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Abstract

This study examines how different sustainability assessment approaches influence climate-
policy choices when evaluating greenhouse gas (GHG) emissions across industrial value
chains. Using Spain as an empirical setting, we apply Environmentally Extended
Input-Output Tables combined with Production Layer Decomposition to quantify Scope
1-2-3 emissions and assess economic and employment impacts. The results show that
indirect emissions dominate most value chains, revealing structural dependencies that are
not captured by sector-level inventories. Incorporating social and economic dimensions
highlights the need for transition pathways that minimise employment disruption while
maximising environmental gains. Although public procurement can enhance the uptake
of emerging low-carbon and circular-economy technologies, it has limited quantitative
influence on total value-chain emissions. The findings demonstrate that value-chain-based
sustainability assessments provide a more comprehensive basis for designing coherent,
equitable, and effective decarbonisation strategies.
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1. Introduction

Greenhouse gas (GHG) emissions are the primary driver of anthropogenic climate
change, making their mitigation a central policy challenge [1]. Industrial systems—spanning
extraction, manufacturing, logistics, product use, and end of life—account for a substantial
share of global emissions and are embedded in complex, multi-tiered value chains in which
environmental impacts are distributed across multiple stages of production [2]. These
emissions include direct releases at the firm or sector level (Scope 1), indirect emissions
from purchased energy (Scope 2), and upstream and downstream emissions along supply
chains (Scope 3), the latter representing the most comprehensive yet least-consistently
reported component of corporate carbon footprints. For many manufacturing indus-
tries, Scope 3 emissions account for a dominant share of total emissions—often exceeding
70 percent—underscoring the need for greater value-chain transparency in climate gover-
nance [3,4]. Industrial value chains can therefore be understood as interconnected networks
of production and transformation activities whose environmental profiles vary according
to technological characteristics, resource bases, and production structures [5].

From a sustainability perspective, the focus on emissions, while crucial, is only one
aspect of the broader challenge—particularly when policy decisions involve prioritisation
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among sectors and value chains. Ensuring the continuity of jobs and minimising disruptions
to economic activity are equally significant considerations in the design of decarbonisation
strategies, especially in energy- and material-intensive industries [6]. This multiple focus
reflects the need for an integrated approach that recognises the interconnections between the
environmental, social, and economic dimensions of sustainability [7]. In this context, a just
transition—one that not only addresses ecological goals but also safeguards livelihoods—has
become a central concern in the formulation of climate and industrial policies [8,9].

While integrated sustainability assessments (SAs) have the potential to support more
informed policy decisions, existing approaches differ substantially in terms of system
boundaries, analytical focus, and dimensional coverage. As a result, alternative assessment
frameworks may lead to different interpretations of industrial performance and divergent
evaluations of climate policy options, particularly when indirect emissions and value-chain
interdependencies are considered [10].

Against this backdrop, this article examines the following research question: How does
the adoption of different sustainability-oriented approaches to assessing GHG emissions
along industrial value chains shape the evaluation of climate-policy options?

In particular, this analysis compares sector-based and value-chain perspectives, along
with emissions-focused and multidimensional sustainability assessments.

To address this question, we employ Spain as an empirical setting. Spain offers a
particularly relevant context for analysing the sustainability dimensions of industrial value
chains. Many of its medium-technology and energy-intensive industries operate within
extensive international value chains and rely structurally on imported energy, materials,
and industrial intermediates—factors that amplify the importance of indirect emissions.
Although national GHG emissions declined by 18% between 2008 and 2018 [11] due to
efficiency gains and power-sector decarbonisation, several industrial branches remain
dependent on carbon-intensive upstream activities. Spain’s reliance on industrial activ-
ity is broadly in line with the EU average (20% versus 22% of GDP in 2023, according
to theglobaleconomy.com accessed on 15 December 2025), and its industrial base is rel-
atively labour-intensive due to the notable presence of medium- and low-technology
sectors [12]. Spain’s diverse industrial composition—including ceramics, cement, refining,
non-ferrous metals, textiles, food processing, and automotive components—thus provides
an informative landscape for examining how emissions and other sustainability dimensions
accumulate across heterogeneous value chains.

Our study contributes to four strands of the literature.

First, it contributes to the literature on industrial greenhouse gas emissions by moving
beyond production-based and sector-level perspectives and examining how emissions
accumulate across interconnected industrial value chains, with particular attention to Scope
3 emissions. In doing so, it responds to calls for analytical approaches capable of capturing
embodied emissions and cross-sectoral dependencies in modern production systems.

Second, this paper contributes to research on Scope 3 accounting and value-chain
emissions by comparing alternative sustainability assessment approaches and examining
how their underlying assumptions shape the evaluation of climate policy options. This
perspective highlights how methodological choices influence not only measured emissions
but also the interpretation of mitigation priorities.

Third, this study contributes to the sustainability assessment literature by empirically
applying frameworks that integrate environmental, economic, and social dimensions into
industrial value chains and showing how alternative assessment choices lead to different
policy-relevant rankings and priorities. Thus, it addresses a gap between the availability of
system-wide analytical tools and their empirical application in policy-relevant contexts.
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Finally, this paper contributes to the literature on industrial and climate policy by
providing evidence relevant to the design of decarbonisation strategies that are sensitive to
value-chain structures, employment considerations, and economic interdependencies. By
focusing on Spain as an empirical setting, this study offers insights relevant for countries
with similar industrial profiles and exposure to indirect emissions.

The remainder of this article is structured as follows. Section 2 reviews the relevant
literature on GHG emissions, Scope 3 accounting, sustainability assessment, and value-
chain analysis. Section 3 explains the methodological steps taken to conduct the empirical
analysis. Section 4 presents the results. Section 5 discusses the findings in light of climate
and industrial policy options. Section 6 presents the main conclusions, and Section 7
discusses this study’s limitations.

2. Literature Review
2.1. Greenhouse Gas Emissions and Industrial Systems

Recent empirical studies conducted across the agri-food, manufacturing, petrochemi-
cal, and extractive industries show that indirect emissions frequently exceed direct on-site
emissions. For example, Akamati et al. [13] demonstrated that in the Greek poultry sector,
emissions associated with feed production, fertiliser use, and transport outweigh emissions
occurring at the farm level. Their analysis shows that sectoral climate impacts depend critically
on upstream inputs and supporting activities rather than final production processes alone.

Similar patterns are observed in energy-intensive and extractive industries. Acevedo
Blanco and Gallo [14], analysing offshore oil and gas platforms, found that most emissions
originate from combustion processes used to power extraction, compression, and auxiliary
operations. In addition, they identified fugitive methane emissions as a relevant compo-
nent of total climate impact, noting that such emissions are characterised by high global
warming potential and substantial measurement uncertainty. These findings highlight the
heterogeneous nature of industrial emissions, which include both CO; from energy use
and non-CO, gases linked to operational practices and monitoring regimes.

Recent contributions [15-17] increasingly conceptualise industrial activity as part
of interconnected production networks, in which emissions are distributed across mul-
tiple sectors and stages of production. Input-output-based and footprint analyses show
that emissions embodied in traded intermediates and energy carriers may be located
far upstream of final production. These studies indicate that mitigation strategies focus-
ing exclusively on plant-level emissions risk overlooking important sources of emissions
embedded in material supply, energy provision, and inter-sectoral linkages.

Taken together, the empirical literature suggests that analysing industrial GHG emis-
sions requires approaches capable of capturing cross-sectoral flows, embodied emissions,
and process-specific sources rather than relying solely on direct emissions at the point of
production. Table 1 summarises the main directions of empirical research on industrial
GHG emissions and highlights their implications for system-level analysis.

Table 1. Main directions of research on greenhouse gas emissions in industrial systems.

Research . . .. 1. Implication for
.. What Is Studied Main Empirical Finding P .
Direction Analysis
. . Scope 1 inventories compared Direct emissions Value-chain and
Production- vs. consumption- . . . .
. with value-chain and underestimate total system-level perspectives
based accounting . . . .
footprint measures climate impacts are required
. . . . . - Mitigation must addr
Agri-food and manufacturing ~ Upstream inputs, logistics, and Indirect emissions often gation mus €58
. . . . . e suppliers and
value chains intermediate production exceed on-site emissions

supporting activities
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Table 1. Cont.

