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Abstract
We provide an axiomatic approach to the allocation of responsibility for GHG emis-
sions in supply chains. Considering a set of axioms standardly used in networks and
decision theory, and consistentwith legal principles underlying responsibility,we show
that responsibility measures shall be based on exponential discounting of upstream
and downstream emissions. From a network theory perspective, the proposed respon-
sibility measure corresponds to a convex combination of the Bonacich centralities
for the upstream and downstream weighted adjacency matrices. Scope 1 emissions,
consumption-based accounting and income-based accounting are obtained as partic-
ular cases of our approach, which also gives a precise meaning to scope 3 emissions
while avoiding double-counting. We apply our approach to the assessment of country-
level responsibility for global GHG emissions and to sector-level responsibility in the
USA.We examine how the responsibility of countries/sectors varies with the discount-
ing of indirect emissions. We identify three groups of countries/sectors: producers of
emissions whose responsibility decreases with the discounting factor, consumers of
emissions whose responsibility increases with the discounting factor, and an interme-
diary group whose responsibility mostly depends on the network position and varies
non-monotonically with the discounting factor. Overall, our axiomatic approach pro-
vides strong normative foundations for the definition of reporting requirements for

Antoine Mandel and Agnieszka Rusinowska have contributed equally to this work.

B Rosa van den Ende
rosa.van-den-ende@univ-paris1.fr

Antoine Mandel
antoine.mandel@univ-paris1.fr

Agnieszka Rusinowska
agnieszka.rusinowska@univ-paris1.fr

1 Centre d’Économie de la Sorbonne, Université Paris 1 Panthéon-Sorbonne, 106-112 Bd de
l’Hôpital, Paris Cedex 13, France

2 Center for Mathematical Economics, Bielefeld University, Bielefeld, Germany

3 Paris School of Economics, Paris, France

4 Centre National de la Recherche Scientifique (CNRS), Paris, France

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s00355-025-01610-0&domain=pdf
http://orcid.org/0000-0002-9417-1075


424 R. van den Ende et al.

indirect emissions and for the allocation of responsibility in claims for climate-related
loss and damage.

Keywords Upstream and downstream emission responsibilities · Networks ·
Responsibility measure · Axiomatization · Bonacich centrality

1 Introduction

Defining responsibility for greenhouse gas (GHG) emissions is a key operational
requirement in view of developing efficient climate regulation, monitoring its imple-
mentation, and, more broadly, providing incentives to firms to reduce their emissions
(Gopalakrishnan et al. 2021a, b). GHG emissions are key metrics in climate-related
financial disclosures imposed by investors (TCFD 2017) and regulators (Directive
(EU) 2022; U.S. Securities and Exchange Commission 2022). They are the basis for
carbon pricing and taxation, including the carbon border adjustment mechanism (Kor-
tum and Weisbach 2017). They are emerging as a liability risk measure due to rising
climate mitigation (Burger et al. 2020).1

Against this background, there exists a range of carbon accounting standards and
principles. The GHG protocol, a widely used corporate reporting standard, defines
three emission scopes: direct emissions from sources controlled by the company (scope
1), emissions from purchased energy (scope 2), and all other indirect emissions (scope
3) (WRI and WBCSD 2011). The definition of scope 3 emissions is extremely broad.
It can lead to inconsistencies at the aggregate level because of double-counting (Caro
et al. 2013; Gopalakrishnan 2022) and, in actual company reports, is often found
missing (Depoers et al. 2016) or inconsistent (Busch et al. 2022). At the country
level, emission targets are the central tenet in international environmental negotiations
(Falkner 2016; Schleussner et al. 2016). The UNFCCC2 assigns to a country respon-
sibility for the emissions that occur within its borders (see e.g. Harrison 2015). There
have been substantial criticisms of this “production-based” approach in particular in
terms of fairness and of the incentives it provides for carbon leakage (see e.g. Peters
2008; Steininger et al. 2014, and references therein). An alternative “consumption-
based” approach has accordingly been put forward (Lenzen et al. 2007; Davis and
Caldeira 2010), as well as the “income-based or revenue-based” approach (Marques
et al. 2012; Rodrigues et al. 2006).

Overall, several problems remain to be solved in order to provide a consistent
carbon accounting framework: a precise definition of indirect emissions is lacking;
the requirements for a consistent measurement of direct and indirect emissions at the
individual and at the aggregate levels are unspecified; the relationships between direct
emissions, indirect emissions and consumption-based emissions are unclear and last

1 For example, the Dutch court ordered Shell to cut total emissions, including those of their customers,
by 45 per cent in 2030 relative to their 2019 levels (The Hague District Court, 26th of May 2021,
ECLI:NL:RBDHA:2021:5339). However, on appeal this was overturned on the grounds that there was
insufficient scientific consensus on the exact reduction percentage for an individual company like Shell
(The Hague District Court, 12 November 2024, ECLI:NL:GHDHA:2024:2100).
2 United Nations Framework Convention on Climate Change.
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but not least, responsibility (indirect emissions) measures lack normative foundations
if they ought to be used in a legal context.

In this paper, we propose a network-based approach to the measure of GHG emis-
sions that addresses these issues both from theoretical and empirical points of view.
From the theoretical point of view, we provide axiomatic foundations for a class of
measures that define responsibility for GHG emissions in a supply chain as a convex
combination of the discounted sums of upstream and downstream emissions. From
a network perspective, these correspond to a convex combination of the Bonacich
centralities of adjacencymatrices normalized from an upstream and a downstream per-
spective respectively andweighted according to individual emissions.We further show
that this responsibility measure is consistent with both the production-based/direct
emission approach, which corresponds to the case where the discount factor tends
towards zero, and the consumption-based and income-based approach, which corre-
spond to the case where the discount factor tends towards one. Furthermore, we show
that in the no-discounting case, an agent’s responsibility depends only on its network
position and not on its individual emissions.

From the empirical point of view, we build on the world input–output (WIOD)
database (Timmer et al. 2015) and its satellite environmental accounts (Corsatea et al.
2019) to characterize, at the country level and at the sectoral level for the USA, how
responsibility for GHG emissions evolves when one shifts from a production-based
to a consumption-based approach by accounting progressively for indirect emissions
and network effects. We find three broad classes of countries: (i) the most developed
and service-oriented economies whose share of responsibility grows as one increas-
ingly accounts for emissions (upstream or downstream) in the supply chains, (ii)
manufacturing-oriented economies whose share of responsibility decreases as one
increasingly accounts for emissions in the supply chains and (iii) an intermediary
class of economies whose responsibility can exhibit non-monotonic relationships with
respect to the discounting of indirect emissions because they have a relatively high
emission intensity but are more closely connected to the most developed service-
oriented economies than to the manufacturing-oriented economies. At the sectoral
level, we find that the few sectors that are responsible for most GHG emissions (e.g.
energy utilities and transport) see their responsibility decrease very rapidly when indi-
rect emissions are accounted for. The service sector accordingly sees its share of
responsibility increase rapidly. The responsibility of the mining and quarrying sector
(which embeds fossil-fuel extraction) has an interesting non-monotonic (increasing
and decreasing) behaviour: it is closely connected downstream to the most emitting
sectors but is not very central in the overall economic system.

