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An increasing number of countries and regions consider the bioeconomy transition a strategic policy priority.
When approached through the lens of a circular economy perspective, investments in bioeconomy have the
potential to enhance resource utilisation efficiency, preserve biodiversity and ecosystems, and foster sustainable
development with low emissions. At the same time, if requirements and contextual factors of bioeconomy
strategies are not formally analysed, bioeconomic investments might lead to unintended negative consequences.
This paper proposes a decision support procedure to design, assess, prioritise, and monitor bioeconomy in-
vestments and policies. The flexibility and scalability of our decision support procedure is tested in Colombia to
foster a regional and local transition to bioeconomy initiatives that consider the local capital assets and the
stakeholders’ views. The heterogeneous character of the Colombian environment, economy, society and culture
represents an ideal condition to test the strength of the decision support procedure to promote bioeconomy in
low and middle-income countries. Our empirical results highlight the benefit of adopting a formal assessment
framework that includes strategic national indicators, regional features and stakeholders’ views. In terms of the
Colombian regional bioeconomy ambitions, we highlight the need for expanding knowledge hubs and partici-
patory stakeholder networks and buttressing appropriate financial mechanisms.

1. Introduction (Ronzon and Sanjuan, 2020; Biber-Freudenberger et al., 2018; Heimann,

2019). The 17 sustainable development principles can be put into three

During the last decade, bioeconomy (BE) has attracted increasing
interest in policy circles and in the governance agenda globally (Aguilar
et al., 2019; Dietz et al., 2018). International and national organizations
in the public and private sector have acknowledged that BE can play a
positive role in transitioning towards a more resource-efficient and
low-emission economy (Dietz et al., 2018; Ingrao et al., 2016; El-Chi-
chakli et al., 2016).

But while BE can be a necessary step towards sustainability objec-
tives, it is not sufficient on its own. Different authors have expressed the
concern that the BE transition can jeopardize the Sustainable Develop-
ment Goals (SDGs) especially if not framed with sustainability in mind

sets: economic, environmental, and social. In total they aim to ensure the
ongoing maintenance over time of physical, natural and social capital
stocks and their continuous supply of services essential for economic
progress and increased wellbeing (WCED, 1987). However, the risk is
that BE strategies may simply follow a bio-technological pathway,
where highly engineered products and processes replace the natural
capital to increase gross domestic product (GDP) and employment.
Alternatively, BE strategies can be overly bio-ecological, where con-
servation and nature restoration are achieved at the expenses of the
social and man-made capital (Bugge et al., 2016). Thus, BE needs to be
supplemented by other sustainability concepts such as the Circular
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Economy (CE) principles (D’Amato and Korhonen, 2021; McGlade et al.,
2020) and the social and environmental boundaries promoted by ap-
proaches such as the doughnut economy (Warnecke, 2023; Wahlund
and Hansen, 2022; Raworth, 2017). If framed within the principles of
CE, supported by regional and national evidence-driven information,
and based on stakeholders’ involvement, BE investments can follow a
pragmatic bio-resource approach where the reduction of fossil-fuel de-
pendency, the creation of value added and the enhancement of biodi-
versity and ecosystems are jointly developed within the key pillars of
sustainable development (Salvador et al., 2021; Stegmann et al., 2020;
European Commission, 2018).

In this sense, BE governance needs to account for conflicts, trade-offs,
and complementarities across policy domains considering different
geographical scales and relying on comprehensive information related
to the many factors driving the success and sustainability of BE initia-
tives (Muscat et al., 2021). However, BE implementations and assess-
ments so far have overlooked the practical, contextual, and data-driven
requirements of a sustainable circular BE governance and the related
decision support procedures needed to plan, develop and monitor it.
Focus has mostly been on monitoring frameworks limited in scope and
scalability because applied at the macro-scale (D’Amato and Korhonen,
2021; Morone, 2018; O’Brien et al., 2017), assessed from a theoretical
point of view (Bugge et al., 2016; Vivien et al., 2019; Kircher, 2021),
based in middle-high income countries (Wensing et al., 2019; Kershaw
et al., 2021; Dieken et al., 2021; Gonzalez-Castano et al., 2021), or
focussed on single products/processes (e.g., Donner et al., 2022; Bor-
toloto Damasceno Barcelos et al., 2021). The lack of coherent,
comprehensive, and replicable decision support procedures that guide
circular BE initiatives can represent a serious threat for the achievement
of SDGs especially in countries with weak political and legislative
systems.

Our paper fills these gaps in the BE transition and governance liter-
ature by proposing a decision support procedure to guide potential CE-
BE investments and policies. The paper revises the Balance Sheet
Approach (BSA) (Turner, 2016; Turner et al., 2019; Schaafsma et al.,
2021; Scharin et al., 2016) with an application to Colombia. The BSA is a
process and set of tools to fully appraise BE projects, policies, or courses
of action. Within the BSA we bring together evidence on the national
scale priorities and the underpinning regional scale capital assets
(physical, human, natural and social) that are necessary foundations for
a BE-led investment path which is inclusive and coherent with the SDGs.

