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Abstract
Purpose – This paper aims to explore three operations and supply chain management (OSCM) approaches for
meeting the 2 8C targets to counteract climate change: adaptation (adjusting to climatic impacts); mitigation
(innovating towards low-carbon practices); and carbon-removing negative emissions technologies (NETs). We
suggest that adaptation nor mitigation may be enough to meet the current climate targets, thus calling for NETs,
resulting in the following question: How can operations and supply chains be reconceptualized for NETs?
Design/methodology/approach – We draw on the sustainable supply chain and transitions discourses along
with interview data involving 125 experts gathered from a broad research project focused on geoengineering and
NETs.We analyze three case studies of emergingNETs (biochar, direct air carbon capture and storage and ocean
alkalinity enhancement), leading to propositions on the link between OSCM and NETs.
Findings – Although some NETs are promising, there remains considerable variance and uncertainty over supply
chain configurations, efficacy, social acceptability and potential risks of unintended detrimental consequences. We
introduce the concept of transformative OSCM, which encompasses policy interventions to foster the emergence of
new technologies in industry sectors driven by social mandates but lack clear commercial incentives.
Originality/value – To the best of the authors’ knowledge, this paper is among the first that studies NETs from
an OSCM perspective. It suggests a pathway toward new industry structures and policy support to effectively
tackle climate change through carbon removal.
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Introduction
The relationship between climate change and operations and supply chain management
(OSCM) can be described as paradoxical: businesses are major causes of climate change, but
will also be affected by, and necessary for, rectifying it. The 2,500 largest global corporations’
supply chains contributemore than 20%of global emissions (Gopalakrishnan et al., 2021) and
eight of the world’s supply chains according to sectors (food, construction, fashion, fast-
moving consumer goods, electronics, automotive, professional services and freight) account
for more than half of all global greenhouse gas emissions (WEF, 2021). At the same time,
modern supply chains are globally complex with significant upstream processes in regions
vulnerable to climate change (Burke et al., 2015; Carleton and Hsiang, 2016). Hence, OSCM
will be significantly affected by the upcoming costly cascading effects of climate change and
emerging international regulations and policies (Ghadge et al., 2020; Holgado et al., 2024;
Howard-Grenville et al., 2014). Conversely, reducing the world’s CO2 emissions also offers
industry huge opportunities (Bloomberg, 2020) – as much as $100tn (Carlin, 2021) over the
next three decades, with annual investments exceeding $5tn. Therefore, any realistic effort to
meet carbon neutrality and reduce climate change will require the expertise, resources and
innovative capabilities of firms, and particularly OSCM (Helper et al., 2021), either via
changes in operations and supply-chain network designs or diffusing technological solutions
(Atasu et al., 2020).

Challenges however remain enormous. Althoughwe now have consensus over the severity
of the problem and a target of maintaining temperatures below 2 8C above the pre-industrial
average, progress remains insufficient, thus making it “likely that warming will exceed 1.5 8C
during the 21st century and make it harder to limit warming below 2 8C” (IPCC, 2023, p. 10).
Consequently, themajority of the scientific community and themost recent International Panel
on Climate Change (IPCC) report views carbon dioxide removal (CDR) as a necessary
addition to a portfolio of climate strategies, which should be deployed in tandem with other
mitigation methods (IPCC, 2023; Smith et al., 2024). CDR involves “all anthropogenic
activities removing CO2 from the atmosphere and durably storing it in geological, terrestrial,
or ocean reservoirs, or in products” (IPCC Intergovernmental Panel on Climate Change, 2019,
p. 807) and is often envisioned through negative emissions technologies (NETs), which
capture and safely store CO2. Avariety of such technologies exist, ranging from nature-based
(e.g. afforestation) to engineering-based approaches (e.g. direct air capture and storage –
DACCS) (Baum et al., 2023) [1].

According to Cobo et al. (2022), NETs are needed tomeet the 1.5 8C target, given that up to
1,000 gigatons of CO2 need to be removed by 2100. Compared with traditional climate
strategies of mitigation that seek to halt climate change and adaptation that adjusts to future
climate realities, NETs can potentially be deployed to slow and reverse climate change. In
addition to governments, NETs are already being supported by a surprisingly large coalition of
actors such as, for example, industry, scientists, civil society, farmers, fishers, financiers and
insurers (Sovacool et al., 2024). Therefore, NETs present a vital fallback option if adaptation
and mitigation prove inadequate.

Whereas techniques for adaptation and mitigation have been suggested in the OSCM
literature (e.g. Bag et al., 2023; Ghadge et al., 2020; Nakano, 2021; Pankratz and Schiller,
2022), there remains a dearth of studies on how emergingNETswill be developed and diffused
on larger scales through existing, or more likely new, OSCM mechanisms. Hence, this study
seeks to answer the following research question: How can operations and supply chains be
reconceptualized for NETs?

In what follows, we describe adaptation and mitigation through the lens of contemporary
OSCM strategies and illustrate why they are necessary but not sufficient for rectifying climate
change.We then describe ourmethodology, study approach and data analysis. Three NETcase
studies are presented through retrospective analysis of interview data and draw on two
desperate discourses: from the OSCM literature, we utilize sustainable supply chain
management (SSCM), and from innovation studies the sustainable transitions literature,
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to propose a third and complementary approach to adaptation and mitigation, which we call
transformative OSCM.

While some emerging NETs show promise, there remains considerable uncertainty over
supply chain configurations, governance, costs, efficacy, social acceptability and potential
risks of unintended detrimental consequences (Augustine et al., 2019; Bloomberg, 2023;
Harvey, 2023; Smith et al., 2024). The proposed concept of transformative OSCM
complements contemporary sustainable OSCM thinking, which currently lacks adequate
mechanisms to develop new technologies for emerging industry sectors driven by a social
mandate but with elusive commercial incentives. It further emphasizes the need for policy
intervention, a period of incubation for learning and a prioritization of ecological requirements
over social and economic challenges. We concluded by exploring how OSCM can be
reconceptualized to help rectify climate change through innovative NETs, thereby “moving
towards a more desirable trajectory” (Davoudi et al., 2013, p. 311).

OSCM approaches to climate change
Two fundamental approaches that businesses usually employ to address climate change are
adaptation and mitigation. According to the IPCC Intergovernmental Panel on Climate
Change (2019, p. 804), adaptation refers to “the process of adjustment to actual or expected
climate and its effects, in order to moderate harm or exploit beneficial opportunities.”
Mitigation is defined as “a human intervention to reduce emissions or enhance the sinks of
greenhouse gases” (IPCC Intergovernmental Panel on Climate Change, 2019, p. 819). In the
following, we will introduce these two approaches from an OSCM perspective and link them
to previously influential concepts, such as pollution control and pollution prevention. Table 1
provides an overview of the main concepts.

Adaptation: addressing the “new normal” with “old normal” OSCM practices
According to Atasu et al. (2020, p. 151), “adaptation for companies involves adjusting how
they manage their supply chains, site their facilities, adjust their mix of products and services,
and measure and report on their impacts in light of physical risks and regulatory changes
related to climate change.” Negative repercussions from climate on operations and supply
chains include abandoning production locations in regions exposed to floods, storms, draughts
or heat waves (Easterling et al., 2000). Adaptation due to regulatory changes could for
example include switching suppliers due to newly introduced CO2 limits in supply chains.
How strongly these effects will materialize depends on the supply chain structure and which
industry is considered, with sectors such as food being heavily impacted (Conway et al.,
2015). Interestingly and unlike the general IPCC Intergovernmental Panel on Climate Change
(2019) definition of adaptation, Atasu et al. (2020)’s definition considers only risks but
neglects beneficial opportunities, such as shorter trade routes due to melted polar ice.

Originally CO2 emissions were seen as a by-product but subsequently recognized as a
climate change pollutant, forcing firms to adapt in response to risks and regulatory changes.
Such an account of adaptation is far from new and has been discussed under the concept of
“pollution control” since the 1990s (Florida, 1996). Pollution control involves technologies
that treat or dispose of pollutants or harmful byproducts at the end of a manufacturing process
to reduce the overall toxic content of environmental emissions and wastes (Florida, 1996;
Gupta, 1995). Firms adjust existing practices in response to environmental impacts ex-post via
technologies that typically come at the expense of other ex ante improvements (Florida, 1996).

We perceive adaptation as preparing operations and supply chains for uncertain and
turbulent environments by adjusting to what has commonly been referred to as the
“new normal,” albeit by utilizing the same pollution control approaches that ultimately
minimize economic risks – i.e. embracing the “new normal”with tried and tested “old normal”
practices. It thus reduces vulnerabilities by enhancing operations and supply chain resilience
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(Wieland et al., 2023) and resembles traditional supply chain risk management, i.e. making
“decisions that optimally align organizational processes and decisions to exploit opportunities
while simultaneously minimizing risk,” preventing supply chain disruptions and establishing
resilience (Narasimhan and Talluri, 2009, p. 114).