Research
Direction

Implication for

What Is Studied Main Empirical Finding Analysis

Energy-intensive and
extractive industries

Energy supply for
operations
dominates emissions

Process-level energy use and
auxiliary operations

Energy system characteristics
are central

Non-CO; emissions (methane)

Fugitive and intermittent Met ane ChissIons are Monitoring and process-level
variable and

emissions in energy systems details are critical
under-measured

Production networks and
embodied emissions

Inter-sectoral and
international
input-output analyses

Emissions are distributed Cross-sectoral
across supplier tiers coordination matters

2.2. Scope 1, Scope 2, and Scope 3 Emissions

The Scope 1-2-3 classification developed under the Greenhouse Gas Protocol has
become a central framework for carbon accounting, disclosure, and climate-related target-
setting. Scope 1 covers direct emissions from owned or controlled sources; Scope 2 refers
to indirect emissions from purchased electricity, heat, and steam; and Scope 3 includes
upstream and downstream emissions embodied in supply chains, such as intermediate
inputs, transport, capital goods, and product use. This classification underpins corporate
reporting standards and is widely used in empirical assessments of industrial emissions.

The empirical literature shows that Scope 3 emissions typically represent the largest
share of total climate footprints in most industrial sectors, often exceeding Scope 1 emissions
by a considerable margin [3]. Thus far, research [18,19] has consistently found that emissions
embodied in materials, energy carriers, and intermediate goods dominate total impacts,
particularly in the manufacturing and processing industries. Reviews relating to industrial
ecology report that Scope 3 emissions frequently account for the majority of lifecycle
emissions in industrial systems, reflecting the structure of modern production networks [4].

Despite their quantitative importance, Scope 3 emissions remain the least consistently
measured component of industrial carbon footprints. Data constraints, heterogeneous sys-
tem boundaries, and reliance on generic emission factors contribute to substantial variation
in reported values across firms and sectors. Recent analyses of corporate disclosure prac-
tices indicate that while Scope 1 and Scope 2 reporting have become relatively standardised,
Scope 3 estimates remain uneven in terms of coverage and methodological quality, with
many firms reporting only selected categories or relying on simplified assumptions [20-23].

Scope 2 emissions, although conceptually more straightforward, are also frequently
underemphasised in sectoral analyses [24]. The carbon intensity of purchased energy varies
significantly across countries and over time, implying that identical industrial processes can
generate substantially different emissions depending on the electricity and heat mix. This
reinforces the need to account explicitly for energy-system characteristics when assessing
industrial emissions.

Value chain analyses are consistent with the previous findings. Empirical studies
adopting value-chain and lifecycle perspectives show that a substantial share of industrial
greenhouse gas emissions is generated upstream of final production through material
extraction, intermediate processing, and energy provision. Sectoral carbon footprints there-
fore often dominated by indirect emissions embedded in inputs rather than by on-site
activities. Evidence from manufacturing industries indicates that sectors such as chemicals,
non-metallic minerals, transport equipment, and machinery exhibit particularly high expo-
sure to upstream emissions due to their reliance on energy-intensive and internationally
sourced intermediates [25]. Comparable patterns are documented in broader European
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and global value-chain analyses, which have found that emissions embodied in traded
intermediates frequently outweigh direct emissions in advanced industrial economies [26].
These results reinforce the need for analytical approaches that account for value-chain
structures when assessing sectoral emissions profiles.

Overall, the empirical literature indicates that Scope 3 emissions constitute both the
most significant and most methodologically challenging component of industrial climate
footprints. This has motivated the development of analytical approaches that combine
firm-level accounting with system-wide methods capable of tracing embodied emissions
across value chains.

2.3. Sustainability Assessment: Frameworks for and Approaches to Analysis

Sustainability assessment is a broad methodological field concerned with evaluating
the environmental, economic, and social implications of policies and production sys-
tems [10]. In the context of industrial systems characterised by complex value chains and
significant indirect emissions, SA frameworks combine diverse tools—including indicators,
simulation models, life-cycle assessment (LCA), and hybrid data-integration techniques—to
support decision-making under conditions of interdependence and uncertainty [27,28].

Indicator-based frameworks and monitoring capacity

Indicator systems remain widely used, particularly in policy and institutional settings,
where they support monitoring, benchmarking, and comparison across regions and sectors.
The empirical literature shows that such frameworks are well suited to tracking progress
and communicating performance, although persistent challenges remain regarding data
quality, weighting schemes, and spatial resolution [29]. In the EU and Spain, indicator-based
frameworks underpin assessments of circular economy performance, resource efficiency,
and industrial decarbonisation pathways and are increasingly aligned with climate and
industrial policy objectives [30]. However, indicator systems typically offer limited insight
into the underlying structural drivers of sustainability outcomes, particularly when impacts
are generated through multi-tier value chains.

Simulation tools and dynamic policy interactions

Simulation tools are commonly used to capture long-term dynamics, feedback effects,
and interactions between policy interventions, technological change, and behaviour. Es-
pinoza et al. [31], analysing the Colombian biodiesel sector, showed how policy shocks
and technology choices jointly shape sustainability outcomes over time. More-recent ap-
plications confirm the relevance of simulation-based approaches for evaluating industrial
decarbonisation strategies under uncertainty, especially in sectors exposed to volatile global
markets and energy prices [32]. At the same time, simulation models tend to be case-
specific and assumption-intensive, which can limit their applicability in comparative or
system-wide assessments of industrial value chains.

Life Cycle Assessment and upstream impacts

Life cycle assessment (LCA) plays a central role in quantifying upstream and down-
stream environmental impacts and is widely used for estimating Scope 3 emissions. It eval-
uates impacts across all life-cycle stages, from raw material extraction to end of life [28,33].
Empirical studies consistently show that upstream processes are frequently the dominant
source of total greenhouse gas emissions: automotive LCAs attribute 70-80% of emissions to
materials and components [34,35], while LCAs of textiles, agri-food systems, and appliances
similarly identify materials, fertilisers, and logistics as major drivers [18,36,37]. While LCA
provides detailed process-level insights, its application often remains bounded to specific
products or cases, making it less suited to capturing economy-wide interdependencies.
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Hybrid and query-combination approaches

More recent developments include hybrid approaches that combine input-output
tables, emissions coefficients, and trade data through structured queries. These methods
enable more granular tracing of indirect emissions across multi-tier value chains and are
increasingly applied in large-scale sustainability analyses. Examples include multi-regional
input-output tracing of deep-tier emissions [38], global value-chain mapping [39,40], sus-
tainability dashboards [41], and detailed carbon-footprint disaggregation [27,42]. Such
approaches partially bridge the gap between product-level detail and system-wide cover-
age, although they still rely on assumptions about aggregation and sectoral homogeneity.

Input-output modelling and system-wide interdependencies

Input-output tables extended with environmental and social variables have become
a cornerstone of sustainability analysis in recent decades. Research has incorporated
indicators related to energy, water, materials, employment, land use, and greenhouse-gas
emissions [43—47]. Environmentally extended input—output tables (EEIOTs) are particularly
relevant for estimating embodied emissions along value chains and underpin national
inventories, multi-regional IO databases, and hybrid LCA approaches.

Recent applications confirm the relevance of IO-based approaches for climate pol-
icy analysis. Integrated economic—environmental modelling has been used to examine
trade-offs between economic activity and emissions [48], while structural decomposi-
tion analysis helps distinguish structural from technological drivers of embodied emis-
sions across regions and sectors [19,49]. These approaches are well suited to capturing
cross-sectoral dependencies, although their level of aggregation can obscure firm-level or
intra-sectoral dynamics.

Extending sustainability assessment beyond environmental metrics

While early sustainability assessments focused primarily on environmental pressures,
Elkington’s [7] “Triple Bottom Line” framework articulated a broader perspective integrat-
ing economic, environmental, and social dimensions. The subsequent literature emphasises
that economic continuity and social well-being are integral components of sustainable de-
velopment rather than peripheral concerns [50,51]. In the context of industrial transitions,
employment preservation, skill adaptation, and economic resilience have been identified
as key evaluation criteria [52,53]. This has motivated the use of integrated assessment ap-
proaches capable of capturing interactions among environmental outcomes, labour markets,
and economic structures [54,55].

2.4. Policy Measures Applied in Pursuit of Sustainability

Policy frameworks increasingly recognise that effective decarbonisation requires ad-
dressing direct emissions (Scope 1), purchased energy (Scope 2), and value-chain emissions
(Scope 3). Regulatory initiatives such as the EU’s Corporate Sustainability Reporting Direc-
tive (CSRD), European Sustainability Reporting Standards (ESRS), and taxonomy frame-
work mandate or encourage disclosure of full value-chain impacts, reflecting the growing
consensus that reducing direct emissions alone is insufficient and that supply-chain rela-
tions, product design, energy use, and business models must also be transformed [30,56].