From the methodological point of view, our axiomatization builds on the char-
acterization of centrality measures by Bloch et al. (2023). The sequence of indirect
emissions (with increasing network distance, upstream and downstream) can be inter-
preted as a nodal statistic and the discounted emissions measure is then characterized
by a series of six axioms. First, anonymity states that the responsibility of an agent is
not influenced by their identity. Second, monotonicity sets forth that responsibility is
monotonicwith respect to the natural order on emission sequences. Additivity amounts
to considering that total responsibility is invariant when an agent is split into subunits
or when two agents are merged. Tail-convergence ensures consistent measurement of
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infinite emission sequences. Recursivity states that the responsibility ratio between
two emission patterns is independent of their level of upstreamness/downstreamness.
This axiom is closely connected to the notion of stationarity in the axiomatization
of discounted expected utility by Koopmans (1960) and induces the exponential dis-
counting aspect of the responsibility measure. Finally, consistency ensures that the
responsibility allocates exactly the total amount of emissions in the system and thus
prevents double-counting. All these axioms are consistent with legal principles under-
lying responsibility and can contribute to sustainable operation and carbon accounting
management.
Related Literature
This paper considers operational problems from the point of view of environmental
(public) decision-making, as did, for example, Alizamir et al. (2016) who evaluate
mechanisms inwhich governments purchase green energy at higher tariffs to accelerate
the energy transition or Cruz (2008) who analyzes the dynamics of supply chains
with corporate social responsibility. More specifically, we contribute to the research
on supply chain emission accounting and the apportioning of shared emissions. For
example, Sunar and Plambeck (2016) investigate the allocation of emissions among
co- products. Gopalakrishnan et al. (2021b, a) focus on the allocation of responsibility
for upstream GHG emissions in supply chains using a cooperative game-theoretic
approach. They put forward firm-level emission measures using solution concepts
such as the Shapley (1953) value and the nucleolus (Schmeidler 1969).

Game theoretic approaches have been also applied more broadly to supply chain
management (see e.g. Nagarajan and Sošič 2008, for a survey), to cost-sharing prob-
lems in the context of river management (see e.g. Alcalde-Unzu et al. 2015; van den
Brink et al. 2018), to loss allocation in energy transmission networks (Bergañtinos
et al. 2017; Bergantiños et al. 2019), to allocate forest resources (Rahmoune et al.
2024), to responsibility in the context of hazardous transportation problems (Techer
2022) or to allocate the global carbon budget (Giménez-Gómez et al. 2016) or carbon
emission permits (Moretti and Trabelsi 2021). In this spirit, Gutiérrez et al. (2018)
adopt a combination of bankruptcy problems and linear production situations to allo-
cate carbon permits to firms and Feichtinger et al. (2022) consider a dynamic oligopoly
game to regulate emissions.

These approaches often focus on specific network structures (e.g. trees) and their
axiomatization (when available) can hardly be applied in the context of GHG emis-
sion allocation. In the present paper, a complementary network-based and normative
approach is adopted.Wepropose a responsibilitymeasure that allows for both upstream
and downstream responsibilities and that applies to a generic network structure. The
axiomatization of this measure is tailored to the problem of GHG emission allocations.
Our approach is also much less computationally intensive than cooperative game solu-
tion concepts as it only involves the computation of network centrality measures via
matrix multiplication.

Another strand of literature focuses on the allocation of responsibility for GHG
emissions across countries using input–output analysis (see e.g. Gallego and Lenzen
2005; Lenzen et al. 2007). This literature has notably introduced the notion of
consumption-based (Eder and Narodoslawsky 1999; Munksgaard and Pedersen 2001)
and income-based (Marques et al. 2012) emissions. However, it has mostly focused
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on country-level analysis and generally lacks axiomatic foundations. Our approach
subsumes the different notions of responsibility introduced in this literature and clar-
ifies the relationships they entertain. It also provides axiomatic foundations that were
missing or incomplete.

We take a network-based perspective to study the responsibility of GHG emissions.
Such a network-based approach is also adopted by King et al. (2019) in the context
of carbon tax reforms. They show that taxing specific sectors based on their position
in the production network can lead to a larger reduction of aggregate emissions than
when targeting sectors based on only their direct emissions. Moreover, Meléndez-
Jiménez and Polanski (2020) adopt a network approach to evaluate consumption that
generates mostly local pollution, and analyze the effects of transfers among agents on
the aggregate pollution levels. They also connect the individual pollution levels to the
network centralities. From a more theoretical perspective, our approach relates to the
network theory literature that aims to provide axiomatic characterizations of centrality
measures (see e.g. Jackson2008;Newman2010, for surveys).Garg (2009) axiomatizes
the degree, decay and closeness centralities. Palacios-Huerta and Volij (2004); Slutzki
and Volij (2006); Dequiedt and Zenou (2017); Kitti (2016) provide characterizations
of some prestige and eigenvector-related centrality measures. Boldi and Vigna (2014)
axiomatize a variation of closeness centrality. Bloch et al. (2023) characterize the
standard centrality measures within a unified framework. They introduce the concept
of nodal statistics which captures a node’s position in a network and show that each of
these centralitymeasures can be viewed as an additively separable weighted average of
somenodal statistic.However, to assign responsibility for direct and indirect emissions,
we investigate and characterize axiomatically a more general centrality measure that
corresponds to a convex combination of the Bonacich centralities for the upstream
and downstream weighted adjacency matrices.
Structure of the paper
The remaining part of the paper is organized as follows. In Sect. 2, we introduce
our model and the responsibility measure, and illustrate the new setting by a simple
numerical example. Section3 provides an axiomatic characterization of the responsi-
bility measure. Section4 investigates relationships with existing measures. In Sect. 5,
we apply our approach to the allocation of responsibility for global emissions across
countries and to the allocation of sectoral emissions in the USA. Section6 provides
concluding remarks. The paper contains two appendices. In Appendix A, we present
all proofs. Appendix B contains supplementary empirical results.

2 Preliminaries and themodel

2.1 Basic concepts in network theory

We recall some basic concepts in network theory (see, e.g., Jackson 2008) that are
used in the paper. A directed network or directed graph (N , g) is an ordered pair of a
set N = {1, ..., n} of nodes also called agents and a set of edges g ⊆ {i j ∈ N × N },
where i j denotes the directed link between nodes i and j . If i j ∈ g for i = j , the
network is said to have loops. Equivalently, a directed network is represented by a set
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of nodes N = {1, ..., n} and the adjacency matrix G = [gi j ] being a real-valued n×n
matrix with gi j ∈ [0, 1], where i j ∈ g if and only if gi j > 0. If gi j ∈ {0, 1} for all
i, j ∈ N , then the network is referred to as an unweighted network, otherwise, i.e.,
if the entries of G can take on more than two values 0 or 1, the network is weighted.
When N is fixed or given, one usually refers to g as being a network.

A walk in a network g between i and j is a sequence of links i1i2, ..., iK−1iK such
that ik ik+1 ∈ g for each k ∈ {1, ..., K − 1}, where i1 = i and iK = j . Note that for a
walk, the nodes or the links in the sequence i1, ..., iK may appear more than once.

Let Gk = [gki j ] denote the kth power of the adjacency matrix G = [gi j ] with
gi j ∈ {0, 1}, where G0 is the n × n identity matrix I . Then gki j is equal to the number
of walks of length k that exist between i and j in the network g.

