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Biochar carbon removal (BCR), achieved by stabilizing biogenic carbon through biomass pyrolysis, is gaining
attention as a potential climate mitigation strategy. Yet, its future remains uncertain due to evolving market and
regulatory conditions, and existing research provides limited insight into how these uncertainties interact to
shape alternative deployment pathways. Using Denmark as a national case, this study combines expert in-
terviews, stakeholder ranking, and scenario modeling to map critical uncertainties and explore plausible future
pathways. Seven uncertainty categories are identified, with four emerging as critical: subsidies, carbon prices,
regulations concerning biochar's agricultural use, and biomass availability. Stakeholders highlighted carbon
prices and agricultural regulations as particularly decisive, which were then used for scenario development. Our
results suggest that pyrolysis is relevant across all futures, but its role and scale differ markedly. Depending on
the interaction between carbon prices and regulatory action, BCR may i) evolve as a large-scale carbon removal
pathway, ii) shift towards non-agricultural biochar uses, iii) be confined to niche environmental applications
such as sewage sludge treatment, or iv) become viable only within narrow subsidy-defined limits. These findings
challenge implicit assumptions that technological readiness and rising carbon prices alone will lead to wide-
spread BCR deployment. We demonstrate how deployment hinges on stable economic incentives and clear,
predictable regulations. We conclude with recommendations for enabling the climate and environmental benefits

of BCR across different plausible futures.

1. Introduction

The pathways of the Intergovernmental Panel on Climate Change
(IPCC) that limit global warming to 2 °C require both the reduction of
greenhouse gas (GHG) emissions and the removal of already emitted
GHGs from the atmosphere [1]. An example of a carbon dioxide removal
(CDR) technology that can achieve this is biochar, the solid product of
biomass pyrolysis. Pyrolysis is the thermochemical conversion, at
elevated temperatures and without oxygen, of organic material into
biochar, bio-oil, and syngas [2-4]. It stabilizes the carbon in the
biomass, enhancing its capacity for storage, for example, when applied
to agricultural soils. This CDR technology is known as biochar carbon
removal (BCR) [5]. Even though biochar has many different environ-
mental applications, each with differing levels and effectiveness of
carbon removal, BCR is commonly achieved by storing biochar in agri-
cultural soils, where it can have additional agronomic and environ-
mental benefits [5], such as reduced nutrient leaching [6] and water use
efficiency [7]. The use of biochar to improve agricultural soil is its oldest

known application, dating back 2000 years to the Terra Preta de Indio,
which are man-made, black soils in the Amazon Basin showing increased
fertility [8].

In Denmark, the combination of climate mitigation and agriculture is
central to current biochar developments [9]. With its 2020 climate law
[10], Denmark aims for a 70% reduction of its GHG emissions by 2030
compared to 1990 and net climate neutrality by 2050. Implementing
this national ambition through sector-specific plans, biochar was a
crucial part of the 2021 agricultural sector plan. The plan envisioned
annual removal of 2 Mt (megatons or 1,000,000 tons) COse (carbon
dioxide equivalents) in 2030, amounting to 25% of the required sectoral
emission reductions (i.e., 6-8 Mt CO-e) and 10% of the total national
reduction [9,11]. A 2024 revision lowered ambitions to 0.3—-0.6 Mt CO5e
in 2030 with a subsequent increase to at least 1.2 Mt COse in 2045. Even
so, biochar's role as a climate mitigation strategy in Denmark remains
ambitious, which has been supported through the announcement of a
substantial subsidy for BCR, amounting to 10 billion DKK (1.3 billion
EUR) from 2030 to 2045 [12].
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Despite these ambitions, large-scale BCR deployment in Denmark
has yet to take hold and its future remains shrouded in uncertainty. This
is exhibited by farmers currently only experimenting with biochar in
pilot projects [9] and the first large-scale plant (exceeding 20 kt COze of
annual BCR) being commissioned in late 2024 [13]. These developments
relate to a broader context of policy and market uncertainty since the
2021 political agreement, such as i) climate effects and marketability, ii)
scale and cost of relevant biomass, iii) amount and timing of investment
capital, iv) product market size and robustness, v) content and timing of
Danish regulation for biochar production and use [14].

This study explores the uncertainties impacting BCR deployment in
Denmark and outlines relevant pathways for future deployment through
a mixed-methods approach combining expert interviews, factor ranking,
workshops, and scenario modeling. While previous studies have iden-
tified barriers affecting national biochar industries [15,16], this is the
first time multiple deployment scenarios have been developed. Based on
the example of Denmark, we propose a methodological framework that
could inform similar analyses in other geographies, contributing to
global BCR deployment.

2. Method

To better understand the factors influencing the future of biochar
carbon removal (BCR) in Denmark, a foresight study was undertaken.
Fuerth and colleagues [17] defined foresight as “a distinct process of
monitoring prospective oncoming events, analyzing potential implications,
simulating alternative courses of action, asking unasked questions, and
issuing timely warning to avert risk or seize an opportunity.” It aims to
produce novel and actionable insights, through the collection, aggre-
gation, and transformation of disparate information and assumptions
about the future and the validation and simulation of novel strategic
options in the present. Foresight relies on interdisciplinary group dis-
cussion and participatory deliberation to establish intersubjective vali-
dation. It is commonly understood both as a toolbox of frameworks and
methods, and as a capability mediated by cognitive engagement. As a
toolbox, foresight includes tools such as multiple scenario development,
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stakeholder simulation, technology roadmapping, and innovation fore-
casting. As a capability mediated by cognitive engagement, each of these
frames the future in the present differently, giving it concrete form
through outputs such as point forecasts, scenario narratives, develop-
ment plans, or plausible stakeholder actions under varying conditions.
By identifying and exploring previously unthought futures, these con-
structions support new inquiry, conjecture development, and anticipa-
tory action pathways. These are used to shape the future to the benefit of
the organization or group, with a focus on a shared problem [18,19]. In
this article, the research follows the foresight process articulated by
Voros [20], continuously generating and capturing insights about the
future of BCR. These are formulated and curated to serve as outputs in
the form of recommendations. Fig. 1 shows the different steps under-
taken, which are explained in the remainder of this section.

