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A B S T R A C T

Greenhouse gas removal technologies and practices are essential to bring emissions to net zero and limit global
warming to 1.5 °C. To achieve this, the majority of integrated assessment models (IAMs), that generate future
emissions scenarios and inform the international policy process, use large-scale afforestation and biomass energy
with carbon capture and storage (BECCS). The feasibility of these technologies and practices has only so far been
considered from a relatively narrow techno-economic or biophysical perspective. Here, we present one of the
first studies to elicit perspectives through an expert mapping process to open up and broaden the discussion
around feasibility of afforestation and BECCS. Our stakeholders included business and industry, non-govern-
mental organisations and policy makers, spanning expertise in bioenergy, forestry, CCS and climate change.
Perspectives were elicited on (1) issues relating to BECCS with large-scale afforestation, and (2) specific criteria
for assessing feasibility. Participants identified 12 main themes with 61 sub-themes around issues, and 11 main
themes with 33 sub-themes around feasibility criteria. Our findings show important societal and governance
aspects of feasibility that are currently under-represented, specifically issues around real-world complexity,
competing human needs, justice and ethics. Unique to the use of these technologies for greenhouse gas removal
are issues around temporal and spatial scale, and greenhouse gas accounting. Using these expert insights, we
highlight where IAMs currently poorly capture these concerns. These broader, often more qualitative perspec-
tives, issues and uncertainties must be recognised and accounted for, in order to understand the real-world
feasibility of large-scale afforestation and BECCS and the role they play in limiting climate change. These
considerations enable widening the scope to broader and deeper discussions about possible and desirable fu-
tures, beyond a focus on achieving net-zero emissions, attentive to the effects such decisions may have. We
outline approaches that can be used to attend to the complex social and political dimensions that IAMs do not
render. By complementing IAMs in this way opportunities can be created to open up considerations of future
options and alternatives beyond those framings proposed by IAMs, creating opportunities for inclusion of
knowledges, reflexivity and responsibility.

1. Introduction

The Paris Agreement aims to limit the rise in global mean tem-
peratures to ‘well below 2 °C’ above pre-industrial values and to pursue
efforts to limit the warming to 1.5 °C above pre-industrial
(UNFCCC, 2015). Present day global mean surface temperatures are
1 °C above pre-industrial (Allen et al., 2018). Meeting these aspirations
requires rapid decarbonisation of the energy system, and to bring
emissions to net zero, requires deployment of greenhouse gas removal
(GGR) technologies and practices. Current scenarios focus on

afforestation/reforestation (AR) and biomass energy with carbon cap-
ture and storage (BECCS) (Clarke et al., 2014; Rogelj et al., 2018). It is
important to recognise the constructed nature of IAMs and their out-
puts, for example alternative GGR methods could have a role and/or a
much broader range of conceivable futures are possible than those
prescribed by IAMs. Despite their central place in future emission sce-
narios most GGR technologies are in the early stages of development
and have not yet been demonstrated at large-scale. Considerable un-
certainty and speculation exists over the efficacy of these approaches in
tackling climate change as well as their possible future implications for
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environment and society (Anderson and Peters, 2016).
Most existing anticipatory assessments of GGR focus on relatively

narrow techno-economic or biophysical dimensions of feasibility (e.g.,
EASAC, 2018; Smith et al., 2016). Yet, experience has repeatedly shown
that attempts to introduce emerging technologies in contexts of climate
change and beyond are never governed by technical issues alone but are
always shaped by and effect a range of social, political, cultural and
ethical dimensions (Jasanoff, 2003; Kearnes et al., 2006; Stilgoe et al.,
2013; Macnaghten and Chilvers, 2014; Bellamy and Healey, 2018). In
order to understand the potential and limits of emerging technologies
like GGR in general, and AR and BECCS in particular, it is crucial to
open up widespread deliberation and anticipation of the future worlds
they will bring forward socially and politically, not only in physical and
techno-economic terms. As earlier work on climate geoengineering has
shown, such upstream engagement is crucial to the responsible devel-
opment of emerging technologies, not only through including wider
publics (Macnaghten and Szerszynski, 2013) but also expert and sta-
keholder communities as well (Bellamy et al., 2013).

There is an extensive literature exploring both CCS and biomass
energy technologies from the perspectives of both lay publics and wider
stakeholders but very little relating to the use of biomass energy with
CCS (Dowd et al., 2015; Feldpausch-Parker et al., 2015). Literature
specifically describing expert assessments of CCS is sparse (see for ex-
ample, Gough, 2008; Evar, 2011; Sala and Oltra, 2011; Shackley et al.,
2007; Bellamy and Healey, 2018) particularly in recent years; similar
research on bioenergy has focused on biofuels (Ribeiro and
Quintanilla (2015); Upham and Dendler (2015); Röder, 2016). While
there is literature available which reflects the importance of specific
contexts on the social implications of afforestation (see for example,
Shiva et al., 1985; Lin et al., 2012; Marey-Pérez and Rodríguez-
Vicente, 2009) the primary focus of the existing literature on affor-
estation for greenhouse gas removal is the biophysical efficacy of the
approach.

Minx et al. (2017) reports on the accelerating pace of research into
GGR, featuring both BECCS and afforestation; and the recent publica-
tion of the IPCC special report on 1.5 °C presents the current state of
knowledge in this field (IPCC, 2018). With a lack of actual or proposed
BECCS projects, much of the social science research on the technology
has focused around more abstract issues such as the ethical aspects
(e.g.,Burns and Nicholson, 2017; Gough et al., 2018a; Lenzi, 2018;
Mabon and Shackley, 2015), sustainability (e.g., Fajardy and
MacDowell, 2017), technology upscaling (Buck, 2016; Gregory et al.,
2018), and a growing literature exploring the political and governance
challenges (e.g., Gough et al., 2018b; Meadowcroft, 2013;
Gamborg et al., 2014; Bellamy and Healey, 2018; Geden et al., 2018;
Honegger and Reiner, 2018; Thornley and Mohr, 2018;
Torvanger, 2019).

With specific reference to BECCS, Vaughan and Gough (2016) pre-
sent an expert elicitation process to assess the quality of assumptions
relating to BECCS within integrated assessment models (IAMs). Asses-
sing the pedigree (based on expert assessment of the combined score of
each assumption against four pedigree criteria: agreement amongst
peers; availability of data; plausibility; expediency), this study identi-
fied generally poor pedigree but high influence on model results of
assumptions relating to both biomass energy and cross-cutting issues
(such as policy frameworks and social acceptability) (ibid). A recent
survey of UN climate conference delegates revealed a large variation in
perspectives about the potential for and prioritisation of BECCS tech-
nologies according to actor type and region, reporting the most im-
portant constraints to be socio-political (lack of policy incentives and
social acceptance) (Fridahl and Lehtveer, 2018; Fridahl, 2017). Dooley
and Gupta (2017) discuss the role of expert knowledge in the context of
accounting for land-based mitigation, emphasising the importance of
political, socioeconomic and equity aspects, which go beyond the ty-
pically technical focus, given the importance of developing nations in
this context. More recently, several studies use interviews and surveys

to elicit perspectives amongst the IAM and other expert communities, in
order to open up assessment processes and address the issue of feasi-
bility of negative emissions technologies (NETS) such as BECCS
(Haikola et al., 2019; Rickels et al., 2019; Low and Schäfer, 2020). By
mapping experts’ views and perspectives, Haikola et al. (2019) and Low
and Schäfer (2020) highlight concerns relating to differing and com-
peting judgements of BECCS feasibility, within the IAM community and
wider disciplinary and policy experts; while Rickels et al. (2019) is
more tightly focused on the biophysical and techno-economic feasibility
constraints associated with these technologies (including BECCS).

Thus, whether the focus is on CCS, biomass, BECCS, or land-based
mitigation in general, a clear message comes through the literature that
many of the critical challenges and major uncertainties lie in the non-
technical aspects of delivering these approaches and the importance of
understanding not only the technical parameters but also the social,
political and ethical feasibility.

In response, and with clear distinction from recent survey-based
studies (see Haikola et al., 2019; Rickels et al., 2019; Low and
Schäfer, 2020), here we use a novel elicitation process to explore the
range of perceptions from experts and practitioners working across
technologies and practices relevant to BECCS, forestry and broader
climate change policy and governance, and non-governmental organi-
sations in the UK. This serves to open up and expand the discussion
around uncertainties associated with, and the feasibility of, BECCS and
large-scale afforestation. It is critical to understand the issues and im-
plications associated with large-scale deployment of these technologies
given the key role that greenhouse gas removal may play in reaching
net-zero emissions and limiting climate change. We discuss also the
importance of opening up conversations about desired futures with a
range of possibilities, which may include reaching next-zero emissions
with BECCS and afforestation.

2. Methods

A one day workshop was held in July 2017 involving 19 participants
across policy, non-governmental organisations (NGO), and business and
industry. Participants self-stated their sector from three choices (busi-
ness & industry, policy or NGO) and were allocated to one of three
‘dominant expertise’ groups (carbon capture and storage (CCS), bioe-
nergy or climate change) accordingly (Table 1). In order to prioritise
perspectives outside academic literature, workshop invitations pre-
ferenced participants from business and industry, policy and NGO over
academics. The aim was to bring together relevant expertise ranging
from key elements of a variety of potential BECCS or afforestation ap-
proaches (including Miscanthus farmers, energy conversion and UK
forestry practitioners) through to global climate policy, including NGOs
with a strong development remit.