The deployment of a BSA decision support procedure enhances the
capacity to plan and monitor investments and to avoid unintended
consequences especially in low and middle-income countries. Our
approach is tested on a case study in Colombia, a country characterised
by a highly biodiverse environment and a multi-cultural society. Our
case study reveals the importance of following a decision support pro-
cedure to unfold local diversity and foster a shared vision for successful
BE planning. To assess the national and regional economic, environ-
mental, and social conditions we conduct a capital assets check using the
statistical tool of the cluster analysis. This national and regional anal-
ysis, coupled with a synthetic visual analysis for the single Colombian
departments, reveals the opportunities and challenges to promote BE
investments. These findings are subsequently enriched by stakeholders’
dialogue initiatives which identify the possibilities for and barriers to a
BE development pathway. Our empirical findings can further support
other countries with weak institutions, high levels of poverty and
inequality, but also with a high value and very diverse in situ natural
capital stock.

This paper is divided as follows. Section 2 examines the concepts of
BE and CE as they have evolved in the literature and the required
transition process. Section 3 sets out our methodology and proposed
decision support procedure for CE-BE project/policy appraisal and
Section 4 applies it to our Colombia case study. Section 5 contains a
discussion and Section 6 offers some recommendations, followed by
conclusions in Section 7.
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2. Bioeconomy within a circular economy framework

The BE concept broadly refers to any industrial and economic sector
that produces, manages, and otherwise exploits biological resources and
related services. As summarised in Table 1, a range of economic sectors
and activities can fit this definition, ranging from traditional (e.g.,
agriculture, forestry) to more high-tech sectors (e.g., bio-intelligence,
genetic engineering) (Sasson and Malpica, 2018; Haarich, 2017;
Vivien et al., 2019; Mougenot and Doussoulin, 2022; Priefer et al., 2017;
Meyer, 2017; Bugge et al., 2016; Staffas et al., 2013).

Over time, more nuanced interpretations have emerged. Bugge et al.
(2016) proposed dividing BE strategies into three ideal pathways: (i) the
bio-technological pathway which aims to support GDP-focused eco-
nomic growth and job creation by leveraging biotechnological innova-
tion and market development; (ii) the bio-resource pathway which seeks
to combine economic progress with stronger sustainability constraints;
and (iii) the bio-ecological pathway which puts biodiversity protection
and soil degradation avoidance before economic growth. Nevertheless,
these pathways are best viewed as part of a spectrum without sharp
boundaries. Synergies and overlaps in BE pathways emerge due to
competition for biomass, natural resources, public support, government
spending, and market shares; as well complementarities and knowledge
spillovers can emerge for infrastructures, supply chains and human re-
sources (Wydra et al., 2021).

Independently of the pathway, all BE initiatives need to fit within
circularity principles to limit their impact on natural and social capital
assets. A circular BE model reduces the economy’s reliance on resource
exploitation and encourages bio-waste value creation through its
cascade use (Salvador et al., 2021; Kershaw et al., 2021; D’Amato and
Korhonen, 2021; McGlade et al., 2020). But it can be further argued that
the implementation of a circular BE needs to be embedded within wider
constraints. These constraints relate to economic, environmental and
social principles to secure a sustainable trajectory and the achievement
of SDGs. Social and environmental boundaries need to be imposed to
define the ‘safe’ and ‘fair’ space within which the BE sits (Rockstrom
et al., 2009; Steffen et al., 2015). For this reason, an Expanded Circular
BE concept (Turner et al., 2019) should be considered which is con-
strained by two ‘boundary’ conditions: an upper environmental
boundary and a lower ‘social floor’ linked to a maximum acceptable
level of wealth inequality, and minimum acceptable level of depriva-
tion' (Fig. 1).

The so called ‘social limits to growth’ argumentation has a long
history but in the last sixty years or so has gradually permeated into
economic and environmental policy discussions. The position taken is
that fast growing economies (in GDP terms) will not necessarily result in
increased levels of social welfare and wellbeing, either at the individual
level or more broadly through communities and regions (Mishan, 1978;
Daly, 1973; Hirsch, 1976; Raworth, 2017; Hansen, 2022). Most recently,
the position has been buttressed by analysis showing that inequality is
often associated with inefficiencies in the economy which require
correction (Stiglitz, 2013). A social dimension in addition to an envi-
ronmental boundary highlights the importance of wellbeing, distribu-
tional equity, justice and democracy concerns as development proceeds.
These concerns emphasise the need for inclusion and participation in
decision making. So, BE value chains need to be established through
co-creation involving local communities and indigenous groups
(McGlade et al., 2020). The social boundary has an economic dimension
as well. Growing inequality is associated with growing inefficiencies and
less productive economies, which also display increased stress, poor
health, and low levels of social mobility (Stiglitz et al., 2010; Drupp

! The standard Gircular Economy is expanded to include plural values in
nature as well as fair distribution of benefits across current and future gener-
ations. Therefore, economic growth is bounded by social and environmental
limits.
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Table 1

A summary of economic sectors and subsectors considered linked to bioeconomy.
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Sector