Table 1. Labels and concepts related to climate change rectification according to climate change and OSCM
literatures

IPCC literature OSCM literature

Adaptation “The process of adjustment to actual or
expected climate and its effects, in order to
moderate harm or exploit beneficial
opportunities. In natural systems, the
process of adjustment to actual climate and
its effects; human intervention may
facilitate adjustment to expected climate
and its effects” (IPCC Intergovernmental
Panel on Climate Change, 2019, p. 804)

“Adaptation for companies involves
adjusting how theymanage their supply
chains, site their facilities, adjust their
mix of products and services and
measure and report on their impacts in
light of physical risks and regulatory
changes related to climate change”
(Atasu et al., 2020, p. 151)

Mitigation “A human intervention to reduce
emissions or enhance the sinks of
greenhouse gases” (IPCC
Intergovernmental Panel on Climate
Change, 2019, p. 819)

“Mitigation engages the innovation
pathway and involves developing new
products, technologies and services that
support the transition to a low-carbon
economy” (Atasu et al., 2020, p. 151)

Pollution control Typically technologies that treat or
dispose of pollutants or harmful by-
products at the end of a manufacturing
process to reduce the overall toxic
content of environmental emissions and
wastes. Control technology typically
comes at the expense of other
manufacturing improvements (e.g.
pollution prevention) (Florida, 1996)

Pollution prevention Changes in operations and supply
chains that lead to less polluting or non-
polluting products and processes
(Florida, 1996)

NETs “An activity or mechanism that results in
negative emissions through removal of
greenhouse gases (GHGs) from the
atmosphere by deliberate human activities,
i.e. in addition to the removal that would
occur via natural carbon cycle processes”
(IPCC, p. 819)

Carbon supply chain
management

“Designing and managing [ . . .] unique
supply chain networks for carbon
capture, storage, transportation and
usage” (Ghadge et al., 2020, p. 59)

Transformative supply
chain management

“The ability to transform structures and
processes more radically in response to
changing conditions or disruptions”
(p. 3). New supply chains are created
based on new set of suppliers’
configuration and information
exchange; and some supply chains
might be displaced or disrupted
(Wieland et al., 2023)

Source(s): Authors’ own creation
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Supply chain risk management can be either proactive or reactive, i.e. before or after a risk
has materialized (Gr€otsch et al., 2013), with the former potentially being more cost-effective
(Ng et al., 2018) but uncertain, whereas costs incurred by reactive approaches are typically
passed on to consumers. For climate change, OSCM practitioners applying adaptation will
navigate the actual and expected climate change repercussions and preempt regulatory
changes by relocating supplier locations, establishing new processes or introducing modified
or new products and services. For example, Ng et al.’s (2018) study on the Canadian port
sector found that adaptation can reduce climate change impacts such as sea-level rise on
shipping. However, insufficient collaboration among various stakeholders and the lack of
incentive structures suitable for long-time horizons pose a major challenge to implementation
(Madonna et al., 2024). Pankratz and Schiller (2022) find that buying firms are 6–11% more
likely to cease supplier relationships and choose less risk-exposed ones when climate-related
negative events exceed historical expectations.

From an uncertainty and risk perspective, a plethora of supply and demand side adaptation
risks can be observed (Ghadge et al., 2020). Key issues with climate change include its
influence on supply and raw materials and production processes (Alves et al., 2017; Kara
et al., 2021), changes in demand and consumer behavior and regulatory uncertainty (Chen and
Wang, 2016; Drake, 2018; Sunar and Plambeck, 2016). Ghadge et al. (2020) and Jira and
Toffel (2013) suggest that most of these climate change risks on supply chains lack rigorous
investigation.

In summary, adaptation is an inherently reactive approach to dealing with climate change
by focusing on the economic viability and survivability of the firm by, for example, modifying
supply chains in an attempt to return to normality (Wieland et al., 2023). However, while these
responses to climate change are widely utilized in OSCM, they do little to rectify its root
causes, resulting in “[. . .] a reductionist and static view on the supply chain and its
management, promoting a global hunt for cheap labor and resources” (Wieland, 2021, p. 58).

OSCM mitigation: addressing the “new normal” with contemporary OSCM practices
Whereas adaptation focuses on reacting to actual and expected impacts of climate change,
mitigation focuses on proactively lowering or eradicating emissions. For OSCM, mitigation is
defined by Atasu et al. (2020, p. 151) as “developing new products, technologies, and services
that support the transition to a low-carbon economy.” Hence, mitigation aligns with the
established OSCM concept of pollution prevention (Geffen and Rothenberg, 2000; Klassen and
Vachon, 2003) and “end of pipe” pollution control, where both approaches lower pollution,
although through different means. The former has long been recognized as an advancement over
pollution control by firms attempting to becomemore sustainable [2]. Both however still focus on
“adjusting the existing system in response to an actual or expected changeor disruption” (Wieland
et al., 2023, p. 3), but otherwise continues the core business. Supply chain mitigation strategies
thusmirror the shortcomings discussed in the SSCM literature (e.g.Montabon et al., 2016 Pagell
and Shevchenko, 2014; Pagell andWu, 2009; Sarkis, 2021). Indeed, progress toward sustainable
supply chains has been described as modest (Gold and Schleper, 2017) or “slow, sporadic,
myopic” and sometimes resulting in unsustainable practices (Sarkis, 2021, p. 65).

Drivers for supply chain mitigation include regulatory pressures to address climate change
(Naumov et al., 2023), demand for green products (Ghadge et al., 2020), cost savings through
emission reductions (i.e. eco-efficiency) or CO2 tax anticipation (Dooley et al., 2019). Studies
focusing on greenhouse gas emissions reduction often emphasize, if not prioritize, economic
aspects (e.g. Plambeck, 2012; Saunders et al., 2020). Sartal et al. (2020) find a trade-off
between decarbonization projects and firms’ labor productivity, which could jeopardize the
former. An exception is Kagawa et al. (2015), who studied, from a macro-perspective, global
CO2 emission hotspots within more than 300 million supply networks. Given this non-firm-
centric view, they provide an opportunity to detect and prioritize the largest emitters, allowing
for more targeted mitigation efforts.
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In addition to drivers, OSCM mitigation studies explore the role of emissions assessment
(Alvarez et al., 2018; Rizet et al., 2012), the use of established practices such as supplier
collaboration and information exchange (Dahlmann and Roehrich, 2019; De Stefano and
Montes-Sancho, 2024; Jira and Toffel, 2013) and local sourcing and production (Nieuwenhuis
et al., 2012), all of which have been found to reduce emissions. However, prior studies mostly
focus on making unsustainable supply chains more sustainable, thus offering “limited insight
into how to create an economically viable supply chain that at a minimum creates no harm and
may even have positive or regenerative impacts on social and environmental systems” (Pagell
and Shevchenko, 2014, p. 46).

Such deficiencies result from retrofitting established supply chains to become more
sustainable by focusing on “synergistic and familiar” aspects, but neglecting trade-offs and
radical innovation (Montabon et al., 2016; Pagell and Shevchenko, 2014). Synergistic in this
context refers to the instrumental logic prioritizing economic supply chain performance over
environmental and social parameters (Montabon et al., 2016). As Sarkis (2021, p. 65) states,
firms tend to take the “road of least resistance focusing on win–win opportunities in meeting
sustainability challenges,” where measures that fail to result in short-term economic benefits
are discarded. “Familiar” relates to the tendency to enrich traditional OSCM research with
sustainability perspectives, resulting in incremental progress (Pagell and Wu, 2009), as it
retains the hegemony of economic profitability while addressing environmental and/or social
issues. This familiarity is best expressed in the question “does it pay to be sustainable?”

In addition to most SSCM research being essentially incremental and focused on
retrofitting, Bals and Tate (2018) also suggest that the design phase has beenmostly neglected.
A truly proactive approach would thus involve incorporating OSCM issues upstream in for
example R&D and technology development phases (Wheelwright and Clark, 1992). This
would involve difference forms of knowledge, such as competency enhancing (incremental)
or destroying (radical), modular versus architectural innovation (Henderson and Clark, 1990),
appropriability issues (Teece, 1987) and societal issues, which Hall and Martin (2005) and
Matos and Hall (2007) have argued adds complexity and ambiguity to decision-making. Thus,
like adaptation, mitigation will unlikely be enough to meet the Paris Accord targets (Financial
Times, 2023), nor would they be sufficient to diffuse NETs.

Toward transformative OSCM
While adaptation andmitigation are necessary, many climate scientists argue that more drastic
means are needed to meet the Paris Accord targets (Financial Times, 2023). For example,
Minx et al. (2018) call for intentional efforts to remove greenhouse gases from the atmosphere
through NETs. Given the potentially catastrophic and irreversible nature of the problem, they
suggest that – counter tomuch of theOSCMdiscourse – it should be prioritized over social and
economic parameters. Thus, if climate targets are to be met, entirely new industrial structures
may be needed, or at least incumbent systems must be substantially retrofitted, areas which
have until recently been underexplored. One such approach is “Transformative” OSCM
strategies, defined by Wieland et al. (2023, p. 3) as an “ability to transform the system’s
structures and processes more radically in response to changing conditions or disruptions”.
Hence, we follow Ghadge et al.’s (2020, p. 59) call for “carbon supply chain management”
(i.e. “designing and managing such unique supply chain networks for carbon capture, storage,
transportation and usage”) and investigate NETs as a third and transformative approach to
tackle climate change.

NETs capture and safely store CO2, thereby slowing down and potentially reversing
climate change and regenerating social–ecological systems (Gualandris et al., 2024) in the
likely event that adaptation and mitigation prove inadequate. However, research on these
technologies is still in its infancy and its ultimate viability requires knowledge on the “socio-
technical” perspectives in their deployment (Sovacool et al., 2023). Furthermore, NETs might
be “facilitated or impeded through a variety of societal, political, economic, and resource-
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related factors” (Baum et al., 2023, p. 2). To fulfil their purpose, the supply chains and
infrastructure also need to be demonstrably sustainable, where resource inputs, including
carbon-neutral energy throughout the supply chain, do not negate the technologies’ carbon
reduction efforts.

Given their novelty, NETs face poorly defined markets, infrastructure and partnerships,
thus requiring radically new supply chain reconfigurations. A paradigmatic shift is thus
needed, given its urgency and overshadowing implications. It thus corresponds to an
“ecologically dominant logic” where social and economic parameters are nested within the
environmental one as a prerequisite (Montabon et al., 2016). Consequently, we need to satisfy
ecological requirements before we can turn to social and economic challenges (Griggs et al.,
2013), which departs from the dominant contemporary sustainable OSCM thinking.

Building on these arguments, we thus postulate that research is needed that goes beyond
SSCM to facilitate the development and distribution of NETs. Aswewill argue below, to do so
we integrate SSCM insights with the sustainable transitions discourse, which explicitly
addresses new policies for sustainable innovation, but so far offers only anecdotally limited
empirical studies on how this can be operationalized through supply chains. Our argument is
based on the premise that adaptation and mitigation can only reduce or eliminate CO2

emissions, but that they are not intended to reduce global emissions. In contrast, NETs have no
other (or limited) purpose other than to reduce global emissions and act as insurance in the
likely event that mitigation will not be enough. As a result, the fundamental business model is
very different, thus requiring new OSCM thinking.