A variety of expert elicitation approaches were used to address the
two workshop aims: (1) explore issues around large-scale afforestation
and BECCS for greenhouse gas removal; and (2) explore the criteria by
which the feasibility of these alternative approaches should be assessed.
A further activity took place during the workshop where participants
provided feedback on BECCS and afforestation supply chains used
elsewhere in the project. Following a brief introduction to the research
project, an explanation of the wider context (i.e., the role of greenhouse
gas removal through large-scale afforestation and BECCS in low emis-
sion scenarios (i.e., Fuss et al., 2014)) and the specific aims of the
workshop including the opportunity to raise questions and consider
alternatives (e.g., to BECCS and afforestation, including alternative
forms of mitigation), activities were designed to address the two aims
respectively, as follows:

(1) In four breakout groups, each comprising a mix of sectors and ex-
pertise, and each with a facilitator and a note-taker, participants
captured on post-it notes their responses to the following question:
“What are the key issues related to using large-scale afforestation and
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BECCS to remove greenhouse gases from the atmosphere?”. Beyond this
opening question participants were not constrained by facilitators
over the topics to be discussed. Completed post-it notes were then
read out, meanings clarified as necessary, and placed into related
clusters by the group in an iterative process forming an ‘issue map’
of each group's responses. Each note included the participant's in-
itials, enabling comments to be analysed by group (expertise and
sector). The issue maps were fed back in plenary, with facilitators
reporting key points of discussion from each group, while note-ta-
kers captured key points. This was the first session of the workshop.

(2) A second activity, undertaken in plenary, posed the following
question to the participants: “What criteria should we use to judge
feasibility of large-scale afforestation and BECCS for greenhouse gas
removal?”. Participants wrote their criteria onto post-it notes in-
dividually, these were then read out, clarified as necessary and
contributed to a single combined mapping of feasibility criteria
ideas, clustered into similar themes by the lead facilitator. This final
session was held at the end of the workshop, following a session
relating to alternative supply chains. Due to the tightly focused
nature of the second session on specific UK supply chains (for use
elsewhere in the research project) the researchers have confidence
that the information provided and associated discussions did not
significantly influence responses in this session.

All materials from the day (issue maps, notes, feasibility criteria and
weighting) were photographed, digitised into text and checked for ac-
curacy by three members of the research team.

2.1. Data analysis

Data collected during the workshop was transcribed verbatim and
coded using NVivo 11 (Q.S.R. NVivo, 2017). One researcher [JF] led
the initial coding process, which was subsequently followed-up with
iterative crosschecks and discussion with the four other researchers
[NV, CG, IL and JC] who facilitated the workshop. This process ensured
that the coding was accurate and thorough, but also unbiased by in-
dividual perception or opinion. The coding framework was developed
iteratively for both research questions. For the issues mapping question
(first aim), the first phase used inductive coding to identify all of the

different themes mentioned by the participants. All statements or words
in the transcribed data that revealed an issue relating to BECCS with
large-scale afforestation were coded (some under one theme only, other
comments were coded under more than one theme), resulting in an
extensive and diverse set of themes. The second coding phase used a
more deductive approach, based on a review of the issues described in
the BECCS and afforestation scientific literature and deliberation
among the research team, to group the issues identified by the parti-
cipants into a smaller group of main themes. This approach reduced the
number of themes, which is an important analytical step to enable
identification of patterns in perceptions across themes. However, finer
level detail remains through the sub-themes grouped within each of the
main themes.

For the feasibility question (second aim), analysis relied more
heavily on the categorisation of themes that emerged from the work-
shop itself. During the workshop, the participants were asked to group
their statements and comments around key feasibility criteria themes,
and it was this framework the coding phase is based. While some
comments were reassigned themes, or additional themes emerged
during the inductive coding of the feasibility criteria data, the majority
of the coding framework for this analysis remained consistent with that
developed in the workshop. Similarly, to the issues mapping question,
finer level detail was retained through a larger number of sub-themes
embedded within each feasibility theme.

For both the issue mapping and feasibility data, an NVivo coding
matrix query was used to extract the number of participants that
mentioned each theme across the three dominant expertise (bioenergy
& forestry, CCS, and climate change) and three sector (business & in-
dustry, NGO, and policy) categories.

This primary analysis was extended further to identify how the is-
sues raised by our expert group are typically represented in the
Integrated Assessment Models (IAMs) that generate future emissions
scenarios. IAMs include many assumptions on the development of fu-
ture energy systems and related processes that influence greenhouse gas
emissions and, although this was not one of the explicit aims of the
workshop, the authors considered that an exploration of the extent to
which the issues generated by participants are included in these mod-
elling assumptions and processes would be an interesting and useful
addition to the analysis of the workshop data. Crucially for this

Table 1.
The 19 respondents who took part in the research workshop. Their anonymous ID, self-stated sector and expertise, and the dominant sector (Business & industry= 9;
Policy= 5; NGO=5) and expertise (Bioenergy & forestry=8; CCS=6; Climate change=5) categories as used in the analysis.

ID Self-stated sector and expertise Dominant sector Dominant expertise

01 BECCS business modeller Business & industry CCS
02 BECCS techno-economics; innovation needs in bioH2, bio SNG and biopower; supply chain LCA; CO2 capture technology Business & industry CCS
03 Land use (alternatives) GGR, bioenergy and CCS (broad but shallow) Policy Bioenergy & forestry
04 Environmental and social considerations NGO Climate change
05 Carbon capture; biomass conversion to gaseous fuels (with CCS) by gasification (SN4, hydrogen) Business & industry CCS
06 Biomass, whole chain producers and organization of biomass chain Business & industry Bioenergy & forestry
07 Manager of Forestry Commission England (FCE) Woodland Creative Programme, responsible for collating forestry scenarios for

GHG projects. Climate Change Policy Lead for FCE England.
Policy Bioenergy & forestry

08 CO2 capture; CO2 transport; CO2 storage; biomass, marine biomass; industrial decarbonisation; Energy system NGO CCS
09 Previously forestry contractor; currently, environmental impacts of bioenergy and biomass production (specifically miscanthus).

Miscanthus breeding and modelling; land-use change, carbon and GHG exchange.
Business & industry Bioenergy & forestry

10 Impacts and implications of climate change (and to some extent associated mitigation and adaptation policies) on human
development, broadly with emphasis on the poorest people in 'developing' countries.

NGO Climate change

11 Working with other NGOs at the UNFCCC on NETs – especially BECCS and afforestation, and chair the Climate Action Network
International on land use, land use change and forestry.

NGO Bioenergy & forestry

12 Sustainable energy, climate change Policy Climate change
13 BECCS, CCS, CO2 utilization Policy CCS
14 Biomass feedstocks, biomass energy and biomass sustainability Business & industry Bioenergy & forestry
15 Research Scientist - environmental chemistry and policy issues. NGO Climate change
16 GGR, climate, safe and just future for humanity; innovation Business & industry Climate change
17 Geoengineering, GGR Policy CCS
18 Professional forester with 20 years’ experience in global forestry. 10 years’ experience in biomass sector. Business & industry Bioenergy & forestry
19 Tropical forest recovery and protection, carbon standards, carbon markets, community engagement and safeguards, impact

measurement and reporting.
Business & industry Bioenergy & forestry
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analysis, we are considering IAMs that include modelling of land use
(e.g., IMAGE (Stehfest et al., 2014), MESSAGE-GLOBIOM
(Krey et al. (2016), REMIND-MAGPIE (Leimbach et al., 2010;
Lotze Campen et al., 2008)) since these processes are most relevant to
the assessment of BECCS and afforestation.

3. Results

3.1. Issue mapping themes

In total, 12 main themes emerged from the issue mapping analysis
with 61 sub-themes providing finer level detail, and 242 coded re-
sponses across all themes (Table 2). The main themes included three
that mapped closely onto the classic ‘pillars of sustainability’ (en-
vironmental, economics & incentives, and social implications); and
three that typically are discussed in the scientific literature around land
use change (technical, governance and land use). Another group of
themes related more specifically to general concerns around green-
house gas removal, and bioenergy (spatial scale, temporal scale and
GHG accounting). Lastly, three main themes emerged around issues of
justice & ethics, competing human needs, and real-world complexity &
diversity. These three collectively add greater depth to the societal is-
sues contained within the other categories.

Between 3 and 12 sub-themes emerged within the main themes,
detailed in full in Table 2. The number of sub-themes associated with
each main theme potentially provides an indication of dimensionality,
but also possibly a level of awareness by the participants. For example,
many of the themes with a greater number of comments also tended to
have more sub-themes, i.e., those relating to technical issues, govern-
ance, environmental issues and land use.

3.1.1. Patterns in perceptions of issue mapping themes
Overall, participants’ perceptions highlight a shared and broad ap-

preciation of the issues associated with large-scale afforestation and
BECCS, with all of the themes mentioned by over 25%, and 10 of the 12
themes mentioned by more than 47% of participants (Table 3).

However, when the results were analysed by expertise and sector
(Table 3), some differences between groups emerge. Looking first at
expertise, the climate change group showed the greatest consistency in
perceptions across all themes. In this group, 100% of participants
mentioned issues related to the environmental and land use themes,
and 80% of the group mentioned issues related to the technical, gov-
ernance, justice and ethics, societal implications, and real world com-
plexity and diversity themes. None of the themes were mentioned fewer
than 40% of this group. Comparatively, the other two groups focused
their responses on issues that related more closely to their expertise. For
example, the CCS group had the highest percentage of participants
mentioning technical issues (100%), GHG accounting, and spatial scale
issues (both 67% of participants). Similarly, the bioenergy and forestry
group appeared to have a stronger focus on issues that relate to their
expertise, in particular the environment theme (100%). However, this
group also had relatively high values for temporal scale (75%) and
governance (80%).