Biodiversity and Ecosystem
Services

Ecological Engineering

Sustainable and Intensive
Agriculture

Forestry and Silviculture

Foods and Beverages

Examples of Ecotourism Eco-designs Agroforestry Timber and fibre products Functional foods
Subsectors Nature scientific tourism Bioremediation No-till farming Ornamentals Medicinal foods
Payments for ecosystem Ecological restoration Organic agriculture Plants exuding gums and resins ~ Nutraceuticals
services Natural resource Regenerative agriculture Natural dyes and colorants Dietary supplements
Carbon sinks management Pasture intensification Gastro-botany
Natural Ingredients Waste management Precision farming
Medicinal plants Nano-agriculture
Bioprospecting
Sector Biofuels Industrial Biotechnology =~ Biomedicine Bio-intelligence Genetical Engineering
Examples of Bioethanol Biocosmetics Tissue engineering and cell Omics Studies and Population Genetic selection
Subsectors Biodiesel Industrial microbiology therapy Genetics methods
Biogas Bioplastics Personalized Medicine Bioinformatics Reproductive
Bio-methanol Bio-textiles Genomic Medicine Biological data technologies
Biobutanol Bio-lubricants Nanomedicine Bionics biomimicry Genetically modified
Agricultural bio-inputs Biopharmaceuticals organism
Biosimilars Gene therapy
. 3. A decision support procedure for the bioeconomy transition
Environmental boundary
P The sustainable BE transition necessitates an enabling portfolio of
R - RN " comprehensive and coherent green investments targeted at resource and
Pt ) ’ \ energy use, efficiency gains and waste reduction, together with health,
e N Circular ’ \ education, and other environmental, socioeconomic, and cultural assets

\
Progress |

H Economy ! _
! through time1
‘\ Resqurces use P
\ Efficiency ’

Resource supply
Security
co-innovation

Social boundary

Fig. 1. Expanded circular economy-bioeconomy. Source: Turner et al. (2019).

et al., 2018).

The Expanded CE-BE allows for a broader vision of economic prog-
ress which produces sustainable economic development by taking a
precautionary approach to ‘critical’ natural capital protection, thresh-
olds, and tipping points, and by increasing societal well-being. There-
fore, the BE governance should be holistic enough to account for
conflicts, trade-offs and complementarities across BE development
pathways and allow an understanding of the factors driving the success
and sustainability of BE initiatives.

Some of the most pressing considerations and settings that should be
underpinning the transition to BE initiatives are.

(i) endowment considerations, related to the availability, quality,
and classification of natural, social, human, manufactured and
financial capital which determine the feasibility and attainability
of different transition pathways, and

(ii) sustainability considerations, related to potential impacts of BE
initiatives on social, economic and environmental targets which
can constrain the degree at which the diverse forms of capital can
be sourced and utilised sustainably and efficiently, in order to
achieve environmental, social and economic targets.

Not considering these factors within the design, implementation, and
monitoring of BE initiatives increases the risks of failure and of an
inefficient allocation of resources (Kershaw et al., 2021; Devaney and
Iles, 2019).

improvement (Hinderer et al., 2021). The green investments portfolio
and policy decisions need to be underpinned by a systematic assessment
and monitoring of environmental and social consequences of economic
changes (D’Amato and Korhonen, 2021; Bracco et al., 2019; O’Brien
et al., 2017). At the macro-level, natural, man-made, social, and human
capital will determine the variety of BE strategies available for a coun-
try. National accounts, natural capital accounts and wealth accounts can
assist in planning and monitoring BE initiatives and their impacts on
SDG objectives and the country’s welfare pathway (Talberth and
Weisdorf, 2017; Turner et al., 2019). These initial economic, social and
environmental conditions represent the pre-requisite for promoting and
steering specific BE initiatives. This existing evidence (Fig. 2, panel A —
Assessment) serves as an initial assessment and information base that
feeds into the development and balancing of individual BE initiatives
(either sectoral- or geographical-specific).

At the level of individual BE initiatives, there will need to be an
appropriate set of appraisal criteria, indicators and implementation
measures focused on resource efficiency and eco-efficiency gains
(Bracco et al., 2019; Kardung et al., 2021). Measures will include, among
others, carbon reduction instruments, soil nutrient and carbon retention
measures, grazing land quality enhancement, sustainable yield man-
agement of renewable energies, water and biodiversity conservation and
management measures. It is also needed that potential unintended
rebound effects of BE projects are monitored, ensuring that policy
measures and green investments are adequately targeted (Kershaw
etal., 2021; Stark et al., 2022; El-Chichakli et al., 2016) and that the risk
of allocating resources inefficiently is minimised (Devaney and Iles,
2019). This can be achieved through a decision support procedure, that
is the set of tools, analyses and processes to follow for planning,
assessing and monitoring specific BE initiatives. The BE decision support
procedure proposed here is the Balance Sheet Approach (BSA) (Turner,
2016) (Fig. 2, panel B — Balancing). The BSA will guide the whole policy
process from the designing to the actual implementation of specific BE
initiatives. It will formally and consistently arrange information
including views and preferences of the stakeholders involved, which
represent a key factor in the success of BE investments especially at the
local/regional scale (Niang et al., 2022). The trade-off analysis of
stakeholders’ views and values will capture the social dimension of BE
initiatives and anticipate unexpected effects on communities and
groups. This ensures that macro-level indicators can be re-assessed and
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Fig. 2. BE decision support procedure. Source: adapted from Turner (2016).

re-balanced to accommodate specific social dimensions (e.g., indigenous
ancestral values) that are difficult to capture with standard assessment
tools and indicators used in the strategic analysis and the regional
analysis in Fig. 2.