Sustainability assessment increasingly functions as a governance instrument within
industrial policy [57-59]. By shaping problem definitions, prioritisation, and stakeholder
coordination, SA frameworks influence how climate and competitiveness objectives are
aligned [10,60].

At the same time, the empirical literature shows that sustainability policy cannot
ignore the social and economic dimensions associated with industrial sectors and value
chains. Employment, job quality, and economic resilience are critical for ensuring that
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climate policies are both effective and socially acceptable, particularly in regions dependent
on energy-intensive industries [53,61,62]. This has led to increasing attention to the concept
of ajust transition, which integrates environmental objectives with equity and distributional
considerations [8,9,63].

Public procurement has emerged as a relevant policy lever in this context. Green
public procurement can stimulate demand for low-carbon materials, reward suppliers with
lower life-cycle emissions, and accelerate the diffusion of clean technologies [64]. However,
empirical studies also identify persistent barriers related to cost perceptions, administrative
capacity, and coordination across supply chains [65].

2.5. Linking Sustainability Assessment and Industrial Value Chains

Recent studies have recognised the central role of supply and value chains in struc-
turing economic activity and shaping environmental outcomes [66]. A value chain en-
compasses the full set of activities through which inputs are transformed into products
and services, from conception to end use [67]. Because these activities are interdependent,
changes in one segment propagate upstream and downstream, making value-chain struc-
tures a key determinant of Scope 3 emissions. Supply and value chains can therefore be
understood as complementary representations of extended production networks [68].

Environmentally extended input—output tables provide a robust analytical frame-
work for assessing these interdependencies. By embedding environmental variables into
IO structures, EEIOT models allow analysts to evaluate sustainability impacts across
complete value chains [69]. Since their introduction by Leontief [70], IOTs have been
used to represent economic structures and intersectoral relations; their environmental
extensions enable systematic tracing of emissions, resource use, and employment across
interconnected activities.

Value chains strongly condition where environmental and social impacts materialise
and how they are distributed across actors [66,71]. Supply-chain sustainability research ex-
amines how investment, procurement, and operational decisions influence environmental,
social, and governance outcomes [56]. As a result, value-chain analysis has become an im-
portant tool for understanding interdependencies within national and global economies [72].
Recently, researchers have increasingly been integrating social and environmental dimen-
sions into global value-chain analysis, reflecting the need to identify where economic value,
environmental pressures, and social outcomes co-evolve along the chain [73].

Despite these advances, a great deal of sustainability research remains focused on
carbon footprints and mitigation options within supply-chain management [74]. The
inherent complexity of value chains—with multiple actors, decision nodes, and types of
feedback—continues to challenge their governance [75]. Value-chain mapping has emerged
as one response, providing visual representations of actors, flows, and relationships that
support our understanding of complexity and the identification of leverage points [76-78].
Such maps have proven useful for addressing sustainability challenges, including climate
change, supply-chain disruptions, and critical-materials dependency [56].

2.6. Research Gap

The literature reviewed in Sections 2.1-2.5 shows significant advances in the measure-
ment of greenhouse gas emissions across industrial systems, particularly through life-cycle
assessment, environmentally extended input-output modelling, and hybrid approaches
capable of tracing Scope 3 emissions along supply and value chains. At the same time,
sustainability assessment frameworks are increasingly acknowledging the need to integrate
environmental, economic, and social dimensions, and policy frameworks explicitly call for
value-chain-oriented perspectives.
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Despite this progress, sustainability assessments remain largely centred on emissions
accounting and sector-based analyses, with limited application of integrated approaches
that treat industrial value chains as the primary unit of analysis. As a result, upstream
and downstream interdependencies, the role of intermediate activities, and the interaction
between environmental impacts and economic or social outcomes are often only partially
captured, creating a gap between the analytical tools available in the literature and the
types of system-level insights required to inform industrial and climate policy.

Against this backdrop, there is a need for sustainability assessments that transcend the
calculation of emissions alone and explicitly focus on industrial value chains rather than
individual firms or aggregated sectors. Addressing this gap can improve our understanding
of how sustainability outcomes emerge across interconnected activities and provide more
policy-relevant insights into industrial transition pathways.

3. Methodology
3.1. Empirical Setting

We focus on Spain as an empirical setting due to its unique relevance in the analysis
of industrial value-chain emissions. Spain’s economy is heavily shaped by medium-
technology and energy-intensive industries, many of which are embedded in global value
chains that depend on imported energy, materials, and industrial intermediates. This
reliance on external inputs significantly amplifies indirect emissions, making Spain an in-
formative case for examining the hidden environmental costs of industrial production [79].
Despite a decline of 18% in national GHG emissions between 2008 and 2018, largely driven
by improvements in energy efficiency and decarbonisation of the power sector, various in-
dustrial sectors in Spain remain highly dependent on carbon-intensive upstream activities.

Moreover, Spain’s industrial footprint is notable in terms of its contribution to the
national economy, accounting for around 20% of GDP in 2023, which aligns closely with
the EU average of 22%. The labour intensity of Spanish industry further underscores its
importance, as medium- and low-tech sectors play a prominent role, creating significant
employment opportunities within these industries [62]. This makes Spain a particularly
valuable setting for studying the intersections between economic activity, employment
dynamics, and emission mitigation strategies, offering insights into the challenges of
transitioning to a more sustainable industrial economy.

3.2. Base Methodological Choice

An assessment of greenhouse gas (GHG) emissions in industrial contexts can draw
on a diverse set of methodological approaches, each offering distinct analytical strengths
depending on the scale, boundaries, and objectives of the study. At the individual-firm level,
commonly used methods include process-based life cycle assessment (LCA), corporate
carbon accounting aligned with the Greenhouse Gas Protocol, and engineering-based
bottom-up estimations that rely on activity data and emission factors. These approaches
vary in their granularity and data requirements, ranging from highly detailed process
inventories to more aggregated estimations based on energy use or material throughput.

When the analytical focus extends beyond a firm to encompass value chains or broader
industrial ecosystems, methodological options expand to include environmentally ex-
tended input-output analysis (EEIO), hybrid LCA models, and multi-regional input-output
(MRIO) frameworks capable of capturing upstream and downstream emissions embodied
in trade and intersectoral linkages. These variants differ in their capacity to represent
indirect emissions, sectoral interdependencies, and geographical dispersion, offering com-
plementary perspectives on the distribution of carbon burdens across supply networks.
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While LCA methods and their variants ensure the evaluation of resource consumption
and environmental impacts across the sequential phases of a product or service’s life
cycle, their primary use is often localised at the organisational or firm level for strategic
environmental management and decision-making. However, when the objective is to
understand the sustainability impacts of final demand at the level of nations, regions, or
entire industrial systems, LCA becomes impractical. A full LCA of an entire country’s
industrial fabric would require enormous quantities of detailed data for every process,
material flow, and technology type. Even recent attempts to automate data collection
through process mining [80] cannot overcome this fundamental limitation.

For these broader analyses, EEIOTs offer a more suitable approach [81]. Input-output
(IO) analysis allows capturing the full network of intersectoral relationships across an
economy, enabling estimation of the environmental impacts embodied in production
and final demand. While process-based LCA offers precision, IO models provide the
system-wide coverage necessary for regional or national assessments [82]. Several authors
have employed EEIOT approaches to assess environmental impacts from a value-chain
perspective. In recent years, this methodology has become increasingly prominent, as
reflected in a growing body of academic publications [46,82-85].

As our objective is to examine how direct and indirect emissions vary across different
industrial value chains in Spain, using EEIOT analysis would be most prudent. Capturing
complex sectoral interdependencies requires a modelling framework capable of tracing
embodied emissions through the entire economic system rather than limiting the analysis
to firm-level or process-specific boundaries. EEIOT analysis provides precisely this system-
wide visibility: it links environmental extensions to national IO accounts, enabling the
quantification of emissions embodied in intermediate consumption, final demand, and
intersectoral exchanges and revealing structural patterns that would remain invisible in
process-based or organisational accounting approaches.

This is particularly relevant for policy-oriented research, where the objective is not
only to quantify emissions but also to inform strategic intervention options at the sectoral
or national level. For these reasons, even considering the limitations presented in Section 7
of this paper, EEIOT analysis provides the analytical breadth, systemic perspective, and
methodological coherence required to meet the aims of this study, offering a rigorous
and comprehensive basis for assessing the distribution and drivers of direct and indirect
emissions across Spanish industrial value chains.

