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Sammanfattning

Europeiska anstrangningar att uppnd netto-negativa utslapp kan bli avsevirt
dyrare utan biomassa 1 energimixen. Resultaten visar att uteslutning av biomassa
fran Europas framtida energisystem skulle 6ka de totala systemkostnaderna med
~20%, ungefar motsvarande regionens nuvarande forsvarsutgifter. [ [IPCC-
scenarier ses biomassa ofta tillsammans med koldioxidavskiljning och lagring
(CCS). Osikerheter kring biomassatillgang paverkar dock potentialen for negativa
utslépp, och mojligheter till CCUS péverkar kostnadseffektiva strategier for
biomassaanvindning. I detta projekt analyserades hur biomassa i kombination
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med CCUS forandrar resurs- och kostnadseffektiv biomassaanviandning for att
uppnd klimatmaélen i energisystemet (el, virme, transport och industri), under
vilka forhdllanden det infangade kolet anvénds istdllet for att lagras, vilka
osdkerheter som paverkar dessa aspekter och hur detta i sin tur kan péverka
energisystemet som helhet.

Biomassa dr en mangsidig men begrénsad fornybar resurs, och anvdandningen
behover prioriteras. Medan biomassa spelar en viktig roll mot fossilfrihet, kan
dess mest vardefulla bidrag vara som en kalla till férnybart kol som kan fingas
och antingen lagras under jord eller anvdndas for att producera syntetiska
bréinslen.

En liten méngd biomassa-driven elproduktion - cirka 1% av den totala
produktionen - skulle hjilpa till att uppritthalla elforsorjningens tillforlitlighet 1 ett
system dominerat av vind- och solkraft. Utover denna nischroll kan biomassa
dock anvéndas flexibelt 6ver olika sektorer utan att paverka kostnaderna avsevirt.
Det spelar mindre roll om biomassa anvinds for kraftviarme,
drivmedelsproduktion eller industriell processvarme, om dess kolinnehall
utnyttjas effektivt genom koldioxidavskiljningstekniker.

Att helt ta bort biomassa skulle dock krdva en betydligt storre och mer utmanande
expansion av fornybar el, elektrolysdrer och direct air capture. Detta skulle 6ka
kostnaderna for det Europeiska energisystemet med \textasciitilde20%, eller 169
miljarder euro arligen.

Medan oro §ver biomassans hallbarhet har lett till stringare restriktioner i EU-
politiken, pekar studien pé att uteslutning av biomassa skulle géra klimatmélen
avsevért dyrare och mer utmanande att uppna.

Summary

European efforts to achieve net-negative emissions could become significantly
more expensive without biomass in the energy mix. Results suggest that excluding
biomass from Europe's future energy system would increase total system costs by
~20% - roughly equivalent to the region's current defence spending.

Biomass is often seen jointly with carbon capture in influential studies and [PCC
publications. However, uncertainties regarding biomass availability affect the
potential of negative emissions and carbon storage or usage availability affects
cost-effective biomass usage strategies. We bridge a gap in the academic research
on biomass usage and carbon capture, by assessing biomass usage in a state-of-
the-art sector-integrated energy systems model with a high spatio-temporal
resolution. We assess how biomass in combination with CCUS changes the
resource- and cost-efficient use of biomass to achieve climate targets across all
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energy systems (electricity, heat, transport, industry), under which conditions the
captured carbon is used instead of stored, how various uncertainties affect these
aspects and how this in turn may affect the energy system as a whole.

Biomass is a versatile but limited renewable resource, and usage needs
prioritisation. While biomass plays a vital role in decarbonisation efforts, its most
valuable contribution may not be as an energy source per se, but rather as a source
of renewable carbon that can be captured and either stored underground or used to
produce synthetic fuels.

A small amount of biomass-powered electricity generation - around 1% of total
generation - would help maintain grid reliability in a system dominated by wind
and solar power. Beyond this niche role, however, biomass could be deployed
flexibly across different sectors without significantly impacting costs. It matters
less whether biomass is used for combined heat and power, liquid fuel production
or industrial process heat, if its carbon content is utilized effectively through
carbon capture technologies.

Yet completely eliminating biomass would require a substantially larger and
potentially more challenging expansion of renewable electricity, electrolysers, and
direct air capture facilities. The study finds that this drives up system costs by
~20%, or €169 billion annually.

The findings highlight the delicate balance policymakers must strike. While
concerns about biomass sustainability have led to tighter restrictions in EU policy,
the study finds that excluding biomass entirely makes climate targets significantly
more challenging and expensive to achieve.