2.1. Sampling strategy

The sampling of experts was purposive and non-probabilistic. Pur-
posive sampling, wherein participants are selected because they are
especially knowledgeable or experienced with the topic, is used in
qualitative studies that seek depth of understanding rather than statis-
tical generalization [21,22]. Selection was guided by a sampling matrix
(Table 1), developed using two common approaches to categorizing
stakeholders: the quadruple helix [23] and a value chain mapping [24].
The former consists of categorizing actors into academia, industry,
government, and civil society, whereas the latter categorizes them into
biomass sourcing, biochar production, biochar application, carbon
credits, and policy. We aimed to achieve broad and balanced coverage of
the matrix rather than being completely exhaustive. Table 1 shows the
expert sampling for each step of the methodology. The representation of
civil society was very low due to limited interest among this stakeholder
group at the present state of development.

2.2. Scanning: identifying uncertainties

The foresight process [20] takes its point of departure in a situational

Scenario
development

System logics
exploration

Pathway
representation

1-on-1 online semi-
structured interviews

Relative ranking
through poll on

Relative ranking
through roundtable

~30 minutes smartphones discussion
Number of Number of Number of
interviewees: 22 rankers: 24 rankers: 6

Workshop with plenary & break-out sessions
~3 hours

Number of participants: 13

Interviews Expert survey Expert discussion

Expert workshop

Fig. 1. Overview of the methodology.
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Table 1
Overview of the expert sampling used throughout the study.
Biomass sourcing Biochar production Biochar use Carbon credits Policy Total
Scanning Academia 2 1 1 1 5
Industry 1 2 1 11
Government 1 3 1 5
Civil society 1 1
Total 3 4 6 5 4 22
Ranking Academia 1 2 2 9
importance Industry 7 1 2 10
Government 2 1 1 1 5
Civil society
Total 1 11 6 1 5 24
Ranking uncertainty Academia 1 1 1 3
Industry
Government 1 1
Civil society
Total 1 3 1 1 6
Scenario modeling Academia 1 1
Industry 1 2 1 2 6
Government 1 1 3 5
Civil society 1 1
Total 1 4 2 3 3 13

analysis distinguishing the known and the unknown. For identifying
these boundaries, we followed van der Heijden [25], using semi-
structured interviews with experts inquiring into the driving forces
and uncertainties affecting BCR deployment in Denmark. These 30-min-
ute online interviews consisted of two main parts. First, the experts were
asked about their background, experience with BCR, and view on the
status of BCR in Denmark, allowing for a better understanding of their
answers in the second part. In this second part, the experts were asked to
formulate three questions they would ask a hypothetical clairvoyant
about the future of BCR in Denmark. These questions are used to elicit
key uncertainties and drivers of change [26,27]. Based on the sampling
strategy presented in Section 2.1, 32 experts were invited to participate
in these interviews. Of them, 22 (69%) accepted, providing a total of 78
uncertainties. These were coded thematically, using an inductive coding
approach, to find the main uncertainties, which are reported on in
Section 3.1. There are more than three uncertainties per respondent
because more respondents flagged additional uncertainties during the
conversation than reported fewer than three.

2.3. Structuring: ranking uncertainties

We defined scenarios as a set of comparably different and plausible
narratives about the future [28], constructed in the Intuitive Logics (IL)
tradition [29,30]. This tradition was chosen because the development of
exorbitant-yet-plausible scenarios challenges assumptions and stretches
mental models to reframe problems for ideating novel insights, options
and pathways [31]. Scenarios in this tradition are developed by iden-
tifying the most critical uncertainties to frame the scenarios [32]. This
criticality was defined based on i) their importance for BCR deployment
in Denmark and ii) their perceived level of uncertainty [33]. To rank the
uncertainties identified in the previous step, we engaged an expert
audience in two rounds at the SkyClean Scale-up conference in Freder-
icia, Denmark, as described below. The expert sampling here was not
controlled and, hence, did not follow the sampling strategy presented in
Section 2.1, with their participation being voluntary and based on self-
selection.

2.3.1. Ranking according to importance
In the first round, all attendees in the plenary introduction session

were asked to access an online poll. First, the purpose and context of the
poll were described. Then, participants were asked to priority-rank the
uncertainties from most to least important, using a simple Borda count.
In total, 24 (100%) attendees participated in the ranking, which was
carried out using Microsoft Forms embedded in PowerPoint. After
completion, the attendees were shown the results of the ranking exercise
and no one objected to the collective ranking. They were made aware of
the possibility of discussing these uncertainties in more detail later.

2.3.2. Ranking according to uncertainty

During the second round, participants self-selected into table dis-
cussions, one of which addressed the uncertainties previously ranked by
importance. To initiate the discussion, those results were drawn up on a
primary axis on the table [34]. The discussion's purpose was to reposi-
tion the uncertainties along a secondary axis to assess their relative level
of uncertainty. Six (25%) participants took part in this discussion,
excluding two authors who served as moderators. Section 3.2 shows the
results of both ranking exercises.