Our decision support procedure addresses gaps and expands on the
BE governance and policy debate. The BE literature has mainly focused
on a global or national level perspective, neglecting the heterogeneity of
landscapes and regional/local perspectives (Sanz-Hernandez et al.,
2019; Luhas et al., 2021; Kershaw et al., 2021; Laibach et al., 2019;
Wohlfahrt et al., 2019; Dieken et al., 2021; Meyer, 2017). The BE-BSA is
scalable, designed to best suit the local context and formally includes the
local stakeholders’ perspective as will be shown in the Colombian
case-study application. In addition, it is inclusive, flexible and
multi-dimensional in collating different information and tools, which is
a lacking feature of previous BE appraisals (Kershaw et al., 2021;
Wohlfahrt et al.,, 2019; Laibach et al., 2019; Sanz-Hernandez et al.,
2019). An application of the BE-BSA procedure for Colombia is pre-
sented in the next section.

4. Setting a decision support procedure for Colombian regional
bioeconomy strategies

The potential for a Colombian BE strategy has historically remained
low on the national policy agenda due to the long-lasting internal armed
conflict. However, in the post-conflict context BE has been increasingly
seen as a new and powerful engine for the development of the country
(Hernandez and Schanz, 2019; Rojas-Jimenez, 2021). In 2018, the
Colombian government produced a series of guidelines and policy rec-
ommendations for BE development. These recommendations were later
collected in the ‘Mision de Bioconomia’, launched in 2020 as the national
BE strategy (Minciencias, 2020). Building upon five strategic areas
(biodiversity and ecosystem services, bio-intelligence, productive and
sustainable agriculture, biomass and green chemistry, health and well-
being) the ‘Mision de Bioconomia’ aims to promote the socioeconomic
development of Colombia using science, technology, and innovation to
create high-value bioprocesses and bioproducts. Through this strategy
the Colombian government expects to generate over 2.5 million jobs and

over 500 bio-products (DNP, 2020). Overall, the expectation is that BE
will represent 10% of the national GDP by 2030. The ‘Mision de Bio-
conomia’ however was not without its critics because it was seen as a
mainly centralised top-down process which did not emphasise biodi-
versity conservation goals nor the interests of local stakeholders and
indigenous communities (Sasson and Malpica, 2018; Hernandez and
Schanz, 2019). How can the ‘Mision de Bioconomia’ strategy better match
the specific economic, social and environmental characteristics of
Colombia and its diverse local contexts?

To answer this question, we deploy the decision support procedure
proposed in Section 3 i.e., the BE-BSA. The specific tools, analyses and
processes used in this case-study exemplify those that can be used within
a BSA. The selection of tools and methods is driven by data access and
availability.

The feasibility of the BE transition for Colombia is firstly analysed at
the national level to subsequently focus on four specific regions (Anti-
oquia, Valle del Cauca area, Coffee Zone and Orinoquia, see the Sup-
plementary Material for socio-economic information of the regions).?

In the strategic analysis (Fig. 3), the extent to which BE initiatives,
investments and impacts are compatible with the three pillars of sus-
tainability (environmental, economic, and social) is assessed. The
methodological tools deployed at this stage for the Colombian case study
are an asset check, covering the capital endowment at macro-level, and a
cluster analysis to categorise the potential regional BE development
paths.

In the regional analysis (Fig. 3), a local impact analysis is undertaken
focussing on a further disaggregation of the evidence gathered at the
previous stage. In the regional analysis, the focus shifts to local impli-
cations of the BE implementation, considering indicators of economic
activity (e.g., income distribution, employment, public spending), nat-
ural capital (e.g., biodiversity status, ecosystem protection measures),
and socio-cultural aspects (e.g., community identity and trust, social

2 The four selected regions were the focus of the project ‘Meeting policy
challenges for a responsible biodiversity-based bioeconomy in Colombia’ fun-
ded by the UK Research and Innovation Global Challenge Research Fund.
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Fig. 3. BE decision support procedure.

inclusion, diffusion of knowledge). The methodological tool used in our
case study is a three dimensional visual representation of departmental-
level sustainability pillars. Finally, the trade-off analysis focusses on
negotiations, pluralistic values and views of the stakeholders involved.
This requires a detailed understanding of the different (and sometimes
contesting) stakeholders’ views, attitudes, and motivations towards
prospective BE projects. Here, deliberative methods of stakeholder
participation are key tools, and we deployed stakeholder consultations
to map their views and perspectives.

4.1. Strategic analysis: national asset check

The first step of our analysis is the asset check. There is no clear
consensus on the most appropriate indicators for designing, assessing
and monitoring the BE transition given its complexity and cross-sectoral
nature (see for example, O’Brien et al., 2017; Bracco et al., 2019). Pre-
vious studies differ widely, ranging from a few selected indicators (e.g.,
Ronzon and M’'Barek, 2018; D’Adamo et al., 2020) to frameworks using
a large number of variables (e.g., Kardung and Drabik, 2021). In our case
study, the selection of the indicator variables as proxies for economic,
social and environmental assets (and their condition) considers (i) the
literature on asset endowment, enabling or constraining BE factors at
national and local level, (ii) the availability of updated and open access
datasets from national official sources, and (iii) the need to retain a
manageable number of indicators. Table 2 summarises the most relevant
BE endowment elements as found in the literature, and the corre-
sponding shortlisted nine headline indicator variables.

