [25]. To support these projects and others in the field, a new Swedish test
bed (called Swedish Hydrogen Development Center) is also under development
[26]. To the best of our knowledge, the implementation of electrolysis in the pulp
and paper industry is so far, with a very few exceptions [27, 28], limited to
internal supply and/or chemical recovery [29-35]. This is so although several uses
today are net producers of electricity and have huge point emissions of biogenic
CO2, which instead of being released can be converted into valuable renewable
fuels/chemicals replacing corresponding fossil alternatives. An estimation from
2010 shows that around 22 Mton / year of biogenic CO2 is released from
Sweden’s pulp production [36].
1.2.

Aims of project

The overall objective of this project has been to investigate and propose new ways
to increase the flexibility, robustness and availability of renewable fuels and
chemicals in our energy system and society and thereby contribute to lower
climate gas emissions. More specifically, the purposes of the project have been to:
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1) Map various possibilities for the pulp and paper industry to interact with the
electricity market by, for example, controlling existing and / or introducing new
electricity consuming processes such as the electro-fuel concept and/or other
concepts that consume electricity, such as electrolysis of salt cake (Na2SO4) or
from chlorine dioxide units or recovery boiler fly ash [37].
2) Analyze how the electro-fuel concept could fit into the pulp and paper industry
as well as to analyze and describe which applications could be primarily
applicable (both for integrated and non-integrated mills).
3) Estimate how much the electro-fuel concept in the pulp and paper industry
could help to balance the Swedish electricity market, both in short (seconds-tohours) and longer times (days and weeks) perspective.
4) Make a more detailed study of how the electro-fuel concepts could be
integrated into a typical modern pulp mill for production of hydrogen, methane or
methanol, as well as oxygen and its impact on mass and energy balances.
5) Based on the results in 2), as well as different scenarios, assess the conditions
and prerequisites for which electro-fuel processes are profitable and what future
new business in the pulp and paper industry that is possible through this concept,
taking into account scenarios with respect to developments in the electricity
market and pulp industry.
1.3.

Work approach, funding and structure of report

The work of the project has been divided in 4 work packages (WP), excluding a
work package for co-ordinating (WP0) and reporting (WP5). The work was
performed by RISE and RISE Innventia in close co-operation with Södra
Skogsägarna ekonomisk förening, BillerudKorsnäs and Nouryon (former Akzo
Nobel) during the period March 2018-March 2019. The work was funded by the
participating industrial partners and the Swedish Energy Agency. The different
WP:s are stated below and the report has been structured thereafter followed by a
conclusive discussion, presentation of key results and some suggestions for
further work. General descriptions of typical pulp and paper mills, their different
process units and CO2-capture are found in Appendix.
WP1. Overview of the pulp and paper industry’s ability to more actively handle a
situation with a volatile electricity market with focus on the existing power
demanding processes.
WP2. Review of characteristics of selected processes, components and products
for relevant electro-fuel processes.
WP3. Integration of electro-fuel processes in the stand-alone pulp mill and the
integrated paper and pulp mill, respectively.
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WP4. Case studies and profitability assessments based on current electricity
market and future scenarios.
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2. Existing process units with power flexibility at pulp and
paper mills
In this section, the existing power demanding and flexible process units are
described and discussed (Ch. 2.1-2.8). The description includes process units
found at both stand-alone pulp mills and integrated pulp and paper mills. These
units are described in qualitative terms followed by a first approach of quantifying
its available flexible potential. The quantifications for each process unit are based
on discussions with and input from Södra [38] and BillerudKorsnäs [39].
Moreover, based on the latter estimations, the total flexibility potential of the
Swedish pulp and paper industry has been assessed and is presented (Ch. 2.9).
Figure 1 shows the energy flows in a stand-alone kraft pulp mill as background to
the following discussion. The data differs somewhat to the model of a pulp mill
that has been used in this study. The model refers to state-of-the art mill for 2010
and Figure 1 refers to a state-of-the art mill in year 2000. The mills are
continuously improved and existing pulp mills cover a range of efficiencies.
Figure 1 shows that a large part of the energy contained in the wood ends up in
the black liquor flow, which is in turn used to supply heat and electricity to the
process. Surplus electricity can be sold to the grid. For a more general background
description of typical pulp and paper mills and its inherent processes, see
Appendix 1 (A1).

Figure 1. Energy flows (GJ/ADt) in a model future pulp mill [40].

2.1.

Wood yard

The debarking line, the wood chipper and the storage areas for wood logs and
wood chips is called wood yard.
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The debarking line has a feeding table where wood logs are unloaded in bundles
and fed uniformly to a rotating debarking drum. The mud and sand are washed out
of the logs in the washing section located just before the debarking drum. In the
winter, the washing water is heated to defrost the log surface. Rotational speed of
the debarking drum can be adjusted according to wood quality and species. For
logs which are easy to debark, such as softwood, the rotational speed and filling
degree in the drum are kept on a quite low level. The goal is to debark the logs
well enough but not create unnecessary wood losses in debarking. The bark is
then separated from the debarked logs in roll conveyors and sent to a bark grinder,
where the bark is grinded to smaller pieces suitable to be burnt in the bark boiler
to produce steam and electrical power. The grinded bark is pressed to 40-60 % dry
solids before burning, depending on wood species and season.
Debarked wood logs are fed to a heavy disc chipper with knives. The tightly
fastened knives effect a precisely-set scissor cut when passing the counter-knife.
Optimal cutting geometry, cutting speed and uniform log feeding across the whole
width of knives results in a homogeneous chip quality and long knife service life.
The uniformity of the chip length produced by a disc chipper is critical for
cooking performance and pulp quality, particularly in kraft pulping. The chip
length determines the chip thickness, which in turn will determine how well a chip
is impregnated with the cooking chemicals.
Hardwoods have higher relative hardness than softwoods. Experience indicates
that knife change frequency of a softwood chipper with 12 knives is 6000-8000
tons and that of a softwood chipper with 15 knives, 8000-10000 tons. A common
frequency of knife change is once every 8-hour shift.
The disc chippers are powered by large electrical motors.
According to representatives of Södra and BillerodKorsnäs [38, 39], an
opportunity to save power is to do the maintenance stops for knife change during
the peak electricity-price hours.
If a debarking line and the wood chipper have an over capacity of 20 % and can
be operated at 120 % for 10 hours a day at low electricity cost, a storage of wood
chips can be sufficiently filled for feeding the pulp mill for two further hours
when the wood chopper is shut down. At an average electricity consumption of a
wood yard of about 47 kWh/ADt (assuming state of the art equipment), a typical
mill with a pulp production capacity of 800 000 ADt/y (94 ADt/h) can reduce its
electricity consumption by 4.4 MWe for 2 hours and increase its electricity
consumption by 0.9 MWe for 10 hours. This power shift does not cause any cost
for the mill since the production of pulp and paper is not disturbed.
In all, this means for the daily flexibility of an integrated pulp and paper mill that
for two hours a day 4.4 MWe less electricity can be consumed and for ten hours
0.9 MWe more electricity can be consumed from the power grid. In case of a good
timing, this cycle of load shift would fit two times into a whole day, may be one
stop in the morning and one stop 12 hours later in the evening. In case the stop
does not last for two hours, I would also be possible to have shorter circles as, for
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example, one hour stop and five hours operation at overload (120 % of “normal”
load). In case mills do have a larger over-capacity, the required time to refill the
storage of wood chips would be shorter and the flexibility would be larger.
2.2.

Fibre line

The fibre line includes the digester, the fibre screening and washing unit, the
oxygen delignification units, the bleaching plant and the drying machine
(Appendix A1). As it is very expensive for the mill to stop the fibre line and its
production, the operators strive for maximum utilization with only about 10 days
of shut-down a year [38,39].
In case of very extreme situations, in which some large power plants on the
northern market had to shut down causing a severe lack of electricity that
threatens to risk the stability of the power grid, it should be an option to shut
down the fibre line in a kraft pulp mill for some hours or a day. We assume that
no pulp storage and no overcapacity is available that supplies the pulp machine
with pulp for the time the fibre line is shut down. More than a few days would,
however, lead to economic problems for the mill. Here we assume in addition that
the recovery plant with its power generation can operate on stored black liquor
and has the capacity to store white liquor for the stop period. In a stand-alone pulp
mill with an electricity surplus (e.g., Värö, Mönsterås and Mörrum), shutting
down the fibre line would even lead to reduced power generation after the
eventually stored black liquor is combusted. This means in turn that closing the
fibre line for a longer period does not increase the available electricity in the
power grid if the fibre line produces the fuel for the recovery boiler. It might be
possible to operate the recovery boiler on tall oil, other bio-oils or fossil oils for
the stop period.
In the following example, we assume that a large black liquor storage is available
at the mill so that the recovery boiler can be operated without purchasing any
alternative fuel during the stop period of the fibre line. The specific power
consumption has been estimated to 0.28 MWh/ADt. For a mill with a capacity of
800 000 ADt/y (94 ADt/h), we estimate the maximum flexible power generation
of the fibre line then to 0.42 [MWh/ADt] * 94 [ADt/h] ≈ 40 MWe. This includes
cooking, washing, screening, oxygen delignification, bleaching and final
screening and pulp drying. In practice nor all machines can be shout down to
enable a quick restart. On the other hand, steam would be unblocked that can be
used in the turbine to generate electrical power, which is not included here.
Assuming a shutdown of the fibre line for a few hours or days, the income from
sold pulp minus the variable production cost will be the losses for the mill. The
income from sold pulp minus the variable production cost is called the
contribution margin. The contribution margin has to cover the fixed production
cost and in case of more products some of the common fixed cost such as
buildings, infrastructure and personnel. In addition, the contribution margin also
includes the profit of the mill.
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Since the contribution margin is individual for each mill and naturally not public,
we assume herein that the contribution margin is about 25 % of the market price.
In practice the contribution margin could be significantly larger or smaller.
Furthermore, the reported prices of pulp and paper have to be considered as an
indication, only, since mills often have individual prices for their important
costumers. In this study, we calculate the contribution margin based on the
assumption of 25 % from the market price also for the paper machine, CTMP
(chemi-thermomechanical pulp)- line and the NSSC (Neutral Sulfite Semi
Chemical) pulp line, respectively.
Assuming a kraft pulp price of 750 €/ADt [41], contribution margin would be
190 € for one ton air dried pulp. The electricity price was about 45 €/MWh in
Sweden, during the period that pulp price was 750 €/ADt. Dividing the
contribution margin by the specific power consumption of the fibre line, we
optain the required increase of the electricity price to eat up (consume) the whole
contribution margin for the case that the pulp price and all other costs remain
constant:
750 [€/ADt] * 25% / 0.42 [MWh/ADt] ≈ 445 €/MWh,
This means at an electricity price of 45 €/MWh + 445 €/MWh = 490 €/MWh the
contribution margin would be zero and the operation of the fibre line would not be
profitable. It might also be possible to reduce the load of the kraft pulp line for a
few hours in case such service could be rewarded with more than 490 €/MWh
power that has not been used.
It must be noted that the breakeven cost of electricity is strongly depended on the
fraction of the price that is used to calculate the contribution margin (here 25 %),
the pulp price and the calculated specific power consumption. Since all three
parameters are uncertain, the calculated breakeven cost can only be an indication.
2.3.

Back-pressure turbine

All kraft pulp mills have a recovery boiler with an accompanying back pressure
turbine and power generator to generate electricity for own consumption and to
sell it to the power grid. The back-pressure turbine can be by-passed partly or
completely so that in principal all generated electricity is flexible. In this
operation mode, the high-pressure steam is expanded over a throttle and desuperheated to the require pressure and temperature. This means in turn that a mill
can operate as a “power sink” since all electrical power for own consumption
must be replaced by power from the grid.
It is obvious that this operation mode reduces the income for a mill and must be
motivated by zero or negative electricity prices in case of overproduction by
weather-depending power generation. For a mill with a capacity of 800 000 ADt/y
(94 Adt/h), we estimate the flexible power generation of the back-pressure turbine
to 1.27 MWh/ADt * 94 ADt/h = 120 MWe. The specific power generation 1,27
MWh/ADt is based on own calculations.

19 (97)

2.4.

Condensing turbine and bark boiler

Many pulp mills in Sweden have a bark boiler to increase the steam generation
and to take care of their own bark, which is a by-product from the wood yard.
Bark boilers are used to balance the fluctuations in the steam network since the
steam demand in a mill is not always steady. This means that the bark boilers are
increasing and reducing their output according to need. If the mill installs a dump
condenser, the steam output from the bark boiler can be kept at a steady high
level. More steam goes through the backpressure turbine and more power is
produced regardless of process heat demand in the mill. The drawback is that
valuable low-pressure steam is flashed off and cooled. In an even worse case, a
mill does not have a dump condenser and the low-pressure steam is released to the
atmosphere.
In Sweden, two mills (Värö and Mönsterås) have a condensing turbine and are
therefore in the favourable position to generate, calculated on a yearly average,
more electrical power than their own consumption. In addition, they can use all
low-pressure steam for green electricity production. Depending on the availability
of a power boiler and a back-pressure turbine’s overcapacity, more or less biofuel
could be combusted in the power boiler to optimise the power generation from the
condensing turbine. In this project, we estimated the specific power generation to
0.34 MWh/ADt in these two mills. For a mill with a capacity of 800 000 ADt/y
(94 Adt/h), we estimate the flexible power generation of the condensing turbine is
0.34 MWh/ADt * 94 ADt/h = 32 MWe.
For estimating the value of this flexible power for a mill one must consider three
principal price levels. The first price level is for the fraction of condensing power
that is generated from energy from the recovery boiler in form of low-pressure
steam (e.g. 4.5 bar). In order to turn off the condensing turbine, this steam needs
to be wasted in a dump condenser or vented to the atmosphere to maintain the
pulp production. This means in turn that the generation of electrical power with
this fraction of steam has no production cost (since CAPEX and maintenance cost
are not relevant here). Consequently, to motivate mills to bypass the condensing
turbine, a negative electricity price is required as discussed for the backpressure
turbine in section 2.3.
A second fraction of steam is generated in the power boiler from own bark that
comes from debarking of the pulp wood. In the reference mill that is used in this
study the bark boiler operates at thermal load of 35 MWth. Bark can be stored over
a few weeks without disturbing the production. Assuming a thermal efficiency of
33 % for the steam cycle from the energy input over the power boiler, the backpressure turbine and the condensing turbine, the production cost is at least three
times the cost of the fuel since 35 MW bark results in about 12 MWe electrical
power. The bark price varies over the year and the location and is depending on
the demand of thermal power in Sweden. In order to estimate a price, we assume
in this study a price that is 25% lower than the market price of solid by-products
in Sweden during 2016 and 2017 (16 €/MWh [41] assuming an average exchange
rate of 9.5 SEK/€ for this period). This means that a mill needs at least 16 €/MWh
* 75% * 3 = 36 €/MWh to justify the conversion of own bark to electrical power
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if the alternative is to sell bark on the market to a price that is 25% lower than the
prices would be to purchase solid by-products on the Swedish market. In practice,
the price for selling bark varies over a year and can be as low as 10 % of the
market price during extreme periods. If available, during such periods the storage
could be filled.
The third fraction would require buying fuel on the market. This calculation is
similar to the previous one, besides the difference that we in this case must
assume the market price of the fuel, i.e. at least 16 €/MWh * 3 = 48 €/MWh to
justify the conversion of purchased biofuel into electrical power. In case a mill has
own bark or other own biofuel available in a storage, this price should be much
lower. In this study we assume that a mill in “normal” operation combusts all bark
from own production. Further, we assume that the bark-boiler and the turbines,
both backpressure and condensing turbine, have an overcapacity of 40 % to
process biofuel or bark from a storage och purchased biofuel from the market. In
the reference model for this work an overcapacity of 40 % means an additional
thermal capacity of about 14 MWth. For comparison, Mönsterås has an
overcapacity in the bark boiler of about 14 MWth. Assuming a thermal efficiency
of the steam cycle of 33% this overcapacity results in additional power generation
of 4.6 MW in the back-pressure and condensing turbines, together. According to
own calculations about 40 % of the power is generated in the condensing turbine.
These two calculations were made with the assumption that all process equipment
is in place. We also assume that other operational cost such as personnel cost is
not affected by the utilisation of this flexible power generation.
In order to generalize and due to the uncertainties of the value of own bark and the
size of each fraction, we assume that half of the condensing power is available for
0 €/MWh to reduce power generation. This implies that half of the power comes
from own bark that can be stored for some weeks. The other half can be generated
by consuming stored bark and/or purchasing biofuel. Here we use the price for
fraction two, i.e. 48 €/MWh.
Often mills can temporary increase or reduce the volume of the first fraction by
either utilizing strong (virgin) black liquor from a storage tank or refilling the
storage tank. Filling the storage tank can be done by decreasing the load of the
recovery boiler and/or using the overcapacity of the black liquor evaporator in
case a full storage tank of weak black liquor is available. For obtaining a
maximum reduction of power generation for a shorter period, the steam
consumption in the evaporator plant can be increased and the black liquor
consumption in the recovery boiler can be deceased, respectively. To maximise
the power generation the load of the evaporator plant can be reduced, and the
maximum overcapacity of the recovery boiler and turbine can be utilized until the
storage tank(s) is (are) empty. In principle, these storage tanks enable a flexible
amount of electricity without additional production cost. However, reducing the
black liquor levels in the tanks may reduce the margins for handling disturbances
in the evaporation plant. The bottle necks for maximum load increase or decrease
are individual for each plant and can be the size of the storage tanks for strong and
weak black liquor, capacity of the back-pressure turbine and the condensing
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turbine and the evaporation plant or the recovery boiler. This means that some of
the flexibility that is provided by the bark boiler for 48 €/MWh can be replaced by
the flexibility of the evaporation plant and the recovery boiler for 0 €/MWh
production cost. A significant difference is that the bark boiler provides a flexible
load that is available within minutes and can last over weeks while the recovery
boiler can only provide its flexibility for a usually a few hours.
2.5.