Inledning/Bakgrund

Biomass can be used for many applications within the energy system, such as heat
and biofuels, and can serve as a renewable dispatchable power reserve. Combined
with CCS it can enable negative emissions which can offset difficult to reduce
emissions from e.g. agriculture [1]. However, the sustainable biomass potential is
limited and uncertain, and the potential of carbon capture and storage is uncertain
and unproven. While there is potential for cost-effective negative emissions with
BECCS, the reliance on both biomass [2—4] and carbon capture [5—7] for
achieving climate targets is coupled with risks and sustainability concerns,
dividing both the academic community and the public debate.

Biofuels may be needed to achieve sectoral renewable targets in transport,
especially in e.g. aviation where other alternatives are scarce. This would however
reduce the potential for BECCS, which is higher in stationary applications such as
combined heat and power plants. Also, there may be benefits to using the captured
carbon as a resource for producing electrofuels or chemicals for sectors where
electrification is not a viable option [8—10].
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Global climate and energy integrated assessment models (IAMs) often include
bioelectricity and biofuel production coupled with CCS [11, 12]. If either biomass
or CCS is excluded, results differ substantially, often with ambitious climate
targets out of reach [13—15]. Recent analyses indicate a higher potential
deployment of variable renewables (solar photovoltaics and wind power) and the

possibility to achieve ambitious climate targets with less negative emission
technologies [16—18].

Also, the potential role of Direct Air CCS (DACCS) has recently been
highlighted, which is coupled with a large cost uncertainty but also a high
potential [19-22]. The uncertainty and divided discourse on both bioenergy and
CCS has led to a rather polarised academic discussion on BECCS. While in many
studies it is required to achieve climate targets [11], others exclude CCS
altogether [23-25], some include bioenergy but instead of BECCS use DACCS
[26] and some exclude both bioenergy and CCS [27, 28]. There is also criticism
regarding the realism and real-world achievability of energy system optimisation
modelling results [29, 30]. Taking current infrastructure, existing and planned
point-sources and other constraints into account is important to assess biomass
usage at least for the medium term and can be contrasted to biomass usage in less
constrained long-term energy system futures.

Although a broad range of biomass and CCS scenarios have been assessed in
global models [14], the range of possible outcomes and the sensitivity to different
parameters regarding biomass and CCS has not been analysed with a high spatio-
temporal resolution. This is important, as biomass and carbon capture are often
co-dependent, but also depend on the deployment of variable renewables, which
are better depicted using a high spatio-temporal resolution. Spatial details are also
important to capture transmission, as well as transport of biomass and captured
COa.

Analyses with high spatio-temporal detail which include competing usages of
biomass, DACCS and the usage of captured carbon as a feedstock in industry or
for fuel production (carbon capture and utilization, CCU) are lacking. Often, the
usage of carbon has been assessed in a binary fashion, with the option of CCS
either available or not [8, 10]. Carbon storage is controlled by a few actors and the
scaling up of new technologies such as CCS may prove to be challenging [31],
which may drive up prices and affects biomass and carbon usage and negative
emission strategies. More detailed analyses of factors and determinants and their
uncertainty is thus required.

The knowledge on BECCUS is increasing, with several projects ongoing or
planned. Diverse strategies are pursued regarding usage of the captured carbon,
with closeness to ports being an important factor. BECCS initiatives in Sweden
include CinfraCap [32], Stockholm Exergi [33], Cementa [34] and Stora Enso
[35]. Commercial carbon storage sites in Norway are emerging, with an
agreement with Swedish companies [36]. There are several BECCU initiatives
focusing on electrofuels [37—41] and chemicals [42]. The increasing knowledge
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base can be used to improve data, increase the detail in the modelling, and to
highlight uncertainties which are yet to be overcome.

The purpose of this project is thus to highlight the effect of uncertainties regarding
biomass and carbon capture on long-term strategies for biomass usage. The effect
of different biomass availability and industry and energy system scenarios will be
assessed and combined with up-to-date knowledge from concrete CCUS
initiatives and from companies with a CCUS strategy, and through analyses in a
state-of-the-art sector-integrated European energy system model.

Biomass is a key part of a Swedish strategy to achieve net-zero emissions by 2045
and net- negative thereafter [1]. However, biomass is a limited resource and the
resource base, costs, trade- offs, abatement potential and usage are all intensively
debated [43—48]. The uncertainties and versatility of biomass present a challenge
for policy as well as for the affected investors and other stakeholders. The limited
biomass resource can be used for many applications and cost-effective biomass
usage strategies for achieving overall climate targets depend e.g. on available
alternatives in each usage and on the availability of carbon storage. Thus,
assessments of biomass usage demand a broad scope.