A clustering approach (Everitt et al., 2011) is carried out at the
department level to synthetise the information conveyed in the key in-
dicators of Table 2. The cluster analysis is a well-known classification
technique (Bartholomew et al., 2008) and is extensively used in many
fields of application, including BE (Biber-Freudenberger et al., 2018).
Moreover, the importance of BE clusters in driving a sustainable
bio-based transition is increasingly acknowledged, including in the

Colombian context (Johnson et al., 2022a; Stegmann et al., 2020). In our
case, it allows for the identification of a set of macro-clusters based on
observed similarities in economic, social and environmental conditions.
The objective of the cluster analysis is to organise and classify regional
indicators through a clear and repeatable process which identifies lo-
cations that share similarities in their economic, social and environ-
mental measures. Cluster analysis involves using mathematical
algorithms to group data points based on their similarities and helps to
uncover patterns and relationships within a dataset, making it easier to
understand and analyse large amounts of information. A partitioning
cluster analysis with PAM algorithm is used here (Partitioning Around
Medoids, Kaufman and Rousseeuw, 1990), which is a k-medoid type
algorithm that provides clusters built around the most representative
observation (one per cluster). PAM is less sensitive to outliers and noise
in data than other partitioning methods.” A solution with four endow-
ment clusters was found to be the best fit. The four clusters obtained are
mapped in Fig. 4. Additional details on the clustering approach are re-
ported in the Supplementary Material.

Cluster 1 groups most of the central Andean departments (Atlantico
and Valle del Cauca), areas with big urban conglomerates and speci-
alised economies (third sector, tourism, cattle ranching). It includes the
Coffee Zone and the Antioquia area. This cluster is characterised by high
connectivity and infrastructure development, and higher diversification
of economic activities. It is also characterised by the highest density of
R&D and scientific groups, the lowest diffusion of multidimensional
poverty and by a highly diverse land use cover. Cluster 2, including most
of the Atlantic departments, the Orinoco grassland area, and the

3 A typical problem with cluster analysis pertains to validating the clusters
obtained (Everitt et al., 2011). In our application, this is addressed through a
preliminary assessment of the cluster tendency (Hopkins statistic, visual
assessment of cluster tendency, elbow method, clustering power with differing
number of clusters) and an additional in-depth exploration of the within-cluster
differences using the synthesis tool reported in Section 4.2.
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Table 2

Bioeconomy enabling endowment factors and corresponding indicators.
Endowment Enabling factors Indicator variables Source
Economic

Public finances
Wohlfahrt et al., 2019; Wydra et al., 2021)
Logistic infrastructures

2019)
Strength of value and Diversification and strength of value chains (Wohlfahrt et al., 2019)
supply chains
Social

Innovation propensity
Strong social fabric

Propensity to innovate (Broring et al., 2020)

R&D networks, Human

resources 2020)
Environmental
Biota Biodiversity and biological resources (Bracco et al., 2019)
Land cover Land coverage patterns and land use (Bracco et al., 2019)

Biomass availability Availability of biomass (Robert et al., 2020)

Public funds for start-up costs, innovation, market diffusion (

Transportation, communications, and IT systems (Wohlfahrt et al.,

Sense of commitment, fairness and mutual trust (Kircher et al., 2018)

R&D institutions and networks (Kershaw et al., 2021, Broring et al.,

Department expenditures ($COL/
capita)
Paved highway (mt/km?)

Minhacienda (2018)

IGAC Instituto Geografico Agustin
Codazzi (2014)

GDP diversity (Shannon index)” DANE (2016)

Internet coverage (% households)
Multidimensional Poverty (%
households) ”

Scientific groups (n/million
inhabitants)

DANE (2018a)
DANE (2018b)

Minciencias (2019)

Protected areas (% total) PNN Parques Nacionales Naturales de
Colombia (2019)

Land Cover diversity (Shannon IDEAM Instituto de Hidrologia (2014)
index) ¢

Forests area (% total) © Minagricultura (2019)

Notes.

@ Diversification of the GDP across main economic sectors (agriculture, mining, industrial, public services, tertiary, transport).
b Used as percentage of households not multidimensionally poor, that is (1-Multidimensional Poverty).
¢ Scientific groups are those registered and accredited by the Department of Sciences.

4 Shannon Index calculated from CORINE land cover data.

¢ Agricultural areas are not included because of the inability to disentangle extensive from more sustainable practices.
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Fig. 4. Bioeconomy macro-clusters of Colombia based on endowment
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departments located in the southern portion of the Andes, is charac-
terised by a good level of connectivity and infrastructural development,
a GDP derived from a wide range of activities, and land cover use di-
versity. It includes parts of the Coffee Zone and most of the Orinoquia.
Departments in this cluster are contiguous to the central, highly
urbanised and innovative Cluster 1, with potential positive spill overs
between the two clusters.

Cluster 3, including the southern Amazon departments, Chocé on the
Pacific coast and La Guajira on the Atlantic coast, is defined by the
highest percentage of protected pristine forest and agricultural exclusion
areas. While connectivity and infrastructural development are still lag-
ging behind other departments, this cluster shows a good diffusion of
R&D and scientific groups. It is worth noting that the departments
included in this cluster are characterised by the presence of a number of
Indigenous and Afro-Colombian communities, with potential to capi-
talise on traditional and ancestral knowledge. Finally, Cluster 4 groups
the northern Amazon departments and is characterised by high multi-
dimensional poverty, low logistical development, low economic diver-
sification, and low diffusion of R&D and scientific groups. However, this
cluster also encompasses protected areas, pristine forest ecosystems and
agricultural exclusion zones which contain significant stocks of primary
biomass and genetic resources. Moreover, it has the highest government
public expenditure, which on the one hand highlights the debt pressure
and the wider economic and social isolation of these departments, but on
the other hints at the potential to channel large resources into targeted
BE activities.