Waste Water Treatment

The waste water treatment uses power to aerate the effluent ponds to speed up the
microbiological process. During winter, secondary or low-grade heat can be used
to indirectly heat the effluent flow to avoid freezing and discontinued activity in
the ponds.
To reduce power consumption temporally, the aeration fans can run on part load.
The consequence of this is that the activity decreases, and the effluent treatment
process takes longer time to complete. If there are sufficiently large effluent
ponds, this is a possibility to additional flexibility.
In larger pulp mills, the load of the aeration fans can be reduced by 1 MWe for a
time up to a day without causing a reduction of production and while maintaining
the quality of the released water. However, after such a low load period, some
time for recovering at normal load is required. The time to recover the biological
activity to secure a proper operation of the waste water treatment is approximately
three times as long as the low load period.
2.6.

Pulp Dryer

The pulp drying accounts for about 20% of the total consumption of heat in a pulp
mill. According to our estimations the specific power consumption for a state-ofthe-art pulp dryer is about 0.13 MWh/ADt electrical power. Assuming the
production can be reduced by 20 % for a few hours, the flexible power
consumption would be 0.026 MWh/ADt. Depending on the storage capacity, this
potential can be used for hours and at some mills even for days without reducing
the yearly production. However, here an over capacity is required to refill the
storage tank.
In a similar calculation as for the wood yard, we assume an over capacity of 20%
in a pulp mill for 800 000 ADt/y (94 ADt/h). This implies that the mill can
increase its power supply to the power grid by 2.4 MWe for 2 hours if a storage
capacity is available for at least 40 ADt wet pulp. It will then take 2 hours with a
production of 120 % to empty the storage tank with an increased power
consumption of 2.4 MWe compared to normal. In addition, the pulp dryer requires
about 0.53 GJ/ADt low-pressure steam (4.5 bar(a)). In this example, 20 % of this
steam could be expended in the condensing turbine, if it has the required capacity,
and generate additional 2.6 MWe electricity. If the condensing turbine already
operates at maximum load, there would be no use for the steam and it would need
to be condensed in a dump condenser or released to the atmosphere.
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2.7.

Paper Machine in an integrated pulp and paper mill

In an integrated mill, the paper machine is by far the largest energy consumer. In
this study, we consider an integrated pulp and paper mill that has a paper machine
as the final process unit instead of a pulp dryer. The energy consumption depends,
among other things, on the specific grade of paper to be produced and the fibre
quality. Tissue products and coated fine paper have the largest energy
consumption.
Here, we assume a paper board machine of the type that is described in
Appendix A2. A reasonable electricity consumption is 0.5 MWh per ton paper
board [38]. If in this case all pulp from a pulp mill with a production of
800 000 ADt/y would be processed to paper with a moisture content of 8 %,
instead of air dried pulp, and 10 % additives and coating the electricity
consumption (Pel) would be:
Pel = pel * mPB = 0.5 [MWh/t] * 101 [t/h] = 50.5 [MWe] ≈ 51 [MWe]
with
pel = specific power consumption
mPB = production of paper board
mPB = 800 000 [ADtpulp/y] *0.9 [BDt/ADtpulp1]/ 0.92 [BDt/ADtpulp2] * 1.1 [tcarton/ADt]
mPB = 861 000 [t/y]
mPB = 861 000 [t/y] / (355 [d/y] * 24 [h/d])
mPB = 101 [t/h]
The steam consumption is more than twice the amount that is required for a dryer,
because the paper board machine also includes drying of several layers of coating.
Since the steam needs to be extracted at a higher pressure than in case of a pulp
dryer, an additional potential electricity generation of about 30 MWe would be
available. However, this applies only, if all that steam could be expanded in a
condensing steam turbine. Since no integrated pulp and paper mill in Sweden has
a condensing steam turbine, according to the authors knowledge, we assume that
the steam would have to be cooled in a dump condenser. Such a measure to
increase the electricity in the grid would be wasting resources and can only be
actual in emergency situations. An alternative would be a case in which a mill
uses market pulp and may even have an alternative option for the unblocked
steam.
In any case, if the paper machine is turned off to increase the power export to the
grid (or to decrease the power consumption from the grid) some power consuming
machines must continue to run for enabling a quick start up. We herein assume
that about 15% of the total power is required to enable a quick start-up, implying a
flexible power of:
51 [MWe] * 0.85 = 43 [MWe].
Applying the same method to calculate the breakeven price of electric power to
shut down the paper machine as for the fibre line and assuming a market price for
coated carton of 1200 €/t, the electricity price must exceed
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45 [€/MWh] + 1200 [€/t] * 25 [%] / 0.5 [MWh/t] = 645 [€/MWh]
for this action to be justified. The calculation indicates in turn that the price for
shutting down a paper machine for solely stabilizing the grid is not a realistic
alternative, which is also evident from the fact showing that this has not taken
place more than one or two times during the past decades.
2.8.

CTM- and NSSC pulping lines

Some Swedish mills have, in addition to their kraft pulp line, a CTMP (chemithermomechanical pulp) line or NSSC (Neutral Sulfite Semi Chemical) line. A
few mills produce only CTM pulp. Comparing the production of these two types
of pulp with kraft pulp from an energetic point of view, the specific power
consumption is larger than for kraft pulp (CTMP: 0.82 MWh/ADt and NSSC
pulp: 0.44 MWh/ADt, according to internal estimations).
Since the quality of the CTM and NSSC pulps is lower than for kraft pulp, the
price is also somewhat lower. According to reference [38], the price was probably
between 630 and 735 €/ADt during autumn 2018. Here, we use 700 €/ADt for
both products. Assuming again 25% contribution margin (section 2.3). The
breakeven price for electricity to justify shutting down these plants can then be
approximated to:
CTM: 45 [€/MWh] + 700 [€/ADt] * 25% / 0.82 [MWh/ADt] = 258 [€/MWh]
NSSC: 45 [€/MWh] + 700 [€/ADt] * 25% / 0.44 [MWh/ADt] = 445 [€/MWh]
The estimated cost to utilize CTM- and NSSC pulping lines as power reserve are
further used in the national overview in section 2.11.
2.9.

TMP and newsprint paper

In order to give a more complete estimation of the available flexible power in the
Swedish pulp and paper industry, we also include a rough estimation on the power
consumption and the breakeven price for electrical power to temporarily shut
down a newsprint paper plant using thermomechanical pulp (TMP).
Due to its lower strength, TMP is not used for packaging but for newsprint paper.
The price for newsprint paper has increased significantly during the first half of
2018 [42, 43]. In Europe, the price was between 440 - 470 €/t from 2015 to 2017.
In the first quarter of 2018 the price increased to 480 - 510 €/t. For the following
estimation, we use a price of 500 €/t.
Thermomechanical pulping is a method of mechanical pulping. Like refiner
mechanical pulping, TMP sandwiches wood chips between two rotating disks of a
disk refiner, but under higher temperature and pressure. In many cases, the wood
chips are preheated. The higher temperatures and pressures soften the lignin even
more than can be accomplished by using only frictional heat. In this way, the fibre
separation is easier. Additional passes through the system increases defiberization,
and longer fibres and fewer fines are generated than in refiner mechanical pulping
and groundwood. Thermomechanical pulp is stronger than refiner mechanical
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pulp, and still retains the high-yield of over 95 % and cost-effectiveness of
mechanical pulps. Newsprint made with TMP has been found to possess higher
runnability on the press.
The demand of electrical power is higher to produce mechanical pulp compared to
chemical pulp. According to references [44, 45] the power consumption is
between 1.8 and 2.0 MWh, respectively, for one ton of TPM with the required
quality for newsprint paper.
The paper machine for producing paper for newsprint has less process units than
the paper board machine shown in Appendix A2. The power consumption may
also be somewhat less only one layer is produced and no coating is included.
However, on a mass base of produced paper, we assume the same power
consumption as for the paperboard machine until more accurate data is available.
In Sweden, no pulp mill has both TMP and kraft pulp production at the same site.
In addition, all TMP mills have a paper machine to process all TMP to paper. We
assume, therefore, the paper machine and the refiner as one unit. This means that
both units will be shut down together in case of limited access to electricity.
To estimate the breakeven point for the electricity price, we assume 5 % of fillers,
such as starch and clay, in the paper. This gives a specific electrical power
consumption of
1.8 [MWh/tTMP] * 0.95 [tTMP/tpaper] + 0.5 [MWh/tpaper] = 2.2 MWh/tpaper
The corresponding breakeven point for the electricity cost at a paper price of
500 €/t paper is:
45 [€/MWh] + 500 [€/tpaper] * 25 % / 2.2 [MWhe/tpaper] = 102 €/MWh

2.10.

Quantification of mills flexibility towards the power grid

In Figure 2, the previously identified and discussed flexible power productions/
consumptions that may be available at a stand-alone kraft pulp mill (800 000
ADt/yr ) is illustrated.
As can be seen, the results of this analysis point to a total flexible power volume
of about 11 MWe for a few hours or a day without any losses or extra cost for the
mill. This is possible by using storage capacities and over capacities plus buffers
in capacity of the biological step of the waste water treatment. Including the
flexibility and over capacity of the of the bark boiler combined with the backpressure and condensing turbine that can shift power production between days,
weeks and even month the flexible power to increase the net power generation
would be about 16 MWe. Furthermore, the potential to decrease the net power
generation would be around 18 MWe.
The price for activating the flexible power is always the current market electricity
price since the mill has no additional costs. By comparing the market electricity
price and the identified flexible reserves in the same figure, information on
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whether it is beneficial or not to activate specific reserve(s) can thus be achieved.
To clarify, the electricity price in Sweden for one randomly chosen week (in
March 2016 [46]) is also enclosed on the right-hand side in the same Figure. By
this example, it can be seen that for the most time during that particular week in
March was the market price below 40 €/MWh and for one day the market price
was party above 45 €/MWh. At this very day with prices of 45 €/MWh, it would
have been profitable to buy additional fuel on the market for operating the
backpressure- and condensing turbine at 40% overcapacity (purple and green
staples in Figure 2) as the estimated cost to generate electricity by this reserve is
herein found to be similar or lower than the market price. In case a larger power
reserve is desired, the mill would need significant economic compensation for
providing more than 16 MWe to compensate for the income loss. Figure 2 also
shows that shutting down the fibre line claims an extreme lack of power in the
grid/high electricity price.
On the left-hand side of the diagram in Figure 2, there is more than 130 MWe
power generated from the backpressure turbine and the condensing turbine even if
the bark boiler is shut down. For reducing this power generation, it would be
needed to by-pass the turbine and to waste all steam in a dump condenser. No mill
would do this unless the electricity price is negative. In case a mill receives green
certificates, as Södra does, it would even be necessary to have a negative price
exceeding the income from the green certificates.
As exemplified and discussed in previous sections, it is seldom straightforward to
quantify and generalize the flexible electrical power in a pulp mill. Each mill has
a unique situation and needs to find out at which price they could be interested in
providing a power reserve. In addition to spot price, the mill´s current electricity
supply contract has a significant impact. The data and results in this study shall
therefore be considered as a screening of potential business opportunities for a
mill to increase profit by utilizing large price fluctuation over a day or a week
caused by weather depending power generation in the Nordic countries (and
eventually by providing power reserves for the Nordic electricity grid). It should
also be underlined that the herein given absolute numbers may change somewhat
in a more detailed study such that the main conclusions are rather the order of
magnitude than the absolute numbers.
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Figure 2. Illustration of the estimated flexible and not flexible electrical power that is available at a
stand-alone kraft pulp mill with a yearly production capacity of 800 000 ADt. X axis: electrical
power (MWe). Y axis right hand side: Required minimum electricity price to activate the power
reserve. Y axis left hand side: Minimum price to shut down power generation.

Moreover, there are also other possibilities to decrease the power production and
use surplus energy to do other products that do not need electrification. One
example is lignin extraction as in operation in Sunila (Finland) since 2015. In
Sunila, lignin is extracted from black liquor before the recovery boiler so that the
thermal output is reduced and thereby also the internal steam and power
generation [47]. Another interesting possibility for taking use of existing surplus
energy could be recovering of methanol that is formed as by-product at the mill´s
digestion process. This methanol is highly contaminated with sulphur components
and turpentine and is therefore usually burned in the recovery boiler for steam and
power production. It is, however, possible to refine this methanol into
transportation fuel at cost of steam and electrical power. Currently, Södra plans
for such a methanol plant at their mill in Mönsterås [48].
2.11.

Estimation of the total flexibility of pulp and paper industry in
Sweden

In 2017, about 50 pulp and paper mills produced together more than 10 Mt of pulp
in Sweden. Table 1 shows the distribution of the different pulp qualities that were
produced. The table refers to reference [49] that is unfortunately not complete.
Some mills have not reported their production for 2017. Nevertheless, the table
shows that kraft pulp is the dominating product and groundwood makes up less
than 1 % of the total production. Groundwood is, therefore, neglected in this
work.
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Table 1 Total pulp production in Sweden in 2017 [51].
type of pulp
Kraft pulp
Sulphite pulp
NSSC pulp
CTMP
TMP
groundwood
Recycled fiber pulp

[kt] 2017
6464
336
305
614
2129
88
585

To assess the flexibility potential in the Swedish pulp and paper industry the 11
largest kraft pulp mills plus two smaller kraft mills have been included. In this
way, we include more than 85 % of all kraft pulp production and all chemical
mills from Södra Cell and BillerudKorsnäs.
Four mills out of these thirteen mills produce market pulp. The remaining mills
are integrated, which means that they also have a paper machine. In addition, four
of the kraft pulp mills produce either NSSC-pulp or CTMP. The largest standalone market CTMP mill is also included.
The second largest product in Sweden is TMP. Five mills produced over 2000 kt
TMP in 2017. These five mills belong to Holmen AB, SCA and StoraEnso. None
of these mills produces both TMP and kraft pulp according to reference [51] and
all five mills upgrade their TMP to paper. To simplify the calculations, we assume
that all five mills produce newsprint paper.
These mills (13 +5) stand for about 85 % of the total kraft pulp production (5597
kton) and 100 % of all TMP, CTMP and NSSC pulp production in Sweden, 2017.
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Figure 3. Roughly estimated flexible electrical power that is available from the studied kraft pulp
and CTMP mills (13 mills) and TMP/ newsprint paper (5 mills). X axis: Capacity of electrical
power reserve; Y axis right hand side: required minimum electricity price to activate the power
reserve. in case of power generation (turbines) compensation to utilize the potential. Y axis left
hand side: electricity price at which it is economically interesting to shut down power generation.

As is shown in Figure 3, the flexibility to add more power to the grid (right hand
side of the Figure) at low cost is limited.
The first measures to shut down or curtail production in pulp and paper mill units
or departments (effluent treatment, wood yard, pulp machine) can be done at no
additional cost, these measures would add about 85 MWe of capacity to the grid.
If the mills have redundant power turbine plants that are taken into operation,
these can add an additional 25 MWe.
The production of TMP and newsprint paper is power intensive and according to
considerations in Section 2.9, an electricity price above 100 €/MWh would be
high enough to consider shutting done. However, a mill may have delivery
contracts and cannot shout down the production to fulfil a contract. In addition,
the mill could use internal pulp storage and only shut down or reduce a part of the
plant. This may be interesting even at lower prices since the production volume is
not reduced or only little. We can also assume that a complete shut-down is
unwanted and a mill may rather be willing to pay a higher price for electricity
than 100 €/MWh for same time to avoid a complete shutdown. This means, the
data in Figure 3 must be considered as an indication only.
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CTMP plants are used as flexible power providers for the grid. At least two
CTMP producers are known to have agreements with Svenska Kraftnät to reduce
or shut down CTMP production in case of power shortages during winter. A
CTMP plant can be shut down in about 60 min. The required power price for
closing is reasonably low, 260 €/MWh. The mills included in this study would
add 40 MWe of capacity to the grid.
NSSC is too marginal to be significant and the required power price to reduce its
production is almost twice that of CTMP according our estimations.
The electricity price required to close a kraft fibre line or a paper/board machine
(500 to over 650 €/MWh) is very high. It is not realistic to shut down or curtail
their production other than during extreme shortages of production capacity in the
Nord Pool market area.
Regarding to the kraft fibre line, it is on the contrary no idea to shut down for a
longer time than the black liquor and bark storage last to maintain the power
generation. Shutting down a kraft fibre line for longer time can only be interesting
if external fuel can be used to fuel the bark boiler and the recovery boiler to
operate a pulp mill as a power station for a few days. Operating a mill as power
station, if possible, may be interesting, if it avoids the investment in an additional
power plant that would only be needed as power reserve and would have very few
operating hours. In order to avoid such investment, it may be worth to pay over
500 €/MWh for a week a few times per decade for a company that is responsible
to maintain a stable power grid.
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3. Description of the electro-fuel process
The production of electro-fuels can be divided into different steps, where the four
key components are (1) the electrolyser for the production of hydrogen as well as
the by-products oxygen and heat from water and electricity, (2) the hydrogen
storage that may be needed, (3) the carbon dioxide capture and cleaning and
finally (4) the fuel synthesis for the production of e.g. methanol or methane from
hydrogen and carbon dioxide (Figure 4). The features of the different key
components are described in the following. For more details, see e.g. reference
[50].

Figure 4. Schematic illustration of the key components of the electro-fuel process.