2.4. Scenario modeling

To uncover and articulate the dynamics and scale of BCR deployment
in Denmark across a range of conditions, we developed plausible sce-
narios for the future and discussed how BCR might develop across them.
To this end, a workshop was organized at Roskilde University, using
both plenary and break-out sessions. Out of the 90 invited experts, based
on the sampling strategy presented in Section 2.1, 13 (14%) partici-
pated, excluding the authors.

2.4.1. Scenario development

Having identified the critical uncertainties (Section 2.3), we returned
to the IL tradition of scenario development, which calls for the assign-
ment of diametric values to create variational analysis [35]. To
accomplish this, we prototyped a series of 2 x 2 scenario matrices and
worked through the strategic conversations that they afforded [25,36].
In the workshop, we brought three of these to the stakeholders for them
to select one to elaborate on through exploratory dialogue [37]. Fig. 3 in
Section 3.3 shows the chosen scenario matrix. In their break-out rooms,
the participants were asked to develop content, including metaphors or
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titles for each of the four scenarios, followed by a plenary discussion.

2.4.2. System logics exploration

After this discussion, each group was assigned a single scenario to
work on. Guiding questions were provided to prompt discussions about
what happened to political, economic, social, and technological factors
in their scenario, leading to an exploration of the core logics, narrative
structures, and consequences, which were discussed and refined inter-
subjectively. The groups then brought what they had discussed back to
plenum, presenting their scenario, one by one, for 10 minutes, followed
by a question-and-answer session lasting an additional 10 minutes. Used
in this way, the scenarios are rendered as a central artifact for an inquiry
system [38]. They support the probes about a range of underpinning
logics that intend to identify novel framings of the nature of the problem
and renew an orientation towards that problem [32]. This was
continued and accomplished by the research team in post-processing,
refining the logics initially sketched in the workshop into internally
consistent diagrams that explain the trajectory of each scenario. The
system logics for each scenario are reported on in Section 3.3 (Figs. 4-7).

2.4.3. Pathway representation

Finally, participants were introduced to the use of S-curves as a
common way of representing technology deployment over time. These
curves start slowly, accelerate through an inflection point, and gradually
decelerate as they approach a plateau [39]. Participants were placed
back into their groups and asked to sketch a possible BCR deployment
pathway towards 2050 for their scenario, based on the conditions they
had developed. The exercise focused on eliciting qualitative insights into
how deployment could unfold, including its potential scale by 2050 and
the year of strongest acceleration.

3. Results

Results are presented in three parts: i) the results from the in-
terviews, identifying the uncertainty categories regarding the future
deployment of biochar carbon removal (BCR) in Denmark, ii) the results
of the ranking exercise to identify the critical uncertainties, and iii) the
scenario narratives and underpinning system diagrams.

3.1. Scanning: identified uncertainties for BCR deployment in Denmark

From open coding of the interviews, which yielded 78 distinguish-
able uncertainties, seven overarching categories were identified. Pre-
sented below in no particular order, these are: i) subsidies for BCR, ii)
carbon price, iii) regulations for agricultural use, iv) non-agricultural
biochar demand, v) farmer acceptance, vi) broader public support,
and vii) biomass resource availability. Although important for the eco-
nomic viability of pyrolysis, energy coproducts do not constitute a
separate uncertainty category but are instead considered within the
carbon price uncertainty. Their importance was raised by some in-
terviewees, but less frequently than the seven overarching categories
identified above.

3.1.1. Subsidies for biochar carbon removal

This uncertainty relates mostly to the 10 billion DKK (1.3 billion
EUR) subsidy politically agreed upon as part of the Green Tripartite
agreement [40], to help the agricultural sector reduce its net greenhouse
gas (GHG) emissions via BCR. The uncertainty is not so much related to
whether the subsidy will come through, as the interviewees seemed
rather certain that it would. Rather, uncertainties remain about when
and how the subsidy will be rolled out, as well as who will be eligible.
Interviewees repeatedly highlighted the importance of subsidy timing,
as investment decisions are being postponed while awaiting clarifica-
tion, particularly regarding the potential ineligibility of existing pyrol-
ysis plants. This situation has placed Danish pyrolysis technology
developers under significant financial strain, making timely subsidy
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implementation critical for their continued viability. Hence, subsidy
clarity is not only essential for deployment speed but also for main-
taining a viable developer landscape. Further uncertainty includes the
potential inclusion of imported biochar, which could significantly
weaken the subsidy's effectiveness in supporting domestic technology
development.

3.1.2. Carbon price

The carbon price is an important uncertainty because it is crucial for
the business case of pyrolysis plants that lack gate fee revenue from
waste management, as can be achieved with sewage sludge pyrolysis.
Such plants typically have three main revenue streams, being i) the
produced biochar product, ii) the potential BCR credit of long-term
carbon sequestration through biochar's end-use, and iii) the energy co-
products. In Denmark, biochar's focus application is in agricultural soil.
Because of its irreversibility, this is a secure and acknowledged way to
realize the BCR potential. If used in Danish agricultural soil, the BCR
credits are typically the main source of revenue, as the value of agri-
cultural co-benefits is likely relatively small in such regions with fertile
agricultural soils [41,42]. Despite some nutrient content, biochar's
product value in a Danish agricultural context is currently low.

The carbon price results from a complex interplay of different
influencing factors. On the voluntary market, Soleta [43] finds that most
publicly available BCR transactions from 2021 to 2024 fell within a
range of 120-190 EUR per ton CO,, with a 2024 average of 156 EUR per
ton CO2 and substantial volatility, reinforcing the underlying uncer-
tainty in price formation. As of May 2026, the price is 130 EUR per ton
CO3 [44]. The carbon price is also influenced by the credibility of the
credits, which depends on strong and transparent certification. Varying
carbon permanence measurement, gaps in emission factor methodolo-
gies, and discrepant additionality assessments further increase uncer-
tainty regarding carbon credit validity and valuation.