4.2. Regional analysis: local features

Given that Colombia is a mega-diverse country, the lack of consid-
eration of specific characteristics at lower-level geographical scales
could inhibit the success and effectiveness of BE development and could
result in adverse unintended effects. The asset endowment check in
Section 4.1 provides a baseline macro-level multi-dimensional assess-
ment of the sustainability dimensions which can help initial targeting of
BE strategies through the identification of macro-clusters. For a more
granular analysis of local conditions, here we adopt the approach in
Pulselli et al. (2015). The proposed synthesis tool is represented by a
three-axis diagram (a cube), where the axes represent the economic,
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social and environmental dimensions. For each dimension, the same
indicator variables employed in the asset check (Table 2) are normalised
on the 0-1 interval and their arithmetic mean is used as a synthesis index
summarising sustainability-related characteristics of BE strategies.” In
other words, for each department we obtain one value for each sus-
tainability dimension (economic, social and environmental) summaris-
ing its BE enabling endowment potential. The higher the index value, the
higher is the department endowment on the corresponding dimension.
Plotting the indexes on the relevant axis allows us to allocate each
Colombian department to a sector of the cube. Each department is now
therefore described by its endowment status, revealing that within the
same region remarkable differences exist. Fig. 5 shows an example for
departments located in four Colombian regions specifically considered
in this application and allows a more nuanced interpretation of their BE
potential.

For example, considering the departments in the Orinoco region
which were grouped in the same macro-cluster (Arauca, Casanare, Meta,
see Fig. 4), it is possible to note how the social endowment in Arauca
(cube I) is actually lower than in Casanare and Meta (cube II). Similarly,
considering the three departments of the Coffee Zone which are grouped
in the same macro-cluster (Caldas, Risaralda, Quindio, see Fig. 4), Cal-
das (cube III) actually exhibits a lower environmental endowment than
Risaralda and Quindio (cube IV) even though it has a similar economic
and social endowment. This analysis, therefore, equips decision makers
with the information necessary to further fine-tune BE strategies either
by adapting macro-level pathways to specific departmental re-
quirements or, conversely, by monitoring local BE impacts to steer
specific department-level BE schemes closer towards their macro-cluster
pathway.”

4.3. Trade-off analysis: stakeholder values

The social dimension of BE investments is explored in the trade-off
analysis (Fig. 3) where priorities and expectations identified at the
strategic/regional level need to match local stakeholders’ views. Local
private and public operators and civil society, who have the local
knowledge of the region, should actively participate in the BE in-
vestments decisions to avoid conflicts.

In this case study, we develop a consultation survey and a regional
workshop to actively consult the stakeholders’ expectations on BE pro-
jects. Key stakeholders, who operate or intend to operate in different BE
sectors in the four regions, are identified and consulted. Table 1 repre-
sents the initial list of sectors to focus on and, through a mix-method
approach which involves analysis of firms’ register, consultation with
local representatives and snowball contacts (for details see Ferrini et al.,
2021), a list of stakeholders was compiled and they were invited to
participate in a workshop and online consultation survey. A total of 167
stakeholders contributed to the final consultation.® Table 3 synthetises
the involvement of stakeholders by BE sectors.

From Tables 3 and it emerges that a number of sectors are well
represented in our sample such as biodiversity, agriculture and bio-
energy. However, stakeholders in some sectors (bio-intelligence and
silviculture) are not well captured. Stakeholders were asked to prioritise
the leading sectors for their region and Table 4 reports the resulting
rankings. R&D activities were given top priority by stakeholders

4 The arithmetic mean is preferred to a weighted mean approach in order to
obtain a neutral synthesis index, considering the uncertainty about the weights
that the different enabling endowments have in determining bioeconomy
development pathways.

5 Although Fig. 5 reports just a few departments, the characterization of all
Colombian departments is in the Supplementary Materials.

6 Of the stakeholders contributing to the consultation, 39 were active in Valle
del Cauca, 52 in the Orinoquia, 43 in the Coffee Zone, 42 in Antioquia and 58 in
more than one or other regions.
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operating in Valle del Cauca, Antioquia and the Coffee Zone. On the
other hand, the majority of stakeholders in the Orinoquia region thought
that sectors related to biodiversity and ecosystem services, such as
nature-based tourism, carbon sequestration and storage, and bio-
prospecting should be prioritised. Sectors related to agricultural and
livestock activities, such as agroforestry, precision farming, pasture
intensification, were considered important in Valle del Causa and the
Orinoquia, two regions with extensive agropastoral activities. Generally,
while stakeholders’ rankings in Valle del Cauca and Antioquia seem to
adhere to a more bio-technological and bio-resource vision of BE
development, stakeholders in the Orinoquia and the Coffee Zone appear
supporting bio-based sectors encompassed in the bio-ecological vision.