Methodology
Research approach
Our approach to theoretical development follows similar OSCM studies dealing with novel
contexts by combining the theoretical with the empirical to extend theory as abductive
research (Ketokivi and Choi, 2014; Voss et al., 2015). As depicted in Figure 1, our theory
elaboration process stemmed from a recursive dialogue between the theoretical (meaning) and
empirical foundations (action), that led to the conceptual model of transformative OSCM at its
center. The theoretical foundation provided byOSCMand SSCMstudies helped us explain the
need for considering the complex factors required for a low-carbon transition, and the
transitions literature illuminated key aspects of transformative OSCM legitimacy. The
empirical grounding of the research, on the other hand, focused on case studies to help
unravelling the underlining mechanisms that shape the proposed transformative OSCM. In
this process, theoretical reasoning was supported by empirical foundation, which in turn
gained meaning through its integration with theory (Corley and Gioia, 2011).

Research on emerging NETs in the context of OSCM is complex because most are at early
stages of development and/or implementation. This hinders access to data and restricts choices
of methodological approaches, especially quantitative methods. To address this challenge, we
follow other OSCM studies dealing with research constraints by looking retrospectively at
data sources that would provide insights into the phenomena under investigation (DuHadway
et al., 2022). More specifically, we used interview data involving 125 experts gathered from a
broad research project on environmental, technical, social, legal, ethical and policy aspects of

Figure 1. Overview of theory elaboration process
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geoengineering and NETs (blinded to protect anonymity). We used this data to identify
insights related to operations and supply chain issues, including related terms such as “value
chain,” “suppliers” and “buyers” [3]. All interview data were triangulated with energy and
policy studies to develop an initial understanding of the phenomena.

The original interview data collection involved open-ended questions used “to ‘open’ the
talk and obtain ‘authentic’ accounts” (Rapley, 2001, p. 304). NETexperts were identified from
high-quality, peer-reviewed research publications or published patents, between 2011 and
2020 (Table 2). Interviews usually started by asking “What are the critical issues related to . . .
,“ “Who are the most important . . . ” and “What are the . . . .” Then non-inquisitorial questions
would follow such as – “Why do you think that . . ., How do you work something . . ., This is
interesting, why?” to invite interviewees to raise relevant issues within technological,
commercial, organizational and societal dimensions of NETs (see Appendix for our interview
guidelines). All interviews were conducted remotely in English, recorded and transcribed
resulting in 130 h of data.

Interview data analysis and coding
Drawing on the “Gioia method” (Gioia et al., 2013), the initial stages of analysis (first order)
involved a “rough” categorization of the data regarding technology development and OSCM
issues. For example, the first order code “Can be facilitated via current OSCM practices”was
created based on interviewee statements such as “What we propose is to replace some of these
industrial fertilisers by slow-release fertilisers. Specifically, where the combination of the
methodsmakes sense, like in the humid tropics, like in South America or in Africa. There, often,
the farmers do not have the money for the expensive industrial fertilisers so there is the
question: ‘what are alternatives?’. Slow-release fertilisers made out of minerals is what is
coming into play” (R015). Another first order code “Needs to be built or repurposed from
other industries (e.g. oil and gas)” resulted from quotes as:

Of course, there’s an enormous role for the oil and gas industry because they have all the skills and
experience. I think there are four different direct air capture technologies. And all of them can be
coupled with basically every kind of energy supply source (R094).

[. . .] What do you do with the CO2? So, you need to have it as close to sequestration sites as
possible (R086).

Of course, if you are thinking about modularity, if you are going to have smaller plants, then you
cannot really justify dedicated pipelines, can you? (R082).

A second-order analysis then looked for differences and similarities within and across the three
selected technologies. For example, the first-order codes mentioned above “Can be facilitated
via current OSCM practices” and “Needs to be built or repurposed from other industries (e.g.
oil and gas)”were then refined into the second-order code “Infrastructure.”This process led to

Table 2. Overview information of semi-structured expert interviews

Total number of experts 125

No. of organizations represented 104
No. of countries represented 21
Civil society and nongovernmental organizations 12
Government and intergovernmental organizations 8
Private sector and industrial associations 12
Universities and research institutes 94
No. of experts from the Global South 12

Source(s): Authors’ own creation
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the identification of key themes: infrastructure, technological readiness, establishing
legitimacy through learning, regulatory regime, policy incentives, business models,
uncertainty, carbon accounting and reputation risk. Table 3–5 (further below) illustrate the
data structure and provide illustrative quotes used during the analyses, whichwere then used as
the basis of propositions and model development. Building on the example above, a detailed
analysis of the many aspects related to the theme “Infrastructure” led us to conclude, among
other things, that facilitating the development of NETs, requires OSCM to surpass
incrementalism and establish the necessary infrastructure. The overall analysis process
involved constant back-and-forth between the data, categories, concepts and literature,
analyzing whether our findings were similar, contrasting or adding previous insights (Corbin
and Strauss, 2015). To address internal validity, the authors regularly met to discuss each
author’s coding, challenging one’s interpretation and codification of data until a consensus
was reached.

Case sampling
The original qualitative dataset used in this study involved in total of 10 types of NETs: Carbon
capture and utilization and storage, afforestation and reforestation, bioenergy with carbon
capture and storage (BECCS), biochar, soil carbon sequestration or enrichment, ocean iron
fertilization, ocean alkalinity enhancement (OAE), direct air carbon capture and storage
(DACCS), enhanced rock weathering and ecosystem restoration. Using theoretical case
sampling (Eisenhardt and Graebner, 2007), we selected three NETs: one biological or nature-
based (i.e. biochar), one engineered or chemical (i.e. DACCS) and one ocean-based (i.e.
OAE), IPCC, 2023). These technologies were the most frequently mentioned by the
interviewees with regard to OSCM issues and could thus provide both depth and breadth of
analysis, allowing us to capture as many OSCM issues as possible that either hinder or
facilitate the adoption and diffusion of NETs. As per Table 6, the cases present different types
of technology, degree of maturity, efficacy, potential applications, advantages and production
cost estimates, providing a breath of differences and commonalities inmaturity, scaling effects
and infrastructure requirements. Such differences raise a diverse range of OSCM issues
providing the opportunity to identify and analyze uncertainties over supply chain
configurations, acceptability and potential risks of unintended consequences, thus
illuminating underlining OSCM mechanisms for NETs.

Biochar.Biochar employs pyrolysis (i.e. chemical decomposition at elevated temperatures
in an inert atmosphere) to convert organic material into a form of charcoal (i.e. biochar). By
heating without oxygen, it is possible to obtain a stable, CO2-rich solid. This offers a carbon
sequestration method with relatively high efficiency that can endure for thousands of years
when mixed with soil (Joseph et al., 2021; Lehmann et al., 2021).

Prior research found that biochar can facilitate soil amendment, enhance agricultural yield
and improve soil and water quality (Kamau et al., 2019; Vijay et al., 2021). As a result, some
recent field trials are exploring the carbon-sequestration potential and impacts on agricultural
productivity of combined soil amendments of biochar and enhanced weathering (Bijma et al.,
2021; Low et al., 2022). This results in primarily four objectives of biochar systems: reducing
climate change, generating renewable energy, managing waste and soil improvement
(Anderson et al., 2017).

Direct air carbon capture and storage (DACCS). DACCS is an approach where
mechanisms capture CO2 from the atmosphere, compress it and safely store it in geological
sinks or used to make long-lasting products like cement. Although featured in climate strategy
since an IPCC (2007) report, it remains under-scaled. Distinct features of DACCS include two
key aspects; the mechanism to capture the CO2, and the infrastructure to store it, which in turn
will determine their supply chain configuration and more generally efficacy and feasibility.

To capture CO2, DACCS must first put ambient air in contact with a chemical reagent that
removes the CO2. Two chemical reagent systems are envisioned, with varying energy needs
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Table 3. Overview of selected cases and key features – Biochar

Biochar – first-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

Can be facilitated via current OSCM practices Infrastructure
• What we propose is to replace some of these industrial fertilisers by

slow-release fertilisers. Specifically, where the combination of the
methodsmakes sense, like in the humid tropics, like in SouthAmerica or
in Africa. There, often, the farmers do not have the money for the
expensive industrial fertilisers so there is the question: “what are
alternatives?” Slow-release fertilisers made out of minerals is what is
coming into play. (R015)

Established and in use; based on established science Technological readiness and
Radicalness• One of the projects I’m working on is with coffee farmers in Latin

America. We believe that they can turn some of their agricultural
residues into biochar, in a very low-techmanner, and then use the biochar
to filter the effluent from themilling of coffee. That turns the biochar into
a kind of slow-release fertiliser, which can then be used to displace
fertiliser. So, obviously, that improves their economics as well as
greenhouse gas emissions are reduced. (R019)

Opportunities to improve economics and cognitive legitimacy Establishing Legitimacy
through learning• For that application, you would need some kind of matrix, large matrix,

which is very simple. It says you have this climate, this soil, you want to
grow this or that, then you must apply that rock powder, that biochar to
optimise the carbon storage in the plant and in the soil. That means we
need to do a lot of different experiments so that we have, I say it in a
simple way, some kind of look-up table: “Where are you? What do you
want to do?” Then you will get a best-practice guide from the system.”
(R015)

Evolving, but currently limited to specific sectors Regulatory regime
• Now, we’re starting to see what these carbon credits that are selling to

farmers, which has, generally, got to be very high-quality biochar, it’s
going to go very low. (R019)

• If you speak about breakthroughs and biochar, I think, and maybe you
can correct me, it was just this year that biochar will be allowed on the
fields, for application. In Germany it wasn’t allowed, until now, to do
that. There couldn’t be an economic model if it’s not allowed. (R015)

Initially as catalyst to get started Policy incentives
• For the basalt powder, for example, the rock powder, it is costly. Only if

you have a certain minimum CO2 certificate price it will make some
sense to apply that. For V25 per tonne of CO2, that’s not something.
Probably the breakthrough for some of these measures comes if we go
beyond V100 per tonne of CO2. (R015)

Established and based on dual use Business models
• Biochar, there’s a market for it in terms of veterinarian products, so it’s

often found in medicine for stabilising gut activity in horses and dogs
and other types of pets.Often, that’s large farms. They have large buckets
of biochar to give to their horses to prevent diarrhoea and stuff. That’s
onemarket that’s already existing. Of course, it has been around as a tool
for improving agricultural yields and soil quality for a long time. There,
is already a market. (R067)

Relatively minor; relatively uncomplex and spatially controlled Uncertainty/unintended
consequences• [ . . .] If you use the land for food production, it’s not clear what’s

happening with the nickel and the chromium in the soil. (R015)
• I don’t think there’s anything wrong with doing small-scale, locally

adapted biochar, for example, and that could have ecological benefits or
whatever. [. . .] So yes, I do think the problem is scale and the way it’s
being done. I think, from our perspective, doing the type of biochar at a

(continued )
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(Ozkan et al., 2022). The first includes various solid sorbents that require heating at 150C,
which can hypothetically be powered by diverse energy sources, including renewables (solar,
wind and geothermal) or waste heat from local grids (Madhu et al., 2021). The sorbents’
efficacies, however, vary depending on their locations; currently, humidity has a deleterious
effect, so dryer climates are preferred. The second utilizes liquid solvents requiring process
heating of 900C, which necessitates natural gas (Realff et al., 2021). DACCS systems relying
on low temperature, solid sorbents can therefore leverage emerging (but still-unscaled)
renewable energy but require high capital costs and technological improvements, whereas
liquid sorbent systems require lower capital costs and can leverage existing fossil fuel and
industrial systems albeit with lower net CO2 captured.