3.3. Value Chain Analyses

Evaluating the emissions and socio-economic effects produced by a country’s value
chains using input—output tables requires the acquisition and integration of data from
multiple sources as presented in Table 2.

Table 2. Data, description, and sources for deriving value chains.

Data Description Source
Matrix X This matrix, p x p, details the monetary flow (1r} mllhons'of e}lros) of goods and services Eurostat [36]
between sectors for use as intermediate inputs.
This matrix details the monetary flow (in millions of euros) of goods and services
Matrix Y between sectors for use as final demand (Households, Government, Gross Fixed Capital Eurostat [86]
Formation, Change in Inventories, Exports, etc.).
.. The data on GHG emissions for each Statistical Classification of Economic

GHG Emissions Activities (NACE) sector Eurostat [87]
Employment Data on employment (NACE Rev. 2 two-digit level). Eurostat [88]
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Our research yielded corroborating results from multiple analytical standpoints, all of
which are validated by their reliance on National Accounts, a dataset generally accepted as
the benchmark for reliable economic forecasting and governance decisions.

Industrial value chains are defined by the aggregation of products and services des-
tined for final demand, along with all upstream intermediate activities and products
required for their production. Since, up to the four-digit-level codes, the structure of CPA
(Classification of Products by Activity) corresponds to that of NACE (Classification of
Economic Activities) [89], products have been linked to economic branches of activities
according to the NACE classification.

From matrices X and Y, the total output (w;) for each sector of origin is calculated
as follows:

Wi =Xj+ Xip+ -+ Xig T Yin T Y+ ik

where i is the sector of origin, n is the number of sectors present in the symmetric matrix, and
k is the number of components constituting final demand (household demand, government
demand, etc.). Consequently, w; represents the total output of a sector.

Using this value, the n X n matrix of technical coefficients (A) is calculated, where
each of its components is determined according to the following formula:

where 4;; is the quantity of input required from sector i for each unit of output for sector j.
This allows calculation of the inverse Leontief matrix (L) using the following formula:

L=(1-A)"

This matrix is composed of coefficients a;; that capture the direct and indirect re-
quirements of sector i for each unit of final demand in sector j. Subsequently, using the
Production Layer Decomposition (PLD) method, L is decomposed via its Taylor expansion
in the following formula:

A?’l

agk

L=14+A+A>+ A3 +...=

n=0

where each of the summands (I, 4, A?, ..., A") represents the requirements generated by
each unit of final demand across the different sectors in their various upstream stages (final
demand, level 1, level 2, etc.). Since the coefficients constituting the technical coefficient
matrix have a value less than 1, the terms of the equation become progressively smaller,
and the summation converges to the value of L.

Given a final demand vector Y, the GHG emission footprint is calculated as follows:

my = qy + qAy + gAZ + gA3 + gA* + - ..

where m represents the vector of total emission factors (TCO;-eq/unit economic flow) for
n sectors, and q represents the vector of direct emission factors (TCO;-eq/unit economic
flow) for n sectors. Each term in the summation expresses the emissions associated with
each layer of the value chain.

Analysing all the operations required to perform the matrix calculations for the pre-
ceding formula reveals that they can be presented in the following form:

n n n
my =3 quyn+ Y, GuAwnyn+ Y, GuAniAinyn+---

n=1 mmn=1 mmn,i=1
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Layer 1 2 3 4
Terms N N? N° N*

In the case of the symmetric table applied in this article, the summands corresponding
to each of the layers are as follows: Layer 1, 20 terms; Layer 2, 400 terms; Layer 3, 8000 terms;
Layer 4, 160,000 terms; Layer 5, 3,200,000 terms; Layer 6, 64,000,000 terms; and so on. The
number of summands increases exponentially.

Interestingly, each of the summands constituting the formula represents the emissions
generated in one link of the upstream value chain, starting from final demand. For instance,
the summand for Layer 3, g3A37A7 4y4 represents the emissions produced by Sector 3 to
service Sector 7 in the proportional component of the latter’s activity, which is necessary to
allow Sector 4 to provide products and services for the final demand at the value of y4, as
illustrated in Figure 1.

777777777777777777

Sector 4 -Y,(€) .
Final Demand

Figure 1. Graphical representation of the equation corresponding to a link.

Considering the potential number of links resulting from the analysis of the upstream
value chains, we simplified the relationships between the different sectors, maintaining the
most significant ones based on the stages presented in Figure 2.

STEP 5

STEP 1 STEP 4
STEP 2 STEP 3
. . Visualisation of
Preparation of L ) . Construction of .
Trimming of low Triangulation of . Value Chains:
EEIOT from data L . resulting Value
emission links matrix - Tree format and
sets Chains

Database format

Figure 2. Value chain construction and emissions calculation steps.

STEP 1. This step involved preparing the tables for subsequent processing. Specifically,
we associated products with CPA with the corresponding NACE sectors. Then, we extracted
the input-output matrix relative to the industrial sectors for both intermediate and final
consumption from the original tables obtained from Eurostat. Then, we built an EEIOT by
calculating the emissions associated with the economic exchanges between the industrial
sectors and the final demand in thousands of TCO,-eq.

STEP 2. To reduce the model’s complexity and facilitate the search for linearity between
the remaining links, a trimming process was performed for emission links between sectors.
Consequently, intersectoral links associated with negligible emission levels were omitted.
This reduction in complexity streamlined the model while preserving the representativeness
of the total emission data. Because of this process, the total emissions retained in the model
were greater than 95% of the initial intersectoral emissions.

STEP 3. The order of rows and columns in the matrix resulting from Step 2 was
permuted to achieve triangulation by maximising the concentration of emission linkages
below the diagonal of the matrix, thus optimising the identification of intersectoral emission
flows within the data. As indicated, the triangulation process enables the visualisation of
an economy’s fundamental structure and facilitates between-country comparisons, which,
in this case, are conducted from the perspective of GHG emissions.
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STEP 4. After the triangulation process, value chains were constructed. To establish
the fundamental structure of these value chains, the combinatorial capabilities of Power
Query [90] were employed to iteratively trace the supply chain from the final demand
upstream until all relationships were captured. Building upon this initial construction,
the emissions and employment associated with each generated link were allocated by
calculating the proportional distributions of the emission and employment values.

STEP 5. The final step involved visualising the constructed value chains. Two primary
representation methods were employed. The first is a tree-based graphical representation
depicting the value chain structure in a hierarchical format, where each node represents a
specific sector, and the arrows represent the links between sectors. The total emissions and
jobs associated with each link are also presented to highlight their proximity to the final
demand. The second method is a database representation, which is used to organise the
value chain data in a tabular format. Each row represents a specific link or connection be-
tween the sectors. The matrix includes information such as the sectors involved, associated
emissions, and employment values.

3.4. Triple-Bottom-Line Assessment

Following the concept of sustainability established by Elkington [7], the above-
described method leads to assessments of sectors and value chains according to three
dimensions of sustainability—an economic one (economic activity), an environmental one
(GHG emissions), and a social one (employment)—as presented in Table 3.

Table 3. Criteria for ranking value chains and sectors.

Criteria/Variables

Ranking Criterion Rationale

Total emissions
(environmental
dimension)

The ranking for total emissions is established as
follows: highest priority (1) is assigned to value
chains and sectors with the highest emissions, and
lower priority (20) is assigned to value chains
and/or sectors with the lowest emissions.

The focus in GHG reduction policy making should
be on the activities resulting in the most emissions,
as these activities have the greatest potential to
achieve absolute emissions reduction.

Jobs (social
dimension)

The ranking for jobs is established as follows:
highest priority (1) is assigned to value chains and
sectors where fewest jobs could be affected by policy
changes, and lower priority (20) is assigned to value
chains and/or sectors with the most jobs.

Social perspective is a key factor that must be
considered when establishing GHG reduction
policies. Demand reduction or demand-related
technological changes can drastically affect
employment in a region. Reskilling or upskilling
people can be more feasible in sectors or value chains
with fewer jobs than in ones with the most jobs.

Economic activity
(economic
dimension)

The ranking for economic activity is established as
follows: highest priority (1) is assigned to value
chains and sectors where the least amount of
economic activity could be affected by policy
changes, and lower priority (20) is assigned to value
chains and/or sectors with the highest level of
economic activity.