The issue of the most important or central nodes in a network has been widely
studied in the literature since the late 1940s. Consequently, various centralitymeasures
have been developed to capture different aspects of prominence or centrality of a node.
One of the well-known and widely used centrality measures is Bonacich centrality
(Bonacich 1987) defined in matrix terms by:

Bon(G, c, d) = (I − cG)−1 dG1 (1)

where 0 < c < 1 is an attenuation parameter adjusting the measure for the lower
‘effectiveness’ of longer walks in a network, d > 0 is a parameter capturing the base
value on each node and is sufficiently small so that the measure (1) is well defined,
and 1 is the n×1 vector of 1’s. The Bonacich centrality of a node is therefore equal to
a weighted sum of the walks that emanate from it, and a walk of length k is of worth
ck .

Another prominent and widely used centrality measure is eigenvector centrality
(Bonacich 1972) defined in matrix terms by:

˜λeig(G) = Geig(G) (2)

and thus eig(G) is an eigenvector of G with˜λ being the corresponding largest eigen-
value of matrix G. The eigenvector centrality of a node is therefore proportional to
the sum of the centrality of its neighbours.

2.2 Responsibility measure

We consider a production network formed by economic agents that are linked by
supply relationships and whose productive activities generate GHG emissions. For-
mally, we denote by N ⊂ N the set of agents, by F := ( fi )i∈N ∈ R

N+ the vector
of GHG emissions where fi is the quantity of direct emissions from agent i , and
by A = (ai, j )i, j∈N ∈ R

N×N+ the matrix of supply relationships where ai, j is the
(nominal) value of the output of agent i used as input by agent j . We refer to such
a triple (N , F, A) as an emission system. In our setting, the relative strength of sup-
ply relationships might be of greater concern than the absolute one. Therefore, we
associate to the matrix of supply relationships A, two auxiliary adjacency matrices
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Fig. 1 Graphical representation
of the emission system
(N , F, A)

normalized from the upstream and downstream perspective. Namely, we denote by

φi, j := a j,i
∑

k∈N a j,k
the share of output from agent j used as input by agent i . The

matrix� := (φi, j )i, j∈N is the adjacencymatrix of the production network normalized
from an upstream perspective: the weighted sum of links upstream towards a supplier
equals 1, i.e.,

∑

i∈N φi, j = 1, and � is column-stochastic. Conversely, we denote by

ψi, j := ai, j
∑

k∈N ak, j
the share of agent i in the input basket of agent j . The matrix

� := (ψi, j )i, j∈N is the adjacency matrix of the production network normalized from
a downstream perspective: the weighted sum of links downstream towards agent j
equals 1, i.e.,

∑

i∈N ψi, j = 1 and � is column-stochastic. With a slight abuse of
terminology, we shall refer to (N , F,�,�) as an emission system interchangeably
with (N , F, A). We denote by E the set of all emission systems.

Example 1 Let us consider a three-firm production network with the set of nodes
N = {a, b, c} and supply relationships given by the matrix A such that:

A =
⎛

⎝

0 1 2
4 0 3
0 0 5

⎞

⎠

For any vector of emissions F = ( fa, fb, fc)T ∈ R
3+, the triple (N , F, A) defines

an emission system. A graphical representation of the emission system is provided in
Fig. 1.
In the settingofExample 1, the upstreamadjacencymatrix� is obtainedby transposing
links and ensuring that the sum of incoming links equals to 1 while the downstream
adjacency matrix � is obtained by normalizing links such that the sum of incoming
links towards each node equals 1. The resulting matrices and their corresponding
graphical representations are shown in Fig. 2.

In an emission system, agent i uses a vector of input a·,i ∈ R
N+ to produce a quantity

of output
∑

j∈N ai, j that generates, as a by-product, a quantity fi of emissions. If all
inputs are assumed to be necessary for production, the suppliers of agent i are, at least
indirectly, necessary for the emissions fi to occur. Accordingly, if the existence of
a demand is a necessary condition for production, customers of agent i are, at least
indirectly, necessary for the emissions fi to occur. These causal relationships suggest
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430 R. van den Ende et al.

Fig. 2 The graphical representations of emission system (N , F, A) normalized from the upstream perspec-
tive (left) and downstream perspective (right) and the corresponding adjacency matrices � and �

that agents upstream and downstream from i in the production network shall carry
a responsibility for the emissions fi . In the following, we are concerned with the
measure of this indirect responsibility, i.e., we aim to define a measure that associates
with each node/agent in an emission system, the amount of emissions it shall be
considered responsible for and/or that it shall declare in its annual report statement,
given its position in the production network and the distribution of emissions. More
formally, we define an emission responsibility measure as follows.

Definition 1 An emission responsibility measure is a mapping ρ that associates to
every emission system E := (N , F,�,�) ∈ E, a vector ρ(E) ∈ R

N of responsibil-
ities such that, for all i ∈ N , ρi (E) is the amount of emissions for which agent i is
deemed responsible.

From a network theory perspective, defining the responsibility of agent i amounts
to defining the centrality of agent i in the network A, considering that each node i is
weighted by its emissions fi .A standard approach in this context is to define centrality
in terms of the discounted sum of walks in the network (see e.g. Jackson 2008). In
our setting, this amounts to defining the responsibility for GHG emissions in a supply
chain through the discounted sum of indirect emissions. Namely, we shall assign to
agent i in the emission system E = (N , F,�,�), a measure of responsibility of the
form:

ρ(λ,γ,δ),i (E) = λ(1− γ )

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j + (1− λ)(1− δ)

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j (3)

where γ, δ ∈ [0, 1) are discount factors, λ ∈ [0, 1] measures the relative share of
responsibility for upstream and downstream emissions, �ν

i, j is the sum of walks of
length ν upstream from i to j (given by the (i, j) coefficient of the νth power of
�) and �ν

i, j is the sum of walks of length ν downstream from i to j (given by the
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(i, j) coefficient of the νth power of �). Hence, ρ(λ,γ,δ),i (E) associates to agent i
a share of responsibility in the emissions generated by its upstream and downstream
connections in the network that is proportional to the strength of their supply/demand
relationships, as measured by the sum of walks, and discounted according to the
network distance. Upstream responsibility is conceptually similar to consumption-
based accounting (Lenzen et al. 2007; Davis and Caldeira 2010) while downstream
responsibility shares similarities with income-based accounting (Marques et al. 2012;
Rodrigues et al. 2006). We will explore these connections further in Sect. 4. Formally,
themeasure is similar to discounted intertemporal expected utility: the sumofweighted
walks of length ν between i and j corresponds to the probability of reaching node
j from node i in ν steps. It is also closely related to Bonacich centrality (Bonacich
1987). Equation (3) can indeed be written as:

ρ(λ,γ,δ)(E) = λ(1 − γ )
(

I − γ�
)−1

F + (1 − λ)(1 − δ)
(

I − δ�
)−1

F (4)

where ρ := (ρi )i∈N . Hence, ρ(λ,γ,δ) corresponds to a convex combination of the
Bonacich centralities for the upstream and downstream adjacency matrices weighted
by the vector of emissions.