3.1. Electrolysis

Water electrolysis is an endothermic electrochemical reaction requiring high input
of electricity (237 kJ/mol) and some heat (49 kJ/mol):
H2O (l)

H2 (g) + 0,5 O2 (g), ∆H=286 kJ/mol

Equation 1

The theoretical maximum efficiency of electrolysis is 85 % (LHV). If the
electrolysis is run at high temperatures, the efficiency can however be higher if
the heat is supplied from adjacent waste heat.
Today, there are in principle three different types of electrolysis techniques: AEC
(Alkaline Electrolysis Cell), PEM (Polymer Electrolyte Cell) and Solid Oxide
Electrolyte Cell (SOEC). The main features of these technologies are described in
short in the following and summarised in Table 2. In addition to these three types,
it should be noted that some recent laboratory investigations have also been
performed with reversed high temperature Molten Carbonate Electrolysis Cells
(MCEC) [51]. However, since the latter technique is in the very early stage of
development, it will not be any further considered in this work.
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The electrolysis techniques differ in terms of operating conditions, efficiency,
flexibility, maturity and cost, and are therefore suited to different industrial
systems and time frames. Today, the main advantages of AEC, compared to PEM
and SOEC, are lower capital costs, availability of larger size plants with single
stacks up to 3 MWe and in general longer life-times, while the main disadvantage
is the lower current density leading to larger foot prints. The cold-start times are
from minutes to hours, but relatively large transient operation window is possible
(10-100 %) and most often AEC:s are rather switched to low load operation
(10%) than turned off. This low load operation keeps the system hot and enables
in turn these to react in seconds-to-minutes. PEM is still the most dynamic
electrolysis technology (shortest start-up time, largest operating range). However,
PEM has not been on the market for as long as AEC, so there are fewer
manufacturing companies, and they are still mainly adapted for lower capacities
with some exemptions of up-coming new generations produced by for example
Siemens. Other drawbacks of PEM are the shorter life time and the higher capital
cost. Finally, SOEC is the most energy efficient but also the least mature
technology. The high operating temperature requires access to high-quality heat,
at least at start-up and part load, and is therefore suitable for integration with other
high-temperature processes, e.g. thermochemical synthesis of methanol/methane.
Thanks to the high operating temperature, SOECs can also be utilised for coelectrolysis, where the conversion CO2 to CO and H2O to H2, respectively, take
place simultaneously, leading to the production of syngas. SOEC’s main
disadvantages are the long start-up time (several hours) and the fact that it is
significantly less thermomechanical stable than both the AEC and PEM, meaning
that the technology is much less suitable for fluctuating or intermittent operation.
In the quantitative analysis of this project, we consider the implementation of the
electrolysis technologies that are available on the market today, i.e. AEC or PEM,
with a total installed capacity in the range of a couple of tenths MWe at the
industrial site. For indicating the potentials for the future, the implementation of
SOEC at the sites will first and foremost be discussed in qualitative terms (Ch.
6.2).
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Table 2. Summary of the main characteristics of different water electrolysis technologies [5254].
1

The foot print depends on whether the electrolyser system is placed indoor or
outdoor.There are also significant differences between suppliers. The data given in the table
refers to various supplyer specifications available at the open web. 2Helmet project,
3
Information given by Kalle Pelin, Noryoun, 2018-10-16.4The theoretical water consumption
is 0,8 L/Nm3 H2, in practice varying depending on the technology and supplier. The excess
water is used for flushing the system from salts and mineral impurities.
AEC

PEM

SOEC

Electrode materials

Ni/C-Pt on Steel (H2),
Ti/Ni/Fe on Ti/Ni/Zr
(O2)

Pt/C (H2), Ir/Ti
(O2)

Ni-doped yttriastabilized zirconia
(Ni-YSZ) (H2),
Lanthanum strontium
manganate (LSM)
(O2)

Electrolyte material

20-40 % KOH in H2O
(corrosive)

polymer (noncorrosive), e.g.
nafion®

YSZ

H2, O2, heat

H2, O2, heat

H2, O2, heat (H2O
electrolysis); CO,
syngas, heat (H2O
and CO2 electrolysis)

60-90

50-80

600-1000

distilled water

distilled water, ~
industry standard
5.0

distilled water

up to 10-30 bars

up to 30-40 bars

demonstrated up to
15 bars2

H2 purity (%),
downstream electrolysis,
without downstream
purification

99.9 ±0.1

> 99.998

Feed water consumption
(L/Nm3 H2)4

0.9-1.7

0.9-1.4

-

Energy-to-hydrogen
efficiency (LHV), system

60-70

55-60

75 % without heat
supplied and ≥ 82 %
if heat/steam is
supplied

Start-up time from cold
condition

minutes

seconds to
minutes

hours

Operation range of full
capacity (%)

10/15-100

1-100

Low flexibility

1x12 m@500 kWe (in

1x12 m@1,5
MWe kWe (in

Not known

Products

Operating temperature
(°C)
Water quality

H2 delivery pressure

Foot print1
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AEC
containers)

PEM
containers)

SOEC

9, commercial

TRL=8-9,
commercial

Ti

60-90 000

10-80 000

-

Electrolyser system life
time (yr)

20-30

10-30

-

Stack replacement factor
(share of equipment cost)

0.5-0.6

0.5-0.6

-

CAPEX (EURO/kWe) –
only equipement

250-600

650-900

-

Turn-key cost
(EURO/kWe)

~ 10003

-

-

OPEX /% of the initial
CAPEX)

2-5 %

2-5 %

-

Examples of suppliers

NEL, Hydrogenics,
Hydrogen Pro, PERIC,
AKC, Suzhou Jingli,
MePhy, Thyssenkrupp

ITM Power,
Hydrogenics,
Siemens,
ProtonOnsite

Haldor Topsoe,
Sunfire

TRL, technical maturity
Stack life time (h)

3.2. Hydrogen Storage

Hydrogen can be stored in different ways, i.e. in compressed tanks, liquid
hydrogen tanks (cryo), metal hydrides, activated carbons, and different forms of
underground storage, e.g. pipelines, salt caverns or lined rock caverns1. [22, 56]
The technologies differ in storage pressure, temperature, geometric foot print,
flexibility and complexity, operation and installation cost, and not least
availability. For small hydrogen volumes, the most common and cost-effective
way (40-50 €/Nm3) for storing hydrogen is to use compressed tanks from 40 up to
700 bars. Cryo-tanks could also be an option to consider for smaller to medium
volumes as it offers storage with a very low foot print, but with the serious
drawback of being a high energy consuming alternative (around 30 % of the LHV
of H2 for the liquefaction). For larger hydrogen volumes, underground storage at
≤ 50 bars or higher is today in general terms by far the most cost-effective
alternative (~1€ / Nm3), but from an availability point of view in Sweden as of
today in practice limited to pipe-line storage. [55, 56]
1

Lined Rock Caverns (LRC) is under consideration for large-scale hydrogen storage in the
HYBRIT-project, but so far only demonstrated for natural gas storage in the site of Skallen,
Halland.
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The necessary size of the hydrogen storage is strongly dependent on the chosen
operation mode of the electro-fuel process. For continuous operation, no or only
some minor buffering storage is needed for process technical reasons, whereas for
intermittent operation, more or less large storage capacities are needed. In the
quantitative analysis of this work, we assume hydrogen storage in compressed
tanks at the delivery pressure of the electrolyzer, i.e. ~30 bars.
3.3.

Carbon Capture and CO2-storage

There are in principle three different concepts available for separating carbon
dioxide from combustion processes/flue gases, i.e. 1) Post combustion capture
where carbon dioxide is separated from the flue gas by either chemical absorption
(amine scrubber), water scrubber, membrane or pressure swing adsorption, 2)
Oxyfuel combustion, where the fuel is combusted with oxygen and in this way
creates a concentrated carbon dioxide stream and finally, 3) Pre-combustion
capture that is based on gasification, shifting the syngas into hydrogen and carbon
dioxide followed by carbon capture. Out of these three concepts, the most
commercially available is the post combustion capture technology in the form of
chemical absorption (amine). Integration of this type of technology in a pulp mill
has to our knowledge however not yet been implemented, but recently studied by
[57-59]. Oxyfuel combustion in the recovery boiler has according to the authors
knowledge not been studied, yet. Oxygen-enriched combustion, using the excess
oxygen from the electrolysis, to increase capacity of a recovery boiler and at the
same time increasing the CO2 concentration in the flue gas may be a subject for
further studies to evaluate possibilities of cost reduction for the electro-fuel
concept integrated in a pulp mill. Pre-combustion capture could be applied in
combination with a black-liquor gasification. Correspondingly, this option could
be subject of further studies.
In this study, we assume that amine-based capture processes as for example the
Aker Solutions’ ACCTM [60] and Fluor’s Econamine FG PlusSM [61] processes
are applicable for the recovery boiler and the lime kiln in a pulp mill. This
assumption is for example supported by a successful test campaign at Norcem
Brevik cement plant from 2013 to 2015, where AkerSolutions demonstrated that
Aker Solutions’ ACCTM process is mature and very suitable for CO2 capture from
cement plants [62]. The latter was also recently confirmed when the Norwegian
government suggested Norcem to continue with the next step of this development,
which will be a detailed review of the project to provide a basis for an investment
decision for the world´s first cement plant with full scale CO2-capture [63].
A difference between a cement plan and the lime kiln in a pulp mill is the sulphur
in the lime mud. Many mills use the exhaust gas from the lime kiln to preheat and
dry the lime mud before it enters the kiln. This improves the thermal efficiency of
the process significantly. However, it seems to cause some release of H2S to the
flue gas in the 0 to 30 ppm range. The mechanism for this may be the acidulation
of small particles or aerosols by CO2 from the flue gas. Since monoethanolamine
(MEA) is also used to clean gas from H2S, the H2S in the lime kiln’s flue gas will
end up in the captured CO2. Depending on the H2S-concentration and the catalyst
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formulation used in the downstream fuel synthesis step, additional gas clean-up
steps might therefore be needed (Ch.3.4).
Regarding the recovery boiler, it can be concluded that the flue gas composition in
general is very similar to that in power plants in which solid fuels such as coal or
biomass are combusted. The SO2 concentration is in general below 5 ppm(v),
which is far below the usual SO2 concentration in coal fired power plants. The
NOx concentration is usually between 80 to 120 ppm(v) in the flue gas from
recovery boilers without any NOx reduction installations.
A more in-depth study regarding the solvent would be necessary to evaluate the
degradation and the formation of toxic nitrosamines of a MEA containing solvent.
The sum of acid gases is the main source for solvent degradation and determines
in turn the cost for solvent make up. In this study, no estimation of solvent makeup cost has been included in the cost estimations. For more information about CO2
capture process, see Appendix A2.
In this study, no detailed cost estimation of the CO2 absorption process has been
carried out. Instead, the CO2 capture cost has been re-calculated based on a recent
publication for the CO2stCap project [63] whose main results are summarized in
Figure 5. As can be seen, the capture cost for a yearly capture rate of 200 kt/y has
been reported to 58 €/t (Case 1a in Figure 5, referring to a case in which only CO2
from the lime kiln is captured). The other cases all include the recovery boiler and
are not relevant for this study as a much smaller amount of CO2 is needed and
utilized in the methanol and/or methane process (Ch. 4). For more details on the
assumptions and analysis behind Figure 5, see reference [63].
In this study, about 10 % of the CO2 from the lime kiln is needed. Due to the
scaling effect on the specific investment cost, the CAPEX in this study is much
higher than the value reported in the CO2stCap study. The capacity method for
scaling of investment costs in process industry has been used to recalculate the 23
€/t for 200 kt/y (light green staple for case 1a in Figure 5) to about 20 kt/y:
∙

€/ ∙

.

€/

Equation 2

The operational cost for CO2 capture (dark green part of staples in Figure 5) is
mainly the steam cost in the reboiler of the desorber. This cost is included in the
cost calculation presented in Ch. 6.3.4.

36 (97)

Figure 5. CO2 capture cost in a pulp mill with a condensing steam turbine, in terms of OPEX
and CAPEX (light green and dark green staple, left vertical axis), and the amount of CO2
captured annually for several cases (red dot, right vertical axis). Diagram from reference
[63].

An alternative consideration to enable the assumption of a lower specific capture
cost would be to assume a larger capture plant that absorbs CO2 to lower costs and
the CO2 surplus is used for other applications or is send away for
sequestration/storage. In a future scenario with a widespread infrastructure for
CO2 capture and storage (CCS) in place, an “CO2 economy” may come to
existence that reduces the price for CCS/CCU for various P2G/P2L applications.
3.4.

Fuel synthesis

As described previously in this report, the captured carbon dioxide can be
combined with the produced hydrogen into different carbon-based electro-fuels
via different fuel synthesis routes. There are today both thermochemical and
biological routes for methane production. There is also biological gas
fermentation for the production of various liquid electrofuels, e.g. bio-alcohols
[18]. As the thermochemical fuel synthesis routes are by far the most mature, it is
also exclusively the assumed type of fuel synthesis routes for methane and
methanol production in this work.
3.4.1. Methane synthesis

Thermochemical methanisation, so also called the Sabatier reaction, is an
equilibrium reaction where hydrogen and carbon dioxide are reacted under
elevated temperature into methane. The reaction takes place in two steps, where
the first step demands energy (endotherm) and the second step generates
significant amounts of heat (exotherm) according to the following reactions:

37 (97)

CO2 (g) + H2 (g) = CO (g) + H2O (l)

∆H=+41 kJ/mol

Equation 3

CO (g) + 3H2 (g) = CH4 (g) + H2O (l)

∆H=-206 kJ/mol

Equation 4

CO2 (g) + 4 H2 (g) = CH4 (g) + 2 H2O (l)

∆H = -165 kJ/mol

Equation 5

Thermochemical methanisation is favored by low temperatures and high pressures
and is in practice most commonly run in fixed bed reactors (adiabatic/isotherm or
combinations of these two) in presence of nickel or ruthenium-based catalysts at
200-400 °C from near atmospheric pressure up to 30 bars. The total energy
efficiency of the reaction is 70-85% (Low Heating Value, LHV), where the
remaining (15-30%) is released as high-value heat (T ≥ 300 ° C). The reaction is
rather fast and the reactors are relatively compact (gas hourly space velocity,
GHSV∼ 2000-5000 h-1). [52]

Figure 6. Schematic illustration of the methanation (SNG) process assumed in this work.
[64]

In comparison to the electrolysis process, the dynamics of the thermochemical
reaction is slow. The start-up time from cold condition takes usually several
hours. The reaction is also sensitive to fluctuations in both temperature and
H2:CO2-ratio that may cause catalyst sintering and catalyst deactivating carbon
formation, respectively. There is thereby therefore a need of upstream gas storage
(H2 and/or CO2) at intermittent operation. Another critical issue to consider is that
the most often used nickel-based catalysts (the ruthenium-based are much more
expensive) is sensitive to sulphur (ppm-level) that may exist in the separated CO2stream and lead to more or less severe catalyst deactivation. Consequently,
complimentary gas clean-up modules can also be a necessity depending on the
purity degree of the CO2-stream (Ch. 3.3). The nickel-based catalyst is also
sensitive to oxygen, which practically means that all periods of production
stoppage needs to be carried out in an N2 atmosphere. [18, 52]
For operation at industrial scale, the thermochemical methanisation process is
well proven and used for syngas from fossil coal for the production of SNG
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(Substitute Natural Gas). For the smaller scale and in combination with syngas
from biomass and/or intermittent P2G-systems, the process is less mature
(technical readiness level, TRL=7-8) with novel reactor concepts under
development (e.g. isothermal three-phase reactors, micro channel reactors) [52,
65] and a couple of larger pilots/demonstration plants in place. Examples of the
latter are ETOGAS´ isothermal solid bed process used in Audis e-methane
production plant in Wertle, Germany (6 MWe, 300 Nm3/h biomethane) and
Haldor Topsoe´s adiabatic TREMP-process (Topsoe Recycle Methanisation
Process) installed in GoBiGas, Gothenburg (2200 Nm3/h biomethane). In recent
years, Haldor Topsoe has also demonstrated methanisation integrated with their
SOEC at 50 kWe-scale [18]. Similar demonstration has been made by the German
organisation Sunfire within the HELMETH-project [66].
The specific investment cost for catalytic methanisation has in the literature been
reported to vary over a broad range, 110-1500 €/kWCH4 [52]. Smaller plants (a
few MWs) are in general significant more expensive than larger plants (hundreds
of MWs) due to the fact that the smaller so far are tailored for each individual
system. However, as soon as the market for the small-scale plants matured the
price is expected to fall. To give some examples, in 2014 Outotec reported a cost
of 400 €/kWCH4 for a 5 MWCH4 plant and 130 €/kWCH4 for a 110 MWCH4 plant (20
bars). In 2017, Brynolf et al. [17] reported a cost range of 100-900 €/kWCH4 with a
median value of 600 MWCH4 plant for a 5 MW-plant, 50-500 €/kWCH4 with a
median value of 300 €/kWCH4 plant for a 50 MW-plant and 30-300 €/kWCH4 with a
median value of 200 €/kWCH4 plant for a 200 MW plant. Operation and
maintenance costs for CO2 methanisation has been reported to be 4-10 % of the
annual CAPEX, including catalyst replacement [20, 52, 66].

3.4.2. Methanol synthesis

Traditionally, methanol is produced from syngas. Methanol can also be produced
from CO2 and H2 in one or two thermochemical steps in presence of catalyst(s)
(commonly CuO/ZnO/Al2O3-based catalysts). The two-step process starts by
converting CO2 to CO with the reversed water gas shift reaction (RWGS),
followed by hydrogenation to methanol according to:
CO2 + H2 = CO + H2O

∆H=41 kJ/mol

Equation 6

CO + 2H2 = CH3OH

∆H= - 90,5 kJ/mol

Equation 7

CO2 + 3 H2 = CH3OH + H2O ∆H=-49,5 kJ/mol

Equation 8

In the one-step process, i.e. the direct hydrogenation of CO2, there are generally
three competing reactions:
CO2 + 3H2 = CH3OH + H2O

∆H=-49,5 kJ/mol (at 298 K)

Equation 9

CO + 2H2 = CH3OH

∆H= - 90,5 kJ/mol

Equation 10
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CO2 + H2 = CO + H2O

∆H=41 kJ/mol

Equation 11

Normally, the operation temperatures and pressures ranges are 200-300 °C and
30-50 bars, respectively, and the SV~5000 h-1. The typical CO2 conversion in a
fixed-bed reactor is in the range of 20–40% without recycling, and CO formation
is significant, resulting in the need to recycle unreacted CO2, CO, and H2 to the
feed stream in order to reach nearly full CO2 conversion (95-99 %) and high
methanol selectivity [67. 68], Figure 7. The resulting product is a mixture of
methanol and water that needs to be distilled to yield more pure methanol. The
conversion efficiency for the methanol synthesis is reported to be in the range of
70-80 % (LHV). The dynamics of the process is about the same as for the Sabatier
reaction described in Ch. 3.4.1.