Economic perspective is a key factor that must be
considered when establishing GHG reduction
policies. Added value and public tax revenues can
be affected by technology (e.g., electric vehicles) or
demand changes (e.g., fossil fuel reduction). This
decision can affect public accounts and the profits of
local firms.

As such, this triple-bottom-line configuration serves as a framework for identifying
the most opportune sectors to subject to policy measures. Consequently, we posit that as
per the sustainability assessment approach employed—with a sector or value-chain focus,
considering only Scope 1 emissions or Scope 2 and 3 emissions as well (that is, being purely
emission-centric), or including socio-economic dimensions as well—the industries to be
targeted by policy measures ought to alter.

The complete methodology behind the simplification, construction, and calculation of
the analysed variables (economic flow, emissions, and employment) is detailed in [91]. We
applied this methodology to data on 20 industrial value chains in Spain, encompassing de-
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tailed information for each link in the chain, including the corresponding producing sector,
the consuming sector, the position (scope) in the value chain, economic flow, associated
employment, and the emissions generated.

In accordance with the adopted methodology, the emissions attributed to each value
chain (Section 4.1) were computed as the sum of emissions generated by the economic activ-
ities of the individual links that constitute the chain. Emissions for each sector (Section 4.1)
were determined by aggregating the emissions generated by the economic activities of all
links originating in that sector, irrespective of their destination sector or the value chain to
which they belong.

Sectors and value chains (Section 4.2) were prioritised in accordance with the evalu-
ation framework and weighting criteria outlined in Table 3. Emissions were allocated to
the corresponding scope (Section 4.3) by combining the positional information of the links
generating these emissions with the nature of the originating sector of economic activity
(e.g., electricity, oil and gas, and manufacturing).

The proportional share of emissions from each value chain was allocated to household
consumption, public administration consumption, or exports (Section 4.4) by calculating
the corresponding share of final demand represented by each demand origin within the
value chain relative to the total emissions of that chain.

Emissions and employment associated with each link were estimated by apply-
ing the proportion corresponding to the share of economic activity represented by that
link within the sector’s overall activity (Section 4.5) to the sector’s total emissions and
total employment.

4. Results

This section begins (see Section 4.1) with a presentation of the value-chain-level in-
sights that could be derived from the database through the methodological steps outlined
in Section 3.3. This is provided in an illustrative manner based on a single industrial value
chain. Section 4.2 then compares, in terms of emissions, adopting a sector perspective
(Scope 1) with adopting an industrial value chain perspective (Scope 1-2-3). In Section 4.3,
we decompose the aggregate emissions at the industrial-value-chain-level into the respec-
tive Scope 1-2-3 components. Afterwards, for each value chain, segments of emissions
based on consumption per user group is presented. Section 4.5 then presents a multi-
dimensional sustainability assessment of the value chain from an environmental, social,
and economic perspective. The section concludes with an overview of rankings according
to the results at the sector- versus value-chain level and the Scope 1-2-3 level, emissions
according to consumption per user group, and an integrated assessment in environmental,
employment, and economic terms (Section 4.6).

In this section, we present the results obtained by applying the aforementioned
methodology. These results are interpreted in the subsequent sections (Sections 5 and 6).

4.1. Results of the Database Analysis at the Industrial-Value-Chain Level

Following the application of the methodology outlined in the preceding section,
information was obtained concerning 20 industrial value chains in Spain, with detailed
information for each link in the chain and the corresponding economic activity generated,
the associated employment, and the emissions released. In Table 4, we illustrate the
former by means of Sector 10-12: foodstuffs, beverages, and tobacco products. The symbol
“—"” denotes the relationship between the sectors. The sector placed to the left of the symbol
represents the origin of the product or service, while the sector on the right indicates the
destination sector. Scope 1 emissions for this sector are represented by row ‘10-12 — FC’
(=5771.2) (FC = final consumption), Scope 2 emissions are represented by row '35 — 10-12’
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(=2154.5), and Scope 3 emissions are represented by the rest of the rows. In addition, we
provide information on employment and economic activity per link.

Table 4. Excerpt from the value chain representation for Spanish manufacture of foodstuffs, beverages,

and tobacco products.

Employment Economic
Link Position 1.n Level3 Level2 Levell LevelO Emlssu?ns Associated ACt“.nty

Value Chain of the Link . . Associated
with Link . .

with Link
10+ 12 — FC FC-10 + 12 - - - 5771.2 5771.16 521,500 72,431
23 — 10+ 12 FC-10 + 12-23 - 7117.3 7117.33 33,686 1311

FC-10 + 12-

35— 23 23.35 346.4 - 346.44 1005 461
35— 10+ 12 FC-10 + 12-35 - - 2154.5 - 2154.48 6253 2867
17 — 10+ 12 FC-10 + 12-17 - - 1083.3 - 1083.31 16,253 2999

FC-10 + 12-

3517 17.35 - 261.0 - - 261.01 757 347
FC-10 + 12-

20 — 17 17-20 - 184.6 - - 184.55 2101 140
FC-10 + 12-

35— 20 17-20-35 23.7 - - - 23.66 69 31

Each row of the table above represents a link in the value chain. The hierarchical order
of the rows indicates the position of each link in the value chain. Each row has a TBL
configuration (emissions—TCO,-eq; employment—jobs; economic activity—ME€) and its
graphical representation

In this case, the first line of the table shows that Sector 10-12, “Manufacture of food-
stuffs, beverages and tobacco”, emits 5771 TCO,-eq to satisfy final consumption. This
activity accounts for 521,500 jobs and an economic activity figure valued at EUR 72,431 mil-
lion. The second line illustrates that for this output to be generated, Sector 23, “Manufacture
of other non-metallic mineral products” (likely associated with the production of glass
necessary for preservation), emits 7117 TCO;-eq, requires 33,686 jobs, and accounts for
EUR 1311 million worth of economic activity. The third line shows that for Sector 23 to
meet the demand of Sector 10-12 in covering final demand, Sector 35, “Electricity, gas,
steam and air conditioning supply”, must proportionally generate EUR 461 million worth
of economic value, emit 346 TCO,-eq, and account for 1005 jobs.

A graphical representation of the value chain in question, along with its associated

emissions, is presented in Figure 3.

10-12

= B | A
Figure 3. Emissions by link in value chains based on initial NACE Sector 10-12.

The figure above demonstrates how the most significant emissions in the food, bev-
erage, and tobacco value chain originate from the production of the glass required for
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packaging the end products (23), followed by the (manufacturing) processes employed by
the companies pertaining to the focal sector (10-12) and the generation of energy consumed
by this sector (35).

4.2. Sectoral Versus Value Chain Emissions

Table 5 draws a comparison between individual sector emissions and emissions when
Scope 2 and 3 emissions are included in the sector’s value chain, as measured at the level of
industrial value chains (VCs). The table contains, for each sector, two key variables: direct
emissions attributed to the sector itself, and total emissions when all upstream contributions
are added to the sector’s emissions when serving final demand.

Table 5. Sectoral vs. value-chain comparison in terms of emissions accounting.

Total Emissions at Total Emissions at Value

Sector Description Sectorlevel  Chain Level (TCOy<)
10-12 Manufacture of food products, beverages and tobacco 5771 19,249
13-15 Manufacture of textiles, apparel, leather 506 660

16 Manufacture of wood and of products of wood 323 595
17 Manufacture of paper and paper products 3044 2887
18 Printing and reproduction of recorded media 1 235
19 Manufacture of coke and refined petroleum products 12,294 13,844
20 Manufacture of chemicals and chemical products 11,158 7157
21 Manufacture of basic pharmaceutical products 899 2190
22 Manufacture of rubber and plastic products 235 1130
23 Manufacture of other non—-metallic mineral products 21,826 2461
24 Manufacture of basic metals 9333 11
25 Manufacture of fabricated metal products, 359 3974
26 Manufacture of computer, electronic and optical products 26 26
27 Manufacture of electrical equipment 126 3324
28 Manufacture of machinery and equipment n.e.c. 965 3415
29 Manufacture of motor vehicles, trailers and semi—trailers 543 11,219
30 Manufacture of other transport equipment 121 876
31-32 Manufacture of furniture and other manufactured goods 42 2985
33 Repair and installation of machinery and equipment 118 1878
35 Electricity, gas, steam and air conditioning supply 29,909 19,480
TOTAL 97,597 97,597

By analysing the table, it is possible to assess each sector’s contribution to emissions

according to its role either as a supplier of products for final demand or as an upstream
sector supplying intermediate demand. This analysis is presented in the following sections.