Example 1 (continued) In the case of Example 1 considered above, we find for respec-
tively (1 − γ )(I − γ�)−1 and (1 − δ)(I − δ�)−1 the following matrices:

(1 − γ )(I − γ�)−1 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

21(1−γ )

21−4γ 2
12γ (1−γ )

21−4γ 2 0

7γ (1−γ )

21−4γ 2
21(1−γ )

21−4γ 2 0

3γ 2+14γ
21−4γ 2

9γ+8γ 2

21−4γ 2 1

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(5)

(1 − δ)(I − δ�)−1 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1
1+δ

δ
1+δ

δ(3δ+2)
5(2−δ)(1+δ)

δ
1+δ

1
1+δ

δ(2δ+3)
5(2−δ)(1+δ)

0 0 2(1−δ)
2−δ

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(6)

Then, if we let λ = γ = δ = 0.5, we find the following responsibilities:

ρ(0.5,0.5,0.5),a(E) = 0.5
[21

40
fa + 3

20
fb

]

+ 0.5
[2

3
fa + 1

3
fb + 7

45
fc

]

� 0.60 fa + 0.24 fb + 0.08 fc

ρ(0.5,0.5,0.5),b(E) = 0.5
[ 7

80
fa + 21

40
fb

]

+ 0.5
[1

3
fa + 2

3
fb + 8

45
fc

]

� 0.21 fa + 0.60 fb + 0.09 fc
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ρ(0.5,0.5,0.5),c(E) = 0.5
[31

80
fa + 13

40
fb + fc

]

+ 0.5
[2

3
fc

]

� 0.19 fa + 0.16 fb + 0.83 fc

Note that if γ = δ = 0, then ρ(λ,γ,δ)(E) =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

fa

fb

fc

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

= F for any value of λ ∈ [0, 1].

Moreover, if γ → 1 and δ → 1, then:

ρ(λ,γ,δ)(E) → λ

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

0

0

fa + fb + fc

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

+ (1 − λ)

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1
2 ( fa + fb + fc)

1
2 ( fa + fb + fc)

0

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

These last two results correspond to the general results for the particular cases (γ =
δ = 0, γ → 1 and δ → 1), as will be discussed in Sect. 4.

3 Axiomatic foundations of the responsibility measure

Normative foundations are crucial if the discounted emission responsibility measure is
to be used in a legal context or included in standardised corporate disclosures. In order
to provide such normative foundations, we shall show that ρ is characterized by a set
of axioms that are consistent with legal principles underlying responsibility (Burger
et al. 2020). These axioms are closely related to these used for the axiomatization of
network centrality measures (in particular Bloch et al. 2023) and discounted expected
utility.

In this respect, a first standard requirement is to assume that the responsibility
measure is anonymous, i.e., that the agent’s responsibility is not influenced by its
identity. Namely, one has:

Axiom 1 (Anonymity) The responsibility measure ρ is anonymous if for all emission
systems E = (N , F,�,�) ∈ E , for all permutations π of N and for all i ∈ N one
has:

ρi (E) = ρπ(i)(Eπ )

where Eπ := (N , Fπ ,�π,�π), Fπ := (Fπ(i))i∈N , �π := (�π(i),π( j))i, j∈N and
�π := (�π(i),π( j))i, j∈N .

From a more fundamental perspective, our second axiom defines the drivers of
responsibility. It shall increase with (direct and indirect) emissions and with the
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strength of relationships with upstream/downstream emitters. Formally, let us asso-
ciate to agent i in the emission system (N , F,�,�), the (generalized) nodal statistic
(

ui (F,�), vi (F, �)
)

∈ R
N+ × R

N+ defined by:

ui (F,�) :=
(
∑

j∈N
�ν

i, j f j
)

ν∈N =
(

fi ,
∑

j∈N
�i, j f j , · · · ,

∑

j∈N
�ν

i, j f j , · · ·
)

vi (F, �) :=
(
∑

j∈N
�ν

i, j f j
)

ν∈N =
(

fi ,
∑

j∈N
�i, j f j , · · · ,

∑

j∈N
�ν

i, j f j , · · ·
)

The statistic ui (F,�) corresponds to the sequence of upstream emissions for agent
i , i.e., for each ν ∈ N, the sum of emissions occurring ν steps upstream from i
weighted by the (indirect) share of i in the consumption of the corresponding output.
Respectively, vi (F, �) corresponds to the sequence of downstream emissions for
agent i , i.e., for each ν ∈ N, the sum of emissions occurring ν steps downstream
from i weighted by the (indirect) share of i in the corresponding input mix. Our
second axiom assumes that the responsibility measure is monotonic with respect to
the Euclidian partial order on the sequences of upstream and downstream emissions,
namely3:

Axiom 2 (Monotonicity) The responsibility measure ρ is monotonic if for all i ∈ N,
and all (F,�,�) and (F̃, �̃, �̃) such that for all ν ∈ N:

∑

j∈N
�ν

i, j f j ≥
∑

j∈N
�̃ν

i, j f̃ j and
∑

j∈N
�ν

i, j f j ≥
∑

j∈N
�̃ν

i, j f̃ j ,

one has:
ρi (E) ≥ ρi (Ẽ),

where E = (N , F,�,�) and Ẽ = (N , F̃, �̃, �̃).

Hence, ρ satisfies monotonicity if the responsibility of an agent (weakly) increases
when its weighted share in upstream and downstream emissions increases. In partic-
ular, ceteris paribus, the responsibility of an agent (weakly) increases (i) if emissions
increase upstream or downstream in its supply chain or (ii) if the strengths of its supply
or demand relationships increase.

Following Bloch et al. (2023), anonymity and monotonicity imply that the respon-
sibility measure is a function of the sequence of upstream and downstream emissions.
Namely, one has:

Lemma 1 If the responsibility measure ρ satisfies anonymity and monotonicity, then
there exists a function σ : RN+ × R

N+ → R such that for all emission systems E =
(N , F,�,�), for all i ∈ N, one has:

ρi (E) = σ(ui (F,�), vi (F, �)).

3 We denote by ≥ the partial Euclidian order on R
N so that u ≥ v if and only if un ≥ vn for all n ∈ N.
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Furthermore, σ is monotonic with respect to the Euclidian partial order onRN+ ×R
N+.

In view of Lemma 1, assuming in the following that anonymity and monotonicity
hold, further axioms can equivalently be stated in terms of ρ or σ . In particular, our
third axiom assumes the additivity of the responsibility measure.

Axiom 3 (Additivity) A responsibility measure that is monotonic and anonymous is
additive if for all (u, v), (u′, v′) ∈ R

N+ × R
N+, one has:

σ((u, v) + (u′, v′)) = σ(u, v) + σ(u′, v′).

Additivity plays in our setting a similar role to the independence axiom in the Von
Neumann-Morgenstern expected utility theory. It assumes that the change in respon-
sibility induced by additional upstream or downstream emissions is independent of
the preexisting level of responsibility. It can also be interpreted as a form of invari-
ance with respect to corporate structure: total responsibility shall not be modified if
an agent is split into subunits or if two agents are merged. The opposite could lead to
strategic behaviour in the choice of organisational/corporate structure to reduce total
responsibility. This interpretation is related to the invariance to mitosis axiom as used
by Csóka and Herings (2021) in the context of bankruptcy rules in financial networks,
that states that merging a set of identical agents does not affect the payment to and from
the agents outside this merge. Additivity implies in particular that one can separate
upstream and downstream responsibility of an agent. Namely:

Lemma 2 If the responsibility measure ρ satisfies anonymity, monotonicity and addi-
tivity, then there exist functions α : RN+ → R and β : RN+ → R such that for all
emission systems E = (N , F,�,�) and for all i ∈ N, one has:

ρi (E) = α(ui (F,�)) + β(vi (F, �)).