The EU Carbon Removal Certification Framework (CRCF) aims to
build trust in and acceptance of carbon removals by setting requirements
and quality criteria, and it aims to foster transparency by creating a
public registry of removals. Interviewees believed it would substantially
reduce regulatory uncertainty in the long term by anchoring biochar as a
source of permanent carbon removal and by defining the associated
permanence standards, monitoring obligations, and sustainability re-
quirements. Finally, carbon price uncertainty is increased by the lack of
adoption of BCR in compliance frameworks. Such adoption, for example
in the EU ETS, would substantially promote demand for BCR.

3.1.3. Regulations for agricultural use

The agricultural sector mainly drives the push for BCR in Denmark,
seeing it as a way to offset hard-to-abate emissions, under the premise
that it fits with current practices [9]. However, interviewees agreed that
the large-scale application of any new substance to soil should be clearly
regulated, which is not yet the case for biochar in Denmark. While other
countries, such as Finland and Germany, have enacted the EU fertilizer
regulation, which includes biochar, as law, the Danish Environmental
Protection Agency initiated its own investigation to develop clear and
concise biochar regulations by 2027 [12]. Until then, the only possibility
to use biochar in Danish agricultural soil is a case-by-case permit
application at the municipal level, putting the responsibility on indi-
vidual local authorities and adding an additional layer of uncertainty.
Interviewees highlighted that the absence of clear, national guidelines
forces municipalities to interpret requirements independently, resulting
in delays, inconsistent decisions, and significant administrative burden,
because municipalities often lack the knowledge or mandate to assess
applications efficiently. The fact that municipalities can refuse appli-
cations makes the regulatory pathway unpredictable for developers, as
there is no guarantee that the biochar can be sold and applied. This also
influences the sale of credits, as these require irreversibility, for
example, through soil amendment. Additionally, the timing of the
regulation may affect the availability of the subsidy, while its content



L. Campion et al.

could affect, for example, the type of biomass allowed, pyrolysis tem-
peratures, pre- and post-treatments, and analyses like in the EU Fertil-
izer Regulation [45] or the European Biochar Certificate [46].

3.1.4. Non-agricultural biochar demand

Biochar has many applications other than its use in agricultural soils,
all with differing levels of carbon sequestration. To qualify for BCR, the
biochar must be stored in a permanent or long-term way, such as when it
is applied to agricultural soil [5]. This can also be achieved in alternative
uses such as concrete, asphalt, or any other type of building material
[47]. Such alternative uses become even more important when biochar's
use in agricultural soil remains uncertain (Section 3.1.3). With a major
focus on research and development of biochar's agricultural use so far,
these alternative uses are still considerably uncertain, both technically
and economically. The development is fast and new alternatives emerge
regularly. The ad hoc incorporation of this dynamic field into regulation
and robust markets increases uncertainty.

3.1.5. Farmer acceptance

Whether farmers adopt biochar depends on several factors. First,
regulatory specifications regarding where, when, and how biochar may
be applied on farmland are critical for farmers' acceptance. For example,
uncertainty remains regarding the actual fertilizer value of biochar in
Danish agricultural practice, most notably of its phosphorus content.
This value is crucial for farmers given the applicable fertilizer limits. In
addition, uncertainty remains regarding biochar's overall effects on soil
quality and crop productivity, leading to the ultimate question of
whether biochar makes economic sense for the farmer. Even if provided
to farmers at no cost, there will likely be costs associated with its use, for
example, in the form of increased handling or time spent on the field.
The question remains whether the benefits outweigh the costs, making
biochar's use worth it for farmers. To increase acceptance, continuous
field trials could provide farmers with robust, local evidence on soil and
crop effects. However, farmers' willingness to participate depends not
only on economic considerations, but also on issues of distributional
fairness. Farmers contributing to biochar production in areas with
phosphorus surplus will benefit from the improved opportunities to
redistribute phosphorus. However, the carbon sink effect follows the
phosphorus in the biochar, leaving a poor balance between burdens and
benefits. This aligns with broader concerns that farmers would engage
only if the value created by biochar, whether agronomic, environmental,
or financial, remains within their own communities.

3.1.6. Broader public support

A certain level of broad societal support is relevant in two main ways.
One indirect effect is the wider political support, which is particularly
important regarding subsidies. More directly, it relates to the level of
community support or protest around potential sites for pyrolysis plants,
the not-in-my-backyard or NIMBY effect. This effect encompasses local
community opposition driven by fears of reduced property values, noise,
traffic, or environmental harm, even while acknowledging the project's
broader societal need [48]. Other clean energy technologies have also
fallen victim to the NIMBY effect, including wind turbines, solar parks,
and biogas plants. The latter are particularly relevant for pyrolysis,
because a possible initial BCR deployment phase in Denmark could be
integrating pyrolysis of the separated and dried residue fibers into
biogas plants, as seen in two cases in Northern Denmark. Furthermore,
the NIMBY effect could be said to scale with scale, meaning that larger
installations face disproportionately more resistance, unless paired with
participatory or co-ownership models. Several interviewees mentioned
how the first large-scale pyrolysis plant in Denmark received consider-
able public criticism due to reports of odors and negative health effects.
Regarding the latter, the University Hospital in Aalborg found that these
were likely due to odor violations in the start-up phase combined with
anxiety from living next to unfamiliar industrial facilities [49].
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3.1.7. Biomass resource availability

The biomass resource, defining how much biochar technically could
be produced in Denmark, is dynamic with regard to quantity, quality,
and use. The total amount of available biomass depends on policy pri-
orities regarding land use, food systems, and nature conservation.
Furthermore, prioritization will be required of competing uses for this
future available biomass. Again, this depends on socio-political de-
cisions, and it will become increasingly important in a ‘de-fossilized’
society, where the demand for biogenic carbon would increase.