At the sector level, differences between groups were also identified
(Table 3). The business and industry group had the highest perceptions
relating to governance (100%) and unsurprisingly, economics and in-
centives (78%). At the other end of the scale, this group had by far the
lowest response rates for issues relating to human impacts (societal
implications, 22%; and competing human needs, 0%). By comparison,
both the NGO and policy groups had greater consistency in perceptions
across all 12 themes. For the NGO group, with the exception of the GHG
accounting theme (20%), all responses were greater than 40%, im-
plying a holistic awareness of the issues surrounding this topic. The
policy group also had >40% response rate for all themes, and com-
paratively high levels of perceptions for the GHG accounting theme
(100%).

3.1.2. Issue mapping sub-themes by expertise groups
Across the three expertise groups while the number of sub-themes

mentioned did not differ by a particularly large margin, with 44, 39 and
34 sub-themes for the climate change, bioenergy and forestry, and CCS
groups, respectively; there were notable differences in the individual

Table 2.
The 12 main issue themes and 61 sub-themes. Numbers denote the number of
codes within each theme. Across all themes, the overall number of coded re-
sponses is n=242.

Main theme Sub-theme Total

Technical Forestry (8)
Carbon capture storage (5)
System uncertainty (5)
Bioenergy (4)
Efficiency of supply chain (4)
Availability of feedstock (3)
Species composition (2)
Supply chains (2)
Forestry carbon (2)
Disconnect between supply chain
components (2)
Data issues (1)
Technical (1)

39

Governance Policy & regulatory implications (11)
Leadership & political will (6)
Decision making & political uncertainty (4)
Governance (3)
Risk & previous failed attempts (3)
Short termism (2)
Lack of capacity & joined-up thinking (2)

31

Environmental Biodiversity & ecosystem services (9)
Environmental (6)
Co-benefits (5)
Agriculture & food production (4)
Responsibility & safe guards (4)
Water use (2)

30

Land use Availability & competition (10)
Energy v food crop (5)
Legislation & ownership (4)
Land use (3)
Affecting GHGs (1)
Long term planning (1)

24

Economics & incentives Incentives & government support (8)
Carbon markets & pricing (7)
Comparing alternative GGR options & value
for money (3)
Economics & incentives (2)

20

Justice & ethics Justice & ethics (7)
Distributional justice (6)
Moral hazard & mitigation deterrence (3)
Procedural justice (1)

17

Spatial scale Spatial scale (8)
Infrastructure & input (7)
Envisioning & diversity at large scales (2)

17

Temporal scale Development & infrastructure (7)
Temporal scale (4)
Social & political (3)
Permanence (2)

16

GHG accounting GHG accounting (7)
Carbon debt, overshoot & offsetting (3)
Methodologies (2)
Impact on albedo effect (1)
Other GHGs (not CO2) need accounting (1)

14

Societal implications Population & development (6)
Societal implications (4)
Public acceptance (2)

12

Competing human needs Communities & livelihoods (4)
Food security (4)
Competing human needs (2)
Water (1)

11

Real world complexity &
diversity

Real world complexity & diversity (8)
Modelling & systematising complexity (2)
Innovations (1)

11
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sub-themes mentioned. Table 4 highlights these key differences illu-
strated by participants’ quotes, and further unpacks the detail under-
lying the patterns in group preferences. For example, starting with the
technical theme, the CCS group in particular are comparatively more
focused on the finer details associated with the supply chains. When
unpacking the governance theme, while there were broad perceptions
of a range of the key sub-themes (i.e., policy and regulation, leadership
and political will) across the three participant groups, the sub-theme
concerned with risk was not mentioned by the CCS group (but was by
the other two groups). The environmental theme also presented key
differences around the discussion of co-benefits (not mentioned by the
climate change group), while the CCS group did not mention any sub-
themes around biodiversity, ecosystem services or agricultural pro-
duction affecting food security (although this may have been framed
differently by these participants under the land use theme). Both the
climate change and the bioenergy and forestry groups offered up many
issues relating to availability and competition, legislation and owner-
ship under the land use theme (compared to the CCS group).

Moving on to the theme of justice and ethics, the climate change
group tends to be more aware of the complexities encompassed within
this theme (such as issues of distributional and procedural justice, as
well as moral hazards). Questions of scale—particularly around
growing forests (the time it takes and the spatial scale required) were
more often mentioned by the bioenergy and forestry group, while the
CCS group provided the most comments around issues of infrastructure
and input (physical disconnect between biomass sources and CCS sto-
rage sites as one example). While the broader theme of GHG accounting
was touched on by all three participant groups to some degree, the CCS
group provided the greatest number of detailed comments specifically
relating to the process of GHG accounting.

Coming to the three main themes that relate to complex social and
human needs, concerns from the climate change group include many of
the sub-themes within these categories as they discuss overarching is-
sues relating to food security, communities and livelihoods, as well as
real world constraints and complexities. The bioenergy and forestry
group also considered food security, and community issues. Notably,
the CCS group did not mention issues relating to food security or

communities and livelihoods, and relatively few mentions of issues
encompassing ‘real world complexity’.

3.2. Feasibility criteria themes

In total, 11 main themes and 33 sub-themes (ranging from 2 to 6
sub-themes within each main theme, and a total of 109 coded responses
in all) emerged from the feasibility criteria analysis (Table 5). These
results, arose from the second activity of the workshop (a shorter ses-
sion directed in plenary) and therefore elicited fewer participant com-
ments and themes overall (approximately half the number of sub-
themes (developed from less than half the number of coded responses)
mentioned feasibility criteria, compared to the issues mapping analysis;
see Tables 2 and 5 for comparison). Many of the themes echoed the
concerns raised during the issues mapping analysis, including those
relating to land use change and availability, technical infrastructural
factors, environmental sustainability, governance and social accept-
ability. However it should be noted that the aim of this activity was to
explore and unpack how participants may judge whether or not these
greenhouse gas reduction technologies are feasible approaches (rather
than the issues these approaches present) – and so while many of the
themes may be similar, they are responses to two quite different
questions. Nevertheless, several of the themes emerging from this
analysis provided greater detail and depth to those picked up during the
issues mapping. For example, feasibility criteria relating to biomass
(production capacity, sustainability and supply) were more prominent
here, as is the uncertainty around developing a fit-for-purpose carbon
market. Finally, while the issue of co-benefits was mentioned pre-
viously, here it appeared to be unpacked in greater detail.

3.2.1. Patterns in perceptions of feasibility themes
Similar to the issues mapping analysis, participants’ highlight many

common perceptions relating to feasibility criteria, with all of the
themes mentioned by at least 28% of participants (Table 6), however
due to the lower response rates overall, there is greater variance in
perceptions at the group level. Furthermore, while many of the group
level perceptions about feasibility criteria map quite closely to the

Table 3.
The 12 issue themes and the percentage of respondents from each expertise and sector category that mentioned each theme and the overall mean times
mentioned for all respondents. The list of themes is ordered by the overall percentage scores mentioned by the respondents. The number of respondents in
each expertise category is: Bioenergy & Forestry (8), CCS (6) and Climate Change (5); and in the sector category is: Business & Industry (9), Policy (5),
NGO (5). Colour scale: red-orange-yellow-light green-green denotes high to low response values in 20% quintiles.
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patterns seen in the issues mapping, this is not always the case. For
example, looking first at expertise, the bioenergy and forestry group
had the lowest average (34%) but most uniform response rate (all
< 50%) across all themes compared to the other two expertise groups.
However, this group did not mention the governance theme at all (a
pattern echoed with the other groups where certain feasibility themes
are not mentioned once at the group level (Table 6)). With respect to
the bioenergy and forestry group, we have interpreted this as a com-
bination of the lower response rates overall for this session (on average
only mentioning four feasibility themes, compared to an average of
seven and six for the CCS and climate change groups, respectively),
coupled with governance having some of the lower response rates for
the session discussing feasibility criteria (Table 5).

In comparison, the CCS group followed a similar pattern to their
earlier responses around issues, with high feasibility criteria frequency
rates associated with infrastructure and technical factors (67%), carbon
budgets and mitigation (50%), and carbon markets (83%). They also
had by far the lowest response rates (no mentions) regarding social
acceptability and justice criteria, compared to the other two groups.

Interestingly, the climate change group produced the same percentage
response rate across the technical, governance and social themes (all
75%), implying the same holistic focus to identifying feasibility criteria,
as they did with the issue mapping themes. Yet, they had the lowest
rates of response compared with the other groups, for the carbon
budgets and mitigation (25%) and carbon market themes, with no
mentions at all.

At the sector level, there were some differences between groups, but
most echoed the patterns shown in the earlier analysis and none were
significantly notable (Table 6). For example, the NGO and policy groups
take a holistic view of the feasibility criteria, much like they did when
asked about issues relating to afforestation and BECCS. The business
and industry group also shared a relatively holistic vision of the feasi-
bility criteria, though had slightly higher responses regarding the cost
effectiveness, competition and finance (63%), and carbon markets
(63%) themes, and relatively low response rates for sustainability
(13%) compared to the other two groups (40% for NGO, and 80% for
policy).

Table 4.
Selected quotes highlighting key differences in issues perceived by expertise groups.