Figure 7. Generic processing scheme for methanol synthesis or by CO2 hydrogenation.
Lights consist normally of dissolved COx and minor lights impurities. [68]

A key factor in CO2 hydrogenation into methanol is finding novel catalyst
formulations that are significantly more effective and selective than
CuO/ZnO/Al2O3-based catalysts, i.e. catalysts that have been optimized and used
in the conventional methanol synthesis from syngas. Promising results have for
example been published with CuO/ZnO/ZrO2 catalysts and CuO/ZnO based
catalysts promoted with Pd and Ga [69]. Likewise Ni-based catalyst commonly
used for the methanisation reaction, these catalysts are less but nevertheless
sensitive to sulphur and eventual additional CO2 cleaning could therefore in
practice also be necessary in this case (Ch.3.3).
As mentioned in Ch. 1.1, there is to our knowledge today only one commercial
plant for electro-methanol production from CO2 and H2 in operation, i.e. the
George Olah plant on Iceland run by Carbon Recycling Iceland (5000 tons
methanol per year). CRI is also participating in two on-going Horizon 2020
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projects, i.e. FrEsmE [25] and MefCO2 [70]. In FrEsmE, the aim is to evaluate
and demonstrate the possibility to capture and combine the CO2 and H2 from
residue gases from steel production, e.g. blast furnace gas, with renewable
hydrogen from water electrolysis for the production of electro-methanol, whereas
in MefCO2 the focus is on evaluating the flexibility of an electro-methanol plant,
where CO2 originates from coal power plants . Another electro-methanol pilot
plant, installed by Mitsubishi in 2008, can be found in Osaka, Japan with a
capacity of 100 tons methanol per year [71].
In the literature, the specific investment costs for methanol synthesis via CO2
hydrogenation has been reported to vary in the range of 200-1200 €2015/kWCH3OH
[17], for different plant sizes. For examples, for a 5 MWCH3OH plant, the given
cost range was 600-1200 €2015/kWCH3OH with 1000 €2015/kWCH3OH as a median
value whereas for a 50 MWCH3OH plant, the cost was found to vary in the range of
300-600 €2015/kWCH3OH with 500 €2015/kWCH3OH as a median value.
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4. Integration of electro-fuel processes in the pulp and
paper industry
In this work, the integration of electro-fuel processes and its consecutive impacts
on the energy and mass balances of typical pulp and paper mills have been
analysed by using WinGEMS [72], i.e. a simulation tool primarily used for mass
and energy balances in the pulp and paper industry. We have in this case based the
analysis on RISE Innventia’s existing simulation model for a modern 800,000
ADt kraft pulp mill used in previous similar studies to evaluate new process
concepts [73], to which the various unit operations for electro-fuel production
have been added. In section 4.1, the overall energy balance of the reference mill is
presented. The prerequisites and assumptions used for the analysis for methanol
and methane production are then listed and commented in section 4.2, followed by
a presentation of related results in section 4.3.
4.1. Energy balance of reference mill

The capacity of the reference mill that is used in this study is 2254 ADt/d,
corresponding to a production capacity of about 800 kADt per year (355 days of
operation). Assuming an availability of 92%, this would result in a yearly
production of about 736 kADt. As pulp wood, we assume softwood in the study.
The reference Kraft pulp mill is self-sufficient in steam by burning black liquor in
the recovery boiler and bark from the incoming biomass in a bark boiler. In fact,
there is a large steam surplus which is used for power generation in a condensing
turbine. An overall energy balance of the reference mill is summarized in Table 3
Steam balance for the reference mill. Table 3 and some key features of the energy
system are listed in the following:
• Recovery boiler and bark boiler with steam data 100 bar(g), 505ºC.
• Feed water preheating to 175ºC to increase HP-steam generation.
• Recovery boiler flue gas cooler to reduce LP-steam consumed in air
preheating.
• Top preheating of all recovery boiler combustion air to 205ºC.
• Seven-effect evaporation plant.
• Recovery boiler soot blowing steam is extracted at 25 bar(g) from the
turbine instead of using HP steam.
• LP-steam is used in the pulp dryer.
• Pressurized condensate system.
• Temperature of the hot water (85ºC) and maximum use of hot water for
boiler feed water heating.
• Bark press for bark to power boiler.
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Table 3 Steam balance for the reference mill.
Specific energy consumption,
calculated on chemical pulp

Energy

Energy

[MWhADt]

[GJ/ADt]

- soot blowing

0.26

0.95

- blow down

0.01

0.04

- Soot blowing

0.01

0.03

- blow down

< 0.01

0.01

Digester

0.43

1.53

Oxygen stage

0.01

0.05

Bleaching

0.06

0.21

Pulp machine

0.58

2.07

Evaporation

0.94

3.39

Chemical preparation

0.03

0.11

Miscellaneous, losses

0.08

0.29

Total process consumption

2.42

8.70

Back pressure turbine

0.87

3.13

Condensing turbine

1.01

3.65

- Of which is cooled away in turbine
condenser

1.50

5.39

Total consumption

5.69

20.50

Recovery boiler

4.72

17.00

Power boiler

0.75

2.70

Incinerator boiler

0.00

0.00

Secondary heat

0.21

0.75

Total production

5.69

20.5

Recovery boiler

Power boiler

Production

The power consumption for the mill is set to 726 kWh/ADt and the resulting
power balance is presented in Table 4. At this configuration, 925 kWh is sold per
ton of pulp produced. This corresponds to 93 MW electricity exported to the grid.
The total power generation is 161 MW and the total own consumption is 68 MW
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Table 4 Power balance for the reference mill
Energy

Energy

[kWh/ADt]

[GT/ADt]

Back-pressure part of the turbine

842

3.03

Condensing part of the turbine

877

3.16

Consumption

726

2.61

Sold

993

3.57

Power balance

Power production

In the simulations of the integrated mill, the pulp dryer has been replaced by a
paper machine and the pressure of the low-pressure steam system has been
increased from 4.5 bar(a) to 5.5 bar(a). The steam consumption for the paper
machine is further described below (Table 7). It has been assumed that all
produced pulp is further processed into paper. In practice, a paper board machine
of the required capacity probably would have two or three parallel lines.
4.2. Prerequisites and assumptions

For production of hydrogen, a state-of-the-art AEC or PEM plant is simulated,
with the following in data/assumptions:
•
•
•

Theoretical need for electrical power is 237.2 kJ/mol H2
Efficiency El-to-H2 is 70% (LHV)
5% of the charged water is assumed to evaporate and exit with the
produced oxygen.

The methanol plant is built as the one presented by reference [71] (Figure 7),
assuming:
•
•
•
•
•
•

5% excess of H2 input.
99.8% CO2 conversion into methanol.
Process energy efficiency =80% (LHV)
All heat produced in the methanol synthesis is used for heating the reboiler
in the distillation.
Additional heat that is needed in the reboiler is added with steam from the
pulp mill.
All heat that goes out with the cooling water is assumed to be lost energy.

SNG (Synthetic Natural Gas) is produced in a plant similar to the one presented
by reference [66] with the only difference that the hydrogen is produced by
PEM/AEC and not by SOEC, assuming:
•
•
•

0.1% excess of input H2.
99% CO2 conversion into methane.
The process has an energy efficiency of 80% (LHV).
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•
•

Excess heat produced that is not used internally in the synthesis is used to
produce steam for production of electricity in the pulp mill.
The produced SNG consists of 95.6vol% methane, i.e. SNG-quality.

4.3. Results from the WINGEMS-simulations
4.3.1. Stand-alone pulp mill

For each type of electro-fuel, three levels of CO2 capture from the mill have been
simulated, whose results are shown in Table 5 and Table 6. The amounts of CO2
that are captured from the mill for each level were 27 kt/y, 53 kt/y and 133 kt/y.
The total CO2 emissions for a yearly production of 800 kt/ADt pulp is, according
to the WinGEMS model, 236 kt/year from the lime kiln, 1460 kt/y from the
recovery boiler and about 138 kt/y from the bark boiler. Based on the total yearly
CO2 emissions from the mill, in this study only 1.5 %, 2.8 % and 7.3 %,
respectively, are needed for the three cases. In the following, we assume that the
CO2 absorption process is connected to the lime kiln. At the included level of
accuracy regarding the cost calculation of the CO2 capture plant, the results would
not change significantly if we would consider capturing CO2 from the recovery
boiler or the power boiler.
It can be concluded that even though only parts of the CO2 from the lime kiln (1050 %) is captured and used for the fuel syntheses, the volumes are large enough
for producing significant volumes of methanol (20 000-100 000 ton/yr or 110 –
540 GWh/yr) or methane (1000 -10 000 ton/yr or 130 – 670 GWh/yr). As a
reference, it can for example be noted that the internal need of gaseous fuels at a
typical mill may vary from ca 10 (IR-dryer) up to 100 GWh/yr (including gaseous
fuel to lime-kiln). From these results, it is evident that the available biogenic CO2
streams at a typical mill is not the limiting factor.
Instead, the available amount of electricity on site may be the limiting factor for
the size of an electrolyser. A mill usually has a physical connection to the power
grid that enables the power supply corresponding to its own consumption of
power, in order to operate the mill in the case the own power production is not
available. If, for example, the back-pressure turbine needs to be shut down, the
mill can buy electricity instead. Therefore, there are usually both the hardware and
a contract in place to supply that amount of power to the mill. Since this
overcapacity is only needed if the own turbine or turbines are not available, it is
possible to utilise this capacity of electrolysis during normal operation. According
to Table 4, the own consumption of the reference mill is about 70 MWe.
Following the reasoning above, the maximum possible capacity for the
electrolyser in this example would be 65 MWe minus the own consumption of the
fuel synthesis.
Another result to consider from these calculations is the magnitude of produced
oxygen, i.e. 30 000 -153 000 ton/yr (methanol) and 40 000 – 195 000 ton/yr
(methane). Based on the typical oxygen need of pulp mills as of today (ca 5
kg/ADt or 4000 ton/yr for 800 000 ADt/yr), only a small portion of this amount is
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needed for internal use (pulp bleaching) and the majority could thus be sold on the
external market and bring in a substantial income (ca 50 Euro/ton [39]).
Finally, it is of interest to emphasize the minor loss in steam and internal
electricity production due to the integration of the electro-fuel processes, i.e.
ranging from ca 1-5 % (methanol) and 0-0,5 % (methane). The minor but still
significant difference in steam loss for the two fuels is attributed to the differences
in reaction enthalpy (Eq. 5 vs. 8).
Table 5. Methanol production for different volumes of captured CO2 from the lime kiln.
Methanol production
CO2 captured, Lime Kiln

27/10

53/20

133/50

kt/y / %

Electricity production, ref. mill

161

161

161

MWe

Electricity production
(steam to CO2-capture & methanol
prod.)

160

158

154

MWe

Loss of electricity production

1

3

7

MWe

Water demand, electrolyser

47 000

86 000

212 000

ton/yr

21

41

103

MWe

139

117

51

MWe

Methanol production

19400

38800

97100

ton/year

Oxygen production

30 600

61 200

153 000

ton/year

3860

7710

19300

ton/year

15

29

73

MWH2 (LHV)

129000

257000

643000

MWh/year (LHV)

19400

38800

97100

ton/year

12

25

61

MWCH3OH (LHV)

107000

215000

537000

MWh CH3OH/year
(LHV)

Electrical demand, electrolyser
Electricity net production

Produced H2

Produced CH3OH

Table 6. Methane/SNG production for different volumes of captured CO2 from the lime kiln
Methane/SNG production
CO2 captured, Lime Kiln

27/ 10

53/ 20

133/ 50

kt/y / %

Electricity production, ref. mill

161

161

161

MW

Electricity production
(steam to CO2-capture & from
Methane prod.)

160

160

161

MW

Loss of electricity production

1

1

0

MW

Water demand, electrolyser

47 000

86 000

212 000

ton/yr
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Methane/SNG production
Electrical demand, electrolyser

26

52

131

MW

134

108

30

MW

9900

19900

49700

ton/year

38 900

77 800

194 500

ton/year

4900

9800

24500

ton/year

18

37

93

MW (LHV)

163000

327000

817000

MWh/year (LHV)

9700

19300

48300

ton/year

15

31

77

MW (LHV)

134000

268000

671000

MWh/year (LHV)

Electricity net production
SNG production
Oxygen production
Produced H2

Produced CH4

4.3.2. Integrated pulp and paper mill

In this work, the simulations of the integrated pulp and paper mill is also based on
RISE Innventia’s reference model. To estimate the availability of low pressure
steam for CO2 capture, we exchanged the steam and power consumption of the
pulp machine including its dryer by the steam and power consumption of a paper
machine. We assumed a paper board machine with 3 layers and 4 coating sections
as described in Appendix 2 (A2). A rough estimation for the energy consumption
has been provided by reference [38] based on internal experience (Table 7). As
each machine has an individual energy consumption to produce its specific
quality, the energy consumption herein must only be considered as a guideline
[38]. As further changes, we disconnected the condensing turbine and reduced the
bark combustion in the power boiler (bark boiler) to almost zero. In addition, we
reduced the efficiency of the pulping process and the chemical recovery
somewhat so that no surplus of low-pressure steam from the recovery boiler
exists. The motivation for decreasing the efficiency is that the reference pulp mill
uses state-of-the-art technology from 2010 [76] and is today more efficient than
the average of Swedish mills.
Table 7. Estimation of energy consumption in paper board machine [38].
Kraft liner
Steam demand*

4.2

GJ/t paper

Electricity consumption

500

kWh/t paper

•

ca 60 % of the steam is needed at 13.5 bar(a) and 40 % at 5.3 bar(a)

The simulations with the model of the integrated pulp and paper mill showed that
the demand of low pressure steam controls the possibility to utilize the mills barkby-product for power production. This also means that any measure to increase
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the efficiency of an integrated mill, as regards its low pressure steam demand,
results in less own power generation in the back-pressure turbine. Less power
generation leads in turn to a larger need to purchase electricity from the electricity
grid. Consequently, to increase the power generation of the mill, the mill would
need a new low pressure steam consumer.
An CO2 absorptions process in an integrated pulp mill would provide a new low
pressure steam consumer and thereby increase the power generation at the pulp
and paper mill. The amount of generated power for each captured ton of CO2
depends on the efficiency of the steam turbine cycle. Besides the isentropic
efficiency of the turbine, the live steam data has a large impact on the efficiency
of power generation. In the simulations, we used a pressure of 101 bar(a) and a
temperature of 505°C. Today, recovery boilers are available with higher steam
data. However, many mills have old recovery boilers of live-steam data around 65
bar(a) and 460°C.
Table 9 shows results of the energy consumption of the paper machine if
integrated in the reference pulp mill. It has been assumed that all pulp is processed
into kraft liner board. The much larger steam demand compared to a pulp dryer
and the large power consumption of the paper machine results in a negative net
power balance. In this specific case, we obtained a power demand equal to 12
MWe that must be purchased on the electricity market. This situation is in this
case thus different from a stand-alone plant that commonly is a net power
producer.
Table 8. Technical specification of the used base case for an integrated pulp mill.
Integrated pulp and paper mill – base case
Dry substance in paper

92

%

Additives and coating in paper

10

% of dry substance

0.92

ADt pulp/ t paper

About 5.3 bar steam from pulp mill

0.8

ton/ADt massa

About 13.5 bar steam from pulp mill

1.2

ton/ADt massa

Power consumption of paper board machine

40

MWe

Pulp used (0.92 * 0.9 / 0.9)

Electricity net production

-12

MWe

Table 9 shows the reduction of power demand for the three cases with CO2
capture. The amount of captured CO2 corresponds to the same levels as simulated
for the stand-alone mill, i.e. 10 %, 20% and 50% of CO2 captured from the lime
kiln. The simulations showed the more CO2 captured, the more power can be
produced.
However, the amount of CO2 that can be captured is limited by the available
overcapacity in the back-pressure turbine and the power boiler. Another
bottleneck is the amount of available bark or biofuel to fuel the power boiler.
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Table 9. Net electricity generation in simulated integrated pulp and paper mill with CO2
capture.
Integrated pulp and paper mill – CO2 capture
CO2 captured from lime kiln

27

53

133

kt/y

Net electricity production, ref. mill

-12.3

-12.3

-12.3

MW

Net electricity production including
CO2 capture and compression

-11.7

-11.1

-9.4

MW

0.6

1.2

2.9

MW

Increase of net electricity production
due to CO2 capture

To summarize, the integration of electrolysis into the integrated mill means that
all electricity must be supplied by the grid leading to a power balance that
becomes even more negative. Due to the assumption that electricity can be sold
and bought at the same price does not however lead to an increased cost for the
hydrogen production compared to the equivalent integration at a stand-alone pulp
mill.
As regards the methanol production, the additional steam consumption for the
distillation would further increase the power generation by the back-pressure
turbine, although to less extent than the CO2 capture. The required size of the
electrolyser and the produced methanol and oxygen would be the same as in case
of the stand-alone mill.
As the methane production is significantly more exothermic than the methanol
production (Eq. 5 vs. 8), some additional low pressure steam is assumed to be
generated by cooling the reactor. This steam can in turn be used to replace some
of the low pressure steam from the recovery and power boiler. This means that
less additional power will be generated.
Depending on a mill specific energy situation, it can be either advantageous or
disadvantageous to use less steam. It is a disadvantage if the mill has an
overcapacity in the backpressure turbine and the power boiler and no alternative
low pressure steam consumer. In such case, it may be more interesting to produce
methanol. In case the availability of low pressure steam is limited, one should
instead consider producing methane.
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5. Description of other new electricity demanding
processes
Besides the existing power demanding processes described in Ch. 2 and the new
electro-fuel processes described and analysed in Ch. 3 and 4, there are a few other
new interesting power demanding processes that for different reasons could be of
interest to look more into, without or in combination with the herein studied
electro-fuel processes. Examples of such new processes are electrolysis of sodium
sulphate and Lime-Arc. As these processes are not within the scope of project,
these are only presented in short in this report with the suggestion to be more in
depth studied in following-up projects.
5.1.