In Denmark, the biomass resources most considered for pyrolysis
include biogas residue fibers (BRF), sewage sludge, and straw. The
current potential of BRF is estimated at approximately 0.5 Mt (mega-
tons, or 1,000,000 tons) dry matter, with projections indicating a future
increase to between 1.17 Mt and 1.74 Mt [14,50]. Sewage sludge is a
limited resource, with an annual availability of approximately 0.1 Mt
dry matter [50]. Straw constitutes the largest of the three focal feed-
stocks, with an estimated annual potential ranging from 1.6 Mt to 3.4 Mt
dry matter [50], but no commercial straw pyrolysis plants have been
built in Denmark so far. Other potential feedstocks include the woody
fraction of green waste, estimated at around 0.4 Mt dry matter per year
[14], and grass, a near-future candidate with a large annual potential
ranging from 2.4 Mt to 8.3 Mt dry matter [50-52].

3.2. Structuring: ranked uncertainties

To identify the critical uncertainties, experts were engaged to rank
the uncertainties according to their importance for BCR deployment in
Denmark and their perceived level of relative uncertainty, as explained
in Section 2.3. The combined result of these two ranking exercises is
shown in Fig. 2, on the x- and y-axes, respectively. Four uncertainties
exceeded the criticality threshold, operationalized through a diagonal
decision boundary, being i) subsidies, ii) carbon price, iii) regulations
for agricultural use, and iv) biomass resource availability.

The group discussion that informed the ranking according to relative
uncertainty provided insights into the underlying reasoning. Notably,
uncertainties perceived as being shaped by broader systemic or political
dynamics were deemed more uncertain than those grounded in direct
stakeholder experience. For those uncertainties perceived as highly
uncertain (i.e., the carbon price, biomass availability, and non-
agricultural biochar demand), this perception was attributed to com-
plex market, policy, and societal developments. This was especially true
for the carbon price and biomass availability. In the case of non-
agricultural demand, uncertainty instead came from the wide range of
possible development pathways linked to the breadth of potential ap-
plications. Uncertainties perceived as moderately uncertain (i.e., sub-
sidies and regulations regarding biochar's agricultural use) were
likewise felt to be beyond control of the participants but were seen as
more bound by policy. Uncertainties associated with public support and
farmer acceptance were considered least uncertain, reflecting a sense of
familiarity and predictability through direct experience with these ac-
tors. However, the perceived farmer acceptance appears contradictory
to the precautionary stance adopted by regulatory authorities and
environmental organizations, calling for further evidence on long-term
effects of biochar application. This discrepancy may reflect differing
risk perceptions or a degree of bias in the stakeholder experiences in the
discussion. Similarly, while the presence of public opposition to current
projects was acknowledged, it was viewed as manageable over time,
with parallels drawn to the development of the biogas sector. Therefore,
these interpretations should be understood as indicative rather than
definitive, reflecting perceived rather than objectively measured un-
certainty. Nevertheless, they provide important context for the ranking
of the uncertainties.

3.3. Scenario modeling for the future of BCR in Denmark

Three alternative scenario matrices were proposed, combining
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Fig. 2. Results of the ranking of the uncertainties, according to both their importance for the future deployment of biochar carbon removal in Denmark and their

relative level of uncertainty.
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Fig. 3. Scenario matrix showing the four modeled scenarios defined by carbon
price level, high versus low, and regulatory conditions for the use of biochar in
agricultural soils, favorable versus burdensome.

carbon price, regulations for biochar's agricultural use, and biomass
availability in pairwise configurations. The uncertainty about subsidies
was omitted as it provided conversational overlap with the carbon price
as an economic incentive. The participants selected the matrix defined
by the carbon price and the regulations, shown in Fig. 3, as being the one
that framed the most relevant conversation. The choice of axes shapes
the discussion and, thereby, also affects the resulting dynamics that were
explored.

3.3.1. Scenario A: Climate consensus

This scenario (high carbon price & favorable regulations, Fig. 4)
emerges with a return to sustained geopolitical and economic stability
which leads to a renewed focus on a strong green political agenda,
including favorable regulations for biochar's agricultural use. These
regulations rest on substantial research on the environmental effects of
large-scale biochar application in agricultural soils and on societal
acceptance of, and understanding of the need for, environmental tech-
nologies. The strong green political agenda, combined with interna-
tional cooperation, results in the establishment of a high global carbon
price of 300 EUR per ton CO3, which is maintained through state-
supported carbon credit certification schemes. The combination of
high carbon prices and clear regulations reduces perceived investment
risks and strengthens BCR business cases, thereby incentivizing in-
vestments, including research and development and production capac-
ity. Market expansion is further accelerated by ongoing R&D efforts, a
reduction in perceived risks through learning, and the integration of
carbon capture and storage (CCS) on pyrolysis facilities. The latter
development is, itself, driven by the high carbon price and continued
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research. Over time, intensifying competition for biomass resources
generates negative feedback effects in two main ways. First, there are
fewer opportunities to sustainably source biomass for biochar produc-
tion. Second, rising biomass prices lower profit margins for pyrolysis
projects and make new investments less attractive. This scenario enables
the largest BCR deployment, with growth unfolding progressively to-
wards 2050, as high carbon prices, regulatory clarity, and agricultural
application enhance investment and market expansion.