Main theme Key differences Selected quotes

Expertise Sub-theme

Technical CCS Disconnect between supply chain
components

Economic disconnect and locational disconnect between biomass sources and CCS storage
sites

Efficiency of supply chain Carbon debt and mobility of several supply chains to ‘pay back’ within a few decades/avoid
overshoot

Availability of feedstock Availability of large scale supply of sustainable biomass for BECCS
B & F Forestry Land availability and ability to plant: forestry economies, regulated landscapes…

Forestry carbon Afforestation positive even without BECCS
Governance CC Risk & previous failed attempts Failure to learn from or take action to rectify the human consequences…little hope that

BECCs can be better…
B & F Risk & previous failed attempts Public sector must be willing to take considerable risks and as a consequence accept that

some projects will fail
Environmental B & F Co-benefits Impacts of wider sustainability, goals of afforestation and energy crop including co-benefits

What potential is there for delivery of multiple co-benefits?
CCS Co-benefits Co-benefits such as improved soil fertility
B & F Responsibility & safe guards Ensuring that social safeguards are properly implemented and upheld

Land use CC Availability & competition Preconceptions that suitable land is ‘empty’ or ‘unused’ or ‘degraded’ when usually it is none
of these things to people and nature

B & F Availability & competition How does BECCs integrate with rural development?
CC Legislation & ownership Impact on communities already using land (e.g., indigenous/marginalised) and land rights

Justice & ethics CC Distributional ethics Preconceptions that suitable land is ‘empty’… implementation [impacts] people on land and
ecosystems

Moral hazard Avoiding re-bound effect/moral hazard
Procedural justice Governance and decision-making in the process: who gets to decide and why?

B & F Distributional ethics Land availability…land ownership, social resistance, payments – who pays?
Spatial scale CCS Infrastructure & input Economic and locational disconnect between biomass sources and CCS storage sites

(different scales…)
Availability of large scale supply of sustainable biomass for BECCs

B & F Spatial scale Appropriate scale to avoid any negative impacts at forest level
Scalability of biomass development in UK. How fast can we put biomass energy crop in UK
land?

Temporal scale B & F Development & infrastructure Timescale to implement both in establishing forest and building projects
Valuable forests take a long time to grow

GHG accounting CCS GHG accounting Lack of adequate GHG accounting schemes
Accounting – only counts as removal for the UK if the feedstock is grown in the UK

Societal implications B & F Population & development Equal gender, access to education and its effect on population growth and societal attitudes
Long term predictions need to be included in planning e.g., population growth, migration
future industries

CC Public acceptance Social acceptability especially regarding carbon storage
Complex human needs CC Food security Competition for land-use in context of (a) nature already too squeezed (b) increases in meat

and dairy and (c) growing population
CC Communities & livelihoods Impacts of land-use change on society (especially those already on margins)
B & F Food security AND Communities &

livelihoods
Food security and impacts on communities of agricultural intensification

B & F Food security Land take potentially huge threat to wildlife and food security
Real world complexity & diversity CC Modelling & systematising complexity Assembling complex supply chains for two already difficult areas (BIO and CCS)

Can state-of-the-art modelling internalise that complexity anymore? In a way that is more
‘wiggly’?

CC Real world complexity CCS may never work (for environmental, practical or economic reasons)
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3.3. Representation of issues in integrated assessment models

3.3.1. Secondary analysis
Taking the results of the analysis described in Section 2.1, the 61

issue sub-themes (from Table 2) were re-grouped according to how they
are represented within IAMs (Table 7), reducing the number of sub-
themes to 33. For example, the theme ‘competing human needs’ ap-
pears in the table twice, separating three sub-themes (food security,
water, competing human needs) from ‘community and livelihoods’
within this theme. The issues in the former group are represented
within IAMs to different extents (as indicated in Table 7), whilst the
latter is not at all. The 33 sub-themes are thus rated from limited or no
representation (red), to moderate (orange), to extensive (green) to de-
scribe the extent to which the issues are represented within a typical
IAM - based on model description literature, researcher experience [NV
& CG] with IAMs and detailed discussion between researchers. This
analysis was also cross-checked with an independent senior colleague
from the IAM community. We further unpack these scores in the final
columns of Table 7 to describe five categories of challenges to accu-
rately modelling these real world processes (Table 8).

3.3.2. Findings
IAMs aim to cover relatively long-time frames (up to 2100), different

global regions and all economic sectors. Given the associated un-
certainties and the need for transparency, many of the factors that de-
termine future emissions are therefore simplified in IAMs. The credibility
of the option of large-scale afforestation and BECCS (and consequently
avoided deforestation and energy system decarbonisation) as represented
in the models, depends on how well the idealised modelled world reflects
real-world constraints, and hence the identification of key elements that
may limit or enable certain technologies and practices. These limitations
are recognised by the IAM community (Clarke et al., 2014). More
broadly, here we seek to explain why IAM results should not be inter-
preted as an indication of feasible levels of greenhouse gas reduction, but
rather to contextualise levels of greenhouse gas reduction that might be
associated with specific emission pathways and carbon budgets. Thus,
our analysis aims to support a better understanding of the expectations of
IAM results with regard to judgements of feasibility, highlighting specific
areas that should be informed by different types of analysis.

Table 5.
The 11 main feasibility themes and 33 sub-themes. Numbers denote the number
of codes within each theme. Across all themes, the overall number of coded
responses is n=109.

Main theme Sub-theme Total

Infrastructure & technical Infrastructure & technical (5)
Spatial scale (5)
Temporal scale (4)
Innovation (3)

17

Biomass (production capacity,
sustainability & supply)

Biomass (production capacity,
sustainability & supply) (5)
Spatial scale (5)
Temporal scale (2)
Efficiency of feedstock (1)

13

Sustainability (environmental) Diverse environmental objectives
(4)
Biodiversity issues (2)
Energy vs food security (2)
Priorities & trade-offs (2)
Water (2)
Sustainability (environmental) (1)

13

Carbon markets Metrics (5)
Carbon markets (3)
Operational issues (3)

11

Co-benefits & multiple objectives Co-benefits & multiple objectives
(5)
Afforestation & BECCS (3)
Positive social outcomes (2)

10

Cost effectiveness, competition &
finance

Cost effectiveness, competition &
finance (7)
Investment (3)

10

Carbon budgets & mitigation Carbon budgets & mitigation (5)
Accounting (3)

8

Land Land (4)
Availability (4)

8

Governance Governance (5)
Institutional frameworks (1)
Political will (1)

7

Social acceptability & justice Social acceptability & justice (6)
Empowerment (1)

7

Risk & robustness (of supply chain) Risk & robustness (of supply
chain) (3)
Feedstock supply security (2)

5

Table 6.
The 11 feasibility themes and the percentage of respondents from each expertise and sector category that mentioned each theme and the overall mean
times mentioned for all respondents. The list of themes is ordered by the overall percentage scores mentioned by the respondents. The number of
respondents in each expertise category is: Bioenergy & Forestry (8), CCS (6) and Climate Change (4); and in the sector category is: Business & Industry (8),
Policy (5), NGO (5). Colour scale: red-orange-yellow-light green-green denotes high to low response values in 20% quintiles.
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Table 7.
Extent of representation of the issue themes in a typical Integrated Assessment Model that includes land use. Sub-themes and groups of similar sub-themes are rated
qualitatively from limited (red), to moderate (orange), to extensive (green) to describe the extent to which these issues are typically represented in IAMs, which
include land use. The following five columns unpack the ratings to identify how this representation differs to the real world with respect to the five categories
described in Table 8; (i) debate over numbers, assumptions, (ii) process or element missing, (iii) policy implementation, (iv) complexity and diversity or (v) this does
not exist yet. Where issues are not widely represented in the models (rated limited (red)) we did not unpack the rating further. Numbers after each sub-theme denote
the number of codes.

Table 8.
How representations in typical IAMs differ to the real world: five categories.

Category Description

Numbers, assumptions There is either a lack of data or a wide range of estimates in the literature reflecting an active discussion in the wider scientific community about
the data or assumptions made within the model. For example, current and future land use availability estimates vary greatly

Process or element missing A process or element of a process may be missing from the model that would be needed for the issue to be fully represented.
For example, the different types of incentives and government support necessary for BECCS to be deployed at a national level.

Policy implementation The difference between an idealised and uniformly implemented policy in the model versus the real world rule breaking or weak enforcement
and the heterogeneous national contexts.
For example, in the model it is possible to protect land for food production, in the real world there will be cases of rule breaking and weak
environmental governance.

Complexity and diversity The difference between the complexity and diversity found in the real world compared to the idealised presentation in the model.
For example, the breadth of biomass and forestry feedstocks, energy conversion processes and storage options, and socio-political contexts.

This does not exist at scale yet Practices, policies or technologies that don't exist at scale yet.
For example, CCS does not exist a large scale yet (only 18 projects > 0.5 Mt CO2 yr−1 globally) nor do many carbon markets and pricing
mechanisms.
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Three distinct groups of issues emerge from this analysis (Table 7)
based on similar ratings for the extent to which they are represented in
IAMs. Each group contains a roughly equal number of issues, the only
outlier is the impact on albedo, an element previously identified as
absent from models (Vaughan and Gough, 2016; Vaughan et al., 2018),
but which we assessed to be possible to include in future model de-
velopments.