Electrolysis of sodium sulphate

Most part of the sodium and sulfur which enters into a pulp mill eventually ends
up as sodium sulfate. This sodium sulfate leaves the mill with the effluent or is
deposited as fly-ash purge from the recovery boiler, in both cases ending up in the
environment.
The same sodium sulfate may be used as raw material for captive production of
caustic and acid, enabling a circular economy and decreased emissions. The
technology would be to use electrolytic split of sodium sulfate. Such electrolysis
is very similar to modern chlor-alkali membrane process. The straight forward
version is to exchange the sodium chloride with sodium sulfate. Some adoptions
are necessary; the electrodes, membranes and controls need to be modified. Yet
similar to chlor-alkali cells, the membrane is ion-selective and allows the cation
(Na+) to pass, but not the anion (Cl-) (Figure 8). This is described as a two
compartment (2C) cell and gives a very good caustic quality whilst the sulfuric
acid will contain significant amounts of sodium sulfate. This is because the cation
exchange membrane is also transporting hydrogen ions (H+) so the conversion of
sulfate to acid needs to be limited to about 50%, else the energy consumption will
be too high. This limitation in conversion can be solved by adding an anion
exchange membrane, thereby creating a third chamber (3C) (Figure 8). Hereby the
proton loss can be controlled and the process can be brought to almost full
conversion.
The electrochemical reactions are the following;
Cathode:
Anode:
Total:

2H2O + 2e− → 2OH− + H2
(E0=−0.83 V)
+
−
H2O → 2H + ½O2 + 2e
(E0=1.23 V)
−
+
3H2O → 2OH + H2 + 2H + ½O2

Equation 12
Equation 13
Equation 14

Including the counter-ions the overall reaction is;
Equation 15

One option to convert sodium sulphate to valuable raw materials thereby reducing
the above mentioned problem of residual sodium sulphate, either in the form of
pre-treated ESP dust or salt cake from ClO2 production (more or less pure
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Na2SO4), is electrolysis. The current state-of-the-art, used extensively in the chloralkali industry, is a two compartment electrolyser that produces pure caustic and a
mix of H2SO4 and Na2SO4. However, three compartment technology is
increasingly interesting.
Studies [37, 74] have shown electrolytic split of sodium sulphate can effectively
reduce make-up chemicals consumption in the closed part of the mill. In many
cases studied NaOH can be produced to cover part also part of the bleaching
plant’s need as well, i.e. no external NaOH at all is needed for the closed part. The
reduction is more substantial in softwood mills due to a higher internal sulphuric
acid consumption. Salt emissions from the mill are reduced by 50-~100%. The
levels of potassium and chloride in the mill can be controlled with only minor
losses of Na and S. The kidney function for K requires that alkaline filtrates from
the bleaching plant are not recycled. If the acid stream is used in the ClO2 plant it
requires significant additional filter and evaporation capacity (almost double
capacity). Power consumption for the electrolysis increased by between 55-206
kWh/Adt (an increase of 8-30% compared to the normal mill consumption).

Two compartment electrolyser (2C).

Three compartment electrolyser (3C).

Figure 8. Cell configuration for electrochemical split of sodium sulfate into sodium
hydroxide and sulfuric acid

This technology has been piloted in technical commercial scale since more than
three years and is under commercialization [74]. More technical details relating to
these processes as well as aspect to integration on a pulp mill are given in [37] and
[74]. In general, the investigated possibilities exhibit value creation with a
positive cash flow. The investment is however significant, and each mill needs to
be specifically investigated. Particularly for mill having operating boundary
concerns (permits, sensitive recipients, remote location etc) the technology is
attractive.
The in these reported aspects related to balancing the electrical power system may
act an additional benefit. Whilst the possibility to adjust load is fast for the
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electrolysis itself, the pretreatment and product handling system is somewhat
more limited. Adjusting the process to take be part of the control system might
add value and make the salt split concept even more attractive such to enable
circular economy and sustainability improvements.
In addition to production of acid and caustic there are production of oxygen and
hydrogen, potentially also of carbon dioxide. These gases would be relatively pure
and the hydrogen stream likely them most interesting. The hydrogen purity would
be close to the hydrogen from water splitting. Whilst the hydrogen production
would be about 45 kg per MWh consumed for electrolysis, thus a higher specific
consumption related to hydrogen production but then the process makes a net
caustic and acid production and potentially solves over problems.
5.2.

LimeArc

LimeArc is a new concept for a novel lime reburning process. By utilizing CO2plasma, the lime mud is reburned in suspension at 4000℃ for a very short time
and then rapidly cooled down to avoid re-carbonatization and to recover high
temperature heat, Figure 9.

Figure 9. Process diagram of the LimeArc process. [75] Translation of the words that are
given in Swedish in the figure: reaktor= reactor, injector=injector, tryckluft=compressed
air, compressor=compressor, bränd kalk=burnt lime, fläkt=fan, mesa=lime,
vattenkylare=water cooler.

Another benefit is that the CO2 that is formed from the decomposition of CaCO3
to CaO is released from the process in concentrated form; 0.26 Nm3 CO2/kg
CaCO3. The pure stream of CO2 can be used in other departments in a pulp mill
(LignoBoost, pulp washing) or in a CCS/CCU process for e.g. various electro-fuel
productions as studied in this work.
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The technology has potential to emerge as an alternative lime reburning process.
However, the concept is still at a low TRL-level, 2 – 3. There is also the
possibility to combine the LimeArc process with steam lime slaking in a fluidized
environment [75].
The process has been developed by Carnot, a Hudiksvall-based start-up company.
Carnot is presently trying to form a consortium to build a test bed for the process
and is looking for partners.
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6. Estimated cost savings from increased flexibility
towards the electricity market
This section provides a series of financial estimates related to the topics discussed
in previous sections of this report. Subsection 6.2 provides estimates of the
potential cost savings that could be achieved for a typical pulp mill if it adapted
some of its existing processes to be more flexible towards the electricity market.
The analysis in this section is based on the potential flexibility described in
section 2 for a hypothetical stand-alone kraft pulp mill with a yearly production of
capacity of 800 000 ADt.
Subsection 6.3 focuses on electrolyser investments, and analyses whether it would
be profitable to invest in excess electrolyser capacity to enable a more flexible
electricity consumption. It further provides average cost estimates for hydrogen,
methanol and methane.
6.1.

Electricity price data – current and future scenarios

The estimates in this section are calculated using both actual electricity price data
from recent years, as well as simulated price data for two possible future
scenarios. For the actual price data, we use hourly Nord Pool Spot day-ahead
prices for price area SE3 from 2015, 2016 and 2017. The data for these three
years represents the amount of price variability that is currently observed in the
Nordic electricity market.
Figure 10 shows the distribution of hourly day-ahead prices for the three years.
The figure only includes observations up to 100 €/MWh, although there were a
few hours with prices above this level, reaching a maximum of 214.25 €/MWh.
During these three years, prices were mostly between 15 €/MWh and 40 €/MWh
(83% of hours fell within this range).

Figure 10. Distribution of hourly day-ahead electricity prices (2015-2017)

54 (97)

Simulated price data are used to represent the amount of price variability that can
be expected in the Nordic electricity market in future scenarios with increased
generation from weather-dependent sources such as wind and solar power, and a
decreased generation from nuclear power. Specifically, we use hourly price data
for two scenarios that were simulated by Sweco. The scenarios represent the
amount of price variability that may be expected for the scenario years 2030 and
2040, based on assumptions of reduced generation from nuclear power and
increased generation from renewables, as well as fuel price projections from IEA
World Energy Outlook 2016 [76]. A more detailed description for a similar set of
simulated data can be found in [77].
Figure 11 shows the distribution of the simulated price data. Compared to the
prices from 2015-2017, the simulated prices are more uniformly distributed
between 0 €/MWh and 100 €/MWh. There are also more hours with prices
exceeding 100 €/MWh, and the price reaches almost 3000 €/MWh for a few hours
(not shown in figure).

Figure 11. Distribution of hourly electricity prices (simulated scenarios)

The actual price data from 2015-2017, in EUR/MWh, have not been adjusted for
inflation. The simulated price data is expressed in real 2016 EUR/MWh.
6.2.

More flexible use of existing processes

6.2.1. Woodyard and pulp dryer

As described in section 2.1, one potential source of flexibility from the existing
processes of a pulp mill is the debarking line and wood chopper. If these are
dimensioned such that they can operate at a level that exceeds the downstream
need, and thereby enabling the build-up of a stockpile, then the debarking line and
wood chopper could be temporarily shut down when electricity prices are at their
highest.

55 (97)

Further, as described in section 2.6, the pulp dryer can be operated in a similar
way. However, it is assumed that the pulp dryer should not be shut down, and that
only about 20% of the pulp dryer electricity consumption is flexible. This section
only considers the flexible portion of the pulp dryer electricity consumption.
For the woodyard (debarking line and wood chopper), we estimate the potential
cost savings from operating the process at 120% of normal operation during 10
hours per day (when electricity is relatively cheap), such that the process can be
shut down during two hours per day (when electricity is relatively expensive). For
the pulp dryer, we perform a similar cost calculation, but based on the assumption
that the pulp drying process operates at 104% for 10 hours per day, such that the
process can be reduced by 20% during two hours per day. Note that this does not
make full use of all 20% excess pulp dryer capacity assumed to be available in
section 2.6. We estimate the potential cost savings under two alternative
approaches: One “varying” and one “scheduled”.
The varying approach means that the process will follow a different schedule each
day, responding to the specific prices on that day. Specifically, the 10 lowest-price
hours for each day are chosen for increased production, and the 2 consecutive
hours with the highest prices for each day are chosen for shut-down. For all other
hours, the processes are operated at the normal level.
The scheduled approach is based on the same principle but requires that the same
hours are chosen for increased production and shut-down every day, on a monthly
basis. Therefore, for each calendar month, the two most expensive consecutive
hours on average are chosen for shut-down, and the 10 least expensive (not
necessarily consecutive) hours on average are chosen for increased production.
This schedule is then followed every day of that month. The scheduled approach
may be easier for a plant to accommodate but will lead to a smaller cost reduction
compared to the varying approach.
Given the assumptions described above, the percent cost reduction relative to
operating the process continuously is the same for the woodyard and for the
flexible portion of the pulp dryer. The percent cost reduction for the pulp dryer as
a whole is one fifth of this value. Figure 12 shows the estimated cost reduction
from operating the woodyard and flexible portion of the pulp dryer processes
according to the varying approach (red bars) and scheduled approach (blue bars),
for the different years and scenarios. The cost reduction should be interpreted as
the reduction in electric energy costs (not including grid charges and taxes) for the
specific process, i.e. not for the plant as a whole.
As seen in Figure 12, the varying approach would have resulted in a 3% cost
reduction for 2017 and close to 4% cost reduction for 2015 and 2016,
respectively. The corresponding values for the scheduled approach are about 0.5
percentage points lower. The difference in potential cost reductions between the
years depend on both the difference in within-day price variations and on
differences in the average price level for the year.
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Since the simulated price data for 2030 and 2040 show larger within-day price
variations compared to the actual price data, the percent cost reductions are also
larger. The estimated cost reduction for the varying approach in the 2040 scenario
is 6.6%.

Figure 12. Estimated cost savings potential, woodyard and pulp dryer.

Figure 13 shows the cost impacts in Euros when applying the “varying” method to
a woodyard that requires 4.4 MWe under normal operations. For 2015-2017, the
estimated cost savings ranges from about 33 000 to 42 000 EUR/year. The cost
savings are significantly larger for the simulated years, reaching almost 150 000
EUR/year for the 2040 scenario.
For the pulp dryer, the amount of flexible capacity is assumed to be 2.4 MWe
under normal operations. The estimated cost savings for the pulp dryer are
therefore about half compared to the woodyard: around 18 000 – 23 000
EUR/year for 2015-2017, and about 80 000 EUR/year for the 2040 scenario.
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Figure 13. Estimated costs and savings for 4.4 MWe woodyard.

The above analysis assumes that the processes are shut down or reduced 2 hours
per day. As a sensitivity analysis, we compare these results to two alternative
approaches: one where the processes are shut down 1 hour per day (with increased
production during 5 hours per day) and one where the processes are shut down for
3 consecutive hours per day (with increased production during 15 hours per day).
When the processes are shut down for 1 hour per day, the cost savings are reduced
by about 40 percent compared to the 2-hour case. Shutting down the processes for
3 hours per day instead of 2 increases the cost savings by about 20 to 25%.
6.2.2. Wastewater treatment

As described in section 2.5, the load of the wastewater treatment aeration fans can
be temporarily reduced by 2 MWe without negatively affecting the quality of the
released water, assuming the availability of large aeriated effluent ponds. In this
section, we estimate the potential cost savings from utilizing this flexibility.
In contrast to the woodyard and pulp dryer processes, the load of the aeriation
fans does not need to increase during other hours in order to compensate for the
low-load hours. Following a low-load period, it is enough to operate the fans at
normal load for a period that is about three times longer than the low-load period
to recover sufficient biological activity. Therefore, occasional load reductions of
the aeriation fans will also reduce the overall amount of energy consumed by the
aeration fans.
In this section, we are primarily interested in estimating the cost savings that can
be obtained by utilizing the load-reductions in a way that responds to electricity
prices. We therefore compare the cost savings from reducing the load when
electricity prices are high, to a baseline that assumes the same number of low-load
hours, but where the low-load hours are not chosen based on electricity prices.
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Specifically, the cost savings for the following three methods are compared:
Baseline: Load reductions are performed on all Mondays. (The choice of
Mondays is random; any day of the week would do).
• Daily load-reductions: For each calendar week, the calendar day with the
highest average electricity price is chosen for a load reduction.
• Hourly load-reductions: For each calendar week, the 24 highest-priced
hours are chosen for load reductions. These hours do not need to be
contiguous.
In each case, the loads are reduced for 24 hours each calendar week.
•

Figure 14 shows the estimated electricity costs from operating 2 MWe aeration
fans. The red bars show the estimated costs when the fans are operated
continuously without any load reductions. The green bars show the costs for the
baseline where the load is reduced on Mondays, and the blue and purple bars
show the costs when the timing of the load reductions are chosen based on
electricity prices.
For 2015-2017, hourly load reductions based on electricity prices provides an
additional cost reduction of about 24 000 – 30 000 EUR/year, compared to the
baseline cost. For the 2040 scenario, this difference has increased to almost 130
000 EUR/year.

Figure 14. Estimated costs for 2 MWe aeration fans.
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6.2.3. Condensing turbine

The possibilities for a flexible use of a condensing turbine is described in section
2.4. It is assumed that a 30 MWe condensing turbine can operate at no marginal
cost for the first 15 MWe, and at a marginal cost of 40 EUR per generated MWh
of electricity for the remaining 15 MWe. Under normal operations, the 15 MWe
without marginal cost therefore operates continuously. It may be possible to
reduce the amount of electricity generated, but this would only be profitable if
electricity prices are negative. However, there are no instances of negative prices
in the price data used for this analysis. This section therefore focuses on the
incremental 15 MWe capacity that is available at a 40 EUR/MWh marginal cost.
40 EUR/MWh reflects approximate biofuel prices for 2016 and 2017. The
electricity price scenarios for 2030 and 2040 assume increasing fuel prices,
following IEA World Energy Outlook 2016 [79]. To be consistent with the
assumptions underlying the simulated electricity price data, we therefore also
assume that biofuel prices will increase at a similar rate. Specifically, biofuel
prices are here assumed to increase at a rate that equal the simple average of the
price increase for European natural gas and European coal. This results in a 40
percent increase to 2030 (56 EUR/MWh) and 50% increase to 2040 (60
EUR/MWh).
Figure 15 shows the estimated revenues and profits from the 15 MWe flexible
portion of the condensing turbine capacity. This capacity is here assumed to be
utilized whenever the electricity price exceeds the fuel cost. The total height of
each bar represents the total revenues from the resulting electricity generation.
The bars are subdivided into a blue section, representing the fuel cost for
operating the flexible capacity, and a red section, representing the remaining
profit margin.
During 2015, electricity prices exceeded 40 EUR/MWh on less than 400 hours
resulting in revenues of less than 300 000 EUR and a profit of about 50 000 EUR.
Since electricity prices were somewhat higher in 2016 and 2017, the number of
hours exceeding 40 EUR/MWh more than doubled, and the profits increased to
about 170 000 EUR and 110 000 EUR, respectively.
For the scenario years, the number of high-priced hours is significantly higher.
For the 2030 scenario, prices exceeded 56 EUR/MWh on about 2 300 hours,
resulting in profits around 670 000 EUR. For the 2040 scenario, profits exceed 2
million EUR, from more than 4 600 hours with electricity prices exceeding 60
EUR/MWh.
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Figure 15. Profits and fuel costs from 15 MW flexible condensing turbine capacity.

6.3.

Flexible use of electrolyser and hydrogen storage

This section focuses on how to dimension an electrolyser and accompanying
hydrogen storage to minimize the overall hydrogen production cost, when excess
capacity can be used to shift production to hours with lower electricity prices. It is
assumed that a certain amount of hydrogen should be delivered every hour from
the hydrogen storage to downstream processes. Therefore, for the analysis in this
section, the final amount of hydrogen produced is given as an exogenous input.
The objective of this section is to find a combination of electrolyser and hydrogen
storage capacities that enable an as-low-as-possible overall hydrogen production
cost. Larger electrolyser and hydrogen storage capacities lead to higher
investment and maintenance costs, but it also creates greater flexibility, which
leads to lower electricity costs. The cost-minimizing investment therefore depends
on how variable the electricity prices are.
As in section 6.2, the analysis in this section is performed for five different
electricity price scenarios, each consisting of one year of hourly price data. Three
of the scenarios are based on actual historical electricity prices (NordPool dayahead prices for SE3 for 2015, 2016 and 2017, respectively). Together, these three
scenarios represent the amount of variability currently observed in electricity
prices. The other two scenarios consist of simulated electricity prices that
represent possible day-ahead prices for SE3 in 2030 and 2040. The electricity
prices in these scenarios are more variable than current electricity prices. For
more details about the electricity price data, see section 6.1.
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It is here assumed that the electrolyser is not used for delivering grid services such
as frequency regulation. The possibility to deliver such services is discussed
further in section 6.4.
The overall cost-minimization problem has two layers: The high-level problem
involves finding the combination of electrolyser and hydrogen storage capacities
that minimizes overall production costs, given what the total electricity cost would
be for each combination of electrolyser and storage capacity. The low-level
problem involves finding what this total electricity cost would be, given
electrolyser and storage capacity values, and given an electricity price scenario.
The low-level problem is therefore a production-planning problem: it minimizes
the total electricity costs by utilizing the available capacity in a way that avoids
high-price hours.
The next subsection describes the low-level optimization problem and the
resulting electricity costs for a set of different capacity values and electricity price
scenarios. This is followed by a description of the electrolyser and hydrogen
storage cost assumptions for investments, operations and maintenance. In
subsection 6.3.3, the cost assumptions and the electricity cost results are
combined, and the results for the high-level cost-minimization are presented.
Finally, the resulting overall per-unit hydrogen production costs are calculated for
the various scenarios.
6.3.1. Electrolyser production-planning problem

Given a value for the electrolyser capacity, a value for the hydrogen storage
capacity, and hourly electricity prices for one year, how should the electrolyser be
operated over the year to minimize the total electricity costs? Mathematically, this
optimization problem is formulated as follows:
Min
∑
s.t
0 ∑
, ∀ ∈ 1, … ,
(1)
and 0
, ∀ ∈ 1, … ,
(2)
Where the following notation is used:
Index of hours. ∈ 1, … ,
in the year.

where

Equation 16
Equation 17

is the total number of hours

Electricity price for hour . (EUR/MWh)
Amount of electricity consumed by the electrolyser in hour .
(MWh)
Amount of hydrogen delivered from storage in hour , in terms of
MWh electricity required to produce it.
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Electrolyser capacity. (MWe)
Hydrogen storage capacity, in terms of MWh electricity required
to produce it.