Biomass and CCS can be seen as being co-dependent for achieving climate
targets; limitations on biomass affect the potential and cost of CCS and negative
emissions, and limitations on CCS may alter the cost-effective usage of biomass
for achieving climate targets. Analyses with a high technology detail which
include all relevant energy sectors where the limited biomass can be used, and
where these sectors are coupled are needed. Such analyses also need to include the
relevant other, competing renewable alternatives. This is important in order to
assess the long-term role of biomass usage in combination with CCS and not
merely short-term fossil substitution benefits, which change over time and depend
on other available alternatives in each sector.

Further, a high temporal detail is needed to assess the role of biomass as a
complement to variable renewables. A high spatial detail enables a better
depiction of regional supply and demand characteristics and
transmission/transport issues. Uncertainty analyses of such detailed systems give a
fuller picture of the robustness of results and especially biomass usage and are
useful for decision makers. Analyses which adhere to all of these aspects are
lacking.

A comprehensive analysis containing all of these aspects allows a holistic
assessment of biomass usage. A focus on highlighting and quantifying the effect
of inherent uncertainties over a span of future scenarios helps to analyse biomass
usage strategies which hold over a manifold of possible futures and thus can be
seen as being relatively robust. Such an analysis helps guide policy towards
steering for areas where action is particularly necessary. The main research
question to be assessed was the following:
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* How does the combination of bioenergy with carbon capture and storage
or utilization alter resource efficient and cost-effective biomass usage for
achieving climate targets in the energy system?

This research question was sub-divided into several smaller research questions:

* How do uncertainties regarding biomass and carbon storage affect long-
term resource efficient and cost-effective biomass usage in power, heat,
transport and industry for achieving climate targets?

* How do these uncertainties alter the configuration of the overall energy
system, how robust are different usages to the uncertainties and what
policy implications can be derived?

* Under which circumstances is captured carbon more cost-effectively
stored and when is it utilized for e.g. the manufacture of electrofuels?

The identified knowledge gap combined with concrete Swedish strategies for
negative emissions provides an opportunity to be a prime mover, both in business
as well as in research. This project will set biomass usage strategies in a larger
context and thus help inform decision makers towards sustainable biomass
resource usage. It also enables the competence building of the researchers
involved within a timely subject of global importance, thus contributing to the
global science community. The results will be used to inform policy in the form of
policy briefs and a policy dialogue workshop with key Swedish stakeholders, and
will also be disseminated within the reference group.

Genomforande

The project was subdivided into three working packages, as detailed below.

Markus Millinger led the project, with contributions from Fredrik Hedenus,
Daniel Johansson and Lina Reichenberg.

The project was accompanied by a reference group, with which research
questions, results and analyses were discussed:

* Stockholm Exergi - Fabian Levihn, Forskningschef Stockholm
Exergi/Docent KTH

» Stora Enso - Conny Johansson, energichef Stora Enso
* Klimpo - Karolina Unger
* Preem - Cecilia Hellman

The project was carried out between June 2022 and December 2024.
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WP1 - Data (jun 2022 - jun 2023)

In this working package, data on biomass, bioenergy conversion and CCUS were
assembled and updated/supplemented in the model. The data includes: 1) A
detailed parametrisation of bioenergy technologies with and without CCS/CCU,
including fit of different biomass types to different processes. 2) Data on existing
and planned point sources where BECCS is a viable option. 3) CO2 transport data
(train, lorry, ship, pipeline), storage sites (including scale, scale-up, plans,
costs/prices).

WP2 - Energy system modelling (sep 2022 - jun 2024)

The modelling was performed with the sector-coupled energy system model for
Europe (PyPSA [49]). Analyses for the medium and long term (2030/2050) were
performed, with an emphasis on sensitivity analysis and assessment for many
parameter variations in order to assess the robustness of biomass usage strategies
and the resulting energy system.

In this working package the model development was handled: 1) data from WP1
on e.g. integration of point-sources in the model, update of bioenergy technology
configuration are integrated into the model, 2) methods are chosen/developed for
especially the spatial handling of biomass and CO?2 transport, 3) scenario and
sensitivity analysis setup in close collaboration with WP3.

The working package determined the suitable level of spatial detail for Sweden,
and for the rest of Europe (with a suitably lower detail), and sets up both the
brownfield and greenfield analyses.

WP2 contributed to the open-source model development of the sector-coupled
european energy system model PyPSA [49, 50] and handled communication with
the international PyPSA community. Model runs were set up on the high-
performance computing cluster C3SE at Chalmers University of Technology [51].

WP3 - Scenarios and analysis (jan 2023 - dec 2024)

This working package handled defining scenarios and sensitivity analyses and
analysis of modelling results.