Furthermore, α and β are additive and monotone.

In view of Lemma 2, assuming that anonymity, monotonicity and additivity hold,
further axioms can be stated in terms of the functions α and β. In this setting, our
fourth axiom characterizes the tail behaviour of the responsibility measure.

Axiom 4 (Tail-convergence) A responsibility measure that is monotonic, anonymous
and additive is tail-convergent if for every (u, v) ∈ R

N+ × R
N+, one has:

lim
ν→+∞ α(u1, · · · , uν, 0, · · · ) = α(u) and lim

ν→+∞ β(v1, · · · , vν, 0, · · · ) = β(v).

The tail-convergence axiom implies that distant upstream and downstream emis-
sions eventually become negligible so that the responsibility for an emission sequence
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can be approximated by truncated emission sequences of sufficient length. Tail-
convergence ensures continuity and consistent measurement of infinite emission
sequences. Our fifth axiom assumes the recursivity of the responsibility measure in
the sense of Bloch et al. (2023). Namely:

Axiom 5 (Recursivity) A responsibility measure that is monotonic, anonymous and
additive is recursive if for all (u, v), (u′, v′) ∈ R

N+ × R
N+ and all ν ∈ N, one has:

α(0, · · · , 0, uν+1, uν+2, · · · )
α(0, · · · , 0, u′

ν+1, u
′
ν+2, · · · )

= α(uν+1, uν+2, · · · )
α(u′

ν+1, u
′
ν+2, · · · )

and
β(0, · · · , 0, vν+1, vν+2, · · · )
β(0, · · · , 0, v′

ν+1, v
′
ν+2, · · · )

= β(vν+1, vν+2, · · · )
β(v′

ν+1, v
′
ν+2, · · · )

.

The recursivity axiom is closely related to the stationarity axioms introduced by
Koopmans (1960) in its axiomatization of discounting. In our setting, the axiom implies
that the responsibility ratio between two emission patterns is independent of their
level of upstreamness or downstreamness. In other words, the relative importance of
an emission pattern does not depend on its level of upstreamness/downstreamness.
Consistently with Koopmans (1960) and Bloch et al. (2023), recursivity implies that
the responsibility measure is given by the discounted sum of emissions. Namely:

Lemma 3 If the responsibility measure ρ satisfies anonymity, monotonicity, additivity,
tail-convergence and recursivity, then there exist γ, δ ∈ [0, 1] and a, b ∈ R+ such
that for all emission systems E = (N , F,�,�) and for all i ∈ N, one has:

ρi (E) = a
(

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j
) + b

(

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j
)

.

Our final axiom ensures the consistency of the responsibility measure by requiring
that it covers all emissions in the system. Namely:

Axiom 6 (Consistency) The responsibility measure ρ is consistent if for all emission
systems E = (N , F,�,�) ∈ E , one has:

∑

i∈N
ρi (E) =

∑

i∈N
fi .

Consistency ensures that responsibility is allocated for all emissions in the system
and that there is no double-counting of emissions. In other words, the responsibility
for every unit of emission is allocated once and only once. This property is required
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for a range of empirical applications, in particular, to define liability in an accounting
or legal setting. It also allows us to compare the responsibility measure with direct
emissions for each agent. Formally, the consistency axiom leads to a normalization of
the responsibility measure and its characterization. Namely, one has:

Theorem 1 A responsibilitymeasure satisfies anonymity, monotonicity, additivity, tail-
convergence, recursivity and consistency if and only if, for every emission system
E = (N , F,�,�), it is of the form of Equation (3) with γ, δ ∈ [0, 1) and λ ∈ [0, 1].

Theorem 1 thus provides the desired normative foundations for the discounted
emission responsibility measures.

4 Relation with existingmeasures

After illustrating the limit cases of the discount factors in Example 1 (continued) of
Subsection 2.2, now we shall show that a number of responsibility measures currently
in use or put forward in the literature are in fact particular cases of the discounted
emission metric ρ.

4.1 Upstream vs downstream responsibility and direct emissions

First, if λ = 1, the responsibility measure is of the form:

ρ(λ,γ,δ),i (E) = (1 − γ )

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j

and thus only accounts for upstream emissions. Conversely, if λ = 0, the responsibility
measure is of the form:

ρ(λ,γ,δ),i (E) = (1 − δ)

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j

and thus only accounts for downstream emissions.

Second, if γ = δ = 0, one has ρ(λ,γ,δ),i (E) = fi and the responsibility measure
only accounts for direct emissions. It thus coincides with Scope 1 emissions in the
sense of the GHG protocol (WRI and WBCSD 2011). In such a setting, discounting
is “infinitely strong” and indirect emissions are discarded.

4.2 No-discounting limit and independence from own emissions

We next consider the case when γ and δ tend towards 1 so that the effect of discount-
ing becomes negligible and indirect emissions become as important as direct ones.
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The limit of the responsibility measure can be characterized through the eigenvector
centrality of the adjacency matrices, as defined in Equation (2). More precisely, let
Eig(M) denote a matrix for which all rows are equal to the normalized vector of eigen-
vector centralities eig(M) in M with the sum of coordinates equal to 1. Let EigT (M)

be the transpose of Eig(M) with its i-row denoted by EigTi (M). Then one has:

Proposition 1 If the adjacency matrix A is aperiodic and irreducible, then for every
i ∈ N:

lim
(γ,δ)→(1,1)

λ(1 − γ )

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j + (1 − λ)(1 − δ)

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j =

λEigTi (�)F + (1 − λ)EigTi (�)F .

Hence, in the “no-discounting” limit, the responsibility of an agent is independent
of its level of direct or indirect emissions but only depends on its network position.
The more central an agent is, the larger its responsibility for GHG emissions.

Example 1 (continued) Applying Proposition 1 to the emission system introduced in
Example 1, one has:

EigT (�) =
⎛

⎝

0 0 0
0 0 0
1 1 1

⎞

⎠ EigT (�) =
⎛

⎝

1
2

1
2

1
2

1
2

1
2

1
2

0 0 0

⎞

⎠

consistently with the computations of ρ(E, λ, γ, δ) performed in Example 1.

4.3 Consumption-based accounting

Consumption-based accounting corresponds to a particular case of the responsibility
where only upstream responsibility is taken into account (i.e.,λ = 1) and one considers
the no-discounting limit (γ → 1 as considered in Proposition 1). Indeed, in its standard
formulation (see Yamano andGuilhoto 2020; Rodrigues and Domingos 2008; Gallego
and Lenzen 2005), consumption-based accounting considers a set of L countries and
M industries per country. Let us denote by L the set of countries, by M the set of
industries and by J = L × M the set of country-industry pairs. In the following,
let i, j ∈ J and k ∈ L. Production relationships are defined by an intermediary
consumption matrix C = (ci, j ) ∈ R

J×J
+ where ci, j corresponds to the amount of

input that country-industry pair j requires from i in order to produce one unit of
output. The final demand to each country-industry pair from each country is given by
a matrix D = (di,k) ∈ R

J×L
+ where di,k is the final demand from country k to the

country-industry pair i . Emission intensities are given by a vector g ∈ R
J+ where gi
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is the amount of GHG emissions per unit of production for the country-industry pair
i .