3.3.2. Scenario B: Carbon constraint

In this scenario (high carbon price & unfavorable regulations, Fig. 5),
a delayed climate transition creates a policy environment characterized
by urgency and prioritization of carbon dioxide removal (CDR), result-
ing in a high global carbon price exceeding 300 EUR per ton COx.
Simultaneously, regulatory attention is directed towards well-
understood mitigation pathways, while areas marked by uncertainty,
such as the long-term effects of biochar in agricultural soils, are dealt
with in a precautionary and restrictive way. Consequently, the in-
centives for CDR, including BCR, created by the high carbon price do not
lead to adoption in Danish agriculture. Instead, alternative pathways
emerge. First, biomass is primarily diverted to BECCS, where CDR per
ton of biomass is higher [53,54]. Second, biochar production aims for
non-agricultural applications, such as its use in concrete. Although these
applications sustain demand for biochar production, the diversion of
biomass to BECCS reduces feedstock availability for pyrolysis. In addi-
tion, higher-quality biomass suitable for combustion is allocated to
BECCS, leaving more challenging feedstocks for pyrolysis, including BRF

and sewage sludge. Because biochar produced from these feedstocks is
poorly suited for some non-agricultural applications [55,56], research
and development is required to adapt these biochars to these alternative
uses. However, the global nature of the high carbon price encourages the
export of Danish biochar and pyrolysis technology to countries where
regulations governing agricultural biochar use are less restrictive, such
as Germany. As growth depends on the maturation of non-agricultural
biochar applications, this scenario could see a delayed but significant
deployment. Once these applications become viable, deployment ac-
celerates but remains constrained by competition with BECCS and the
reduced suitability of some available feedstocks.

3.3.3. Scenario C: Sludge solutions

This scenario (low carbon price & unfavorable regulations, Fig. 6)
emerges from a collective environmental burnout, reflecting a gradual
loss of concern and motivation as individuals and institutions become
overwhelmed by the persistent pressure and complexity of environ-
mental issues. Consequently, demand for climate change mitigation
decreases, and climate externalities remain weakly internalized at the
global level. Denmark, still eager to boast about its position as a front-
runner in the green transition, fixes a national carbon price of 40 EUR
per ton CO,. This price level creates a risky business environment for
BCR, constraining research, investments, and industrial development.
The environmental burnout also means the natural environment con-
tinues to degrade. As environmental tipping points are triggered, poli-
ticians are put under local pressure to regulate sporadically. Challenges
related to biochar application are addressed incrementally, as regulatory
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agencies await long-term field trial results. Only biochar derived from agricultural application of this biochar, land-use fees known from the
sewage sludge is permitted, reflecting the capacity of pyrolysis to current sludge systems are maintained to provide incentives to farmers.
remove contaminants such as PFAS, thereby improving upon current Because the business case for sewage sludge pyrolysis is already viable,
practices of applying untreated sludge to agricultural land [57]. As a the BCR deployment based on it emerges rapidly, while remaining niche
result, such pyrolysis plants emerge as environmental solutions, pro- because of the limited feedstock base.

ducing biochar from this highly limited resource. To enable the
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3.3.4. Scenario D: Scaling for self-sufficiency

In this scenario (low carbon price & favorable regulations, Fig. 7),
extended unrest in the Middle East leads to sustained increases in global
energy prices. In Denmark, as in the rest of Europe, this triggers an
extreme push for energy independence, shifting focus from fossil fuels
towards renewable energy. Incidentally, the transition towards a
carbon-neutral economy accelerates, reducing overall CDR demand.
This reduced demand lowers carbon prices, diminishing revenues for
pyrolysis plants. Simultaneously, the expansion of renewable energy
capacity incentivizes utilization of biomass for energy rather than bio-
char production. However, biochar production is sustained through
another driver. Global fertilizer shortages follow from stagnating pro-
duction in the Middle East. As agricultural yields decline due to limited
access to affordable fertilizers, a global food shortage emerges,
increasing the need for alternative soil enhancement options. This fer-
tilizer shortage, together with a broader crisis-driven deregulation, leads
to fast-tracked acceptance of biochar's agricultural use. Biochar thus
becomes both permitted and required as a soil amendment, increasing
demand. In addition, the global food shortage drives a transition from
animal-based to plant-based calorie production, increasing the avail-
ability of biomass residues for applications such as pyrolysis. Despite the
presence of drivers for pyrolysis deployment, the economic viability of
BCR remains largely dependent on the subsidy that already has been
promised today. Therefore, this scenario could see a very low deploy-
ment, bound by the pace and limits of the subsidy.

4. Discussion
Our findings revealed a wide range of uncertainties regarding the

deployment of biochar carbon removal (BCR) in Denmark, but pyrolysis
technology itself was not perceived as a major one. Interviewees

expressed confidence in its maturity and emphasized the strategic
importance of Danish technologies for handling widely available feed-
stocks of specific domestic relevance, such as biogas residue fibers (BRF)
and sewage sludge. This aligns with a global review emphasizing that
BCR deployment depends on feedstock-specific value chains [58]. It also
corresponds with earlier work on BCR in Denmark [14], suggesting that
several uncertainties identified previously remain unresolved. Rather
than technological feasibility, the persistent uncertainties are primarily
economic and regulatory in nature. These are closely interlinked, as a
lack of regulatory clarity increases the perceived investment risk.
Therefore, the central question is no longer about technical feasibility,
but whether regulatory clarity, market incentives, and societal accep-
tance can align to support a viable and stable business case.