The constraints in Equation 16 reflect the storage capacity: the total amount of
hydrogen in storage must always be between 0 and the maximum storage
capacity. The electrolyser capacity constraints are given by Equation 17.
The outflow of hydrogen, , is assumed to be determined by downstream
processes and to be constant across all hours. For the remainder of this section,
is set to 10 MWh electricity for all hours, which corresponds to about 7 MWh or
about 2400 Nm3 of hydrogen. However, due to the linearity of the optimization
problem, the results will be scalable to any other (constant) output level.
The optimization problem is solved for a full year using hourly data, which means
that, for a year with 365 days, there are 24*365=8760 values of to determine
and 8760*4=35040 inequality constraints that need to be satisfied. The
optimization problems were solved using R and the lpSolveAPI package [78].
The production-planning problem was solved separately for the five electricity
price scenarios and for 100 different electrolyser and storage capacity
combinations, resulting in a total of 500 production-planning optimizations.
Figure 16 summarizes the production-planning optimization results for the 2017
electricity price scenario. Each dot in Figure 16 represents one combination of
electrolyser and storage capacity. Therefore, one production-planning
optimization was performed for each dot. The resulting overall average electricity
cost for each capacity combination is indicated by the color of the dot.
The smallest capacity for which an optimization was performed was 11 MWe
electrolyser capacity and 40 MWh storage capacity (lower left corner of the
figure). In this case, there is only a small amount of flexibility available and the
electrolyser needs to operate at a very high capacity factor. In this case, the
average electricity cost is around 30 EUR/MWh, which corresponds to a total
electricity cost of about 2.65 MEUR for the year.
At the other extreme, when the production-planning optimization was performed
for a 60 MWe electrolyser with a 2000 MWh storage (top right corner of the
figure) the electrolyser was only operated for about 1500 hours. The average
electricity cost was then below 24 EUR/MWh, which corresponds to a total
electricity cost of about 2.08 MEUR for the year.
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Figure 16. Average electricity cost for various capacity combinations (2017)

The corresponding figures when using 2015 and 2016 price data look very similar
to Figure 16, but because the overall price-level differed across the years, the
range of values for the average electricity cost also differ. For 2015, the average
electricity cost ranges between about 16 and 21 EUR/MWh, and for 2016 it
ranges between about 22 and 28 EUR/MWh. When using the future scenario price
data, the range is considerably larger: from about 15 EUR/MWh to about 39
EUR/MWh for the 2030 scenario, and from about 12 EUR/MWh to about 54
EUR/MWh for the 2040 scenario.
6.3.2. Electrolyser and storage cost assumptions

The results from the previous subsection provide an estimate of the cost savings
that can be obtained when the electrolyser and hydrogen storage are dimensioned
to allow for a flexible electricity consumption. To evaluate whether such excess
capacity is profitable, the benefits must be compared to the increased investment
costs from investing in excess capacity. We here list the assumptions used for this
estimation:
•

•

Electrolyser investment. The electrolyser investment cost is assumed to
be 1 MEUR per MW electricity. Electrolyser stack replacement is needed
every 75 000 operating hours, at a cost of 250 000 EUR per MW
electricity. The expected economic life of the remainder of the equipment
is 25 years.
Electrolyser O&M. The yearly operation and maintenance cost
(excluding costs for electricity and water) are assumed to be around 4% of
the initial investment, or about 40 000 EUR per MW electricity.
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Storage investment. Hydrogen storage investment cost is assumed to be
46 EUR per Nm3. Assuming a hydrogen energy content of 3 kWh/ Nm3
and an electrolyser efficiency of 70 percent, this translates into 10 733
EUR per MWh electricity. The expected economic life is 25 years.
• Storage O&M. The yearly operation and maintenance cost for the storage
are assumed to be around 2 percent of the initial investment, or 215 EUR
per MWh electricity.
• Cost of capital. A real discount rate of 6% is used for discounting future
cashflows.
The investment costs above represent turnkey investment costs, including
construction, installation, engineering etc.
•

6.3.3. Optimal electrolyser and storage dimensioning

The cost assumptions listed above are primarily investment costs, which means
that they need to be converted to yearly values before they can be compared to the
yearly electricity costs that were obtained in subsection 6.3.1. This is done using
the annuity method, which yields annual investment costs that take both the
expected economic life of the asset and the assumed discount rate into account.
For each of the 500 cases (5 electricity price scenarios and 100 capacity
combinations) for which the total electricity cost was calculated in subsection
6.3.1, the corresponding total yearly equipment cost was also calculated. This
total yearly equipment cost includes investment costs (including stack
replacement) as well as operations and maintenance costs, for both the
electrolyser and the hydrogen storage.
The expected economic life of the electrolyser stacks (i.e. the number of years
between stack replacements) depends on the expected number of operating hours
per year. Since the number of operating hours per year differs depending on the
electrolyser and storage capacities, the yearly stack replacement cost also differs
depending on these capacities. A large amount of excess capacity means that the
capacity factor (number of operating hours per year) is reduced, which increases
the number of years between stack replacement and therefore decreased the yearly
equipment cost per MW electrolyser capacity. Therefore, the yearly investment
costs for each case accounts for the number of operating hours from the solution
to the production-planning optimization problem.
In addition to electricity, the electrolyser uses water as an input. The cost of water
is assumed to be constant, and since the total amount of hydrogen produced per
year is the same for all cases, the total water cost is also the same for all cases. It
is here assumed that water costs 1 EUR per ton, and that each MWh of electricity
in the electrolyser is combined with 0.21 tons of water. This means that the total
yearly water cost is around 18 000 EUR for all cases.
For each of the 500 cases, the yearly equipment cost, electricity cost and water
cost are combined. This yields the estimated total yearly cost for delivering
hydrogen to downstream processes at a constant rate of 7 MWh per hour
(equivalent to 10 MWh electricity input). For each electricity price scenario, the
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combination of electrolyser and hydrogen storage capacities that yield the lowest
total cost can now be identified. Below, this case is referred to as the lowest-cost
flexible case.
For comparison, the lowest-cost flexible case can be compared to a baseline
where there is no excess electrolyser capacity and no storage. Since the electricity
prices are different for different electricity price scenarios, the baseline cost also
differs across the scenarios.
Table 10 summarizes the cost estimates, comparing the baseline to the lowest-cost
flexible case for each scenario. As seen, when using the 2015, 2016 and 2017
electricity price data, the lowest-cost flexible case is the case with the smallest
capacity (11 MWe electrolyser and 40 MWh storage). This is because the
electricity cost reduction from a flexible electricity consumption is not large
enough to offset the additional investment costs. Comparing this to the baseline
shows that the total costs are very similar.
For the 2030 scenario, the least-cost flexible case includes some additional storage
capacity. However, it is still not worthwhile to invest in more than 11 MWe
electrolyser capacity. In terms of total cost, the least-cost flexible case leads to a
slight cost reduction (less than 2%) compared to the baseline. The results are
somewhat different for the 2040 scenario. In this case, extra electrolyser capacity
investments pays off, and the lowest-cost flexible case includes 13 MWe
electrolyser capacity and 200 MWh electrolyser storage. This leads to a total cost
reduction of about 7% compared to baseline.
Table 10

Cost summary for different scenarios

Scenario
Year

Case

Capacities
Electrolyser

Annual equipment costs

Storage

Electrolyser

Storage

Annual input costs
Electricity

Total cost

Water

MW el.

MWh el.

k€

k€

k€

k€

k€

2015

Baseline

10

0

1369

0

1928

18

3315

2015

Lowest-cost flexible

11

40

1483

42

1843

18

3387

2016

Baseline

10

0

1369

0

2568

18

3956

2016

Lowest-cost flexible

11

40

1484

42

2467

18

4011

2017

Baseline

10

0

1369

0

2736

18

4123

2017

Lowest-cost flexible

11

40

1483

42

2650

18

4194

2030

Baseline

10

0

1368

0

3635

18

5022

2030

Lowest-cost flexible

11

80

1479

84

3357

18

4939

2040

Baseline

10

0

1368

0

5092

18

6478

2040

Lowest-cost flexible

13

200

1696

211

4114

18

6039

Using the total cost estimates from Table 10, the average cost per MWh of
hydrogen is calculated as the total cost divided by the total yearly hydrogen
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production. In all cases, the total yearly hydrogen production is about 61 000
MWh of hydrogen (corresponding to almost 88 000 MWh of electricity). The
average cost is shown in Table 11.
For reference, Table 11 also includes the average electricity costs for each scenario.
For the baseline cases, the average electricity cost is simply the average electricity
price across all hours. For the lowest-cost flexible cases, the average electricity
cost is lower since the highest price hours can be avoided.
Table 11

Average cost for different scenarios
Scenario

Year

Case

Capacities
Electrolyser

Average cost
Storage

MW el.

MWh el.

€/MWh H2

€/MWh el.

2015

Baseline

10

0

54

22

2015

Lowest-cost flexible

11

40

55

21

2016

Baseline

10

0

64

29

2016

Lowest-cost flexible

11

40

65

28

2017

Baseline

10

0

67

31

2017

Lowest-cost flexible

11

40

68

30

2030

Baseline

10

0

82

42

2030

Lowest-cost flexible

11

80

81

38

2040

Baseline

10

0

106

58

2040

Lowest-cost flexible

13

200

99

47

The profitability of investing in additional electrolyser and storage capacity is
highly dependent on the assumed electrolyser investment cost. Therefore, as a
sensitivity analysis, consider the 2030 scenario, but with an assumed electrolyser
investment cost of 500 000 EUR per MW electricity and 125 000 EUR per MW
stack replacement cost. In this case, the lowest-cost flexible case includes a 14
MWe electrolyser and 160 MWh storage capacity. This results in an average cost
of 67 EUR per MWh produced hydrogen (i.e. 17 % lower cost). For the baseline
case with no excess capacity or storage, the average cost becomes 71 EUR per
MWh produced hydrogen, i.e. 13 % lower cost. Additional significant cost
reduction will be expected if high temperature electrolysis can be implemented at
this time enabling efficiencies of ≥ 82 % [20].
6.3.4. Average production cost for methane and methanol

In this section, the average cost of hydrogen calculated in section 6.3.3 is
combined with costs for methane and methanol synthesis, as well as costs for CO2
capture, to calculate average production costs for methane and methanol,
respectively. The analysis in this section is based on the following cost
assumptions:
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•
•
•
•

•

•

Methane synthesis investment. The methane synthesis investment cost is
assumed to be 600 000 EUR per MW methane (section 3). The expected
economic life of the equipment is 25 years.
Methane synthesis O&M. The yearly operation and maintenance cost
(excluding costs for hydrogen and CO2) are assumed to be around 4% of
the initial investment, or about 24 000 EUR per MW methane.
Methanol synthesis investment. The methanol synthesis investment cost
is assumed to be 1 MEUR per MW methanol (section Fel! Hittar inte
referenskälla.). The expected economic life of the equipment is 25 years.
Methanol synthesis O&M. The yearly operation and maintenance cost
(excluding costs for hydrogen, CO2 and heat) are assumed to be around 4
% of the initial investment, or about 40 000 EUR per MW methanol.
Cost of CO2 capture. The levelized cost of CO2 capture (excluding
energy costs) is assumed to be 58 EUR per ton CO2 (section 3.3). Each
MWh methane requires 0.199 tons of CO2, and each MWh methanol
requires 0.249 tons CO2.
Cost of capital. A real discount rate of 6% is used for discounting future
cashflows.

For both the methane and methanol synthesis, 1.25 MWh of hydrogen is required
for each MWh of methane or methanol. The average hydrogen production costs
for the different electricity price scenarios are given in Table 11 above.
As given by Eq. 5 and 8 in section 3.4, methane synthesis is a significantly more
exotherm process than the methanol synthesis. Further, as discussed in 3.3, the
CO2 capture process requires heat. Therefore, CO2 capture and methane or
methanol synthesis affects the amount of steam that is available for electricity
generation in a pulp mill.
Based on the simulations presented in section 4, the loss of electricity generation
followed by CO2 capture and methane synthesis (due to highly exothermic)
roughly cancel out. The following cost calculations for methane therefore does not
include any cost for reduced electricity generation. For methanol however, each
MWh of produced methanol is associated with a loss of 0.12 MWh of electricity
generation. These estimates are based on simulations for a stand-alone pulp mill.
As discussed in section 4, the impact on electricity generation from these
processes might be different if an integrated pulp and paper mill is considered
instead of a stand-alone mill. In this case, the heat demand from CO2 capture and
methanol synthesis does not necessarily lead to a reduced electricity generation,
meaning that the cost for reduced electricity generation may no longer be
applicable.
Table 12 summarizes the cost calculations for producing methanol. The average
cost of hydrogen is the largest cost component. For each electricity price scenario,
the average costs of hydrogen for the lowest-cost flexible cases from Table 11 are
converted to per-MWh methanol values and displayed under “Hydrogen cost” in
Table 12.
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The annualized cost for the synthesis equipment including O&M translates into
about 13 EUR per MWh methanol, and the levelized cost of CO2 capture is about
14 EUR per MWh methanol, based on the assumptions listed above. The lost
income from reduced electricity generation corresponds to 3 EUR to 7 EUR per
MWh methanol, depending on electricity price scenario.
In addition to hydrogen, the electrolysis also produces oxygen. A minor portion of
this produced oxygen can be used locally at the pulp mill, where it replaces
oxygen bought from external suppliers. Each MWh of methanol is associated with
0.3 tons of oxygen production. Assuming a value of 50 EUR per ton O2 [79], this
means that each MWh of methanol leads to a 15 EUR reduction in O2 costs or
increase in O2 revenues.
The final column in Table 12 shows the total average production cost for
methanol when all the above-mentioned cost components are combined. As seen,
the net cost after O2 revenues ranges from 85 EUR per MWh to 143 EUR per
MWh (467-869 EUR/ ton), depending on electricity price scenario. The result is
in comparison to today´s market price of fossil methanol (360 EUR/ton [80]
higher but well within the estimated cost ranges that can be find in the open
literature for renewable electro-methanol [20].
Table 12
Scenario

Average production cost – Methanol
Synthesis
capital and
O&M cost

Hydrogen
cost

CO2 cost

Reduced
electricity
generation

Total cost

Value of O2

Net cost
after O2
revenue

2015

13

69

14

3

100

15

85

2016

13

82

14

4

113

15

98

2017

13

85

14

4

117

15

102

2030

13

101

14

5

134

15

119

2040

13

123

14

7

158

15

143

All values in € per MWh methanol

Table 13 provides the same cost information for methane instead of methanol.
The total production cost for methane ranges from 74 EUR per MWh to 128 EUR
per MWh, depending on electricity price scenario. This is somewhat lower
compared to methanol, because of lower synthesis capital and O&M costs, less
CO2 required, and no income loss due to reduced electricity generation.

Table 13

Average production cost – Methane
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Scenario

Synthesis
capital and
O&M cost

Hydrogen
cost

CO2 cost

Total cost

Value of O2

Net cost after
O2 revenue

2015

8

69

12

89

15

74

2016

8

82

12

101

15

86

2017

8

85

12

105

15

90

2030

8

101

12

121

15

106

2040

8

123

12

143

15

128

All values in € per MWh methane

As a sensitivity analysis, consider a case with a lower levelized CO2 capture cost.
If the cost is assumed to be 23 of CO2 instead of 58 EUR per ton (section 3.3), the
total production cost is reduced by about 9 EUR per MWh methanol and 7 EUR
per MWh methane.
6.4.

Using an electrolyser to provide balancing services

Section 6.3 provide an analysis of how the flexibility from an electrolyser with
excess capacity and hydrogen storage can be used to reduce electricity costs,
compared to a case with continuous operation. The analysis is based on hourly
day-ahead electricity prices, and cost savings are obtained by using the
electrolyser during hours when electricity prices are low and avoiding hours when
electricity prices are high. However, this is not the only way in which the
flexibility can be utilized and monetized. An alternative approach would be to
offer balancing services to a TSO (transmission system operator). In this section
we discuss some of these possibilities in the Swedish context.
The Swedish TSO Svenska kraftnät is responsible for procuring balancing
services in Sweden. Currently, Svenska kraftnät procures four different short-run
balancing services: FCR-N, FCR-D, aFRR and mFRR. The following subsections
describe these services and discusses the possibility to provide them with an
electrolyser. The below description of current market rules and processes for these
services is primarily based on information from the Svenska Kraftnät balance
responsibility agreement [81].
6.4.1. FCR-N and FCR-D

FCR-N (Frequency Containment Reserve – Normal) and FCR-D (Frequency
Containment Reserve – Disturbance) are the fastest balancing services. Resources
providing these services automatically respond when the frequency in the grid
deviates from the nominal frequency (50 Hz). The response should be activated
within seconds: FCR-D should have reached at least 63 percent activation within
5 seconds and should be fully activated within 30 seconds. For FCR-N, the
required activation times for the same thresholds are 60 seconds and 3 minutes,
respectively.
Resources that deliver FCR-N respond to deviations from 50 Hz within the
interval of 49.90 Hz to 50.10 Hz. These resources therefore continuously respond
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to relatively small frequency deviations, both in the upward and downward
direction. The service is traded as a symmetric service, such that the resource
must be able to both increase and decrease its output from its baseline level. The
FCR-D service is used to contain large disturbances in the electricity system and
is therefore only activated when the frequency drops below 49.90 Hz. Resources
that deliver FCR-D therefore need to respond less frequently, and only in one
direction (increasing supply or reducing demand).
Figure 17 illustrates the difference between the FCR products (which react to
frequency deviations almost immediately), and the FRR products (which handle
more long-run imbalances). It illustrates how the FRR services step in and release
the FCR capacity, so that the FCR capacity is available for responding to any
future events. The FRR products (automatic and manual) are discussed further in
section 6.4.2 below.