In this setting, the vector of country-level consumption-based emissions χ ∈ R
L

is defined as:

χ = eT diag(g)(I − C)−1D =
⎛

⎝

∑

j∈J

∑

i∈J
g j (I − C)−1

j,i Di,k

⎞

⎠

k∈L

where e = (1, . . . , 1) ∈ R
J is the column vector of all ones, diag(g) denotes the

diagonal matrix whose diagonal is given by g. Moreover, (I − C)−1D is the J × L
matrix whose coefficients correspond to the total production in each country-sector
pair required to fulfil the final demand. Namely, (I − C)−1 is the Leontief inverse
(Leontief 1970) that we will denote by Q = (qi, j )i, j∈J , an element qi, j of which
represents the output from i that is directly and indirectly required to meet the demand
of j . We denote by qi = ∑

j∈J qi, j the total output of country-industry pair i ∈ J .
Accordingly, the total direct emissions fi of country-industry pair i are given by
fi = giqi and we denote by vi, j = ci, j q j the total amount of output of i used by j .
We then consider the networkwith nodes inN := J ∪L, i.e., one node per country-

industry pair and one node to represent final demand in each country. As emphasized
above, we focus on the upstream adjacency matrix. Hence, for i, j ∈ J , the value of
the adjacency coefficient is given by the share of output from j used by i as input,

φi, j = v j,i

q j
. For k ∈ L and j ∈ J , the value of the adjacency coefficient is given

by the share of output from j supplied to k as final demand φk, j = Dj,k

q j
. Finally, by

convention, we consider that k ∈ L only has supply relationships towards itself so that
φk,k = 1 and φ j,k = 0 for j �= k; see Fig. 3. Hence, the upstream adjacency matrix
� ∈ R

N×N is column-stochastic and consumption-based accounting corresponds to
the upstream responsibility in the network in the no-discounting limit. Namely, one
has:

Proposition 2 For the emission system defined above, one has for all k ∈ L:

χk =
∑

j∈J

∑

i∈J
g j (I − C)−1

j,i Di,k = lim
γ→1

∑

j∈J
(1 − γ )(I − γ�)−1

k, j f j .

4.4 Income-based accounting

Besides considering the emissions embodied in the final demand, one can also consider
emissions embodied in the primary inputs. This approach is referred to as income-
based or revenue-based accounting in the literature (Marques et al. 2012; Liang et al.
2017; Rodrigues et al. 2006; Pinero et al. 2019). It corresponds to the particular case
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Fig. 3 Consumption-based accounting. Six country-industry pairs are represented by the circle nodes and
the final demand of the countries is represented by the square nodes. The solid arrows represent the supply
from one country-industry pair to another, whereas the dashed arrows represent the final demand from a
country to a country-industry pair

of the discounted emission metric where we only take downstream responsibility into
account (λ = 0) and consider the no-discounting limit (δ → 1).

Using the same notation as in Sect. 4.3 unless stated otherwise, we let C̄ ∈ R
J×J+

be the intermediary output matrix, an element c̄i, j of which is the share of output of
country-industry pair i that is used by country-industry pair j . That is, c̄i, j = vi, j

q̄i
with q̄i the total output of i from its direct and indirect inputs. We denote the primary
input from every country k ∈ L to every country-industry pair i ∈ J by the matrix
P = (pk,i ) ∈ R

L×J+ . Then, the vector of country-level income-based emissions
ξ ∈ R

L is given by:

ξ = P(I − C̄)−1diag(g)e =
⎛

⎝

∑

j∈J

∑

i∈J
Pk,i (I − C̄)−1

i, j g j

⎞

⎠

k∈L

where (I−C̄)−1 = (q̄i, j )i, j∈J is the Ghosh inverse (Ghosh 1958) with q̄i, j represent-
ing the value of production in country-industry j per unit of input in country-industry
pair i . Accordingly, P(I − C̄)−1 ∈ R

L×J represents the production in every country-
industry pair that is required for the primary inputs to be attainable. Again, we consider
the network with nodes N := L ∪ J where the nodes k ∈ L now represent the pri-
mary input in country k. Considering the downstream matrix, we obtain for k ∈ L
and i, j ∈ J the following values of the adjacency coefficients: ψk, j = Pk, j

q̄ j
, and
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ψi, j = vi, j

q̄ j
. As before, we have by convention ψk,k = 1 and ψ j,k = 0. This leads to

column-stochastic matrix � ∈ R
N×N+ , for which we then have:

Proposition 3 For the emission system defined above, one has for all k ∈ L:

ξk =
∑

j∈J

∑

i∈J
Pk,i (I − C̄)−1

i, j g j = lim
δ→1

∑

j∈J
(1 − δ)(I − δ�)−1

k, j f j .

4.5 Regulatory specification of the responsibility measure

The examples introduced above highlight that a range of responsibility metrics (e.g.,
income-based and consumption-based accounting) are compatible with the axioms
put forward in Theorem 1. Additional regulatory choices can nevertheless be made
to further specify the metric. For example, a regulator could specify that a responsi-
bility metric could focus solely on downstream and/or upstream emissions. From an
axiomatic perspective, this is equivalent to a requirement of invariance with respect to
upstream (resp. downstream) emissions, which will focus the metric on downstream
(resp. upstream) emissions. Namely, let us consider the corresponding axioms.

Axiom 7 (Upstream Invariance) The responsibility measure ρ is upstream invariant if
for all emission systems E = (N , F,�,�) ∈ E and E ′ = (N , F,�′, �) ∈ E , one
has:

ρ(E) = ρ(E ′).

Axiom 8 (Downstream Invariance) The responsibility measure ρ is downstream
invariant if for all emission systems E = (N , F,�,�) ∈ E and E ′ =
(N , F,�,� ′) ∈ E , one has:

ρ(E) = ρ(E ′).

One then has an immediate corollary of Theorem 1:

Corollary 1 A responsibilitymeasure satisfies anonymity,monotonicity, additivity, tail-
convergence, recursivity, consistency and upstream (resp. downstream) invariance if
and only if, for every emission system E = (N , F,�,�), it is of the form

ρ(λ,γ,δ),i (E) = (1 − δ)

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j (7)

with δ ∈ [0, 1)
(resp. ρ(λ,γ,δ),i (E) = (1 − γ )

∑+∞
ν=0 γ ν

∑

j∈N �ν
i, j f j with γ ∈ [0, 1)).
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More broadly, a regulator could specify the relative importance of upstream and down-
streamemissions. It suffices in fact to specify the relative importance of emissions from
direct clients and suppliers. Namely, let us consider the following axiom.

Axiom 9 (λ−upstreamness) A responsibility measure that is monotonic, anonymous,
additive and recursive satisfies λ−upstreamness if one has

α(0, 1, 0, . . .) = λ

1 − λ
β(0, 1, 0, . . .) (8)

with λ ∈ [0, 1).