4.3. Scope-Based Decomposition of Industrial Value Chain Emissions

Figure 4 presents the distribution of total value chain emissions segmented by Scopes
1-2-3. This visual representation reveals how the environmental burden is allocated
throughout the chain and shows how effective intervention “points” can be identified.
Scope 1 and Scope 2 represent the share of emissions from activities carried out by the focal
sector (Level 0) and from power generation activities associated with the consumption
of electrical energy by the focal sector (Level 1). Scope 3-M reflects the share of GHG
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emissions from upstream non-energy input suppliers to the focal sector (Level 1 and
higher), while columns Scope 3-E-e (Energy—Electricity. Level 2 and higher) and Scope
3-E-o (Energy—Oil and Gas. Level 1 and higher) indicate the share of GHG emissions from
upstream electricity, oil, and gas providers to the aforementioned upstream input suppliers
and the focal sector.

10-12 ] |

Value Chain Code
N

30 [T
31-32 [ I
33
35 [
0% 20% 40% 60% 80% 100%
% of emissions

Scope @Scope 1 ®Scope 2 OScope 3-E-e ®@Scope 3-E-0 ©Scope 3-M

|
|
20 [ | |
|
|
|

Figure 4. Distribution of value chain emissions by scope.

Note that the database represents chains of economic links prioritised by their GHG
emissions to represent a high percentage of the country’s total emissions (over 94%).
Thus, the retained links do not represent the entirety of the relationships within the value
chain and their corresponding emissions but rather the prioritised links that account for a
high percentage of each country’s emissions. This is why, for example, the emissions of
sectors 26 or 35 are not captured beyond Scope 1 emissions. This does not imply that such
emissions do not exist but rather that they are not of sufficiently representative magnitude
within the country’s locally produced total emissions.

4.4. Relative Weights of Final-Consumption User Groups in Value Chain GHG Emissions

Table 6 presents the relative importance of different final-consumption user groups
with respect to the emissions generated along each value chain. We distinguish between
household consumption, public administration consumption, exports, and gross fixed
capital formation/changes in inventories. The variables in columns 2 to 5 are expressed
in TCO»-eq, and those in columns 6 to 9 are expressed as percentages of total value chain
emissions due to final demand.

This structure allows readers to identify which demand components drive the en-
vironmental footprint of each chain and compare the relative importance of domestic
versus external demand. For example, it enables an examination of the significance of
government demand as a lever for influencing the value chain through green public-
procurement mechanisms.
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Table 6. Value chain GHG emissions attributable to final consumption by user group.

GHG GHG o . % of Final o % of Final
Initial Enfi;::ic(;ms Emissions GHG Emissions for /]32;1;1:;1 Demand F/;n(;fl Demand for
NACE for Public Emis- Others (Fixed for Public Others (Fixed
for .. . . for .. De- .
Sector for Administra-  sions Capital Adminis- Capital
Household . . Household . mand .
Value tion for Formation, tration Formation,
. Consump- Consump- for
Chains . Consump-  Exports Inventory . Consump- Inventory
tion . . tion . Exports .
tion Variations) tion Variations. . .)
10-12 13,402 - 5767 80 69.6% 0.0% 30.0% 0.4%
13-15 335 0 326 -1 50.7% 0.0% 49.4% -0.1%
16 143 - 458 -6 24.1% 0.0% 77.0% -1.1%
17 1383 6 1503 -5 47.9% 0.2% 52.1% -0.2%
18 6 - 152 77 2.7% 0.0% 64.8% 32.5%
19 7198 - 7820 -1174 52.0% 0.0% 56.5% -8.5%
20 1914 - 5320 -77 26.7% 0.0% 74.3% -1.1%
21 480 718 922 69 21.9% 32.8% 42.1% 3.2%
22 248 - 904 22 22.0% 0.0% 80.0% —2.0%
23 171 - 2580 -290 6.9% 0.0% 104.8% -11.8%
24 0 - 11 -0 0.0% 0.0% 100.4% -0.5%
25 195 - 2365 1415 4.9% 0.0% 59.5% 35.6%
26 7 0 8 10 26.6% 0.0% 32.7% 40.7%
27 779 - 1991 553 23.4% 0.0% 59.9% 16.6%
28 34 - 1572 1809 1.0% 0.0% 46.0% 53.0%
29 2286 - 7111 1821 20.4% 0.0% 63.4% 16.2%
30 74 4 613 184 8.5% 0.5% 70.0% 21.1%
31-32 1517 28 721 719 50.8% 0.9% 24.2% 24.1%
33 49 - 141 1689 2.6% 0.0% 7.5% 89.9%
35 19,172 72 765 -529 98.4% 0.4% 3.9% —2.7%
TOTAL 49,394 828 41,052 6322

4.5. Triple-Bottom-Line Assessment of Value Chains

Table 7 presents an analysis of the examined value chains from a triple-bottom-line
(TBL) perspective. The first column identifies the sector code that serves as the head of
the value chain, followed by the total emissions of the chain, the total economic activity
associated with it, the total employment generated, and the ratios of emissions relative
to economic activity and associated employment. The information contained in this ta-
ble enables an assessment of the societal implications that policy-making interventions
may entail.

These variables provide a multidimensional portrayal of each chain’s environmental,
economic, and social attributes. The table allows readers to compare chains not only in
terms of their absolute scale but also with respect to their relative intensity across the three
dimensions of the triple bottom line. Such information is highly pertinent for governmental
decision-making, as public authorities must consider the systemic impacts that policy
measures may generate.
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Table 7. Environmental, economic, and social assessment of value chains.
i Nace P ERns T e Employment g o B i ot
Sector for (Jobs) at Value L.
Value Chains at Value at Value Chain Level Activity at Value (TCO3-eq)/Job at
Chain Level Chain Level Chain Level Value Level
23 2461 584 11,439 4211 0.215
20 7157 5170 67,518 1.384 0.106
19 13,844 11,727 28,828 1.181 0.480
24 11 11 79 0.994 0.142
35 19,480 25,924 56,533 0.751 0.345
17 2887 6385 35,865 0.452 0.081
21 2190 4050 97,366 0.541 0.022
13-15 660 3694 147,446 0.179 0.004
28 3415 9712 167,678 0.352 0.020
16 595 1287 26,800 0.463 0.022
10-12 19,249 86,914 657,377 0.221 0.029
29 11,219 33,988 428,829 0.330 0.026
27 3324 6245 91,916 0.532 0.036
22 1130 3645 43,987 0.310 0.026
30 876 4326 80,805 0.202 0.011
25 3974 11,914 133,196 0.334 0.030
26 26 1415 38,600 0.018 0.001
31-32 2985 5792 198,968 0.515 0.015
33 1878 14,693 123,781 0.128 0.015
18 235 1666 80,989 0.141 0.003

4.6. Synthesis in the Form of Rankings

Table 8 synthesises the empirical outputs by presenting a set of rankings constructed
based on the analytical criteria defined in the preceding methodological section. These
rankings draw directly from the different dimensions examined throughout the Section 4.
By integrating these distinct evaluative dimensions into a consolidated ranking framework,
the table provides a structured overview of how sectors and their corresponding value
chains position themselves when assessed through multiple analytical lenses. This consoli-
dated presentation enables readers to identify, at a glance, which chains consistently occupy
prominent positions across several criteria and which ones shift in relative importance
depending on the specific metric applied.

The two figures in Appendix A graphically illustrate how perceptions regarding
employment generation and economic activity differ depending on whether a sectoral or
value-chain perspective is adopted.

The combination of these tables and figures provides a robust descriptive foundation
for the subsequent interpretative sections. By presenting the results in a structured, multi-
layered manner, the section equips readers with a clear understanding of the empirical
patterns that emerge from the application of this methodology.
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Table 8. Sector and value chain rankings based on different sustainability approaches to GHG

emission assessment.