The first group of issues (n=11) were those which we considered
to be well represented within IAMs; they include a number of technical
aspects, economics and incentives, GHG accounting, land use and po-
pulation and development (Table 7). Assumptions on ‘driving forces’
such as population growth, income development, and the efficiency and
structure of the energy demand determine the size and nature of the
energy system in the models. Obviously, how these driving forces de-
velop over time is not certain and in Table 8 we present five categories
to describe different challenges to accurately modelling these real world
processes. For example, while carbon capture and storage technologies
exist, they have not been deployed at scale yet, with only 18 storage
sites (> 0.5 MtCO2/yr) in operation globally, many of these located in
North America in Enhanced Oil Recovery applications (Global CCS
Institute, 2019). The large-scale use of CCS in modelled outputs is
therefore based on assumptions that this experience can be scaled up.

The economic incentives and government support issue, is ap-
proximated within IAMs by coherent and consistent rules at a macro
scale. In practise, however, there is significant heterogeneity at re-
gional, national and sub-national levels reflecting a complexity and
diversity that cannot be fully captured with models. The same holds for
greenhouse gas accounting issues, while this can easily be oper-
ationalised in IAMs, realising the policy implementation to ensure ac-
curate greenhouse gas accounting is likely to be beset by many chal-
lenges, as seen with REDD+ (Tulyasuwan et al., 2012; Hargita et al.,
2016). Under the societal implications theme, we consider that pro-
cesses or elements are missing in relation to population and develop-
ment - in particular, social and cultural drivers that evolve over time
and may result from social and technical innovations over the course of
the 21st century. When comparing alternative GGR options and value
for money, the IAM representations are hampered by the limited data
on the costs of alternatives (i.e., numbers and assumptions), such as
direct air capture and enhanced weathering, leading to often only a
limited representation of these novel approaches (Rogelj et al., 2018).

The second group of issues (n=9) includes a more diverse set of
themes and sub-themes, which IAMs represent, but less extensively
than the first group. Four of the issues in this group present concerns
relating to both numbers and assumptions and process or element
missing. For example, agriculture and food production, water use, land
use and competing human needs such as food security are represented
to differing extents within the models, either directly or indirectly.
Although these IAMs use state of the art tools to represent these factors,
based on empirical trends, given the necessary simplification of the
model assumptions, the breadth of data and the interconnected nature
of areas covered by these sub-themes, they are rated as being moder-
ately represented. Limitations in how the issue of policy and regulation
implications is represented in the models are principally due to the gulf
between the idealised modelled policy implementation and the multiple
levels and governance mechanisms, and the associated interconnected
implications, required to deliver these approaches at a global scale.
Four issues are associated with particular complexity and diversity
challenges, ranging from the breadth and complexity of the supply
chains that could deliver BECCS to environmental and social issues
raised by the large-scale application of afforestation and BECCS glob-
ally. Issues raised by participants under the temporal scale theme in-
cluded questions about the timescale in which modelled quantities of
CO2 removed could be achieved and the time-dependency of CO2 se-
questration, particularly in relation to implementing the Paris
Agreement; primarily arising from the fact that BECCS and large-scale
afforestation do not exist at scale yet.

The final group (n=12) of issues raised by our experts (Table 7) are
not typically represented in IAMs - issues such as justice and ethics,
public acceptance, innovation, leadership and political will, and, leg-
islation and ownership of land. Quantitative models (certainly, those
focusing on economics, energy system and greenhouse gas accounting)
are not well designed to capture the nuances of social and cultural
drivers of change. However, whilst the IAMs play an extremely valuable
role, by highlighting the issues raised by stakeholders which are not
represented in the models (and therefore the emission pathways), we
argue that they should not be used in isolation to interrogate the fea-
sibility of particular technologies or practices.

4. Discussion

This study offers unique insights to advance understanding of issues
and feasibility criteria associated with biomass energy with carbon
capture and storage (BECCS) and large-scale afforestation for green-
house gas reduction (GGR). Eliciting expert perceptions from a variety
of stakeholders from business and industry, non-governmental organi-
sations and policy makers, demonstrated a broad and diverse range of
issues associated with these GGR technologies and practices, which
collectively expand the current knowledge base on this nascent area of
development. Specifically, our findings show the importance of societal
and governance aspects of feasibility, in particular issues around justice
and ethics, competing human needs, and ‘real world’ complexity and
diversity. These issues are not only under-represented within current
academic literature (Minx et al., 2017), as we have shown, they are also
excluded from typical integrated assessment models that have become a
central tool in the global assessment of climate change and which hold
a strong influence on climate policy and societal responses to the threat
of dangerous climate change.

While acknowledging the specificities of the UK workshop setting
drawn on in this paper, this study devised a novel expert elicitation
approach, that complements parallel works (e.g., Low and
Schäfer, 2020) to open up expert and stakeholder perspectives on the
feasibility of BECCS and AR, to produce a more diverse map of issues
and criteria that should be taken into consideration in the future de-
velopment of GGR approaches. Given the biophysical and techno-eco-
nomic emphasis of many existing assessments of GGR, it is not sur-
prising that workshop participants placed greater emphasis on these
dimensions, as reflected by the most frequently raised issues (technical,
environmental, land use, economics and incentives, see Table 2) and
criteria identified (infrastructure & technical, biomass, environmental
sustainability, carbon markets, cost effectiveness, see Table 5). Despite
such biases, a recent review of the international academic literature
(Waller et al., 2020) has shown an increasing number of studies either
emphasising or analysing the social and political dimensions of GGR
approaches, including BECCS and AR. Key themes relating to social and
political dimensions of GGR feasibility identified in this review include:
societal engagement; governance, regulation and politics; innovation;
complexity and uncertainty; and ethics, equity and justice (ibid). While
the methodological approach we developed differs from previous works
(for example, see Bellamy and Healey (2018) for future scenario
workshops on GGR; and Rickels et al. (2019) and Low and Schäfer
(2020) for survey and interview approaches to examine feasibility of
NETs), there are some significant commonalities between themes in the
social science and energy literature and those emerging from the expert
and stakeholder views elicited in our study (see Tables 2 and 3), which
included: governance, justice and ethics, societal implications, com-
peting human needs, and ‘real world’ complexity and diversity. This
indicates the wider applicability and relevance of the themes identified
in our current study and further verifies the situated importance of
socio-political themes emerging in the international literature.

These findings suggest that social, political and equity issues and
criteria need to become more central to anticipatory assessments of
GGR and climate futures more broadly. Yet, our analysis has shown that
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these dimensions are routinely excluded from climate assessments and
thus decision-making processes. The secondary analysis presented in
Table 7 highlights the valuable role of IAMs. However, as models based
on global economics, energy system and greenhouse gas accounting,
they are not designed to, and indeed cannot, capture the nuances of
social, political and cultural drivers of change. Our analysis indicates
how real-world complexities and socio-political issues raised by work-
shop participants (e.g., justice and ethics, social implications, com-
peting human needs, governance, leadership and political will) are not
included and represented in the IAMs and the emissions pathways they
generate. Therefore, we argue that, while IAMs are able to model and
represent some of the options, issues and criteria that should be con-
sidered in pathways for achieving emissions reductions, given the
complexities they do not render, some crucial dimensions are excluded
or left out. Based on the evidence and analysis presented here, we
suggest it is critically important that these exclusions are attended to
either through altering the practices of IAMs and their communication
or through complementing IAMs with other approaches (e.g., through
the use of complementary ‘bridging’ approaches, see Geels et al., 2016).
In doing this we aim to add support to the small but growing body of
literature (Edenhofer and Kowarsch, 2015; Haikola et al., 2019;
Rickels et al., 2019; Low and Schäfer, 2020) seeking to open up new
agendas for research and practice which aim to better understand the
limitations of the models in a constructive way and thus introduce new
approaches which can enable the inclusion of ‘uncomfortable knowl-
edge’ (Saltelli and Giampietro, 2017) in the wider assessment process.

Table 9 outlines a range of approaches which we suggest can help to
open up models and assessments of GGR and climate futures or other-
wise complement them by offering different ways of being responsible
about and attending to social and political dimensions of climate as-
sessments, innovations and governance processes. These categories of
approaches loosely range from those more focused on models and as-
sessment processes themselves (cf. Beck and Mahony 2018), through to
those concerned with wider processes of climate innovation, democracy
and governance which shape the emergence of GGR. In doing this we
are not suggesting a particular order or firm categorisation of these
approaches, which often blur and overlap in practice. We simply sug-
gest this range of approaches needs to collectively become more ap-
parent, whether practiced independently or in conjunction with IAMs in
different combinations.

As Table 9 shows, one approach advocates critical reflection on
model assumptions and exclusions, and explicitly expressing these
alongside model outputs – if these qualitative dimensions are not in-
cluded in the models via proxies - thus complementing model outputs
with a recognition of the complexities of societal issues and governance
dimensions (e.g., Edelenbosch et al., 2018). These would inform the
communication of scientific modelling outputs, aid in contextualising
them, and incorporate them into more inclusive conversations on pos-
sible and desirable futures. A further possibility is to openly question
and scrutinise the framings and exclusions of IAMs with publics in
participatory integrated assessment processes (e.g., Kasemir et al.,
2000). A deeper ‘responsible assessment’ approach (Beck and
Mahony, 2018) would advocate reflecting on the implications and ef-
fects that might result from the adoption, or otherwise, of decisions
based on IAMs. This goes beyond communicating uncertainties and
exclusions, to reflexively questioning the future socio-technical ima-
ginaries (Jasanoff and Kim, 2013) implicit in model projections, the
implications and effects of imagined social worlds, and how they might
be configured and appraised otherwise.