Stakeholders also shared their vision about the most important BE
enabling factors, categorised in economic, social and environmental.
Fig. 6 reports the importance of economic enabling factors. The exis-
tence of “bioeconomy value chains” at the regional level is, unsurpris-
ingly, the most important factor in all regions. Efficient public
governance, good R&D and IT infrastructures are also generally relevant
whereas different views emerge for soft credits, market incentives and
public infrastructure. Private banking services are not considered stra-
tegic for BE initiatives.

The social enabling factors and their scoring are in Fig. 7. The
presence of universities and research centres is a capital endowment
priority in all the four regions. Entrepreneurial culture, creativity, trust
and cooperation, and public acceptance are other crucial factors to
support BE initiatives. Interestingly, access to education is considered
more important by stakeholders in the Orinoquia, while social security,
low inequality and poverty, and ancestral knowledge do not seem to be
significant enabling factors as far as this stakeholders sample was
concerned.

Environmental enabling factors are in Fig. 8 and biodiversity and
protected areas appear to be the most important features. Efficient land
use is also rated highly, however only agricultural land was unani-
mously considered a key factor. This finding might point to tension at
the local level between protected areas, biodiversity protection and the
use of land for agricultural purposes, echoing findings in Johnson et al.
(2022b). Finally, biomass availability seems to be more relevant to
stakeholders in Antioquia and Valle del Cauca than to those in the
Orinoquia and the Coffee Zone region.

Overall, the findings of the social consultation signal a heterogeneity
of needs and views that should lead to adequate planning of BE projects.

5. Discussion

Bioeconomy represents a policy strategy which has attracted interest
from a diverse range of stakeholders in the public and private sphere
based on its potential to attain a resource-efficient and low-emission
development path. If framed within the principles of an extended cir-
cular economy framework, BE can represent a powerful paradigm for
the transition to a more equitable, sustainable, value-added and
knowledge-based growth. At the same time, the wide variety of pro-
ductive sectors, contextual factors, drivers, and implications involved in
possible BE pathways increases the need for more effective and inte-
grated policy decision-making down to the regional-local level. Our
stakeholders’ consultation reports the existence of different views and
the possibility of unintended adverse consequences if initiatives are not
comprehensively and coherently planned. If BE initiatives are not
correctly planned, they can lead to inefficient allocation of resources,
competition for natural resources, over-exploitation, land use pressures,
and deterioration of the social relationships. Huddart et al. (2022)
emphasise the necessity for extensive collaboration opportunities,
advocating for scientists and government representatives to join forces
in supporting a data-driven BE pathway especially for mega-diverse
countries like Colombia. Therefore, a BE decision support procedure is
necessary to guide decision makers’ choices from macro-level ambitions
to local views and needs. The feasibility of our decision support
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Table 3
Stakeholders’ involvement in bioeconomy sectors.
Sector Antioquia  Coffee Orinoquia  Valle del All
Zone Cauca regions
Biodiversity 38.0% 37.2% 59.6% 46.2% 46.7%
Agriculture 40.5% 44.2% 55.7% 56.4% 41.3%
Ecological 21.5% 27.9% 23.0% 20.5% 29.9%
engineering
Green Chemistry 23.8% 32.5% 15.4% 30.8% 20.4%
Bioenergy 16.7% 16.2% 15.4% 15.4% 19.8%
Food and 11.9% 16.2% 25.0% 23.1% 16.8%
Beverages
Medicine and 16.7% 20.9% 5.8% 7.7% 14.4%
Human health
Silviculture 7.2% 9.2% 11.5% 5.2% 6.0%
Bio-intelligence 7.1% 6.9% 0.0% 10.3% 4.2%
Other 19.1% 16.2% 9.6% 17.9% 18.0%
Table 4

Stakeholder views on the bioeconomy sectors to prioritise by region.

Rank Valle del Cauca Antioquia Orinoquia Coffee Zone

First Bioresearch and  Bioresearch Biodiversity Bioresearch
development and and Ecosystem  and

development services development

Second  Green Medicine and Agriculture Ecological
Chemistry and Human health and Livestock Engineering
Biotechnology Industry

Third Agriculture and Biodiversity Bioenergy Biodiversity
Livestock and Ecosystem and Ecosystem
Industry services services

procedure is tested in four Colombian regions contributing to the bio-
economic literature for Latin America which either focuses on specific
regions/bioeconomy sectors (Alviar et al., 2021; Solarte-Toro et al.,
2023) or on stakeholders’ views (Aparicio, 2022; Johnson et al., 2022a).
The BE-BSA, applied to the Colombian case study, sets a number of
organised and replicable steps (along with analysis tools) to support the
implementation of BE initiatives. Our decision support procedure in-
tegrates information into comprehensive evidence levels, informing the
full policy cycle of BE policy. The strategic analysis which rely on na-
tional indicators consents to identify similarities and prospective sec-
tors, the regional analysis unfolds local assets, requirements and
impacts, and participatory methods capture stakeholders’ views in the
trade-off analysis.

Our analysis unveiled insights into the different levels of BE gover-
nance and implementation which need to be considered for a successful
bio-based development in the country. At the macro strategic level, the
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Fig. 6. Stakeholder views on bioeconomy economic enabling factors.