A critical barrier remains the regulatory approval of biochar's agri-
cultural application in Denmark. Regardless of their validity, un-
certainties about unexpected long-term environmental impacts of large-
scale biochar use constrain deployment. However, the need for long-
term, context-specific field data introduces a temporal tension with
climate objectives. Waiting until sufficient evidence is available may
reduce uncertainty, but it also delays climate mitigation, potentially
affecting national targets and global effects. A similar tension exists
concerning the BCR subsidy, whose timing and design are crucial. De-
lays may hinder industry development, while design choices may affect
the domestic technology developer landscape. This is particularly rele-
vant given the strategic importance of Danish technologies for local
feedstocks. A sufficiently high and stable carbon price remains a key
driver for BCR, as carbon credits are an important revenue stream,
covering between 20% and 50% of production costs [59]. In addition to
these economic and regulatory dimensions, uncertainty also persists
regarding biomass availability. While having a biophysical basis, it is
shaped by broader socio-political decisions concerning land use,
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agricultural systems, and competing uses. This finding is supported by
Ronix and colleagues [15] and Pierson and colleagues [16]. Both use
qualitative approaches similar to ours, including interviews and work-
shops, but for the United States and Brazil, respectively. A methodo-
logical difference is that both studies derive their recommendations
directly from the barriers, whereas ours come from the scenarios based
on these uncertainties. They identify barriers such as inconsistent or
uncertain regulations, permitting difficulties, lack of economic in-
centives, logistical bottlenecks, insufficient field trials, and limited
public understanding and acceptance. These similarities suggest that the
uncertainties identified in our Danish case are not unique but recur
across different contexts. Unlike our findings, both studies also identify
technology as a barrier, although this should be interpreted carefully. In
the American case [16], technology is the least emphasized barrier,
while in the Brazilian case [15], the uncertainty relates primarily to
access to production technology. There, application technology is also
uncertain but largely because Brazil lacks national methodologies for
field application, linking the issue more to regulation. These studies also
strengthen the conclusion from our scenarios that pyrolysis can develop
in different directions, from carbon removal in agriculture in Denmark
and Brazil to forest waste and wildfire management in the United States.

A recent review of biochar commercialization identifies similar le-
vers for scaling BCR globally, including regulatory consistency, sub-
sidies, carbon credits, and suitable feedstock [58]. However, they
consider them separately rather than examining their interaction. The
importance of such interaction is illustrated by Pourhashem and col-
leagues [60], showing that policies in the United States influenced not
only the rate and scale of technological deployment, but also its direc-
tion. This supports the central insight from our scenarios that markedly
different biochar industries could emerge. This variability is already
visible in the Nordic biochar sector, where Salo and colleagues [59]
distinguish six business models, including carbon removal and waste-to-
resource. From the same Nordic perspective, they identify uncertainties
similar to ours, including regulations, carbon pricing, feedstock avail-
ability, and user awareness. However, they also identify plant reliability
as a technological concern. Although not based on a dedicated scenario
workshop, their future development pathways align closely with our
scenarios: one is based on carbon removal, one on circular economy and
waste valorization, and one on market dynamics. The latter is compa-
rable to our scenario with fertilizer shortages. Similarly, Salo and col-
leagues [61] identify influencing factors such as uncertain profitability,
limited awareness, and policy gaps. While these studies identify similar
uncertainties, they differ from our work by treating biochar primarily at
the firm level, whereas we treat it on a national level.

Compared to earlier work focusing on Denmark [14], our findings
highlight the growing importance of social factors, particularly farmer
acceptance and broader public support. While these were deemed more
important than biomass availability, they were simultaneously

Table 2
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perceived as less uncertain, or more manageable. The importance of
these factors may indicate maturation beyond technical concerns. This is
supported by the commissioning of the first large-scale pyrolysis plant in
Denmark in late 2024, demonstrating technological readiness and
making the industry more visible to society. The ranking exercise also
underlines the complexity of the BCR system, which remains highly
dependent on external and evolving conditions. This is illustrated by
apparent discrepancies between stakeholder groups. For example,
farmers, who are relatively close to industry, were generally perceived
as willing to adopt biochar, whereas regulatory authorities and envi-
ronmental organizations, positioned more externally, were deemed
more cautious. This highlights the extent to which the development is
shaped also by external perceptions, institutional processes, and public
legitimacy.

Qualitative approaches to uncertainty, such as the one used here, are
just one way to study future deployment. Wiest and colleagues [62], for
example, model biomass use in the Swiss energy system across 1000
future scenarios, with biochar as one option. Like us, they reject a single
deterministic future and investigate robustness across multiple sce-
narios. However, they assess uncertainty through quantitative optimi-
zation, whereas we use participatory scenario development to capture
regulatory, social, market, and perception uncertainties that are difficult
to represent in such models.

4.1. Recommendations

Recommendations follow from the mapped uncertainties and the
developed scenarios (Table 2). Some of those enable BCR's most prolific
scenario, with high carbon prices and favorable regulations for biochar's
agricultural use. The latter is achieved by clear and dedicated rules for
biochar's production and use, which should be supported by continuous
field testing. When pyrolysis reduces toxicity, for example with sewage
sludge [57] or biogas digestate [63], regulations should prioritize the
use of biochar over the direct use of the polluted biomass in agricultural
soil. A compliance market for carbon credits can strengthen demand,
increasing carbon prices. It should align with Denmark's overall eco-
nomic structure [64] and be state-regulated on the national, European
(e.g., integration into the European Union's Emission Trading Scheme),
or global level.