Where the first three approaches in Table 9 expose the net-zero
imaginations within IAMs as being too narrow, there is a role for ap-
praisals that deliberately open up the framings, inputs, perspectives and
outputs of assessments to consider more widely which collective futures
societies want, which may be feasible, and why and how they can be
achieved (e.g., Bellamy et al., 2016). Yet while inter- and trans-dis-
ciplinary arrangements are important, there remain instances where
social science and humanities analyses of social and equity dimensions
of climate futures are necessary in their own right (e.g., Gonzalez-
Ricoy and Rey, 2019). Beyond this, instead of formal procedures, it
might be that social and justice dimensions of GGR and climate change
should be dealt with through ongoing democratic deliberation, mobi-
lisation and debate at multiple scales (e.g., Chilvers and Pallett, 2018).
Such approaches may enable attending to those components that IAMs
represent poorly or almost not at all (those listed in red in Table 7).
Ultimately, however, attending to the social and justice dimensions of
GGR and climate futures needs to move beyond the domains of expert
assessment and democratic debate and become a core consideration of
distributed commitments, innovations and governance, through em-
bedding processes of responsible innovation and governance at multiple
scales (e.g., Stilgoe et al., 2013; Voβ and Simmons, 2018). This can

Table 9
Approaches to assist or complement IAMs in attending to social and justice dimensions of GGR and climate futures.

Category of approach Characteristics Examples and references

Expressing model assumptions and
exclusions

Expressing social assumptions, exclusions and complexities in or alongside model
representations

Edelenbosch et al. (2018)

Participatory integrated assessment Extended peer review of IAM framings and outputs through public and stakeholder
participation, aimed at improving their quality and social robustness.

Darier et al. (1999a)
Kasemir et al. (2000)
Darier et al. (1999b)
Cohen et al. (2006)
Cohen (2007)
Scherhaufer et al. (2018)

Responsible assessment Caring for the future implications, politics, effects and social orders produced through
assessments/models of GGR and climate change.

Beck and Mahony (2018)

Opening up social appraisals and
assessments

Appraisal processes that seek to open up the framings, inputs, perspectives and outputs
of GGR assessments, including alternative problem framings, criteria, metrics, and
future choices and pathways of change.

Multi-criteria mapping (Stirling and
Mayer, 2001)
Deliberative mapping (Bellamy et al., 2016)
Q Method (Cairns and Stirling, 2014)
Scenario workshops (Pérez-Soba and Maas, 2015)
Forecasting and backcasting (Robinson, 2003;
Iden, 2017)

Climate justice Develop analyses of social and justice dimensions of climate futures in their own right. Gonzalez-Ricoy and Rey (2019)
Participatory democracy and

deliberation
Social, political and justice dimensions of GGR and climate change can be dealt with
through ongoing democratic deliberation, mobilisation and debate at multiple scales.

Hanusch (2017)
Chilvers and Pallett (2018)
Fiorino (2018)

Responsible innovation and
governance

Anticipating and responding to implications, downsides and social futures in the
process of innovating net-zero carbon technologies (like GGR) and climate governance
instruments.

Stilgoe et al. (2013)
Voβ and Simmons (2018)
Raman et al. (2015)
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enable a more attentive and embedded consideration of equity and
justice dimensions in advance and in their own right, rather than as add-
ons or after-thoughts of international climate regimes.

We acknowledge that the wider adoption of these approaches will
be challenging, not least because they question incumbent modes and
paradigms of climate assessment, governing and decision-making. Yet,
if social, political and justice dimensions of emerging responses to net-
zero carbon futures (including GGR approaches) are to be taken ser-
iously - as advocated by many experts and stakeholders in our expert
workshop and increasingly by the international social science literature
- then all approaches put forward in Table 9 will have to play a part.
Indeed, it will be necessary for these approaches and the different
communities associated with them to interact and complement each
other, rather than working in competition. Many of these approaches
already occur in isolation, so a key challenge will be to experiment, test
and evaluate them together as part of a wider framework for attending
to the social dimensions of GGR and climate futures. The expert
workshop reported on in this paper can be seen as one small initial
contribution to this wider programme. Ultimately, however, this will
depend on properly funding, resourcing and building capacities in these
approaches, which have their origins in the social sciences and huma-
nities.

5. Conclusion

This study has shown that stakeholders view and evaluate large-
scale afforestation and BECCS through a diverse range of different
criteria. Analysis of the workshop contributions indicated that partici-
pants with broader climate change expertise referred to a wider range
of themes, similarly the NGO and policy groups, whilst other partici-
pants referred to issues and criteria more closely associated with their
specific areas of expertise. Importantly, our analysis has shown that
many of the issues and criteria developed by participants are currently
not included or represented in IAM processes and outputs, most notably
those relating to social and political dimensions. IAMs thus partially
frame decision making on future greenhouse gas emission options
through excluding other possibilities and foreclosing discussions
around potential alternative futures. In response to this we have iden-
tified a series of approaches which can assist or complement IAMs to
ensure that the social and political dimensions of GGR and climate
futures are given due consideration in climate assessments, innovations
and decision processes. Our findings suggest that some communities
will be more receptive to these approaches than others, given our
workshop participants’ attention to a range of feasibility themes. Thus,
we call for more serious and long-term experimentation and engage-
ment with and across the various proposed approaches to understand
the feasibilities and complexity associated with large-scale afforestation
and BECCs, supported by adequate and directed funding. As part of this
we propose that engagement with modellers may serve to interactively
consider those elements currently excluded or under-represented in
IAMs, to foster discussions on the rationales and justifications for doing
so and whether there may be other means through which some of these
could be accounted for in IAM outputs. We also propose that a deeper
understanding of which elements may enable or preclude in the de-
livery of large-scale afforestation and BECCS is required, to provide
detail to inform discussions on greenhouse gas removal options in the
wider context of real-world complexity. Finally, we acknowledge that
future assessments and demonstrations of mitigation options should
include wider transdisciplinary knowledge and interests, beyond the
expert views expressed in our workshop, to more openly and deeply
explore the real-world complexities and socio-political dimensions of
GGR and alternative climate futures.

CRediT authorship contribution statement

Johanna Forster: Conceptualization, Methodology, Formal

analysis, Writing - original draft, Writing - review & editing, Funding
acquisition. Naomi E. Vaughan: Conceptualization, Methodology,
Investigation, Writing - original draft, Writing - review & editing,
Funding acquisition. Clair Gough: Conceptualization, Methodology,
Investigation, Writing - original draft, Writing - review & editing,
Funding acquisition. Irene Lorenzoni: Conceptualization,
Methodology, Investigation, Writing - original draft, Writing - review &
editing, Funding acquisition. Jason Chilvers: Conceptualization,
Methodology, Investigation, Writing - original draft, Writing - review &
editing, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

All authors acknowledge support from the Natural Environment
Research Council (NE/P019951/1). Many thanks to each of the parti-
cipants of the workshop on which this research is based, for sharing
their views and concerns surrounding this important topic. Many
thanks to our four PhD researcher notetakers during the workshop; Dr
Ellin Lede, Dr Jacqueline Zavala, Dr Brendan Moore and Ms Cristina
Pereira. The authors would also like to thank Prof. Detlef van Vuuren
for comments provided on the secondary analysis of the representation
of issues in IAMs.

References

Allen, M.R., Dube, O.P., Solecki, W., Aragón-Durand, F., Cramer, W., Humphreys, S.,
et al., 2018. “Framing and context. In: Masson-Delmotte, V (Ed.), Global Warming of
1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C Above Pre-
Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the
Context of Strengthening the Global Response to the Threat of Climate Change,
Sustainable Development, and Efforts to Eradicate Poverty, In Press. https://www.
ipcc.ch/sr15/chapter/chapter-1/.

Anderson, K., Peters, G., 2016. The trouble with negative emissions. Science 354 (6309),
182–183.

Beck, S., Mahoney, M., 2018. The politics of anticipation: the IPCC and the negative
emissions technologies experience. Global Sustain. 1, e8.

Bellamy, R., Chilvers, J., Vaughan, N.E., Lenton, T.M., 2013. ‘Opening up’ geoengineering
appraisal: multi-criteria mapping of options for tackling climate change. Global
Environ. Change 23 (5), 926–937.

Bellamy, R., Chilvers, J., Vaughan, N.E., 2016. Deliberative mapping of options for
tackling climate change: citizens and specialists 'open up' appraisal of geoengi-
neering. Public Underst. Sci. 25, 269–286.

Bellamy, R., Healey, P., 2018. Slippery slope’ or ‘uphill struggle’? Broadening out expert
scenarios or climate engineering research and development. Environ. Sci. Policy 83,
1–10.

Buck, H.J., 2016. Rapid scale-up of negative emissions technologies: social barriers and
social implications. Clim. Change 139 (2), 155–167.

Burns, W., Nicholson, S., 2017. Bioenergy and carbon capture with storage (BECCS): the
prospects and challenges of an emerging climate policy response. J. Environ. Stud.
Sci. 7 (4), 527–534.

Cairns, R., Stirling, A., 2014. Maintaining planetary systems’ or ‘concentrating global
power?’ High stakes in contending framings of climate geoengineering. Global
Environ. Change 28, 25–38.

Chilvers, J., Pallett, H., 2018. Energy democracies and publics in the making: a relational
agenda for research and practice. Front. Commun. 3, 14.