Ocean alkalinity enhancement (OAE). OAE or “enhanced weathering” employs alkaline
materials (such as basalt or lime) which naturally interact with CO2 to provide long-term
sequestration of CO2 in the form of solid carbonate minerals. Limestone and basalt rocks wear
from exposure to natural processes like rain, wind orwaves, allowing them to absorbCO2 from
the air. However, this process is extremely slow, so enhanced weathering employs physical or
chemical grinding of rocks before placing them onto land to expedite the process. Over time,
the CO2 can be stored in oceans indefinitely. Enhanced weathering is attracting growing
attention for its potentially low-cost carbon-removal method on the magnitude of 2.9–8.5bn
tons per year by 2100 (Beerling et al., 2020; Lehmann and Possinger, 2020).

Theoretical development
As discussed above, most of the SSCM discourse has been primarily focused on improving
sustainability parameters while maintaining economic viability and thus provides useful
insights for adaptation and mitigation. However, most focus on retrofitting existing
infrastructures, with scant attention paid to the development of entirely new industries that
support NETs. In this section, we develop a theoretical framework for transformative OSCM
suitable for NETs that draws on the SSCM and innovation studies literature.

The diffusion of sustainable innovation via the supply chain has been discussed in the
literature, starting with environmental innovation (e.g. Hall, 2000) and later focused on
interactions amongst economic, societal and environmental parameters (Corbett and Klassen,
2006; Matos and Hall, 2007; Pagell and Wu, 2009). More recently, Kumar et al. (2020) and
Costantini et al. (2017) suggest that environmental management in supply chains drives
sustainable innovations, while eco-innovations are crucial for firms’CO2 emission reductions.
However, implementation remains a challenge (Bals and Tate, 2018), especially “strong
sustainability” (Sarkis, 2021) or “truly sustainable supply chains,”which “[. . .] at worst do no
net harm to natural or social systems while still producing a profit over an extended period of

Biochar – first-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

small scale that I just described has nothing to do with geoengineering.
(R114)

Relatively simple Carbon accounting
• We are still working on the carbon accounting: how much carbon is

really bound?With biochar, this is simple. You weigh your biochar, you
know that in the first 10 years, you lose 3% of that and then it’s stable,
and you put it in the ground. Then you know how much it was. We can
easily certify that. (R015)

• There can be a huge amount of spatial variation. And then, of course,
there’s temporal variation based onweather conditions. And so, there’s a
signal-to-noise issue as well, if you’ve laid biochar in soil. (R065)

Source(s): Authors’ own creation
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Table 4. Overview of selected cases and key features – DACCS

DACCS – first-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

Needs to be built or repurposed from other industries (e.g. oil and gas) Infrastructure
• Of course, there’s an enormous role for the oil and gas industry because

they have all the skills and experience. I think there are four different
direct air capture technologies. And all of them can be coupled with
basically every kind of energy supply source. (R094)

• [. . .] what do you do with the CO2? So, you need to have it as close to
sequestration sites as possible. (R086)

• Of course, if you are thinking about modularity, if you are going to have
smaller plants, then you cannot really justify dedicated pipelines, can
you? (R082)

Niche applications and some proven technologies; mix of established and
new science

Technological readiness and
radicalness

• I think there is great potential for innovation in the solid sorbent
technology. It’s Climeworks, isn’t it? I think it’s Climeworks that is sort
of a- start in that direction, but I think there is a lot going on in university
labs on solid sorbents. At the moment though, the solid sorbent costs
really drive the cost of that technology. It’s a huge component. If you can
drive down those costs, increase performance, you can go a long way.
(R014)

Need to establish socio-political legitimacy first (e.g. currently a waste, not a
value-input)

Est. legitimacy through
learning

• There is no commercial benefit of any of these geological storage
options, if you exclude EOR [. . .] So, leaving EOR aside, I don’t see any
direct economic benefit of any of the geological storage options. So,
again, it’s a political market. (R106)

Needs to be established: dependent on future carbon pricing regulations Regulatory regime
• I think the initial market would probably be enhanced oil recovery, would

bemy hunch. That’s sort of consistent with what you see [. . .] like oil and
gas companies announcing partnerships with DAC companies [referring
to carbon engineering]. So, I think like that would probably be the initial
business model, but I mean that’s assuming some level of carbon pricing
and climate policy. (R006)

Essential and likely needed long term, as there is otherwise no market Policy incentives
• Of course, it’s hard unless it’s paired with some government subsidies or

some political imperative to do it, because they’re significant more
expensive. I think it’s just that the chemical processes are not so efficient
and to reach the scale that it would need would be a lot. (R052)

Needs to be established, and dependent on policy (incentives and policy) Business models
• I think EOR, it’s a promising, near-term business case, and that’s why I

think [. . .] because whatever incentive that you get, you’re also getting
the incentive of the barrel of oil that you’re producing. (R115)

Potentially relatively high unintentional consequences, both positive (e.g.
transition away from for example oil and gas dependency) and negative
(negative: leakages, hazardous siting, etc.)

Uncertainty/unintended
consequences

• Anything that involves carbon capture and storage clearly has all the
storage risks that have been discussed for many years in that domain. It’s
a thing that worries people, isn’t it?What happens if this stuff leaks from a
major storage site in the North Sea? (R026)

• For us, that’s a very strange way of using potential carbon removal
technologies, to expand oil and gas production. (R096)

• [. . .] But it also shows you who can benefit from them because, for
example, Exxon Mobil, I think, was interested in Global Thermostat’s
technology. (R082)

(continued )
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time” (Pagell and Shevchenko (2014, p. 45). NETs however face poorly defined markets,
infrastructure and partnerships, thus requiring radically new supply chain reconfigurations.

Such challenges of sustainable innovation have been examined by socio-technical
transition studies as a transformative process involving technology management, user
practices, policy, industrial networks and infrastructure (e.g. Geels, 2002, 2004; Geels et al.,
2018; Weber and Rohracher, 2012). Transitions occur through processes of change in
technological, material, organizational, institutional, political, economic and socio-cultural
systems that lead to a complete (radical) or partial (incremental) replacement of the “old”with
the “new” (Markard, 2011).

Energy supply is one type of socio-technical system, which involves interrelated networks
of stakeholders (e.g. firms, government, consumers, NGOs), institutions (e.g. regulations,
standards, incentives), materials (e.g. equipment, reagents, etc.) and knowledge (Geels, 2004;
Markard et al., 2012). For example, Jacobsson and Bergek (2011) find that key weaknesses in
supply chain diffusion among vertically connected firms include an inadequate technology
base and lack of institutional support (e.g. R&Dpolicies). Such difficulties are strongly related
to coordination challenges when dealing with complementary firms and technologies in long
supply chains.

According to the sustainable transitions literature, radical innovation usually requires an
incubation period, where favorable market conditions and resource access incentives are
available, allowing for experimentation and learning until adoption and diffusion hurdles are
overcome (Geels, 2002). Building on Aldrich and Fiol (1994) and Hall et al. (2014) refer to
this process as legitimization, specifically cognitive legitimacy, the knowledge that is needed
to succeed in an industry, versus socio-political legitimacy, the value placed on it by cultural
norms and political influences. They suggest that innovations establish legitimacy as technical
performance and social acceptance co-evolve, allowing them to expand and reduce
uncertainty. More recently, Hall et al. (2019) suggest that sustainability-focused new
technologies typically lack cognitive legitimacy, specifically an economically viable business
model. By leveraging socio-political legitimacy through, for example, demonstrating more
sustainable products or services, the technology developers can justify longer term investment
and time to establish cognitive legitimacy.