Other recommendations follow from desirable actions in each sce-
nario and their outcomes in the other scenarios, as they may be shared
across scenarios while being justified differently given each scenario's
inherent logics. For example, continuous field testing can reassure
stakeholders for large-scale biochar deployment (Scenario A), prove its
fertilizer value (Scenario D), or demonstrate its effectiveness in treating
sewage sludge (Scenario C).

Investigations are also necessary on how to create value from
biomass pyrolysis beyond biochar's carbon sequestration, including

Overview of recommendations. The first column after the recommendations identifies the first three recommendations as necessary enablers to reach the most prolific
BCR pathway (Scenario A, Climate consensus). The scenario columns indicate whether each recommendation is expected to have a positive (1), negative (}), or neutral
(—) effect in each scenario. No-regret actions avoid negative consequences across all scenarios, whereas risky bets may be beneficial in some scenarios but disad-

vantageous in others [68].

Recommendation Enabler Scenario A Scenario B Scenario C Scenario D Classification
1 Carbon credit compliance market X Na Na Na Na No-regret
2 Dedicated biochar regulations X Na Na Na Na No-regret
3 Continuous field testing X 1 — — 1 No-regret
4 Investigate biochar's value beyond carbon sequestration 1 1 1 1 No-regret
5 Investigate biochar's fertilizer potential T - - T No-regret
6 Design a transformative subsidy - - 1 1 No-regret
7 Ensure optionality for pyrolysis — 1 1 1 No-regret
8 Technology exports - 1 T 1 No-regret
9 Offtake agreements 1 1 1 1 Risky bet
10 Communication and stakeholder engagement 1 T T T No-regret
11 Invest in human resources T - — — No-regret

10
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advanced energy valorization, specialty chemicals, advanced and
cascading biochar use, and the integration of pyrolysis in biorefineries.
For example, biochar can be used in anaerobic digestion [65] or as a
filter for HaS [66] before being applied to agricultural soil. This is
particularly important in scenarios with limited economic incentive
from carbon credits but also helps in other scenarios, as diversified in-
come streams are crucial for financial viability [59]. Even in the most
prolific BCR scenario, biomass use efficiency should be maximized,
keeping pyrolysis relevant compared to other technologies. A specific
example of additional value is biochar's product value as soil improver
and fertilizer, which is particularly useful in Scenario D. Research efforts
could include fuel design studies to optimize biochar's fertilizer value
and the development of refined fertilizers or sophisticated soil enhancers
based on biochar. Improving biochar's fertilizer potential may both
provide additional value and mitigate fertilizer shortages in Scenario D,
while developing ways to extract phosphorus from biochar may increase
biochar application rates in scenarios with large nutrient surplus (Sce-
nario A). Because of its limited soil application in Scenarios B and C,
biochar's fertilizer value is less critical there.

In Scenario D, the design of BCR subsidy schemes is important
because it may provide the primary economic driver. To nurture a py-
rolysis sector, the subsidy scheme should steer technology and value
chain development towards sound business cases on market terms
before the subsidy is phased out. Furthermore, it should be aligned with
the broader regulatory landscape allowing for flexibility regarding
cascading use of biochar. In general, technological and regulatory
optionality should be considered, including flexibility regarding the type
of biomass used, as well as flexibility between BCR and energy pro-
duction with carbon capture and storage (CCS). Technology exports
increase technological resilience by providing alternative market op-
portunities. They are particularly relevant in Scenarios B and C, with
limited biochar use in Danish agricultural soils. In Scenario C, exports
may be premised on the fact that polluted resources like sewage sludge
constitute a global problem. Exports can be anticipated by developing
patent bundles, international partnerships, or potentially relocating
operations. Offtake agreements for biomass, biochar, or energy are
meant to prepare for scaling in Scenario A. In other scenarios, they add
risk, as businesses might not be able to fulfill them and society might end
up in a technological lock-in for a scarce resource.

Finally, communication and stakeholder engagement should not be
overlooked. Ties with the public, and farmers in particular, are impor-
tant in all scenarios. In Scenario A, for example, the bigger scale entails a
larger need for land-owning partners and bigger consequences of failure.
Establishing a think-tank could improve dissemination and myth-
busting, while living lab structures with frontrunning farmers and con-
sultants can support practical learning, awareness-building, and social
acceptance [67]. These recommendations align with previous ones to
improve science dissemination [16] and to include farmers more closely
[60]. International relations and policy harmonization are particularly
relevant in Scenarios B and C. National partnerships could help scale the
domestic value chain in Scenario A and support investigations of non-
agricultural biochar applications in Scenario B. Finally, staffing and
competencies could be a bottleneck in Scenario A, warranting human
resources investments.

5. Conclusions

The future development of biochar carbon removal (BCR) in
Denmark is influenced by many uncertainties, with the most critical
ones being i) subsidies, ii) carbon prices, iii) regulations governing
biochar's agricultural use, and iv) biomass availability. These were
perceived as being shaped more by broader systemic and political dy-
namics than by direct stakeholder influence. The developed scenarios
illustrate different plausible pathways for BCR deployment in Denmark.
All pathways see a role for BCR in Denmark, but with extensive variation
in scale and timing. Carbon prices mostly govern the scale, while the
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establishment of favorable agricultural regulations sets the direction of
deployment, depending more on this interplay between economic in-
centives and regulatory clarity than on technological readiness. This
means that predictable rules for agricultural application and a stable
carbon price are essential for establishing a viable business case. To
ensure that Denmark can capture BCR's climate benefits, as envisioned
politically, industry, researchers and policymakers must work towards
reducing investment risk and optimizing value creation in the relevant
deployment context.
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