Clarke, L., Jiang, K., Akimoto, K., Babiker, M., Blanford, G., Fisher-Vanden, K., et al.,
2014. Assessing transformation pathways. In: Edenhofer, O, Pichs-Madruga, R,
Sokona, Y, Farahani, E, Kadner, S, Seyboth, K (Eds.), Climate Change 2014:
Mitigation of Climate Change. Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental Panel On Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Cohen, S., 2007. Participatory Integrated Assessment of Water Management and Climate
Change in the Okanagan Basin. British Columbia Final Report.

Cohen, S., Neilsen, D., Smith, S., Neale, T., Taylor, B., Barton, M., et al., 2006. Learning
with local help: expanding the dialogue on climate change and water management in
the Okanagan region, British Columbia, Canada. Clim. Change 75 (3), 331–358.

Darier, É., Gough, C., Marchi, B.D., Funtowicz, S., Grove-White, R., Kitchener, D., et al.,
1999a. Between democracy and expertise? Citizens’ participation and environmental
integrated assessment in Venice (Italy) and St. Helens (UK). J. Environ. Policy Plan. 1,
103–120.

J. Forster, et al. Global Environmental Change 63 (2020) 102073

11

https://www.ipcc.ch/sr15/chapter/chapter-1/
https://www.ipcc.ch/sr15/chapter/chapter-1/
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0002
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0002
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0003
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0003
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0004
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0004
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0004
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0005
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0005
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0005
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0006
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0006
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0006
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0007
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0007
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0008
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0008
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0008
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0009
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0009
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0009
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0010
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0010
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0011
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0012
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0012
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0013
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0013
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0013
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0014
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0014
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0014
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0014


Darier, É., Shackley, S., Wynne, B., 1999b. Towards a ‘folk integrated assessment’ of
climate change? Int. J. Environ. Pollut. 11 (3), 351–372.

Dooley, K., Gupta, A., 2017. Governing by expertise: the contested politics of (accounting
for) land-based mitigation in a new climate agreement. Int. Environ. Agreem. Politics
Law Econ. 17 (4), 483–500.

Dowd, A.-.M., Rodriguez, M., Jeanneret, T., 2015. Social science insights for the bioCCS
industry. Energies 8 (5), 4024–4042.

EASAC (2018) Negative emission technologies: What role in meeting Paris Agreement
targets?European Academies Science Advisory Council. Policy Report 35, p45.

Edelenbosch, O.Y., McCollum, D.L., Pettifor, H., Wilson, C., van Vuuren, D.P., 2018.
Interactions between social learning and technological learning in electric vehicle
futures. Environ. Res. Lett. 13 (12). https://doi.org/10.1088/1748-9326/aae948.

Edenhofer, O., Kowarsch, M., 2015. Cartography of pathways: a new model for en-
vironmental policy assessments. Environ. Sci. Policy 51, 56–64.

Evar, B., 2011. Conditional inevitability: expert perceptions of carbon capture and storage
uncertainties in the UK context. Energy Policy 39 (6), 3414–3424.

Fajardy, M., Mac Dowell, N, 2017. Can BECCS deliver sustainable and resource efficient
negative emissions? Energy Environ. Sci. 10 (6), 1389–1426.

Feldpausch-Parker, A., Burnham, M., Melnik, M., Callaghan, M., Selfa, T., 2015. News
media analysis of carbon capture and storage and biomass: perceptions and possi-
bilities. Energies 8 (4), 3058–3074.

Fiorino, D., 2018. Can Democracy Handle Climate Change? Polity Press, Cambridge.
Fridahl, M., 2017. Socio-political prioritization of bioenergy with carbon capture and

storage. Energy Policy 104, 89–99.
Fridahl, M., Lehtveer, M., 2018. Bioenergy with carbon capture and storage (BECCS):

global potential, investment preferences, and deployment barriers. Energy Res. Soc.
Sci. 42, 155–165.

Fuss, S., et al., 2014. Betting on negative emissions. Nat. Clim. Change 4, 850–853.
Gamborg, C., Anker, H.T., Sandoe, P., 2014. Ethical and legal challenges in bioenergy

governance: coping with value disagreement and regulatory complexity. Energy
Policy 69 (Supplement C), 326–333.

Geden, O., Scott, V., Palmer, J., 2018. Integrating carbon dioxide removal into EU climate
policy: prospects for a paradigm shift. Wiley Interdiscip. Rev. Clim. Change 0 (0),
e521.

Geels, F.W., Berkhou,t, F., van Vuuren, D.P., 2016. Bridging analytical approaches for
low-carbon transitions. Nat. Clim. Change 6, 576. https://doi.org/10.1038/
nclimate2980.

Global Carbon Capture and Storage Institute Ltd (2019) CO2RE Facility Database.
Accessed: 5th June 2019. https://co2re.co/FacilityData.

Gonzalez-Ricoy, I., Rey, F., 2019. Enfranchising the future: climate justice and the re-
presentation of future generations. WIREs Clim. Change. https://doi.org/10.1002/
wcc.598.

Gough, C., 2008. State of the art in carbon dioxide capture and storage in the UK: an
experts' review. Int. J. Greenh. Gas Control 2 (1), 155–168.

Gough, C., Garcia-Freites, S., Jones, C., Mander, S., Moore, B., Pereira, C., et al., 2018b.
Challenges to the use of BECCS as a keystone technology in pursuit of 1.5°C. Global
Sustain. 1, e5.

Gough, C., Mabon, L., Mander, S., 2018a. Social and ethical dimensions of BECCS. In:
Gough, C, Thornley, P, Mander, S, Lea-Langton, A, Vaughan, N (Eds.), Biomass
Energy With CCS: Unlocking Negative Emissions. Wiley.

Gregory, F.N., Max, W.C., Felix, C., Sabine, F., Jens, H., Jérôme, H., et al., 2018. Negative
emissions—part 3: innovation and upscaling. Environ. Res. Lett. 13 (6), 063003.

Haikola, S., Hansson, A., Fridahl, M., 2019. Views of beccs among modelers and policy-
makers. In: Fridahl, Mathias (Ed.), Bioenergy With Carbon Capture and Storage: From
Global Potentials to Domestic Realities. Liberal European Forum, Brussels, pp. 17–31
2018.

Hanusch, F., 2017. Democracy and Climate Change. Routledge, Abingdon.
Hargita, Y., Günter, S., Kötchke, M., 2016. Brazil submitted the first REDD+ reference

level to the UNFCCC - Implications regarding climate effectiveness and cost-effi-
ciency. Land Use Policy 55, 340–347.

Honegger, M., Reiner, D., 2018. The political economy of negative emissions technolo-
gies: consequences for international policy design. Clim. Policy 18 (3), 306–321.

Iden, J., et al., 2017. The nature of strategic foresight research: a systematic literature
review. Technol. Forecast. Soc. Change 116, 87–97.

IPCC, 2018. Special Report: Global Warming of 1.5°C. Intergovernmental Panel on
Climate Change. https://www.ipcc.ch/sr15/.

Jasanoff, S., 2003. Technologies of humility: citizen participation in governing science.
Minerva 41, 223–244.

Jasanoff, S., Kim, S.-H., 2013. Sociotechnical imaginaries and national energy policies.
Sci. Cult. Lond. 22, 189–196.

Kasemir, B., Dahinden, U., Swartling, A.G., Schule, R., Tabara, D., Jaeger, C.C., 2000.
Citizens' perspectives on climate change and energy use. Global Environ. Change
Hum. Policy Dimens. 10, 169–184.

Kearnes, M., Grove-White, R., Macnaghten, P., Wilsdon, J., Wynne, B., 2006. From bio to
nano: learning lessons from the UK agricultural biotechnology controversy. Sci. Cult.
Lond. 15, 291–307.

Krey, V., Havlik, P., Fricko, O., Zilliacus, J., Gidden, M., Strubegger, M., et al., 2016.
MESSAGE-GLOBIOM 1.0 Documentation. http://data.ene.iiasa.ac.at/message-
globiom/.

Leimbach, M., Bauer, N., Baumstark, L., Edenhofer, O.l, 2010. Mitigation costs in a glo-
balized world: climate policy analysis with REMIND–R. Environ. Model. Assess. 15,
155–173.

Lenzi, D., 2018. The ethics of negative emissions. Global Sustain. 1, e7.
Lin, J.-C., Wu, C.-S., Liu, W.-Y., Lee, C.-C., 2012. Behavioral intentions toward affor-

estation and carbon reduction by the Taiwanese public. Forest Policy Econ. 14 (1),
119–126.

Lotze-Campen, H., Müller, C., Bondeau, A., Rost, S., Popp, A., Lucht, W., 2008. Food
demand, productivity growth and the spatial distribution of land and water use: a
global modeling approach. Agric. Econ. 39, 325–338.

Low, S., Schäfer, S, 2020. Is bio-energy carbon capture and storage (BECCS) feasible? The
contested authority of integrated assessment modelling. Energy Res. Soc. Sci. 60,
101326.

Mabon, L., Shackley, S., 2015. Meeting the targets or re-imagining society? An empirical
study into the ethical landscape of carbon dioxide capture and storage in scotland.
Environ. Values 24 (4), 465–482.

Macnaghten, P., Chilvers, J, 2014. The future of science governance: publics, policies,
practices. Environ. Plan. C Gov. Policy 32, 530–548.

Macnaghten, P., Szerszynski, B., 2013. Living the global social experiment: an analysis of
public discourse on solar radiation management and its implications for governance.
Global Environ. Change 23 (2), 465–474.

Marey-Pérez, M.F., Rodríguez-Vicente, V., 2009. Forest transition in Northern Spain: local
responses on large-scale programmes of field-afforestation. Land Use Policy 26 (1),
139–156.