Previous research emphasizes the importance of defined business models for sustainable
OSCM (Erhun et al., 2021; VanWassenhove, 2018). Using the case of bioenergy from organic

DACCS – first-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

Relative complexity Carbon accounting
• [. . .] Whereas in other contexts, circular economy is taken to represent a

form of CO2 removal, which it might not be. And so, there is a risk of
obfuscating, from an atmospheric carbon perspective, what is actually
happening. And I have been always very cautious with the term carbon
capture and use, CCU. Or worse even CCUS, where even the concept as
such doesn’t state what it is meant to do in terms of carbon flows. Yes, it
has big potential for obfuscation. (R115)

Partnering with oil and gas could undermine initial socio-political
legitimacy; Will be undermined without sustainable OSCM practices

Reputation risk

• Something that emerged from our stakeholder engagements was the risk
of associating too closely with the fossil or the aviation industry, which
seemed to be very publicly criticised. They say that this close association
may kill [DACCS] these companies. (R082)

• But they still need to be very thoughtful in the location of these systems,
number one, because if you must be via renewables, you need to make
sure you have access to very large renewables. (R115)

Source(s): Authors’ own creation
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Table 5. Overview of selected cases and key features – OAE

OAE – First-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

Needs to be built, but has almost unlimited CO2 storage potential Infrastructure
• Frommy understanding, to have an impact you would build up an industry like the

global coal industry. So, you would move a lot of stones and I do not think that’s so
realistic. (R008)

• Certainly, alkalinisation is one of those because people have said that, if wewere to
try and raise the alkalinity of a global ocean, we’d need the entire world shipping
fleet to ship the stuff around.We’d need a mining industry that’s probably as big as
the rest of the mining industry, almost, as exists today. (R060)

Technology has yet to be proven, difficult to test in situ and draws on relatively new
science

Technological
readiness and
radicalness• There are some ideas of many different ways one can do ocean alkalisation, but

there isn’t a lot of solid engineering behind how you would actually deploy an
ocean alkalisation technology. There’s, “okay, we know, if we increase the
alkalinity of seawater, we can get the ocean to take up more carbon,” but how
exactly you do that, there’s still an innovation gap there that really needs to be
filled. (R036)

Need to establish both socio-political and cognitive legitimacy since the technology is
unproven

Est. legitimacy
through learning

• What does the public want? People, I think, are very sceptical of dumping anything
that seems like chemicals into the ocean, so I think that’s going to constrain it.
(R036)

• We need a lot more experimentation – laboratory, and perhaps even some very
small-scale field trials – before we can really start to get a handle on that. (R060)

Needs to be established: dependent on future carbon pricing regulations; complexity
due to ocean rights

Regulatory regime

• When you’re plonking enhanced rock dust down on the ground, you know where
you’ve put it, and it pretty much stays there. When you’re doing that in the ocean,
there’s no tellingwhere that’s going to end up. So, there are some international and
transnational boundary issues, and governance issues associated with it. (R037)

Essential and likely needed long term, as there is otherwise no market Policy incentives
• [. . .] so, if there’s not a carbon tax or some company isn’t willing to pay to remove

their legacy CO2, there’s probably not a good business case to do ocean alkalinity
enhancement at the moment. (R036)

• For many of these approaches, they rely on a carbon tax at the moment. Nobody is
going to pay you to do ocean alkalisation right now, so, if there’s not a carbon tax or
some company isn’t willing to pay to remove their legacy CO2, there’s probably
not a good business case to do ocean alkalinity enhancement at themoment. (R036)

Currently hypothetical; dependent on policy (incentives and policy); differs from
DACCS in that it does not allow for captured carbon use

Business models

• That’s the beauty of this – alkalinity is made of CO2. At the same time, this
alkalinity helps to take upmore CO2 from the atmosphere. So, you could, in theory,
make ships CO2 neutral. (R015)

• So, [dredging] companies that are very well-positioned to do that, those companies
that are specialised in that will be very well-positioned to become a seller aswell as
a developer of these carbon-negative projects. [. . .] Other dredging companies are
starting to look into this. (R080)

• This might be different for ocean alkalinity management. Frommy understanding,
to have an impact you would build up an industry like the global coal industry. So,
you would move a lot of stones and I do not think that’s so realistic. (R008)

Highly complex, with unknown ecosystem impacts; geopolitical issues; requires yet-to-
be established international governance regime

Uncertainty/
unintended
consequences• We’ve got to be realistic about the biophysical constraints, and we’ve got to be

realistic about what thatmeans for placeswherewe live at scales we live at? (R004)

(continued )
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residues, Knight et al. (2015) identified pricing and availability of feedstock as key supply
constraints in the technology adoption, which could be through collaborations among buyers
and intermediaries. Drawing on a biochar supply chain analysis, Anderson et al. (2017)

OAE – First-order analysis, sample quotes (emphasis added) and second-order themes
First order Second order

• Andyou have high energy consumption, probably a bad carbon balance in thatwith
the current energy sources, you have unpredictable income from the marine sector,
and you have significant biodiversity and land-use impacts in the terrestrial
ecosystems. So, I don’t think that’s an option. (R041)

• When you’re plonking enhanced rock dust down on the ground, you know where
you’ve put it, and it pretty much stays there. When you’re doing that in the ocean,
there’s no tellingwhere that’s going to end up. So, there are some international and
transnational boundary issues and governance issues associated with it. Maybe
it’s got some- because of the co-benefits on reducing ocean acidification, maybe
that’s got more potential in the future. (R037)

Highly complex Carbon accounting
• One of the problems, I mentioned before, for enhanced weathering, is the carbon

accounting. We are still working on the carbon accounting: how much carbon is
really bound? [ . . .] With enhanced weathering, it’s not so simple because the
effects are so complex, with the soil and with the plant system. You can say that,
likely, in thousands of years, this has sequestered so much CO2, but we do not
know if it’s in 5 years or 100 years, or in 1,000 years. (R015)

Major opposition likely (lacks legitimacy); will be undermined without sustainable
OSCM practices; cannot exist without transitional sustainable OSCM

Reputation risk

• The chemistry and the physical potential is there, but we need to know:what are the
biological impacts, because I don’t think you can just increase alkalinity asmuch as
you want? You can only do so much before you start having a negative impact on
ecosystems. (R036)

• [. . .] Even if it’s not the case, it’s just the perception of people. If people have the
perceptionwhatMicrosoft doing there is not good, that would be for them theworst
case. Therefore, I think they would be very resistant to do something like ocean
alkalinity management, putting something into the ocean. I rather see that on the
state level. (R008)

Source(s): Authors’ own creation

Table 6. Overview of selected cases and key features

Biochar DACCS OAE

Type of technology Biological based Chemical based Ocean based
Technological
maturity

Established and in
use; based on
established science

Niche applications and some
proven technologies; mix of
established and new science

Technology has yet to be
proven, difficult to test in situ
and draws on relatively new
science

Efficacy High Variable Potentially high
Estimate
production costs

$200 t CO2�1 or less
*

$430–570 t CO2�1 ** $60 t CO2�1 removed for
dunite and $200 t CO2�1

removed for basalt **
Application and
potential
advantages

Reduce climate change, generating renewable energy,
managing waste and improvement of soils

Drawdown and provide long-
term sequestration of CO2

Note(s): *Elias et al. (2024), **Strefler et al. (2018)
Source(s): Authors’ own creation
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identify information management, resources and materials across the supply chain as key
factors in moving this technology from a nascent to an established industry.

Combined, the above studies raise the need for effective guidance in dealing with the
complex confluence of factors required for a low-carbon transition. However, according to the
sustainability transitions view, OSCM for NETs must start with a clear prioritization of
environmental criteria (i.e. carbon negativity) as the basis of the business model, otherwise,
NETs would lack legitimacy. Consistent withMontabon et al. (2016) and Griggs et al. (2013),
only then can other criteria, such as economic performance be incrementally addressed and
eventually establish cognitive legitimacy through learning (Hall et al., 2014).

Regarding supply chains and network design, research focuses mainly on the economic
optimization of physical flows, decisions about location, amount and capacity of facilities and
supplier selection aspects using analytical modeling (see Meixell and Gargeya, 2005 for an
overview). Accordingly, studies on sustainable and low-carbon supply chain design have also
been approached through these methodologies (e.g. Eskandarpour et al., 2015;
Gopalakrishnan et al., 2021). However, studies exploring how supply chains can be
designed for sustainability transitions remain sparse. One exception includes Erhun et al.
(2021) who reconceptualize Lee’s (2004) triple-A supply chain to propose a “sustainable
triple-A supply chain” by incorporating sustainability in the definitions of agile, adaptable and
aligned supply chains and achieved through radical innovation that focuses on sustainability in
products/services, processes or infrastructure, restructuring existing supply networks or
vertical integration. Similarly, Dooley et al.’s (2019) supply chain links to emissions study find
empirical evidence that more modular process networks and those with higher commonality
have lower production emissions than less modular ones.

In response, we propose to expand the SSCM literature by including insights from the
sustainable transitions discourse, resulting in “transformative OSCM.” As we explore next,
such an approach requires policy intervention, including new regulatory regimes and
incentives that will provide the basis for business models. It also departs from mostly
retrofitting changes, the focus of much of the OSCM discourse. Such transformative
innovation usually requires a period of incubation, where favorable conditions such as market
selection, access to resources and incentives are provided, allowing for experimentation and
learning until adoption and diffusion hurdles are overcome. It may also depart from
contemporary SSCM thinking, as transformative OSCM will need to prioritize ecological
requirements over social and economic challenges, as the legitimacy of much of these
technologies are based on their ability to rectify climate change, but otherwise offer no other
value proposition. However, without them, we will be gambling on adaptation and mitigation
technologies that will unlikely meet the Paris Accord targets.

Empirical foundation: illuminating the underlining OSCM mechanisms of NETs
Biochar. During the interviews, experts agreed that biochar can contribute to negative
emissions immediately, given that some business models have already been implemented,
such as fertilizers and veterinarian products or as a biofilter for gas and water filtration.
Regarding infrastructure, biochar can benefit from the huge global volume, agricultural land
and heavy use of fertilizers, which it could potentially replace. However, crucial
considerations are the ability to demonstrate that biochar can enhance soil productivity and
agricultural yield and moreover to do so competitively in various environments, with minimal
transaction and implementation costs for farmers and land managers (cognitive legitimacy).
This could be further catalyzed through policy interventions and clear regulatory frameworks
resulting in wider biochar application adaptation in various sectors, such as agriculture or
construction.

Another issue that arose is the infrastructure needed for the technology to reach scale.
Although biochar as a soil amendment would require minimal changes for potential
customers, suppliers of biochar are different from incumbent fossil-based fertilizer firms.
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Hence, such a substitution would probably necessitate a separate resource channel and
supplier switching. Furthermore, short-term demand was identified, given that much of the
required biomass is “already spoken for” (R019). Lastly, complementary innovators will need
to be able to participate financially with the carbon-sequestration potential of biochar (and
enhanced weathering), i.e. by obtaining carbon credits through monitor, report and verify
frameworks.