Accordingly, a regulator could specify the relative importance of direct and indirect
emissions. To this effect, it suffices to specify the relative importance of direct emis-
sions and of these of direct clients and suppliers. Namely, let us consider the following
refinement of the recursivity axiom.

Axiom 10 ((γ , δ)−recursivity) A responsibility measure that is monotonic, anony-
mous and additive is (γ , δ)−recursive if it is recursive and one has

α(0, 1, 0, . . .) = γα(1, 0, . . .) and β(0, 1, 0, . . .) = δβ(1, 0, . . .) (9)

for γ , δ ∈ [0, 1).

The axioms of λ−upstreamness and (δ, γ )−recursivity then suffice to characterize
completely the responsibility measure. Namely, one has the following corollary of
Theorem 1.

Corollary 2 The only responsibility measure that satisfies anonymity, monotonicity,
additivity, tail-convergence, (γ , δ)−recursivity, consistency and λ−upstreamness is
ρ(λ,γ ,δ).

Hence, a regulator can fully specify the responsibility metric by fixing the relative
importance of own emissions and these of direct clients and suppliers. The axiomatic
characterization then unambiguously determines how responsibility extends along the
supply chain.

5 Applications

In this section we illustrate the application of the discounted emission responsibility
measure to the allocation of global emissions across countries and to the allocation of
sectoral responsibility in the USA economy.4

4 The Python code used for this application is publicly available on https://github.com/rosavandenende/
Network-based-allocation-of-responsibility-for-GHG-emissions.
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Table 1 Responsibility for Switzerland (CHE), China (CHN), France (FRA), United States of America
(USA), Russia (RUS) with γ = 0.7 and δ = 0.7, in kton CO2

Country Emissions λ = 1 (upstream) λ = 0 (downstream) λ = 1
2

CHE 44,067 99,565 145,574 122,570

CHN 10,528,550 10,516,086 10,234.564 10,375,325

FRA 345,586 504,557 478,519 491,538

USA 5,257,452 5,433,719 5,198,942 5,3163,31

RUS 1,723,086 1,208,205 1,777.928 1,493,067

5.1 Data

We use the World Input–Output Database (WIOD) (2016 release, see Timmer et al.
2015) and the associated Environmental Accounts (Corsatea et al. 2019).5 A world
input–output table provides information about all the transactions between industries
and final users in the global economy. The data concern the year 2014 and contain the
trade of all 56 sectors of all EU-countries plus seventeen large economies. With 56
sectors and 44 countries, we thus obtain a matrix with 2464 rows and 2464 columns.
The columns regard the production processes, the corresponding products of which
can be either used as intermediates for other sectors, or as final products by firms, gov-
ernments or households. The rows provide information on how the output of industries
is distributed over those user categories. Denote by A the world input–output matrix,
then, an element ai, j is thus the value of the output of agent i used as input by agent
j . The Environmental Account data consists of the carbon emissions of all sectors of
these countries.6

5.2 Allocation of responsibility for global emissions

In Table 1, we can see some examples of assigned responsibility in kton CO2 for
Switzerland (CHE), China (CHN), France (FRA), United States of America (USA)
and Russia (RUS) when we set both γ = 0.7 and δ = 0.7. All the upstream and
downstream responsibilities for all countries and for various levels of discounting are
given in Table 2 and Table 3 in Appendix B. In Fig. 4 we see both the upstream and
downstream responsibility for Brazil, Canada, Indonesia, South Korea and France,
with νmax = 1000, for various values of γ and δ.

There are a few interesting remarks we can make based on this responsibility data.
First, we observe that the responsibility of the most developed and service-oriented
economies increases rapidly when one accounts for indirect emissions upstream or
downstream in the supply chain. For those countries, the value that γ and δ take
makes a large difference in what responsibility they are assigned. For example, for

5 The WIOD 2016 Release and the corresponding environmental accounts are publicly available and can
be found at https://www.rug.nl/ggdc/valuechain/wiod/wiod-2016-release?lang=en.
6 The data set does not include the carbon emissions of the Netherlands, which have therefore been added
manually with the data from Olivier et al. (2015).
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Fig. 4 Upstream (left) and downstream responsibility for Brazil, Canada, Indonesia, Korea and France in
kton CO2, with νmax = 1000, for γ and δ ranging from 0.0 to 0.99

Switzerland, when the discounting factor δ is high, for example δ = 0.9 and λ = 0,
its responsibility is almost 6 times its direct emissions. The same effect occurs when
we take λ = 1 and evaluate the upstream responsibility. In this case, for γ = 0.9 the
responsibility is approximately 3.5 times as large as the direct emissions. We can see
this in Fig. 5. Other examples of such countries are The Netherlands and Luxembourg.

Secondly, we can distinguish a class of countries with manufacturing-oriented
economies that have high direct emissions for whom the share of responsibility
decreases as one increasingly accounts for upstream or downstream emissions in the
supply chain. A clear example of such a country is China, which has a high input as
well as output, but due to its high direct emissions, the direct responsibility is very large
compared to the indirect responsibility. Accounting from a production-based point of
view yields a high responsibility for China, while moving towards a consumption-
based point of view by increasingly accounting for the emissions in the supply chain
results in a lower responsibility, as we can see in Fig. 6. Other countries in this class
are for example India and Indonesia. These patterns indeed confirm that in the “no-
discounting” limit, the responsibility of an agent depends only on its network position
and not on its direct and indirect emissions.

Thirdly, we find an intermediary class of economies for whom the responsibility
does not always increase or decrease monotonically when increasingly accounting for
emissions in the supply chain. An example of this is given by the downstream respon-
sibility of Poland, whose responsibility decreases when δ increases until δ ≈ 0.85,
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Fig. 5 Upstream and downstream responsibility for Switzerland in kton CO2, with νmax = 1000, for
various values of γ and δ

Fig. 6 Upstream and downstream responsibility for China in kton CO2, with νmax = 1000, for various
values of γ and δ
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Fig. 7 Upstream and downstream responsibility for Poland, νmax = 1000, for various values of γ and δ

Fig. 8 Upstream and downstream responsibility for Norway, νmax = 1000, for various values of γ and δ
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but increases when δ continues to increase, as depicted in Fig. 7. From the down-
stream perspective, we see similar behaviour for example for Hungary and Romania.
The same behaviour but from the upstream perspective is exhibited for example by
Mexico, Turkey or Canada. The countries in this class have a relatively high emis-
sion intensity but are more closely connected to service-oriented countries than to
emission-intensive manufacturing countries. Then, as we can interpret δ and γ as a
factor that determines to what extent we take the walks that are sufficiently far away
into account, the centrality of the agent in the network can differ for various values of
δ and γ which results in different responsibilities and non-monotonic behaviour with
respect to the discount factor.

Remark that for most countries, the upstream responsibility and downstream
responsibility show the same kind of behaviour. However, when a country either
exports or imports more, the upstream responsibility can show different behaviour.
Norway, known for its export of emission-intensive petroleum gases and oils, is
an insightful example: its downstream responsibility is substantially higher than its
upstream responsibility, as depicted in Figure 8.