Figure 17. Illustration of balancing services

Svenska Kraftnät procures FCR-N and FCR-D 1 to 2 days before the operating
day, using bid-based procurement auctions. The lowest-price bids are accepted,
and the accepted bids are compensated according to pay-as-bid. Svenska Kraftnät
requires that the bids should be cost-based, with some amount of headroom for
profit and risk premium. For hydroelectric resources, which currently provide the
bulk of FCR-services in Sweden, there are detailed guidelines for how these costbased bids should be calculated [82]. However, such guidelines are not available
for electrolysers.
It is not clear how cost-based bids for electrolysers should be calculated for FCR
capacity. A key question is whether the bid-price should be based solely on shortrun marginal costs, or if long-run capacity costs also can be included. If the bidprice needs to be based on short-run costs only, an electrolyser would likely have
to bid quite low. As long as the compensation is based on pay-as-bid, this would
mean that the compensation for providing FCR would also be relatively low.
A detailed financial analysis of the potential costs and revenues associated with
providing FCR from electrolysers is beyond the scope of this study. Instead, this
section provides rough order-of-magnitude approximations.
First, consider FCR-N. Because FCR-N is defined as a symmetric service, an
electrolyser providing this service would need to have one MWe excess
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electrolyser capacity for each MW of FCR-N that it wants to be able to deliver.
For example, if the continuous downstream need for hydrogen corresponds to an
electrolyser capacity of 10 MW electricity, and the electrolyser has a capacity of
15 MW electricity, then the electrolyser could operate at a 10 MW baseline and
offer 5 MW FCR-N. In other words, these is a one-to-one relationship between
the amount of FCR-N that can be sold and the amount of excess electrolyser
capacity that is needed.
Although FCR-N is a symmetric service, there is no guarantee that, for any given
time-period, a production increase during up-regulation will be offset by a
production decrease during down-regulation. Therefore, hydrogen storage would
be needed to store the excess hydrogen produced when productions is increased,
and to deliver hydrogen when production is reduced. This also means that an
electrolyser participating in the FCR-N market would likely not be able to provide
the service 24 hours per day. Some hours would likely be needed to reset the
storage level.
Based on the cost assumptions in 6.3.2, each MWe of electrolyser capacity is
associated with an annualized cost of about 140 000 EUR (including initial
investment cost, stack replacement costs, O&M, and 2 MWh of additional
hydrogen storage). If it is assumed that FCR-N could be delivered 75 percent of
hours, this means that the hourly compensation from delivering the FCR-N
service would need to be around 21 EUR per hour and MW, for the investment in
excess electrolyser capacity to break even.
As discussed above, the FCR market is a pay-as-bid market which means that
there is no market price that can be used to estimate potential revenues. However,
Svenska Kraftnät publishes the hourly weighted average compensation paid to the
(mostly hydroelectric) resources that were accepted in the pay-as-bid auction [83].
The average of this across all hours for 2015-2017 happens to be about 21 EUR
per hour and MW for FCR-N. This would have been just enough to reach breakeven based on the estimate above.
Second, consider FCR-D. In contrast to FCR-N, FCR-D is not symmetric. An
electrolyser providing FCR-D would operate at a baseline level most of the time,
and then quickly reduce load when a large frequency drop occurs. This means that
the need for excess capacity is smaller, compared to FCR-N. A small amount of
excess capacity would be needed to compensate for the reduced hydrogen
production during frequency deviations. As with FCR-N, the amount of hydrogen
actually produced during any given time-period would be uncertain, which means
that some hours of the day may be needed to reset the storage level, during which
the service could not be offered.
For example, if the continuous downstream need for hydrogen corresponds to an
electrolyser capacity of 10 MW electricity, then an electrolyser with a capacity of
11 MW could operate at a baseline level of 10 MW, offer all 10 MW as FCR-D,
and utilize the extra 1 MW to refill the hydrogen storage after frequency
disturbances. Since large frequency deviations are relatively infrequent (see for
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example [84]), 1 MWe of excess electrolyser capacity, in combination with some
hydrogen storage, is likely sufficient to enable 10 MW of FCR-D provision.
Using the same cost assumptions as above, and again assuming that FCR-D could
be delivered 75 percent of hours, an hourly compensation from FCR-D of about 4
EUR per MW and hour would be sufficient to warrant the investment in an
additional 10 percent electrolyser capacity and some extra hydrogen storage. For
comparison, the average compensation paid across all hours during 2015-2017 for
FCR-D was about 7 EUR per MW and hour.
It is important to note that the estimates in this section are highly uncertain. The
pay-as-bid structure in combination with the cost-based bidding requirement
makes it difficult to gauge the potential revenues for FCR services from
electrolysers.
6.4.2. aFRR and mFRR

The FCR services discussed in the previous subsection are used to quickly
respond to short-run frequency deviations. The FRR (Frequency Restoration
Reserve) services are activated to address more persistent imbalances, allowing
the FCR capacity to revert to its baseline. There are two types of FRR services:
aFRR (automatic Frequency Restoration Reserve) and mFRR (manual Frequency
Restoration Reserve). Resources that are delivering aFRR change their output
level automatically in accordance with a signal received from the TSO, and the
capacity should be fully activated within 2 minutes. mFRR is a manual service,
where resources increase or decrease their output following a request for
activation from a Svenska kraftnät operator. mFRR allows for a longer activation
time compared to aFRR.
The current procurement method for aFRR in Sweden is similar to that for FCR,
in the sense that it is based on an auction for capacity where the awarded
resources are compensated according to pay-as-bid. However, the procurement
auction for aFRR is only carried out once per week, and Svenska kraftnät
currently only procures aFRR capacity for a few hours per day during weekdays.
For aFRR, each bid must represent at least 5 MW, and upward and downward
capacity is procured separately.
The method for procuring mFRR is quite different: instead of procuring capacity
ahead of time, mFRR is only procured once an activation need is identified.
Resources offer their capacity to increase or decrease output, together with an
activation price, and Svenska kraftnät will choose to activate the lowest-priced set
of resources that meet their needs. All resources that are activated during the same
hour will be compensated with the marginal activation price for that hour.
Svenska kraftnät and the other Nordic TSOs are currently redesigning the aFRR
and mFRR markets, with the objective of creating joint Nordic markets for these
services. According to the cooperation agreement between the TSOs [85], the new
market design will feature both capacity markets and activation markets, for both
aFRR and mFRR. Given the upcoming market design changes, it is difficult to
quantitatively assess the future potential profitability for providing these services.
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An electrolyser with excess capacity and storage could likely participate in the
future aFRR and mFRR markets. Because of the automated activations, and
therefore the reduced need for actions from control room personnel, aFRR may be
a more attractive service to provide.
Compared to the FCR services, the activation of aFRR or mFRR is likely to be
more persistent. This makes large deviations from baseline more likely, which
means that an electrolyser that participates in these markets may need more
storage capacity, compared to an electrolyser that provides FCR services.
Compared to other types of resources that have more significant storage
capabilities, such as hydroelectric resources, electrolysers may therefore be better
suited to offer FCR-services rather than FRR-services. Further, the very fast
ramping speeds of electrolysers make them especially suitable for FCR. However,
as noted above, the financial incentives to provide FRR or FCR depends on the
future market design and bidding rules.
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7.

Estimation of the P2G and electro-fuel production
potential in the Swedish pulp and paper industry

For a first estimate of the total potential of the carbon-based electro-fuel
production (e.g. methane, methanol from P2G/P2L) in the Swedish pulp and paper
industry, it is necessary to consider a couple of key parameters. Such parameters
are the availability of CO2, steam for CO2-capture and its economic value, and not
least the availability and the price of electricity; parameters that all have been
analyzed and discussed in previous sections in this report.
It is from section 4 obvious that the availability of CO2 is not the limiting
parameter in this case. We herein looked at a mill with a pulp production of
800 000 ADt/y and concluded that an installed electrolysis capacity as large as
20 -100 MWe would only need between 1 – 7 % of the available CO2
(corresponding to ~ 30-130 kt CO2 /yr) from the recovery boiler, lime kiln and
bark boiler.
As regards the amount of available steam for the CO2 capture and the economic
value of the available steam, it has been established that this is individual for each
mill. It depends on the alternative use of the low-pressure steam in each mill.
Since additional steam can be generated by another power boiler, neither the
amount of available steam constrains the size of the P2G/P2L plant. Instead, the
results of this work point to that one crucial limitation of the total capacity for
P2G/P2L plants and electro-fuel production in the Swedish pulp and paper
industry is controlled by availability of electricity at the mills and the willingness
to pay for green chemicals/fuels. For example, using an overcapacity in the mill
for extra steam generation is much cheaper than investing in a new power boiler
and additional biofuel to generate the steam that is required for CO2 capture [59].
The available overcapacity is, however, limited or may not even be available at all
in some mills. This means in turn that a limited amount of methane/ methanol can
be produced at the lowest cost. In a next step to increase the P2G/P2L plant, steam
must be extracted at a higher-pressure level, causing the mill larger losses, which
results into higher production costs for methane/methanol. Here the economic
value of the steam also depends on other circumstances such as the alternative use
of steam in the mill. In cases where the steam extraction reduces the electricity
generation, the market price of electricity has an even more imported impact on
the methanol/methane production cost. In order to reach the maximum possible
size of the P2G/P2L plant (in which almost all CO2 is captured form the lime kiln
and the recovery boiler), even more steam would be consumed. This would
require a new boiler for steam generation. The additional investment cost and the
dependency on the price of the additional biofuel result in even higher production
cost. It also shows that a potential estimation for P2G/P2L plants and electro-fuel
production in the Swedish pulp and paper industry requires an analysis of energy
balance of the largest 10 to 15 largest mills including calculation how much
methanol and/or methane could be produced at a specific price.
If the profitability and other parameters (e.g. availability of electricity, mill size,
deposition for oxygen), however, is fully disregarded, and solely the availability
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of CO2 is considered, the total amount of CO2 emissions (biogenic) from the
Swedish pulp and paper industry (22 Mt/year, 2015 refers to [50] and [89]), would
be enough to produce as much as 8 Mt renewable methane or 16 Mt renewable
methanol per year. For this amount, the corresponding hydrogen volume would
require a total electrolysis capacity as large as 17 GWe for methanol and 22 GWe
methane. This means in turn that the power consumption in Sweden would be
doubled from today´s around 22 GWe (a normal winter day) to about 40 GWe. and
44 GWe., respectively. Again, as indicated for example in section 4, this illustrates
that the limitation of the electro-fuel potential is most probably not the pulp and
paper industry but instead the total available power in the electricity grid, or rather
the future electricity grid and the market for renewable methane/methanol or any
other renewable hydrocarbon that can be produced via electro-fuel processes.
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8.

Conclusions

The results of this study show that the pulp and paper industry have good
prospects for increasing its activity on the electricity market and contributing with
both flexibility and production of green chemicals and fuels. In the following, the
main findings of the different sections of the report are given.
Flexibility potentials of existing process units at pulp and paper industry in
Sweden
A screening of existing power demanding processes in a typical Swedish pulp mill
(800 000 Adt/yr) points to that a pulp mill has potential to increase its
participation on the electricity market up to 10 MWe by utilizing internal buffercapacity in the wood yard, the waste water treatment and the pulp dryer, i.e. for
some hours or a day without any losses or additional costs for the mill. Some mills
(Södra´s mills in Värö and Mönsterås) also have a condensing steam turbine and a
bark boiler with overcapacity which further increases the mill´s flexibility
potential (ca + 5 MWe).
Furthermore, the study indicates that the total free-available power reserve of the
Swedish pulp and paper industry is up to ≥ 100 MWe. The analysis was herein
based on the existing power demanding processes at the eleven largest kraft pulp
mills plus two smaller kraft mills in Sweden, corresponding to more than 85 % of
all kraft pulp production and chemical mills within Sweden. If also all TMP
(Thermo Mechanical Pulp) mills are included in the estimation, additional 500
MWe could be made available if electricity price increases to > 100 €/MWh.
Estimated cost savings from increased flexibility (with existing process units)
towards the electricity market
By shifting operation of existing process units (wood yard, pulp dryer, waste
water treatment, condensing turbine) from high-priced to low-priced hours,
electricity cost savings up to 15 % per process unit were obtained for future
electricity market prices. This without any losses or other additional costs for the
mill. On the other hand, with 2015-2017 electricity prices, the electricity cost
savings were found to be modest, i.e. 2-7 % depending on depending on the
process, year and method considered.
Potentials of and limitations for electro-fuel (P2G/P2L) production in the pulp
and paper industry
If all the biogenic (green) carbon dioxide annually emitted from the Swedish pulp
and paper industry (22 Mton/year) were captured and reacted with renewable
hydrogen produced by for example P2G, it would theoretically be enough to
produce up to a few tenths of Mtons renewable methane or methanol; volumes
that can replace fossil alternatives with significant climate gains as a result. As a
reference, it could for example be mentioned that for the Swedish polymer
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production to produce paint/varnish, etc, the use of renewable electro-methanol as
raw material instead of today´s natural gas-based methanol (1,5-2 Mton/year)
would correspond to an annual climate emission saving up to several hundred
kton carbon dioxide [87].
However, it is evident from this study that it not the availability nor the capture of
carbon dioxide that are the limiting factors for implementing electro-fuel
production at the mills. Instead, the results point to that the actual implementation
is limited by the availability of electricity at the mills and the market conditions
for green chemicals/fuels (see under “Flexible use of electrolyser and hydrogen
storage and electro-fuel production costs”). This conclusion was herein found to
be valid for both stand-alone pulp mills and integrated pulp and paper mills.
To exemplify with some figures, an installed electrolysis capacity as large as 20100 MWe would only need 1-7 % of the available carbon dioxide for producing as
much as 110 to 540 GWh/yr methanol or 130-670 GWh/yr methane. No or minor
loss in steam and internal power production followed by the carbon dioxide
capture and fuel synthesis were in these cases found (0 -5 %). Based on the
reasoning with the participating industries in this study, the maximum possible
capacity of electrolysis should be approximately equal to the mill´s own
electricity consumption minus the electricity needed for the fuel synthesis. For the
reference mill used in this analysis, this would mean a maximum electrolysis
capacity of around 65 MWe.
Flexible use of electrolyser and hydrogen storage and electro-fuel production
costs
In this work, an analysis investigating whether it is profitable to invest in excess
electrolysis capacity in order to enable a flexible electricity consumption was
made. This analysis assumed that a certain amount of hydrogen needs to be
delivered to downstream processes every hour. The optimization weighs the
benefits from flexibility (avoiding high-priced hours) against the increased
investment costs associated with hydrogen storage and excess electrolysis
capacity.
Using the electricity prices of the future scenarios, it was found to be profitable to
invest in excess electrolysis overcapacity to enable additional flexibility at the
mill. In the future, additional revenues can also be expected from utilizing this
overcapacity to participate in the balancing market. With 2015-2017 electricity
price data, on the other hand, this increased investment cost could not be
motivated.
When using the 2015-2017 price data, the production cost of hydrogen found to
vary between 55 and 68 EUR/MWh, depending on scenario. The corresponding
values for the future price scenarios are 81 to 99 EUR/MWh. The cost calculation
included capital costs for electrolysis and hydrogen storage, O&M costs, and costs
for electricity and water. The calculated production costs for methanol range from
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85 to 158 EUR /MWh, whereas the estimated costs for methane were found to be
around 10 % lower. It can be concluded that the calculated costs are higher (from
about 10 % to more than the double cost) than the market price as of today but are
expected to significantly decrease as the investment cost for electrolysis and CO2capture with time decrease.
Finally, this project has mainly been focused on estimating the potential value
from flexibility that can be obtained by acting on the day-ahead electricity spot
market. Electrolysis may also however be able to participate in the balancing
service markets operated by Svenska Kraftnät. However, because of the current
market structure for these services, only rough quantifications of how much
revenue electrolysis would be able to gain from selling such services could herein
be estimated, leaving more detailed analysis for future work.
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9.

Further work

Suggestions for further work are:
•

To investigate the potential power reserve more in-depth at specific mills.
As every mill has its unique situation, this study can only be considered as
screening potentials. A more in-depth study at one or two specific mills is
therefore to propose as the next step to obtain more accurate data on freeavailable flexibility at the mill(s). To exemplify, each Swedish mill has its
unique energy balance and efficiencies for the existing power demanding
process units. Some mills have new recovery boilers with a steam pressure
at 100 bar or higher and some have recovery boilers that are over 40 years
old and have a more modest 60 bar steam pressure. In addition, the largest
steam consumer in the pulping process, the evaporation plant, has also
varying efficiencies. In addition, mills may have other processes that
consume steam and power from surplus steam such as wood-pellets
machine, CTMP machines or fluff pulp dryers. On the other hand, some
mills have access to additional biofuels from a sawmill and therefore an
even larger potential of increasing power production.

•

To investigate how the electrolysis may be able to participate in the
balancing service markets. This demands however more information about
the future incentive and that bidding rules are on place.

•

To investigate new areas of applications at the mill site for the surplus
oxygen produced by the electrolysis which could potentially improve the
overall business case of electro-fuel production. The surplus oxygen may
be used to bleach pulp, enrich combustion air in the recovery boiler or the
lime kiln to improve the NOx control, increase capacity or improve the
efficiency of CO2 capture.

•

To investigate the impact of the low-pressure steam-consuming carboncapture process on the energy balance of an integrated mill. In addition, it
would be interesting to study the possibility to store carbon dioxide on
site. In this way, also the capture process could contribute to a flexible
production. In addition, this could also open up for the possibility to sell
biogenic carbon dioxide to other consumers or ship it to a sequestration
site.