Meadowcroft, J., 2013. Exploring negative territory carbon dioxide removal and climate
policy initiatives. Clim. Change 118 (1), 137–149.

Minx, J.C., Lamb, W.F., Callaghan, M.W., Bornmann, L., Fuss, S., 2017. Fast growing
research on negative emissions. Environ. Res. Lett. 12 (3), 035007.

NVivo, 2017. Qualitative Data Analysis Software. QSR International Pty Ltd. Version 11.
Pérez-Soba, M., Maas, R., 2015. Scenarios: tools for coping with complexity and future

uncertainty? In: Jordan, A.J., Turnpenny, J.R. (Eds.), The Tools of Policy
Formulation. Edward Elgar, Cheltenham, UK, pp. 52–75.

Raman, S., Mohr, A., Helliwell, R., Ribeiro, B., Shortall, O., Smith, R., et al., 2015.
Integrating social and value dimensions into sustainability assessment of lig-
nocellulosic biofuels. Biomass Bioenergy. https://doi.org/10.1016/j.biombioe.2015.
04.022.

Ribeiro, B.E., Quintanilla, M.A., 2015. Transitions in biofuel technologies: an appraisal of
the social impacts of cellulosic ethanol using the Delphi method. Technol. Forecast.
Soc. Change 92, 53–68.

Rickels, W., Merk, C., Reith, F., Keller, D.P., Oschlies, A., 2019. (Mis)conceptions about
modelling of negative emissions technologies. Environ. Res. Lett. 14 (10), 104004.

Robinson, J., 2003. Future subjunctive: backcasting as social learning. Futures 35 (8),
839–856.

Röder, M., 2016. More than food or fuel. Stakeholder perceptions of anaerobic digestion
and land use; a case study from the United Kingdom. Energy Policy 97, 73–81.

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., et al., 2018.
Mitigation pathways compatible with 1.5°C in the context of sustainable develop-
ment. In: Masson-Delmotte, V. (Ed.), Global Warming of 1.5°C. An IPCC Special
Report on the Impacts of Global Warming of 1.5°C Above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening
the Global Response to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, . https://www.ipcc.ch/sr15/chapter/chapter-2/.

Sala, R., Oltra, C., 2011. Experts attitudes towards CCS technologies in Spain. Int. J.
Greenh. Gas Control 5 (5), 1339–1345.

Saltelli, A., Giampietro, M., 2017. What is wrong with evidence based policy, and how
can it be improved? Futures 91, 62–71. https://doi.org/10.1016/j.futures.2016.11.
012.

Scherhaufer, P., Höltinger, S., Salak, B., Schauppenlehner, T, Schmidt, J, 2018. A parti-
cipatory integrated assessment of the social acceptance of wind energy. Energy Res.
Soc. Sci. 45, 164–172. https://doi.org/10.1016/j.erss.2018.06.022.

Shackley, S., Waterman, H., Godfroij, P., Reiner, D., Anderson, J., Draxlbauer, K., et al.,
2007. Stakeholder perceptions of CO2 capture and storage in Europe: results from a
survey. Energy Policy 35 (10), 5091–5108.

Shiva, V., Bandyopadhyay, J., Jayal, N.D., 1985. Afforestation in India: problems and
strategies. Ambio 14 (6), 329–333.

Smith, P., Haszeldine, R.S., Smith, S.M, 2016. Preliminary assessment of the potential for,
and limitations to, terrestrial negative emission technologies in the UK. Environ. Sci.
Process. Impacts. https://doi.org/10.1039/c6em00386a.

Stehfest, E., van Vuuren, D., Kram, T., Bouwman, L., Alkemade, R., Bakkenes, M., et al.,
2014. Integrated Assessment of Global Environmental Change With IMAGE 3.0.
Model description and Policy Applications. PBL Netherlands Environmental
Assessment Agency, The Hague. https://www.pbl.nl/sites/default/files/cms/
publicaties/pbl-2014-integrated%20assessment%20of%20global%20environmental
%20change%20with%20image30_735.pdf.

Stilgoe, J., Owen, R., Macnaghten, P., 2013. Developing a framework for responsible
innovation. Res. Policy 42 (9), 1568–1580.

Stirling, A., Mayer, S., 2001. A novel approach to the appraisal of technological risk: a
multicriteria mapping study of a genetically modified crop. Environ. Plan. C Gov.
Policy 19, 529–555.

Thornley, P., Mohr, A., 2018. Policy frameworks and supply chain accounting. In: Gough,
C, Thornley, P, Mander, S, Lea-Langton, A, Vaughan, N (Eds.), Biomass Energy With
CCS: Unlocking Negative Emissions. Wiley.

Torvanger, A., 2019. Governance of bioenergy with carbon capture and storage (BECCS):
accounting, rewarding, and the Paris agreement. Clim. Policy 19 (3), 329–341.

Tulyasuwan, N., Henry, M., Secrieru, M., Jonckheere, I., Federici, S., 2012. Issues and

J. Forster, et al. Global Environmental Change 63 (2020) 102073

12

http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0015
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0015
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0016
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0016
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0016
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0017
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0017
https://doi.org/10.1088/1748-9326/aae948
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0020
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0020
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0021
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0021
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0022
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0022
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0023
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0023
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0023
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0024
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0025
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0025
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0026
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0026
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0026
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0027
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0028
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0028
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0028
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0029
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0029
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0029
https://doi.org/10.1038/nclimate2980
https://doi.org/10.1038/nclimate2980
https://co2re.co/FacilityData
https://doi.org/10.1002/wcc.598
https://doi.org/10.1002/wcc.598
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0032
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0032
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0033
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0033
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0033
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0034
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0034
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0034
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0035
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0035
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0036
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0036
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0036
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0036
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0037
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0038
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0038
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0038
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0039
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0039
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0040
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0040
https://www.ipcc.ch/sr15/
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0042
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0042
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0043
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0043
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0044
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0044
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0044
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0045
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0045
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0045
http://data.ene.iiasa.ac.at/message-globiom/
http://data.ene.iiasa.ac.at/message-globiom/
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0047
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0047
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0047
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0048
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0049
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0049
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0049
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0050
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0050
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0050
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0051
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0051
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0051
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0052
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0052
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0052
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0053
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0053
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0054
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0054
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0054
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0055
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0055
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0055
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0056
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0056
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0057
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0057
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0058
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0059
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0059
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0059
https://doi.org/10.1016/j.biombioe.2015.04.022
https://doi.org/10.1016/j.biombioe.2015.04.022
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0061
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0061
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0061
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0062
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0062
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0063
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0063
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0064
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0064
https://www.ipcc.ch/sr15/chapter/chapter-2/
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0066
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0066
https://doi.org/10.1016/j.futures.2016.11.012
https://doi.org/10.1016/j.futures.2016.11.012
https://doi.org/10.1016/j.erss.2018.06.022
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0069
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0069
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0069
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0070
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0070
https://doi.org/10.1039/c6em00386a
https://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-integrated%20assessment%20of%20global%20environmental%20change%20with%20image30_735.pdf
https://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-integrated%20assessment%20of%20global%20environmental%20change%20with%20image30_735.pdf
https://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-integrated%20assessment%20of%20global%20environmental%20change%20with%20image30_735.pdf
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0073
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0073
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0074
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0074
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0074
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0075
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0075
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0075
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0076
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0076
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0077


challenges for the national system for greenhouse gas inventory in the context of
REDD+. Greenh. Gas Meas. Manag. 2, 73–83.

United Nations Framework Convention on Climate Change, 2015. Adoption of the Paris
agreement. In: Proceedings of the 21st Conference of the Parties. Paris: United
Nations.

Upham, P., Dendler, L., 2015. Scientists as policy actors: a study of the language of biofuel
research. Environ. Sci. Policy 47 (0), 137–147.

Vaughan, N.E., Gough, C., 2016. Expert assessment concludes negative emissions sce-
narios may not deliver. Environ. Res. Lett. 11 (9), 095003.

Vaughan, N.E., Gough, C., Mander, S., Littleton, E.W., Welfle, A., Gernaat, et al., 2018.
Evaluating the use of biomass energy with carbon capture and storage in low emis-
sion scenarios. Environ. Res. Lett. 13 (4), 044014.

Voβ, J.-P., Simmons, A., 2018. A novel understanding of experimentation in governance:
co-producing innovations between “lab” and “field”. Policy Sci. 51 (2), 213–229.

Waller, L., Rayner, T., Chilvers, J., Gough, C., Lorenzoni, I., Jordan, A., et al., 2020.
Contested framings of greenhouse gas removal and its feasibilities: social and political
dimensions. WIREs Clim. Change. https://doi.org/10.1002/WCC.649.

J. Forster, et al. Global Environmental Change 63 (2020) 102073

13

http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0077
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0077
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0078
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0078
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0078
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0079
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0079
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0080
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0080
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0084
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0084
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0084
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0081
http://refhub.elsevier.com/S0959-3780(19)31400-1/sbref0081
https://doi.org/10.1002/WCC.649

	Mapping feasibilities of greenhouse gas removal: Key issues, gaps and opening up assessments
	Introduction
	Methods
	Data analysis

	Results
	Issue mapping themes
	Patterns in perceptions of issue mapping themes
	Issue mapping sub-themes by expertise groups

	Feasibility criteria themes
	Patterns in perceptions of feasibility themes

	Representation of issues in integrated assessment models
	Secondary analysis
	Findings


	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References