Previous research (Low et al., 2022; UKCentre for Ecology and Hydrology, 2021) located
biochar at various Technology Readiness Levels [4] between 5 and 6, given its different
applications of which some are already in use. Biochar technology is based on substantial
research, including a variety of laboratory experiments and field trials undertaken globally.
Hence, biochar is not perceived as a radical technology but rather as a slow transition toward
negative emissions in a “very low-tech manner” (R015; R019).

The presently limited knowledge of how the various layers of soils and their constituent
organisms interact vis-�a-vis the long-term sequestration of CO2 represents an obstacle for
commercializing biochar as a negative emissions technology and as such there are risks of
potential unintended consequences. They are however mostly perceived as problematic for
large-scale biochar applications, as indicated by R114: “I do think the problem is scale and the
way it’s being done. I think, from our perspective, doing the type of biochar at a small scale
[. . .] has nothing to dowith geoengineering.” In general, unintended consequences for biochar
are relatively minor and uncomplex as they are usually spatially contained. Reputation risks
associated with this technology and its applications are rare.

After more research on potential soil problems has been conducted, relatively
straightforward application pathways could be imagined through learning and
experimentation, increasing biochar’s cognitive legitimacy. For example, through a matrix
that offers a “best-practice guide” that “says you have this climate, this soil, you want to grow
this or that, then you have to apply that rock powder, that biochar to optimize the carbon
storage in the plant and in the soil” (RO15). However, biochar solutions require sustainable
OSCM practices, such as the use of clean energy and short transportation routes between
production and application locations, otherwise, their negative emissions purpose would be
significantly undermined.

For carbon accounting, mixed views were observed among the experts, regarding the ability
to monitor, report and verify how much CO2 is stored by biochar. Compared to the other two
cases, biochar’s carbon accounting is relatively simple, however, adding a long-term perspective
raises questions about thepermanence of carbon storage by adding “huge uncertainty as towhat
is actually happening with carbon in the soils” (R039). In addition to encouraging new
technological innovations, such a gap could also be addressed by engaging new partners in
operations and supply chains. For example, ongoing trials undertaken by Project Carbdown
(CDI, 2021) aim to investigate howmuch the combined application of enhancedweathering and
biochar on agricultural fields can promote CO2 removal and sequestration to generate carbon
credits. This project thus departs from quintessential academic procedures by including
specialist IT infrastructure-monitoring and a field service software management firm to develop
low-cost devices to enable real-time “smart monitoring” of CO2 removal.

DACCS. The supply chain and infrastructure for DACCS need to be carefully designed,
both up and downstream. DACCS facilities are often cited for reduced spatial use and
locational flexibility compared to other forms of carbon removal, although experts stated that
this is misleading. Depending on the variant (solid versus liquid sorbent), DACCS
infrastructure and upstream supply chains must navigate “co-location” between renewable
or fossil fuel energy sources, water and other inputs, while transportation (pipelines and/or
vehicles), storage sites (terrestrial or undersea formations) and diverse carbon-product
facilities are also factors (Low et al., 2022). Solid sorbent DACCS could be located where
renewables or waste heat are plentiful but unused, but perhaps at the expense of transport and
storage. The range of co-locations that determine supply chains and capabilities is vast and
currently immature and speculative.
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From a downstream perspective, DACCS infrastructure needs to be built or repurposed
fromother industries such as petroleum, contingent on how the capturedCO2 is utilized.While
biochar has direct use cases, DACCS’ output is storable CO2, a perceived waste that needs
sequestering in currently limited underground geological formations (e.g. basalt): “with the
exception of North America, we’ve got [. . .] physically [not] in place right now” (R077).
However, experts also frequently referred to enhanced oil recovery (EOR) as a well-
established businessmodel and technical processes to use captured CO2. EOR injects captured
CO2 into existing or depleted oil and gas fields to push out limited remnants, thereby
lengthening its lifespanwhile sequesteringCO2. To date, EOR is the only industrial use of CO2

reaching scalability. In the near term, EOR offers an opportunity to retrofit or shift the
directionality of existing infrastructure, offering immediate learning and cost-reduction
opportunities for sequestering CO2 in fossil fuel reservoirs. Interviewees stated that it is thus
currently the only viable business model and “there is no commercial benefit of any of these
geological storage options if you exclude EOR” (R106). However, experts were also skeptical
regarding EOR durability, given impending peaks in fossil fuel production and the paradox
situation where:

[You] have paid the oil, gas, big energy companies trillions of dollars over the last couple of centuries
to pull carbon out of the ground. Youmight pay the same companies trillions of dollars, through some
carbon price scheme or some more direct incentive or through some kind of producer obligation, to
put the stuff back in again. Of course, that, in a sense, is a paradox but it’s also not an unreasonable
scenario given that they have the skills, geological scientific skills [and] the knowledge (R094).

Indirect business models for DACCS have been subsumed under the term carbon capture and
utilization (CCUS) that include applications that use captured CO2 in second-life products,
such as construction materials, food and beverages production or synthetic fuels. Thus,
captured CO2 “can create a market, because it will be tied into utilization and that has a $1
trillion opportunity as a market – and that’s huge” (R052). However, DACCS is currently
described as a technology that produces carbon waste with limited commercial viability,
making it a “political market” (R106), meaning that regulatory frameworks and policy
incentives are needed. Its success will thus be dependent on governance around future carbon
pricing and accounting, with challenges over calculating life cycle emissions and gaps in
monitoring, reporting and verification for carbon accreditation.

Low et al. (2022) and the UKCentre for Ecology andHydrology (2021) located DACCS at
Technology Readiness Levels 6–7. Besides EOR, DACCS illustrate technologies currently
unproven at scale, except for some beacon applications by Climeworks in Iceland (Birnbaum,
2021). The current landscape sees a “new phase of direct air capture companies [. . .] that are
all about smaller modular and specific niche applications” (R052). Modularity options are
perceived by many experts as key for learning processes, innovation and scaling: “modularity
can happen within a large plant. So, if you modularize its components, then you have a
modular supply chain and so you’re still getting that benefit of standardization” (R052).
Others disagree, differentiating between capturing and storing, with the latter disadvantaged
on scale economies when modularized. It further seems difficult to justify dedicated pipelines
for smaller modularized facilities.

DACCS can thus be characterized as relying on a mix of established (EOR) and new
science, where experts describe it as radical and potentially disruptive, especially if more solid
sorbent innovation emerges. The costs of high- and low-temperature chemical reagents need to
be reduced through scale economies. Interviewees stated that high-temperature solvents are
more readily available from existing supply chains, whereas low-temperature solid sorbents
require certain nanomaterials which “[. . .] don’t have supply chains yet. [. . .] Someone must
build [these]. The first thing you’d see if solid sorbents are going to win is you’ll see a
Gigafactory equivalent of the supply chain to make those things” (R086). Solid sorbents also
contain more cost uncertainties and therefore require dedicated rather than retrofitting existing
production processes and supply chains.
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During the interviews, potential unintended consequences for the technologies’ legitimacy
were raised, such as “hazardous siting” (Hunold and Young, 1998) and “not in my back yard”
(NIMBY). Pollutive industrial facilities have historically been located amongst marginalized
communities (e.g. hazardous siting) with lower environmental, health and labor standards, and
whose presence sometimes serves to depress standards through socioeconomic
interdependence. Unintended consequences, such as carbon leakages from storage facilities
are also a concern. In this context, the social acceptability and legitimacy of DACCSmight be
significantly low due to the NIMBYphenomenon, where concerns about health, pollution and
social equity are subsumed with more general, even superficial concerns about the presence of
any kind of change in an established culture and landscape. NIMBY could thus limit the
storage location choice for DACCS, as “some regions have less easy access to geological
potential for sequestration” (R014).

Regarding reputation risks, experts reiterated that low-temperature, solid sorbent DACCS
relies upon a scaled renewable energy economy that does not yet exist. Until then, there will be
trade-offs rather than synergies between DACCS and other energy needs, which could
undermine the technology’s legitimacy. Moreover, experts frequently highlighted the
reputation risks of being associated with fossil fuels through EOR, which “may kill
[DACCS] companies, or may hurt them significantly” (R082). Conversely, experts emphasize
that EOR offers policy opportunities for transitioning local communities dependent on the
petroleum sector. If DACCS prolongs fossil fuel infrastructures in such communities, their
gradual retirement might allow workers to transition from carbon extraction to sequestration,
mitigating societal inequities while maintaining social cohesion and creating business
opportunities.

OAE.Currently, OAE infrastructure is lacking, but amajor advantage is that the technology
offers almost unlimited CO2 storage potential. Unlike terrestrial enhanced weathering cases,
no related supply chains exist, which leads some experts to speculate that OAE will be “more
of a local to regional operation if it can get to that scale, and not a global solution” (R060).
Another stated: “to have an impact you would build up an industry like the global coal
industry. So, you would move a lot of stones and I do not think that’s so realistic” (R008). One
potential solution to scale up OAE infrastructure and logistics was mentioned by R015 and
colleagues, who alluded to the possibility of “ships which have the minerals and maybe also a
CO2 source on board. [. . .] Because we have so many ships travelling, they can release,
always, a little bit [mineral products for OAE] while travelling,” which however was
skeptically considered due to the “need [for] the entire world shipping fleet to ship the stuff
around” (R060).

Like DACCS, there are currently no clear business models for OAE and indeed might be
more difficult to imagine, according to the experts. One major difference with DACCS is that
OAE does not allow for CCUS. OAE-removed CO2 is stored in oceans, making utilization
difficult. However, two currently hypothetical business models were discussed. The first
alluded to the generally “dirty” shipping industry and that “to make ships CO2 neutral, if you
take 5–10% of the volume of a large ship [. . .] you can store the mineral products, lime, and
you have a reactor. Then you can use the CO2 from the engine and then you neutralize it. The
CO2 will be transferred into alkalinity [which] [. . .] helps to take up more CO2 from the
atmosphere. So, you could, in theory, make ships CO2 neutral” (R015). Othersmentioned how
the dredging industrymight “open up awholemarket” for carbon removal that avoids the land-
use conflicts, along with being “well-positioned to actually become a seller as well as a
developer of these carbon-negative projects,”with some dredging companies already looking
into this option (R080). This might be an upcoming development, given that “the naval sector
has been kept out of the Kyoto and Paris accords”; “but the IMO, the International Maritime
Organization of theUNhas already said that [they] need to have [their] game in order, [. . .] so,
the naval sector is scrambling now to come up with interesting ideas” (R080).