•

To investigate the techno-economic potentials of combining electro-fuel
production with the Lime Arc technology in more detail as well as the
added values (economic and environmental) of also integrating electrolysis
of sodium sulphate at the mill, especially in light of stricter limits on
emissions and high market prices for chemicals.
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Appendices
A1. Description of typical pulp and paper mills

A pulp mill comprises of chemical and/or mechanical operations that convert
wood logs or other cellulosic materials into pulp and energy. There are distinct
pulp production processes that can be classified as chemical, mechanical and
hybrid, as the chemi-thermomechanical (CTMP) process. Today the chemical
pulp makes up the largest share of the market pulp and the two most common
chemical pulping processes are known as the sulphate (or kraft) process and the
sulphite process. The sulphate process is the dominant because it enables the
recycling of almost all the pulping chemicals, accepts a wider variety of types of
wood and produces stronger fibres than the sulphite process. The sulphite pulp, on
the other hand, is preferentially used for specialty papers and as a source of
cellulose for non-paper applications as, for example, dissolving pulp.
The kraft pulp process

Sulphate pulping is an alkaline process wherein lignin is removed by the action of
sodium hydroxide and sodium sulphide. The pulping digester operates at about
175°C for 2-5 h or at lower temperatures (140-150°C) for longer hours. The
sodium sulphide in kraft pulping promotes the scission of the lignin ether bonds
and inhibits undesirable condensation reactions. Some sulphur is also incorporated
into the sodium lignate.
The solubilized sodium lignate and spent chemicals remain in aqueous solution as
‘black liquor’. The black liquor is concentrated and burnt in the recovery boiler to
regenerate the pulping chemicals. Because unrecovered sodium and sulphur are
replenished by adding sodium sulphate, the process is called ‘sulphate pulping’.
The sulphate process produces high yields of strong fibres, hence the name ‘kraft’
meaning strong in German.
Modern non-integrated sulphate pulp mills are energy self-sufficient, primarily
because of energy recovery from burning the black liquor in the recovery boiler.
Practices to ensure good chemical recovery rates in the pulping and chemical
recovery processes can reduce energy consumption.
The main process areas in a kraft pulp mill are described as the woodyard, the
fiberline, the recovery area and the waste water treatment plant (Figure A1-1).
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Figure A1-1. General process diagram of a kraft pulp mill (source: MetsoPaper).

In the woodyard wood logs are debarked, chopped into wood chips, and screened
to meet the dimension specifications for an effective chemical cooking in the
digester.
The fiber-line includes the digester, where heat and chemicals break down the
lignin which binds the cellulose fibres together. The cooking liquor is called white
liquor and the active cooking chemicals are NaOH and Na2S. The fibre screening
removes knots, the washing and oxygen delignification units remove more lignin
from the fibres. The bleaching plant chemically bleaches the fibres in sequential
stages using hydrogen peroxide, oxygen and/or ozone
[https://en.wikipedia.org/wiki/Chlorine_dioxide]. The final process step is the
drying machine where the pulp suspension is dried to ca. 90% dryness and a pulp
sheet is formed to be cut and bailed as the final product.
The recovery area includes several operations where steam and electricity are
generated, and the cooking chemicals are recovered and reused in the mill process
(Figure A1-2 and 3). The lignin-rich liquor resulting from the cooking of wood is
concentrated in the evaporation plant and burnt in the recovery boiler to recover
the chemical energy from the organic material in the so-called black liquor and to
reduce Na2SO4 to Na2S, one of the active cooking chemicals in the white liquor.
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Figure A1-2. General diagram of the recovery of chemicals in a kraft pulp mill.

In the final last effect of the evaporation plant, ash from the electrostatic
precipitator of the recovery boiler is mixed with the increasingly dry black liquor
(heavy black liquor). The final black liquor dry solids content is, depending on the
layout of the evaporation plant, between 70 % and 85 % dry solids. The liquor is
now called “as-fired” black liquor and is preheated and pumped to the recovery
boiler for combustion.
The as-fired black liquor is fed into the recovery boiler furnace through liquor
guns mounted on the boiler walls. The combustion takes place in suspension
above a bed of molten inorganic chemicals, called the smelt bed. In the smelt bed,
the pulping chemicals are reduced in an endothermic process. The excess of smelt
flows out of the recovery boiler through openings in the bottom part of the walls
called smelt openings. The smelt then flows along smelt spouts down into the
dissolving tank, where the smelt is dissolved in weak liquor.
The hot flue gasses from the combustion zone travel upwards in the boiler through
the superheater, boiler bank and economizer region before it reaches the flue gas
cleaning unit and the stack.
The largest recovery boiler in Sweden fires around 4000 tons of black liquor dry
solids per day, the smallest one 230 tons of dry solids per day.
Generally, the potential power generation increases with increasing steam
pressure and temperature. The limiting factor for the steam temperature is the
recovery boiler superheaters. With increasing steam temperature, the temperature
of the superheater tubes also increases and if the temperature is too high, the dust
will melt and stick to the tubes causing corrosion and plugging. The steam
pressure is limited by the pressure classification of the tube material. The flue
gases that enter the superheater have very high dust content, around 20 g/m3 or
more
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The state-of-the-art recovery boilers, today, have steam temperatures 500 – 515ºC
with boiler pressures 100 – 115 bar. These are however few (4 in Sweden, 2 in
Finland and around 10 in Japan).
More modest steam data is found in most recovery boilers today. One, also quite
small group, have steam data at 480 - 490ºC and 80 – 85 bar. Most of pulp mills
in the world today have recovery boilers with steam data 440 - 450ºC and 60 bar
or lower.
The potential to increase power production momentarily in a recovery boiler is
limited:
•
•

•

Most boilers are at or above their design liquor load. Any increase in fuel
flow (black liquor or fuel oil) would be detrimental.
Due to the long service life of a recovery boiler (40+ years), new boilers
are commonly oversized when they are commissioned, meaning that
future pulp production increase is accounted for in the new recovery
boiler sizing. Therefore, the steam network and the back-pressure turbine
are also oversized. For these units there exists an opportunity to generate
more power by firing another fuel in the recovery boiler beside the asfired liquor. Tall oil pitch or fuel oil are already today used to boost the
recovery boiler steam production in some mills. Bark and wood powder
have been studied (Värmeforsk, 2014), but not implemented.
Small improvement in steam generation can be accomplished with
retrofitted, modern multi-level air systems, by minimizing unnecessary
sooth blowing, by ensuring the boiler vessel is airtight to minimize false
air and by keeping the excess air factor low.

The smelt of inorganic salts (mainly Na2CO3 and Na2S) flowing out of the
recovery boiler is dissolved and sodium hydroxide (NaOH) is recovered in a
causticizing plant by means of a slaking reaction and causticization reaction with
burnt lime (CaO), also called quicklime. The burnt lime reacts with sodium
carbonate (Na2CO3) to lime mud (CaCO3), which is re-calcinated in a lime kiln to
recover burnt lime. Therefore, only makeup of sodium sulphate and either
limestone (natural CaCO3) or burnt lime is needed in the sulphate pulp mill to
compensate for small losses in the closed cycle process. The sulphite pulp mill
uses an acidic pulping method and, therefore, does not require a causticizing plant
and lime kiln, but uses a scrubber system for recovery of the acid instead.
The waste water treatment plant is where all effluents from the different mill
process areas are treated to meet the environmental regulations before being
discharged in the ocean, river or lake. The treatment typically comprises a
neutralization and equalization unit, a primary treatment consisting of a
sedimentation tank where most of the suspended solids are removed and if
required a secondary treatment with a biological degradation to reduce COD and
BOD significantly.
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Integrated pulp and paper mill process description

Pulp and paper mills can either be integrated or separated. An integrated mill
produces pulp on site without the need to dry it before conversion into paper,
which results in significant energy and transportation savings. The paper
production process differs depending on the paper grade, but the differences are
minor when compared to the differences in pulp production processes. Two main
production steps can be distinguished in a paper mill: the stock preparation and
the paper machine. In the stock preparation the pulp fibres are refined to increase
paper strength, depending on the required paper grade. The resulting fibre slurry
(or furnish) enters the first part of the paper machine, the forming section or wet
end, where the fibres are filtered, and the paper web is formed (Figure A1-3). The
dry solid content of the paper web at this stage reaches 16-25%. Then, the paper
web enters the wet pressing section where the dry solid content is further
increased to about 50-55%. The remaining water cannot be removed by
mechanical means but is evaporated in the dryer section through conventional
drying cylinders. The thermal drying is by far the most energy-intensive process
step. The finished paper web has a dry solid content of more than 90%. It is in the
dryer section that the web is treated with additives to change the characteristics of
the paper and, via a coating unit, the surface is covered with calcium carbonate or
china clay for coated papers such as gloss, silks and velvet types. The final
calendar section allows the paper web to pass between calendar rollers that
smooth out the surface of the paper.

Figure A1-3. General process diagram of a paper machine (source: Egmason 2010).

CTMP fiberline

Mechanical pulping is primarily used in integrated pulp and paper mills. In this
process fibres are separated using mechanical energy, thus electricity is the main
energy input (Figure ). With a yield of 90% to 100% (SkogSverige, 20122),
mechanical pulping is considered both a simple and efficient process, but with the
2

SkogsSverige, (2012), Mekanisk massa, Available at:
https://www.skogssverige.se/papper/fakta-om/massa-och-papperstillverkning/mekanisk-massa,
visited 2018-12-21

92 (97)

disadvantage that wood fibres are often damaged. Therefore, mechanical pulping
is mainly used for weaker paper such as newspaper, printing paper, towelling and
tissue. Mechanical pulp production yields substantial amounts of heat as side
product, which can be used in the integrated pulp and paper mill or for district
heating. Chemi-thermomechanical pulps (CTMP) are a hydride of mechanicaland chemical pulping to maintain a very high yield, increase the strength and to
reduce the required electrical power (Fellers and Norman, 19983).
In chemi-thermomechanical pulping, wood chips can be pre-treated with sodium
carbonate, sodium hydroxide, sodium sulphite and other chemicals prior to
refining with equipment similar to a mechanical mill. The conditions of the
chemical treatment are much less vigorous than in a chemical pulping process
since the goal is to make the fibres easier to refine, not to remove lignin as in a
fully chemical process. Optimization of the chemical pre-treatment or even the
use of an enzymatic pre-treatment can significantly reduce the power consumption
in the refining unit.

Figure A1-2. General process diagram of a CTMP pulping plant.

3

Fellers, Ch. and Norman, B., 1998, Pappersteknik: Institutionen för
Pappersteknik, Kungl. Tekniska Högskola, Stockholm, 3rd edition, 1998, ISBN
91-7170-741-7
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Bark Boiler

The most pulp mills in Sweden have in addition to the recovery boiler also a
power or bark boiler to convert rest products as, for example, bark into electrical
power. The bark boiler also balances the varying steam demand in the mill. It is
possible to expand the high-pressure steam in the same back-pressure turbine as
the steam from the recovery boiler. The number of operational hours and the load
is usually limited by the steam demand of the mill if not low-pressure steam is
cooled in a dump condenser or dumped to the atmosphere. Two pulp mills in
Sweden have installed condensing turbines to utilize surplus low-pressure steam
for increased electricity combustion. In this way, the bark boiler can be operated
independently form the steam demand in the mill.
As an alternative to the condensing steam turbine it should be possible to install a
CO2 capture plant as a consumer of low-pressure steam. In theory, the capture
plant can handle the fluctuation in the steam demand by adjusting the capture rate
to the available steam. More detailed studies are necessary to study the impact on
the specific capture cost caused by an oversized CO2 absorption plant and to find
the limitation of the flexibility of the capture plant. For a techno economic
evaluation, it is imported whether the reference case has a condensing steam
turbine installed or not. In the first case, the operation of a capture plant causes
reduction in green power generation and an unused condensing turbine. In the
second case with no condensing turbine in place, the green electricity could be
increased due to the large low-pressure steam demand. A prerequisite is that the
back-pressure turbine and the bark boiler have the capacity and that cheap fuel is
available.
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A2. Paper board machine

The cardboard machine produces coated and uncoated qualities. Production
capacity is largely dependent on product mix and produced weight. The fiber raw
material consists of bleached and bleached softwood pulp, bleached hardwood
pulp and chemistry thermomechanical pulp CTMP. An outline of the cardboard
machine is shown in figure A2-1.

Figure A2-1. Outline sketch of the cardboard machine.

cardboard machine’s main parts are the stock preparation, forming-, pressing- and
drying sections.
The carton produced can have up to four different layers, which is why there are
four different stock- and forming systems. Stock-preparation chemicals are used
to ensure that the different layers get the right composition and properties.
In the subsequent press section, the dry content is raised via two presses. The pulp
is then fed to a drying section, which is divided into several sections, for final
drying. The drying section is mainly heated by steam. After drying there is the
possibility of smoothing between rotating and heated steel rolls and coating the
cardboard on both top- and bottom side. In the coating part steam, LPG and
electricity (IR) are used for drying
The coating gives the carton its properties such as good printability, high
brightness and high gloss. The coating consists mainly of pigments such as clay
and chalk and binders.
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A3. Description of the CO2 absorption process

The basic process layout for a MEA based CO2 absorption plant is shown in
Figure A3-1a. The flow gas has to be cooled and is then feed into an absorption
column. Most of the CO2 is absorbed by a lean MEA solution that flows from the
top to the bottom of the packed column. The CO2 rich MEA solution is heated by
the lean solution and enters the CO2 stripper at the top of the column. The higher
temperature in the stripper causes desorption of CO2 and, thereby, the
regeneration of the solvent. This basic MEA process has been used as reference
process in many studies. In addition, the simulation software AspenONE provides
a set of thermochemical properties for simulation the absorption and desorption
processes of CO2 by MEA. In practice, more advanced process alternatives will be
used as for example the Fluor’s Econamine FG PlusSM and the Aker Solutions’
ACCTM. The ACCTM process applies in addition to the more advanced process
layout also tailor-made solvents that provide an improved tolerance to impurities
in the fluegas and lower energy consumption. As an alternative to MEA based
solvents aqueous ammonia solutions have been suggested (Figure A3-1b and
Gardarsdottir, 20154). The reactivity of the ammonia-based solvent is lower
compared to MEA, which has the advantages of less energy demand for the
regeneration of the solvent. The disadvantage is the larger cooling demand, the
slower absorption process, the ammonia slip and the sensitivity to impurities in
the flue gases.

Figure A3-1. Schematic overview of a: a) MEA-based process; and b) staged-absorption
setup for a ammonia-based process (Gardarsdottir, 20152)

The major part of the operational cost for CO2 capture comes from the heat
demand of the stripper since the desorption process is endothermic. The heat is
supplied by a re-boiler that is heated by low-pressure steam. I case of CO2 capture
in a pulp mill the required steam could be extracted from the 4.5 bar steam system
at cost for electricity generation and/or extra fuel consumption in the multi-fuel
4

Garðarsdottir, S.Ó., Normann, F., Andersson, K., and Johnsson, F., 2015,
Post-combustion CO2 capture using monoethanolamine and ammonia solvents: The influence of
the CO2 concentration on the technical performance. Industrial & Engineering Chemistry
Research, 54, pp. 681-690.
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boiler (bark boiler). The specific energy demand to capture CO2 is therefore a key
parameter for this study. Figure A3-2 shows the specific energy demand of the
reboiler as function of CO2 concentration in the flue gases. The energy demand
has been simulated for the two processes from Figure A3-1and have been
simulated with AspenONE by Gardarsdottir et al. (2015)2. The curves for MEA
and ammonia can be consided as two extrem cases. The expected commercial
processes base on Fluor’s Econamine FG PlusSM and the Aker Solutions’ ACCTM
will probably have an energy demand in between the values of Figure A3-2. Due
to the similarities to CO2 capture in coal-fired power plants a specific energy
consumption around 3.3 MJ/kg of captured CO2 (IEAGHG, 20115)

Figure A3-2. Specific heat requirements of MEA-based and ammonia-based absorption
systems for 2.5 to 40 mol% CO2 in the flue gas with a 90% CO2-capture rate in adiabatic
(solid dashed-dot lines) and intercooled (dashed lines) columns. The red vertical lines
indicate the CO2 concentrations of important emissions-intensive industrial processes
(diagram from Gardarsdottir, 20176)

Three main sources of emissions of CO2 in a pulp mill can be identified:
a) The recovery boiler
b) The lime kiln
c) The power boiler (or bark boiler)
5
6

IEAGHG, 2011, Retrofitting CO2 Capture to Existing Power Plants, 2011/02.
Garðarsdottir, S.Ó.,2016,XXXX,YYYY,ZZZZ
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A fourth emission source is the strong gas boiler, however strong gas boiler is
excluded from this study as it only makes up about 1-2% of the total fuel usage at
the mill, and thus makes up a small share of the total CO2 emissions.
Of the three emission sources the recovery boiler is by far the largest. Further
information about the flue gas composition from the reference model kraft pulp
mill with a maximum rated capacity of 700 000 ADt/y used in this study is found
in Table A3-1.
Table A3-1. Flue gas flow, temperature and composition from the main pulp mill emission
sources.
Recovery boiler

Lime kiln

Power boiler

Flue gas flow rate (tonne/h, wet)

722

82

16

Temperature (°C)

175

250

175

CO2 (%wt, wet)

21

30

19

N2 (%wt, wet)

63

50

62

O2 (%wt, wet)

2.4

5

4.5

SO2 (%wt, wet)

0

0

0

H2O (%wt, wet)

14

15

50

CO2 flow rate (tonne/h)

150

24

15

CO2 (% of total)

79

13

8

The energy consumption

In this analysis, we assume that the carbon dioxide is captured at the pulp mill in
connection to the electro-fuel process and that the carbon dioxide concentration in
the flue gases is 21 wt% (wet). We assume that the concentration is the same in
both the lime kiln and the recovery boiler. In principal, it is possible to increase
the concentration of CO2 in the lime kiln to 30 wt% (wet) in case a solid biofuel
such as bark or wood powder combusted. However, today, it is unusual that the
CO2 concentration is that high because the flue gases are diluted with a lot access
air.