. . . . . Ranking Ratio
Initial Rank.mg' Total Ranking Ranking T.Otal Ranking Total Rankmg. Rz.mo Total Emissions
NACE Emissions Total economic Emplovment Total Emissions (TCO,-
(TCO;-eq) at Emissions Activity (M€) at pioy (TCOz-eq)/Job 2
Sector for . (Jobs) at Value eq)/Economic
. Value (TCOz-eq) at Value Chain . at Value . .
Value Chains . Chain Level . Activity at Value
Chain Level Sector Level Level Chain Level .
Chain Level

10-12 2 6 20 20 9 15
13-15 16 11 7 16 18 17

16 17 13 3 3 13 9

17 10 7 13 5 6 10

18 18 20 5 11 19 18

19 3 15 4 1 3

20 5 4 10 9 5 2

21 12 8 13 12

22 14 14 6 7 11 14

23 11 2 2 2 3 1

24 20 5 1 1 4 4

25 6 12 16 15 8 12

26 19 19 4 6 20 20

27 15 12 12 7 7

28 7 8 14 17 14 11

29 4 10 19 19 10 13

30 15 16 9 10 17 16
31-32 9 18 11 18 16 8

33 13 17 17 14 15 19

35 1 1 18 8 2 5

5. Discussion and Implications for Policy Making

This section examines how climate policy priorities vary depending on two funda-
mental analytical choices: first, whether greenhouse gas mitigation is assessed through a
narrow emissions-focused lens or through a broader triple-bottom-line perspective, and
second, whether emissions are accounted for at the sector level (Scope 1) or across entire
value chains (Scopes 1-2-3). Drawing explicitly on the empirical evidence in the Tables
presented in Section 4 “Results”, the discussion illustrates how these choices lead poli-
cymakers to prioritise different sectors for intervention, with significant implications for
the effectiveness and legitimacy of climate policy. Taken together, these results show that
analytical choices regarding system boundaries and assessment frameworks not only affect
measurement outcomes but also systematically reshape policy priorities.

5.1. Sector-Level Mitigation: Prioritising Direct Emitters

When mitigation strategies rely exclusively on sector-level emissions, sectors are
ranked according to their direct, on-site GHG emissions. As shown in Table 5, this approach
clearly singles out sectors such as electricity, gas, steam, and air conditioning supply (35);
manufacture of other non-metallic mineral products (23); and manufacture of coke and
refined petroleum products (19) as primary candidates for policy intervention. These
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sectors dominate the emissions ranking because their production processes are intrinsically
carbon-intensive and energy-demanding.

From a policy perspective, this approach is attractive because it offers clarity and
regulatory tractability. Emissions are observable at the point of production, responsibility
is clearly assigned, and well-established instruments—such as carbon pricing, emissions-
trading systems, and performance standards—can be applied [63,92]. In this framework,
climate policy would naturally focus on accelerating fuel switching in electricity generation,
mandating cleaner kilns in cement-related activities, or promoting low-carbon alternatives
in refining.

However, as widely discussed in the literature on production-based accounting [93,94],
this perspective systematically overlooks the role of final demand and inter-sectoral depen-
dencies. Sectors with relatively low emissions may escape policy attention, even if their
economic activity indirectly drives substantial emissions elsewhere in the economy.

5.2. Expanding the Boundary: Value Chain Mitigation and Scope 1-2—-3 Emissions

Once the accounting boundary is extended to include Scope 2 and Scope 3 emissions,
policy preferences shift markedly. Table 5 shows that several sectors that rank low when
assessed in isolation move up significantly when emissions are attributed to final demand
along the value chain. For example, manufacture of furniture and other manufactured
goods (31-32) and printing and reproduction of recorded media (18) display modest
direct emissions but substantially higher value chain emissions once upstream inputs—
such as basic metals, non-metallic minerals, electricity, and transport services—are fully
accounted for.

From a value chain perspective, these sectors emerge as non-trivial contributors to
overall emissions, not because of how they produce but because of what they consume.
In this setting, a mitigation-oriented policy would no longer prioritise these sectors for
end-of-pipe regulation or technology substitution at the production stage. Instead, it
would target them through product standards, material efficiency requirements, circular
economy instruments, or demand-side measures aimed at reducing material throughput
and extending product lifetimes [95,96]. This finding extends the Scope 3 literature by
empirically showing how downstream manufacturing sectors can exert substantial indirect
climate pressure despite limited direct emissions, reinforcing the need to analyse mitigation
responsibility at the level of value chains rather than individual sectors.

This analytical shift also alters how upstream-heavy sectors are interpreted. Manu-
facture of basic metals (24), for instance, ranks relatively high in Scope 1 emissions but
drops substantially when assessed as a value chain serving final demand. This indicates
that its emissions are largely generated by other sectors” demand rather than autonomous
final consumption. Consequently, a value chain approach would not prioritise basic met-
als for demand-reduction policies but rather for technology-oriented support measures,
recognising its role as a foundational supplier for multiple downstream activities.

5.3. User Groups and Responsibility: Insights from Final Consumption

Table 6 further refines policy interpretation by decomposing value chain emissions
according to user groups, highlighting that certain value chains are disproportionately
driven by household consumption, while others are more closely linked to government con-
sumption or investment demand. For policymakers, this distinction is critical. For instance,
if emissions embedded in furniture or printing value chains are largely generated by house-
hold demand, policy instruments such as eco-design standards, information disclosure, or
incentives for reuse become more relevant than traditional industrial regulation.
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Public procurement is increasingly recognised as a strategic policy instrument for
advancing decarbonisation objectives across industrial sectors [64]. The empirical find-
ings from this research indicate that public procurement’s capacity to directly influence
greenhouse gas emissions is more qualitative than quantitative. In most value chains, the
share of emissions induced by public consumption represents only a marginal fraction
of total sectoral emissions, with the notable exception of the pharmaceutical sector. This
limited quantitative impact suggests that public procurement alone cannot drive large-
scale decarbonisation throughout the economy. However, it also highlights an important
nuance: its strategic value does not lie primarily in its volumetric influence on emis-
sions; rather, it lies in its ability to shape markets, set precedents, and legitimise emerging
technological solutions.

This finding aligns with the growing body of research advocating consumption-based
and demand-oriented climate policies to complement production-side measures [97,98].
It also reinforces the idea that climate responsibility cannot be fully understood without
tracing emissions back to the agents and uses that ultimately drive production. Therefore,
this analysis contributes to demand-oriented and consumption-based climate policy debates
by clarifying how different user groups shape emissions along industrial value chains,
thereby linking accounting frameworks to responsibility attribution.

5.4. Introducing the Triple Bottom Line: Re-Ranking Policy Priorities

When environmental performance is assessed alongside employment and economic
activity (as in Table 7), policy priorities are reshaped yet again. High-emission value
chains often coincide with high levels of employment and economic output. Electricity
and energy supply (35) and non-metallic mineral products (23), for example, combine large
environmental footprints with significant economic relevance. When considered using a
purely emissions-focused logic, these sectors would be prime candidates for aggressive
intervention. When considered with respect to a triple-bottom-line approach, however,
they become politically and socially sensitive targets.

By contrast, some value chains exhibit a combination of high emissions and relatively
low employment and economic contribution. These sectors appear particularly attractive
for stricter regulatory intervention when all three dimensions are considered simultaneously.
Targeting them allows policymakers to achieve relatively large emission reductions while
minimising adverse employment and fiscal effects.

This empirical pattern illustrates what the literature describes as the inherent trade-offs
of sustainability transitions [99,100]. No single sector optimises environmental, social, and
economic objectives simultaneously. Climate policy therefore cannot rely on a single rank-
ing or metric but must instead manage trade-offs explicitly and transparently. This result
contributes to the sustainability assessment literature by providing empirical evidence that
multidimensional evaluations lead to fundamentally different sectoral rankings relative to
emissions-only approaches, thereby operationalising long-standing conceptual debates on
trade-offs in sustainability transitions.

5.5. Divergent Policy Outcomes Under Alternative Approaches

The tables demonstrate that different sustainability approaches lead policymakers to
prioritise different sectors. A sectoral, emissions-only approach would focus on electricity
supply and heavy process industries, while a Scope 1-2-3 value chain perspective shifts
attention toward downstream manufacturing sectors with high embedded emissions, such as
furniture or printing. Introducing a triple-bottom-line lens further differentiates between high-
emission sectors with strong socio-economic importance and those with limited employment
relevance, resulting in differentiated policy mixes rather than uniform interventions.
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These differences are not merely technical, as they shape the perceived fairness, fea-
sibility, and effectiveness of climate policy. Policies based solely on direct emissions may
be efficient but socially disruptive, whereas value-chain-based approaches, while environ-
mentally more comprehensive, are institutionally more demanding. As emphasised by
Workman et al. [101], the central challenge lies not in the availability of analytical evidence
but in the translation of such evidence into decision-making processes. Accordingly, the
sectoral and value chain rankings presented here should be understood as decision-support
tools that inform deliberation, stakeholder engagement, and institutional learning rather
than as prescriptive solutions. This finding advances the literature on climate-policy gover-
nance by showing that assessment frameworks function as implicit governance devices,
shaping perceptions of fairness, feasibility, and legitimacy rather than merely supplying
neutral evidence.