Nevertheless, besides these to unrealized business models, OAE presents a “political
market” like DACCS reliant on policy incentives and regulatory frameworks, such as carbon
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taxation: “Nobody is going to pay you to do ocean alkalization right now, so, if there’s not a
carbon tax or some company isn’t willing to pay to remove their legacy CO2” (R036).

Another important factor is that OAE technology is currently unproven, difficult to test in
situ and draws on relatively new science. Thus, consistent with our experts, previous research
characterized OAE at TRL3 (Low et al., 2022), versus terrestrial counterparts, which is
classified at TRL5 given the stronger evidence regarding benefits and risks, e.g. in agricultural
soils. Accordingly, “there’s still an innovation gap there that really needs to be filled” (R036),
and ongoing experiments and field trials are needing to run the gamut of research,
development and deployment activities, with current projects simultaneously undertaking
laboratory toxicity experiments, weathering processmodelling and real-world field trials. This
is best reflected by the multi-stage “project roadmap” put forward by Project Vesta (https://
www.vesta.earth), a prominent OAE project.

Given these technological uncertainties, experts indicated that OAE probably faces
significant unintended consequences: “When you’re plonking enhanced rock dust down on the
ground, you knowwhere you’ve put it, and it pretty much stays there.When you’re doing that in
the ocean, there’s no telling where that’s going to end up” (R037). Experts emphasized that
OAE is much more difficult to contain than land-based technologies, given the oceans’
fluidity, calling for international regulation “because you’re adding something in the ocean
that’s not going to stay within your territorial waters, so there are cross-boundary
effects” (R036).

Problems linked to limited in situ experimentation, potential detrimental unintended
consequences and thus reduced learning opportunities lead to low cognitive and socio-
political legitimacy as indicated by the experts:

It’s just not at the level of granularity where you feel comfortable to know what was happening and
make an informed decision or be able to have an informed discussion with potential stakeholders
around what the implications may be (R004).

What does the public want? People, I think, are very skeptical of dumping anything that seems like
chemicals into the ocean, so I think that’s going to constrain it. We need a lot more experimentation –
laboratory, and perhaps even some very small-scale field trials – before we can really start to get a
handle on that (R060).

Reputation risks have thus been linked to the implementation ofOAE, due to public opposition
and the potential contradiction of the technology’s purpose without sustainable OSCM
practices. Shipping and dredging industries are usually blamed for high net carbon emissions
and high energy density. Moreover, the reliance on mining to provide vast amounts of basalt,
lime and other rocks faces other sustainability issues, creating reputation risks. This multitude
of risks and uncertainty is further exacerbated by highly complex and uncertain carbon
accounting.

Table 7 summarizes our findings for each case and how they relate to our second-order
themes, details of which will be discussed next.

Propositions: beyond the “new normal”
While a sense of urgency is emerging, there remain considerable challenges over how
rectifying climate change can be operationalized, given the scale of the required investments
and the need for global cooperation amongst a wide range of stakeholders. Currently, it
remains uncertain howmuch it will cost to reverse climate change, and how it will be regulated
and incentivized. As a result, the industry is still speculating on what business models may be
suitable.

Table 8 summarizes the three approaches to how OSCM can respond to climate change.
While contemporary approaches to incorporating sustainability in OSCM may be useful and
necessary for adaptation and mitigation, it may not be sufficient for some emerging NETs.
Given their novelty, some of these technologies will likely struggle due to poorly defined
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markets and lack of infrastructure and partnerships. As such, they will require radically new
supply chain reconfigurations.

The relationship between climate change and OSCM is paradoxical. Past behavior
contributed toward exacerbating climate change (Dooley et al., 2019; Gopalakrishnan et al.,
2021) so there is a sense of culpability. Conversely, OSCM will be widely affected by climate

Table 7. Summary of findings for the three selected NETs

Second order
themes Biochar DACCS OAE

Infrastructure Can currently be
facilitated via
established OSCM
practices

Needs to be built or
repurposed from other
industries (e.g. oil and gas)

Needs to be built, but has
almost unlimited CO2
storage potential

Technological
readiness and
radicalness

Established and in use;
based on established
science

Niche applications and some
proven technologies; mix of
established and new science

Technology has yet to be
proven, difficult to test in situ
and draws on relatively new
science

Establishing
legitimacy through
learning

Opportunities to
improve economics
and cognitive
legitimacy

Need to establish socio-
political legitimacy first (e.g.
currently a waste, not a value-
input)

Need to establish both socio-
political and cognitive
legitimacy since the
technology is unproven

Regulatory regime Evolving, but currently
limited to specific
sectors

Needs to be established:
dependent on future carbon
pricing regulations

Needs to be established:
dependent on future carbon
pricing regulations;
complexity due to ocean
rights

Policy incentives Initially as catalyst to
get started (transitions
literature)

Essential and likely needed in the long term, as there is
otherwise no market

Business models Established and based
on dual use

Needs to be established and
dependent on policy
(incentives and policy)

Currently hypothetical;
dependent on policy
(incentives and policy);
differs from DACS in that it
does not allow for captured
CO2 use

Uncertainty/
unintended
consequences

Relatively minor;
relatively uncomplex
and spatially
controlled

Relatively high
Negative: Leakages,
hazardous siting, NIMBYetc.
Positive: May allow resource-
based regions to transition
away from, e.g. oil and gas
dependency; captured CO2
can be used for other
applications

High: Very complex
Negative: Unknown
ecosystem impacts;
geopolitical (e.g. storage
ownership) issues; requires
yet to be established
international governance
regime

Carbon accounting Comparatively simple
but with contradictory
views

Relatively complex Highly complex

Reputation risk Will be undermined
without sustainable
OSCM practices

Partnering with O&G could
undermine initial socio-
political legitimacy; will be
undermined without
sustainable OSCM practices
(e.g. transportation, energy
use, etc.)

Likely will be met with
major opposition (lacks
legitimacy); will be
undermined without
sustainable OSCMpractices;
cannot exist without
transitional sustainable
OSCM (shipping, mining,
etc.)

Source(s): Authors’ own creation
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change in terms of supply issues (Alves et al., 2017; Ghadge et al., 2020; Kara et al., 2021),
demand, consumer behavior and regulatory uncertainty (Chen and Wang, 2016; Drake, 2018;
Sunar and Plambeck, 2016). In response, firms will need to embark on adaptation strategies,
allowing them to shift into the “new normal.” However, none of these practices are necessarily
linked to sustainability but rather utilize proven generic OSCM techniques and strategies which
contribute little to the implementation of true sustainability (Pagell and Shevchenko, 2014).
Such a stance maymaintain cognitive legitimacy but does nothing for socio-political legitimacy
(Aldrich and Fiol, 1994; Hall et al., 2014, 2019), and thus the shadow of culpability remains.

Whereas adaptation is a reactive response to climate change, a more proactive response is
mitigation. Although numerous studies emphasizemitigation in theOSCM literature, most are
focused on reducing emissions assessment (Alvarez et al., 2018; Rizet et al., 2012), typically
through established practices such as collaboration, engagement and supplier information
exchange (Dahlmann and Roehrich, 2019; De Stefano and Montes-Sancho, 2024; Jira and
Toffel, 2013) and local sourcing and production (Nieuwenhuis et al., 2012). All have been
shown to reduce emissions and will be necessary but perhaps insufficient to reverse climate
change, where firms face trade-offs between different sustainability dimensions, such as labor

Table 8. Summary of OSCM approaches to climate change

Issues Adaptation Mitigation NETs

Strategic
stance

Reactive (“wait and
see”) strategy to
climate change in
anticipation (or after)
of it happening

Proactive; responding to
normative and regulatory
pressures to address climate
change beforehand

Embracing climate change as core
to new business opportunities

Climate
change
assumptions

Cannot be reversed,
so we need to learn to
cope

Can be reversed to manageable
levels through retrofitting

Can only be reversed through new
carbon capture (and storage)
means

Objective Survival by
reorienting to the
“new normal”

Reduce emissions while
maintaining economic
viability and legitimacy

Reverse climate change under the
assumption that mitigation is
inadequate

Starting point Retrofitting existing supply chains Radical infrastructure and supply
chain reconfiguration

Supply chain
changes

Relocating supplier
locations, processes,
products and
services, etc.

Incrementally improve
environmental performance
while maintaining economic
viability

Must start with environmental
(carbon negative) criteria and then
incrementally improve economic
performance through learning

Approach to
innovation

Incremental Mostly incremental Radical

Financial risk Moderate (i.e. new
partners, locations
etc.)

Relatively low; mitigation
costs passed on to consumers
or suppliers; incrementally
reduced through learning

High; new unproven technologies,
poorly defined markets and
infrastructure, partnerships, etc.

Reputation
and litigation
risk

Focusing only on
cognitive legitimacy
may result in future
litigation, boycotts,
supplier preference
delisting, etc.

Focus on socio-political
legitimacy reduces perception
of culpability

High, if unintended consequences
not considered

Policy issues Established
regulations that must
be met

Established regulations that
must bemet, but often prepared
to address new regulations

Policy intervention needed for
new regulatory regimes and
incentives that will provide the
basis for business models

OSCM
approach

Traditional OSCM
approaches

Traditional
OSCM þ Sustainable OSCM

Traditional OSCM þ Sustainable
OSCM þ Transformative OSCM

Source(s): Authors’ own creation
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productivity and carbon neutrality (Sartal et al., 2020). Indeed, while mitigation clearly
involves sustainability (Atasu et al., 2020), these improvements are mostly incremental and
constrained by economic pressures. They thus reflect many of the shortcomings frequently
criticized in the SSCM literature (Gold and Schleper, 2017; Montabon et al., 2016 Pagell and
Shevchenko, 2014; Pagell and Wu, 2009; Sarkis, 2021).