The sensitivity analyses were comprehensive and involved e.g. variations on
biomass resource potentials, costs, carbon capture efficiency, transport option
costs, storage availability and scale-up, solar and wind power deployment,
transmission, electrification rate/sector coupling, weather years. Carbon storage
deployment limitations and storage prices may affect usage pathways and were
assessed. Policies such as emission targets, sectoral renewable targets, emission
pricing etc. were explored.

This working package also handled the relation of the results and analysis to
policy, and derived policy recommendations.
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Resultat

The first study, published in Nature Energy [52] with an accompanying policy
brief [53], explored near-optimal solutions for biomass usage in the energy
system. Biomass is a versatile renewable energy source with applications across
the energy system, but it is a limited resource and its usage needs prioritisation.
We use a sector-coupled European energy system model to explore near-optimal
solutions for achieving emissions targets. We find that provision of biogenic
carbon has higher value than bioenergy provision. Energy system costs increase
by 20% if biomass is excluded at a net-negative (—110%) emissions target and by
14% at a net-zero target. Dispatchable bioelectricity covering ~1% of total
electricity generation strengthens supply reliability. Otherwise, it is not crucial in
which sector biomass is used, if combined with carbon capture to enable negative
emissions and feedstock for e-fuel production. A shortage of renewable electricity
or hydrogen supply primarily increases the value of using biomass for fuel
production. Results are sensitive to upstream emissions of biomass, carbon
sequestration capacity and costs of direct air capture.

Another study, published in Environmental Research Letters [54] explored the
emerging potential of atmospheric methane removal (MR) as a complementary
strategy to carbon dioxide removal (CDR) in climate mitigation pathways. Given
methane’s significant contribution to global warming and the challenges in
reducing agricultural methane emissions, the study examines the conditions under
which MR could become a cost-effective alternative to CDR. Using the ACC2-
GET inte- grated climate-energy model, the analysis evaluates MR’s cost and
removal potential thresholds necessary to meet climate targets at lower or
comparable abatement costs to bioenergy-based CDR (BECCS). Results indicate
that MR could entirely replace BECCS if removal potentials reach 180-320
MtCH4/year (50-90% of current anthropogenic methane emissions) at unit costs
ranging between $10,000 and $34,000 per ton of methane, depending on the
climate target. Furthermore, substituting CDR with MR redistributes climate
mitigation efforts across generations by delaying the burden, offering insights into
the economic and temporal implications of deploying MR technologies.

A third study [55], accepted for publication in Environmental Research Letters,
explored the effect of solvents and sorbents for carbon capture on energy system
cost. Technical carbon dioxide removal through bioenergy with carbon capture
(BECC) or direct air capture (DAC) plays a role in virtually all climate mitigation
scenarios. Both of these technologies rely on the use of chemical solvents or
sorbents in order to capture CO2. Lately, concerns have surfaced about the cost
and energy implications of producing solvents and sorbents at scale. Here, we
show that the production of chemical sorbents could have significant implications
on system cost, energy use and material use depending on how much they are
consumed. Among the three chemical sorbents investigated, namely
monoethanolamine (MEA) for post-combustion carbon capture, potassium
hydroxide (KOH) for liquid direct air capture and polyethylenimine-silica (PEI)
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for solid sorbent direct air capture, we found that solid sorbent production for
direct air capture represents the highest uncertainties for the system. At the high
range of solid sorbent consumption, total energy system cost increased by up to
6.5% compared to the base case, while effects for other options were small to
negligible. Scale-up of material production capacities was also substantial for
MEA and PEI. While PEI has the advantage of requiring a lower sorbent
regeneration temperature than KOH, the potential production cost may outweigh
these benefits. There is thus a trade-off between the advantages and the additional
cost uncertainty regarding sorbents. Implications of sorbent consumption for
carbon capture technologies should be considered more thoroughly in scenarios
relying on solid sorbent direct air capture.

Diskussion

To meet climate targets, net-negative emissions in the energy system are likely
necessary, with direct air capture and bioenergy with carbon capture and
utilization or storage seen as important technology options. While bioenergy can
be associated with both positive and negative environmental, social and economic
effects, concerns about negative impacts have led the European Union to cap
biofuels from food and feed crops and to increasingly emphasize the use of waste
and residue resources. Further policy development needs to be informed about
intersectoral competition and effective use of biomass resources alongside
emerging options such as direct air capture, low-carbon electrolysis and e-fuels.

Biomass associated with low upstream emissions offers cost-effective renewable
carbon for negative emissions and production of chemicals, aviation and shipping
fuels, reducing the need for more costly options like direct air capture. Policy
support for sustainable biomass use alongside emerging technologies reduces
energy system costs and the risk of missing emissions targets.
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Model development carried out in this project is available open source with an
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been enhanced and represent state-of-the-art in energy systems modelling, as
outlined in [52].
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