From this perspective, the just transition framework articulated by [102] provides a
critical lens for policy design. When high-emission sectors with substantial employment
and fiscal relevance are targeted under sectoral-only approaches, climate policy must be
accompanied by compensatory and enabling measures, including reskilling, income protec-
tion, and regional development strategies. Conversely, sectors with lower socio-economic
relevance may justifiably be subject to more rapid and stringent regulatory intervention.

5.6. Implications for Climate Policy Design

Sectoral accounting encourages production-side technological solutions. Value chain
Scope 1-2-3 accounting redirects attention toward final demand and supply chain coor-
dination. Triple-bottom-line assessments require moving from optimisation to strategic
prioritisation under explicit trade-offs.

Rather than identifying a single “best” sector to target, effective climate policy must
therefore adopt a portfolio approach, combining different instruments at different points in
the value chain. As argued in the broader policy literature [103], aligning climate mitigation
with economic and social objectives requires analytical transparency about boundaries,
responsibilities, and trade-offs.

Ultimately, the adoption of broader sustainability approaches does not dilute climate
ambition; it reframes it. By revealing how emissions are embedded in value chains and
intertwined with employment and economic activity, these approaches provide a more
robust basis for designing climate policies that are not only environmentally effective but
also socially and politically sustainable.

6. Conclusions

In this article, we set out to examine how different sustainability approaches to as-
sessing greenhouse gas emissions across industrial value chains shape the evaluation of
climate-policy options. By integrating environmentally extended input-output analysis
with a multidimensional sustainability perspective, our study demonstrates that the way
emissions are conceptualised, measured, and allocated across value chains has profound
implications for the prioritisation of decarbonisation strategies. This contribution lies in
demonstrating that sustainability assessment approaches are not interchangeable analyti-
cal tools but play a central role in shaping how climate-policy problems are defined and
addressed in industrial systems.

Our first key conclusion is that adopting a value chain lens fundamentally alters
the perceived distribution of climate responsibility. Many sectors that appear relatively
“clean” under Scope 1 accounting emerge as significant contributors to national emissions
once their indirect dependencies are considered. This shift is not merely technical; it
reshapes the strategic landscape for climate policy. By empirically illustrating this shift,
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this study contributes to the literature on industrial emissions by clarifying how value
chain structures redistribute climate responsibility across sectors and actors. Policies that
target only the most emission-intensive sectors risk overlooking leverage points located
elsewhere in the chain—particularly in upstream material production and energy-intensive
intermediates. Conversely, sectors with modest direct emissions may hold disproportionate
influence over the decarbonisation trajectories of their suppliers through procurement
choices, product design, and innovation strategies. Recognising these relational dynamics
is essential for designing policies that align incentives across the chain as opposed to
reinforcing fragmented or contradictory interventions.

Our second conclusion concerns the integration of environmental, economic, and
social dimensions into sustainability assessments. The results show that industrial value
chains are not only sources of emissions but also critical sources of employment, tech-
nological capabilities, and regional economic resilience. Policies that focus exclusively
on emissions reduction without considering these socio-economic interdependencies risk
generating unintended consequences, including job losses, supply-chain disruptions, and
regional inequalities. Our analysis therefore supports the argument that sustainability
assessments must be explicitly multidimensional. Beyond reinforcing this argument con-
ceptually, the findings demonstrate how multidimensional sustainability assessments can
be operationalised in practice and used to inform policy prioritisation under real-world
trade-offs. Incorporating employment intensity, value added, and technological structure
into the evaluation of value chains enables policymakers to identify transition pathways
that minimise socio-economic disruption while maximising environmental gains.

Our third conclusion concerns the limited quantitative capacity of public procurement
to influence value chain emissions. Our analysis shows that, in most sectors, the share of
emissions directly attributable to public demand is small, which constrains its ability to
deliver substantial reductions in aggregate terms. Yet this quantitative limitation does not
diminish its qualitative relevance. In fact, because its volumetric impact is modest, public
procurement’s strategic value lies elsewhere: in providing early credibility, feasibility, and
market visibility to low-carbon technologies and circular-economy solutions that are not
yet competitive at scale. By signalling institutional support and reducing perceived risks
for innovators, green public procurement can help emerging technologies demonstrate
viability and gain traction, even if the immediate emissions impact remains limited. This
finding underscores that public procurement should not be viewed primarily as a tool
for achieving large cuts in short-term emissions but rather as a mechanism for enabling
technological maturation and supporting long-term systemic transformation. This nuance
adds to the public-procurement literature by distinguishing between quantitative emissions
impacts and qualitative system-shaping effects, thereby refining expectations regarding its
role in industrial decarbonisation.

From a policy perspective, the findings have several strategic implications. First,
parties responsible for designing climate policy should prioritise interventions in upstream,
energy-intensive segments of value chains, where the largest emission reductions can
be achieved. This includes accelerating the decarbonisation of basic materials such as
steel, cement, chemicals, and non-ferrous metals, which serve as foundational inputs for
numerous downstream industries. Second, policies should support the diffusion of low-
carbon technologies through coordinated action across the chain, including standards,
procurement, innovation incentives, and supply-chain transparency requirements. Third,
sustainability assessments should be institutionalised within industrial policy frameworks
to ensure that decisions regarding investment, regulation, and transition planning are
informed by a holistic understanding of environmental and socio-economic impacts.
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In sum, this research demonstrates that the adoption of different sustainability ap-
proaches to assessing GHG emissions profoundly shapes climate-policy choices. A value
chain perspective reveals hidden dependencies, identifies new leverage points, and high-
lights the need for integrated, multidimensional assessments that reflect the complex
realities of industrial systems. By combining methodological rigour with policy relevance,
this study provides a framework that can support more coherent, equitable, and effective
decarbonisation strategies. As countries intensify their efforts to meet climate targets, such
approaches will be essential for navigating the intertwined environmental, economic, and
social challenges of industrial transformation. Taken together, these contributions position
the study at the intersection of industrial emissions analysis, sustainability assessment,
and climate-policy design, offering a coherent framework for evaluating decarbonisation
strategies in complex industrial systems and clarifying how assessment choices shape
policy reasoning and prioritisation.

7. Limitations

As shown in this paper, IO tables provide necessary insights for assessing sustainability
at a national or regional level. However, IO analysis also has inherent limitations. The
sectoral aggregation inherent in IO tables can mask important differences among individual
value chains within the same category [104]. As a result, EEIOTs provide breadth at the
cost of some granularity.
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Ranking value

Appendix A

20

Ranking value

Ranking Sectoral Ranking VC Total
Total employment employment (jobs)
(jobs)

Manufacture of food products, beverages and tobacco products
Manufacture of motor vehicles, trailers and semi-trailers

Manufacture of furniture and other manufactured goods
Manufacture of machinery and equipment n.e.c.
Manufacture of textiles, apparel, leather and related products
Manufacture of fabricated metal products,

Repair and installation of machinery and equipment
Manufacture of basic pharmaceutical products
Manufacture of electrical equipment

Printing and reproduction of recorded media
Manufacture of other transport equipment

Manufacture of chemicals and chemical products
Electricity, gas, steam and air conditioning supply
Manufacture of rubber and plastic products

Manufacture of computer, electronic and optical products
Manufacture of paper and paper products

Manufacture of coke and refined petroleum products
Manufacture of wood and of products of wood
Manufacture of other non-metallic mineral products

Manufacture of basic metals

Figure A1. Jobs: sectoral vs. value chain perspective.

20

Ranking Sectoral Ranking VC Total
Total economic economic activity
activity (M€) (M€)

Manufacture of food products, beverages and tobacco products
Manufacture of motor vehicles, trailers and semi-trailers

Electricity, gas, steam and air conditioning supply

Repair and installation of machinery and equipment
Manufacture of fabricated metal products,

Manufacture of coke and refined petroleum products
Manufacture of machinery and equipment n.e.c.
Manufacture of paper and paper products

Manufacture of electrical equipment

Manufacture of furniture and other manufactured goods
Manufacture of chemicals and chemical products
Manufacture of other transport equipment

Manufacture of basic pharmaceutical products
Manufacture of textiles, apparel, leather and related products
Manufacture of rubber and plastic products

Printing and reproduction of recorded media
Manufacture of computer, electronic and optical products
Manufacture of wood and of products of wood
Manufacture of other non-metallic mineral products

Manufacture of basic metals

Figure A2. Economic activity: sectoral vs. value chain perspective.
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