One insight discussed from our study suggests that while adaptation can be achieved
through traditional OSCM approaches, it does little to protect the firm from reputational
damage and nothing to rectify climate change. Such a “business as usual for the new normal”
(Wright and Nyberg, 2017) approach will undoubtably be under fire if other firms must carry
the burden. Climate change thus sharpens the arguments extolling the virtues of adopting
sustainable OSCM practices.

P1. Traditional OSCMwill have limited positive effects on stopping or reversing climate
change, which will in turn damage the reputation of firms.

To facilitate the development of negative emissions technologies, OSCM must transcend
incrementalism and establish the necessary infrastructure.We therefore propose the concept of
transformative OSCM, which recognizes the need for policy interventions to address
ambiguous commercial incentives, while simultaneously prioritizing the critical challenge of
our era. Consequently, it underscores the need for novel OSCM infrastructure and business
models as integral components of this transformative process. Unlike contemporary
sustainable OSCM approaches, transformative OSCM recognizes the need for robust
mechanisms to foster the emergence of new technologies in industry sectors driven by social
mandates but lacking clear commercial incentives. We thus postulate:

P2. Transformative OSCM, encompassing policy mechanisms and novel business
models, will facilitate the development of negative emissions technologies.

A relatively new discourse calls for an understanding of the unanticipated outcomes of OSCM
(Matos et al., 2020). We responded by showing that, given the need for more radical
technologies and practices, transformational OSCM will likely create detrimental
unanticipated outcomes if not managed carefully, although this is contingent on the nature
of the technology (Harvey, 2023). For example, in our cases, biochar appears less likely to
create unanticipated outcomes compared to the others. An important implication for decision-
makers is that without careful management, NETs could lose their socio-political legitimacy
long before a viable business model can be established, as most technologies’main purpose is
rectifying an environmental problem rather than exploiting an established and clearly defined
market. Business models are already being developed, some of which may be questionable as
they depend on collaboration among partially controversial stakeholders, such as petroleum
companies for DACCS. Unintended consequences such as association with fossil fuels can
significantly influence the creation of business models and the building of OSCM
infrastructure, necessary for wide-spread adoption of these technologies, especially in the
absence of more stable government incentives and regulatory frameworks:

P3. Lack of policy incentives and regulatory frameworks can create a negative
(unintended) impact on OSCM infrastructure for negative emissions technologies.

Lastly, counter to much of the sustainable OSCM literature that emphasizes the importance of
balancing the triple bottom line, the significant complexity and distinctive features of
emerging NETs require prioritization of environmental parameters, given that their legitimacy
is solely based on rectifying a major environmental crisis. These findings further reiterate the
perspective of an ecologically dominant logic, as advocated for by Montabon et al. (2016).

P4. NET business models are solely dependent on tackling an environmental crisis and
thus require an ecologically dominant logic that may unbalance triple bottom line
approaches.
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Contributions and conclusions
With the shift from polarized debate to implementation, scientific communities have identified
a plethora of new technologies, techniques and policies for meeting emissions targets, but
none will meet their potential without effective OSCM (Helper et al., 2021). In response, we
identified how OSCM can be adjusted to meet CO2 reduction targets, recognizing that
adaptation and mitigation are necessary but unlikely sufficient. We contribute to theory by
developing transformative OSCM as a mechanism that directly embraces the climate
challenge through NETs. New policy mechanisms will be needed to regulate and incentivize
the development of business models, which in turn will provide the infrastructure and supply
chains necessary for such technologies to live up to their potential for stabilizing climate
change.

Figure 2 summarizes our conceptualization of transformative OSCM. On the y-axis we
distinguish how firms and their supply chains respond to climate change. It builds on seminal
approaches to environmental management, i.e. whether reactive, proactive or core to the
business model, as is the case for NETs. The x-axis represents the required degree of OSCM
change, which ranges from retrofitting, to reconfiguring to entirely new restructuring. The size
of the boxes represents the scale of the challenges, as well as the business opportunities that
these challenges present.

Adaptation can be both reactive or proactive, but still uses traditional OSCM practices,
where for example firms can retrofit in response to, or in anticipation of, climatic disruptions
(Wieland et al., 2023). Such a response to climate change however does nothing to reduce CO2

and thus is represented here in orange. Mitigation, represented here in light green, is more
proactive, where the aim is to reconfigure OSCM practices with the ultimate aim of net zero
(Atasu et al., 2020). However, the overarching value proposition of the firm remains the same
and rectifying climate change is not core to the business. That is not to say that such approaches
are obsolete – indeed, they are absolutely necessary but unlikely sufficient.

In contrast, transformative OSCM’s primary purpose is to reduce CO2 and as a result, the
response to climate change is core to the business. Building onWieland (2021), transformative
OSCM here applies insights from the transitions literature (Geels, 2002, 2004; Geels et al.,
2018) that calls for policy interventions that foster incubation that allow for experimentation
and learning, such as early favourable market conditions and resource access. It also draws on
the technology and operations management literature (Hall et al., 2014;Matos and Hall, 2007)
that emphasized the importance of legitimization processes to overcome complex hurdles and
the unanticipated outcomes they may subsequently create (Matos et al., 2020).

Transformative OSCMmay be radical (Henderson and Clark, 1990; Wieland et al., 2023),
where new supply chains are forged, necessitating complex and resource-intensive alterations

Figure 2. Conceptual model of OSCM approaches to the climate crisis
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that can only become viable if the focus is shifted to environmental benefit. This phenomenon
is for example evident in solid sorbents-based DACCS, where the integration of renewable
energy sources requires the creation of new supply chains and industrial systems.
Transformative OSCM innovation can also manifest via architectural innovation, where
new OSCM approaches are required without significantly altering the individual components
of the supply chain. Biochar, liquid-sorbent-based DACCS, and OAE are examples of
technologies that utilize existing industrial systems but require a transition from prioritizing
economic viability to emphasizing environmental benefits. These radical or architectural
OSCMchanges are difficult to identify and challenging to enact without the implementation of
supportive policies.

Limitations and further research
This research was based on a preliminary study exploring new technologies for what has
recently become a universally acknowledged crisis. As such, we acknowledge that our study
has some inherent limitations and point out ways these can be addressed. The methodological
challenges we encountered when researching early-stage technologies will diminish as NETs
are further developed and implemented. Future research should leverage both qualitative and
quantitative studies as new data becomes available to examine the nuances of transformative
OSCM implementation, including addressing any unanticipated negative outcomes. Although
data collected from the interviewees allowed for depth and breadth of analysis, other
stakeholders who may be affected by the technology, such as farmers as users of biochar, are
absent. Although we interviewed experts from 34 different disciplines, given the breath of the
problem and the variety of potential technologies, data collection could include other
stakeholders, as well as experts from related disciplines such as environmental law and
political science. Future research should address these broader perspectives, which may raise
other relevant issues and unintended consequences of NETs. A further limitation is the context
under which issues identified in the data may (or may not) manifest. These could include, for
example, socio-economic, geographical and temporal contexts, cultural, values and norms in
different parts of the Globe and how these could hinder to promote of transformative OSCM.
For example, future research could investigate the supportive policies needed to facilitate
transformative OSCM in complex contexts, such as the Global South, which often operates
under weak institutions and corruption.

A perhaps controversial but important area for further OSCM research is whether attempts
to balance the needs and demands of the many have resulted in the state of procrastination and
lethargy in addressing such an important problem. Counter tomuch of the discourse (including
our own previous studies), the significant complexity, scale and urgency of the climate crisis
requires prioritization of the environmental parameter. Additionally, most emerging NETs
have limited utility without a strong focus on the environmental parameters, thus requiring
focusing efforts in this area. It is thus worth exploring in greater detail how transformative
OSCM may align with this prioritization, the requisite capabilities and the potential
incumbency resistance such efforts may face. Such issues may sound daunting, but reinforce
the need, and importance, for further OSCM research.

Lastly, all carbon removal technologies are linked to an ongoing debate on mitigation
deterrence, or the moral hazard, in which the promise of eventual carbon removal creates
systemic disincentives to undertake costly, substantial emissions reductions in OSCM. A
broad assessment of unanticipated outcomes is thus an important area for future research. As
noted by Nelson and Winter (1982), innovation resolves some problems but also creates new
ones that must also be addressed. Past innovators, some of which pioneered the technologies
that have contributed towards the climate crisis, could perhaps be judged as not responsible
through ignorance, given that climate science was not understood. However, today we no
longer have this excuse, and as such we have an obligation to search for how our efforts may
result in detrimental outcomes and ways in which they can be avoided. Previous research has
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attempted to address this concern by bringing together technology developers with those
responsible for commercialization, organizational issues and societal impacts at the early
stages of the innovation process (Hall et al., 2014, 2019; Hall and Martin, 2005). Such an
approach can explore how diverse secondary stakeholders may affect or be affected by NETs,
as well as the impacts it could potentially have on the environment.

Notes

1. See Smith et al. (2024) for a detailed overview of the current state of CDR.

2. We use “sustainability” as the main terminology throughout, although it might better be qualified as
“environmental sustainability” and “environmentally sustainable.” While environmental
sustainability is intrinsically linked to a low-carbon economy, this cannot necessarily be said for
social sustainability.

3. Although the same dataset has been used by the authors in other publications (blinded to protect
anonymity), none focused on OSCM. Along with the distinct research questions addressed here, this
provided ample uniqueness of analysis and theory building to develop a completely new paper
(Kirkman and Chen, 2011).

4. Technology Readiness Levels (TRLs) is a method to define the level of technology maturity that
considers different organizational and financial modes of technological development (H�eder, 2017).
Levels range from 1 (basic principles observed and reported) to 7 (adequacy validated).
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Appendix
Interview guidelines

1. What are critical innovation gaps?Which particular options have high or low innovation potential
(e.g. learning potential)?

2. What energy systems or other sociotechnical systems could or should be coupled?

3. What business models and markets could these technologies create or disrupt?

4. Which serious risks (e.g. social, political, military, ethical, environmental, etc.) may arise?

5. What are the synergies and trade-offs for other societal objectives and the SDGs?

6. What particular vulnerable groups could be affected, positively or negatively?

7. Who are the relevant (or most important) actors (or stakeholders/networks)?
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