Colombian government seems to mainly embrace a bio-technological
vision with elements of a bio-resource vision. The asset check, under-
taken through the cluster analysis, supports the macro-strategic vision
for some of the country’s subregions which are endowed with suitable
infrastructures and socio-economic capital, namely the central Andean
region and the contiguous departments, with potential to foster spill-
overs in nearby clusters (clusters 1 and 2, Fig. 4). However, for other
macro-clusters where high biodiversity and ecosystem resources exist,
such as the Amazon region and the departments of Chocé and La Guajira
(clusters 3 and 4, Fig. 4), the bio-technological switch is less desirable
and bounded by the lack of technological and infrastructural facilities.
Alviar et al. (2021) reports a similar divide and high diversity across
regions.

Drilling down into the local level context, at the single department
level in the regional analysis, a visual synthesis of indexes in the three-
dimensional plot (the cubes in Fig. 5) classifies the asset endowments
into eight possible configurations of high-low combinations over the
sustainability dimensions (economic, social, environmental). For
example, considering the departments in the Orinoquia region that are
grouped in the same cluster (Arauca, Casanare, Meta, see Fig. 4), we
report differences in the social capital endowment which should be
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taken into consideration when developing BE pathways targeting this
macro-cluster. In addition, once a decision support procedure such as
the BSA is adopted, the regional analysis step can act as a monitoring
and assessment tool for the local impact of BE implementations over
time. In other words, the policy use can be twofold. On the one hand, it
can inform the fine-tuning of macro-cluster strategies down to local
level; on the other hand, decision makers can monitor BE impacts
steering the local pathway closer to the macro-cluster pathway in order
to implement a cluster-coherent strategy.

6. Recommendations for Colombia

In the future, there are both opportunities and challenges for the
further development of BE in Colombia. Within the wider national
strategy, the country requires the development of regional and local
transition roadmaps accounting for and harnessing the heterogeneity of
its landscape and culture, including local communities and stakeholders

Journal of Environmental Management 352 (2024) 120042

as key actors in this transition. Key to the success of such a transition are
expanded knowledge hubs and truly participatory networks. These
networks must bring together collaborating entities which encompass
private businesses, financial organizations, NGOs, government (local to
national) and local communities and indigenous groups. Sustainable BE
investments and their implementation will depend on both local push
and a sub-national/national pull, enabled through appropriate financial
mechanisms. For some of the macro-clusters identified, a stronger focus
on environmental sustainability should be incorporated in the local
roadmaps given the rich biological capital and to avoid unintended
environmental degradation. Similarly, some areas are lagging in terms
of the infrastructural requirements for a bio-technological vision with
the risk of perpetuating regional inequalities in the absence of a targeted
BE plan. Overall, the rate of transition to a more BE-based development
path in Colombia needs to be both ‘measured incremental change’,
taking full advantage of the evidence base anchored to a comprehensive
capital asset check and stakeholder preferences, and regionally diver-
sified, building on in situ regional to local natural resource and cultural
endowments. This balanced transition needs to rely on assessment and
monitoring procedures and tools, such as the BE-BSA, that are stand-
ardised and replicable and that can coherently complement SDGs in-
dicators, national accounts and natural capital accounts approaches
such as the System of Environmental Economic Accounting.

7. Conclusions

While the BE concept has been extensively debated from a theoret-
ical perspective and a number of assessment and monitoring tools have
been proposed for specific value chains or continents, this paper sup-
ports a circular BE transition that is practical, feasible, and efficient to
the country’s scale requirements and is driven by empirical local evi-
dence. The strength of the decision support procedure presented is the
organisation of indicators, evidence and views into sequential piece of
information which helps to map conflicts between national level ambi-
tions and stakeholders’ views. We claim that the stakeholders’
involvement is key to the success of a BE transition, especially in
countries like Colombia where a rapid switch to BE initiatives can
compromise social inclusion and development. The stakeholders’ values
and trade-offs analysis helps to understand whether local stakeholders’
expectations and needs match the strategic and endowment consider-
ations identified. For example, if a strategic national BE ambition aims to
promote a bio-technological vision but stakeholders prioritise a bio-
based and bio-ecological vision, challenges can emerge. Educational
and capacity building programmes as well as public cooperation op-
portunities should be established before BE activities can thrive and
enhance the social and economic conditions at the regional and national
scale.

While standardised and replicable assessment and monitoring pro-
cedures such as the BE-BSA are needed to guide a sustainable bio-
economy transition, our application to the Colombian case study
highlights some limitations and future directions. First, the headline
indicator variables in the strategic analysis are inevitably a subset of the
possible indicators measuring the BE transition. In the absence of a
widely agreed set of indicators for the BE, our choice was constrained by
the need to keep a manageable number using existing data. Going for-
ward, a set of standardised indicators will need to be identified by the BE
stakeholders to allow for enhanced comparability and consistency, for
example using the SGDs indicators as a guiding framework. Second, the
BA-BSA flexibility allows to deploy the most appropriate tools depend-
ing on the specific case study. In this application, cluster analysis, syn-
thesis tool, and consultation survey and workshops were deployed.
However, additional tools could provide a more nuanced picture of the
BE strategies, for example extended cost-benefit analyses including
ecosystem services values. Third, the BE-BSA can be a data and time
intensive approach in the short-term but once the procedure is system-
atically employed, it results in a valuable monitoring tool. Finally, while
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the BE-BSA is scalable and transferable, applications in other countries
and contexts could shed light on its wider use and its complementarity
with national accounts, natural capital accounts and the SDGs
framework.
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