5.3 Sectoral allocation of responsibility for US emissions

In order to allocate responsibility within one country, we assign responsibility on
a sectoral level of the USA. Instead of aggregating over all sectors with the data
of Timmer et al. (2015) and Corsatea et al. (2019) as in the previous section, we
now just evaluate the input and output for every sector of the USA and evaluate the
responsibility. For the 56 sectors, we use the NACE classification codes, which can
be found in Appendix B. The total amount of emissions of the USA that we want
to allocate is 4,343,481 kton CO2. In Appendix B, one can find the responsibility of
every (sub-)sector for various values of γ and δ. In the following, we evaluate the
responsibility of a few sectors.

According to the Environmental Accounts (Corsatea et al. 2019), about 48% of
the emissions of the USA in 2014 comes from the sector D35: Electricity, gas, steam
and air conditioning supply. For this sector, there is a large discrepancy between the
share of emissions of this sector and the share of total input and output, which are
respectively only 0.9% and 1.6%. As we increasingly account for indirect emissions,
the responsibility of this sector decreases rapidly, as can be seen in Fig. 9. The same
behaviour is exhibited by for example the Transport sector H, which consists of the
subsectors H49 Land transport and transport via pipelines; H50 Water transport;
H51 Air transport; H52 Warehousing and support activities for transportation and
H53 Postal and courier activities, and that emits 29% of the total USA emissions. For
this sector, the responsibility also decreases very quickly when the discount factors γ

or δ increase.
The sector B: Mining and Quarrying, which embeds fossil fuel extraction, exhibits

non-monotonic behaviour. We see that the responsibility decreases when we increas-
ingly account for the upstream emissions in the supply chain. On the other hand,
accounting for downstream emissions in the supply chain, results in a non-monotonic
increase in responsibility, see Fig. 10. From the downstream perspective, this sector
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Fig. 9 Upstream and downstream responsibility for sectorD35: Electricity, gas, steam and air conditioning
supply in kton CO2, with νmax = 1000, for γ and δ ranging from 0.0 to 0.99

is closely connected to the emission-intensive sectors such as the energy utilities and
transport sector, but in the overall economic system, this sector of fossil fuel extraction
does not have a central position.

Lastly, the manufacturing sector C , which consists of nineteen subsectors amongst
which the manufacture of food and beverages, textiles, and machinery, emits 15% of
the total emissions of the USA, and has a 25% share of output and a share of input
of 27%. The upstream and downstream responsibility of this sector as a whole are
depicted in Fig. 11. Within this sector, though, there can be large differences. For
example, in the upstream perspective, the manufacture of food products, beverages
and tobacco products (C10-C12), as well as the manufacture of motor vehicles and
trailers (C29) has a high centrality and therefore a high responsibility compared to its
direct emissions in the non-discounting limit, whereas the manufacture of chemicals
(C20) has a fairly low centrality and therefore low responsibility in this limit. We can
see these differences in the upstream responsibility in Fig. 12.

Figures 9 to 12 show how responsibility for sectors changes when we move from
responsibility for direct emissions only, i.e., when γ and δ are zero at the far left of
each figure, to responsibility for all indirect emissions as γ and δ increase. With our
responsibility measure, we have given a more precise meaning to scope 3 emissions
that avoids double counting. We will extend the empirical application at the US sector
level by comparing these scope 3 emissions with scope 2 emissions. Scope 2 emissions
are defined as direct emissions plus emissions from purchased electricity (WRI and
WBCSD 2011). To model scope 2 responsibility at the US sectoral level, we allocate
the emissions of sector D35 Electricity, gas, steam and air conditioning supply to all
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Fig. 10 Upstream and downstream responsibility for theMining and Quarrying sector B in ktonCO2, with
νmax = 1000, for γ and δ ranging from 0.0 to 0.99

Fig. 11 Upstream and downstream responsibility for the Manufacturing sector C , in kton CO2, with
νmax = 1000, for γ and δ ranging from 0.0 to 0.99
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Fig. 12 Upstream responsibility for all subsectors of the Manufacturing sector C , in kton CO2, with
νmax = 1000, for γ ranging from 0.0 to 0.99

sectors. Each sector is thus responsible for their own direct emissions, plus its share of
responsibility for the emissions of sector D35 according to its position in the network.

As expected, by comparing Figs. 9 and 14, we see that the responsibility for the
sector D35 itself is the same in the case of scope 2 and scope 3 responsibility: they have
large direct emissions, the responsibility for which is transferred to the other actors as
the discount factor increases. For the Mining and Quarrying Sector B, we observe that
the downstream responsibility behaves similarly when moving from scope 2 to scope
3, but while the upstream responsibility decreases with increasing γ in the case of
scope 3 (Fig. 10), it increases for scope 2 (Fig. 15). This confirms that this sector does
not have a central position in the overall economic system, but it is closely linked to
the energy sector. The responsibility of Manufacturing sector B also increases in the
scope 2 responsibility as γ and δ increase. Notably, the responsibility for this sector
is significantly higher in the scope 2 case, due to its strong connection to the energy
sector.

6 Concluding remarks

In this paper, we consider the problem of allocating responsibility for emissions of
greenhouse gases in production networks. We introduce a class of responsibility mea-
sures based on the discounted emissions across paths in the production network. We
show that this measure has a strong normative foundation as it is characterized by a set
of axioms consistent with legal principles underlying responsibility. A policy maker
can adjust themeasure to its use case (e.g. allocation of responsibility across emitters in
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Fig. 13 “Scope 2” upstream and downstream responsibility for theManufacturing sector C , in kton CO2,
with νmax = 1000, for γ and δ ranging from 0.0 to 0.99

Fig. 14 “Scope 2” upstream and downstream responsibility for sector D35: Electricity, gas, steam and air
conditioning supply, in kton CO2, with νmax = 1000, for γ ranging from 0.0 to 0.99
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Fig. 15 “Scope 2” upstream and downstream responsibility for theMining and Quarrying sector B, in kton
CO2, with νmax = 1000, for γ and δ ranging from 0.0 to 0.99

a system, definition of individual liability in a legal context) by adjusting the discount
factors and relative share of responsibility for upstream and downstream emissions.
In particular, when indirect emissions are infinitely discounted, the responsibility of
each agent coincides with its direct emissions. Oppositely, in the “no-discounting”
limit, the responsibility of an agent depends entirely on its position in the network and
is independent of its level of emissions. Furthermore, several responsibility measures
currently in use or put forward in the literature, including consumption-based and
income-based accounting, are obtained as a particular case of the discounted emission
measure. The introduced responsibility measure can have great policy implications.
As this measure is shown to be consistent, we overcome the issue of double counting,
which could facilitate setting and meeting GHG emission reduction goals. Moreover,
by offering a clear definition of ‘scope 3 emissions’, the measure could play an impor-
tant role in the (corporate) reporting requirements that are being put forward. The
normative foundation of the responsibility measure enables it to guide climate litiga-
tion cases. Finally, the responsibility measure can also serve as a basis for a carbon
taxing scheme. In this case, as in the general equilibrium framework of King et al.
(2019), the tax determines the total level of emissions and the allocation of respon-
sibility across economic actors. More precisely, for each actor, the marginal cost of
reducing emission responsibility ought to be equal to the tax rate and thus efforts
towards emission reduction are proportional to responsibility. Furthermore, the pro-
duction network evolves endogenously up to the point where themarginal contribution
of a purchase or of a sale to responsibility is accounted for, proportionally to the tax,
when deciding about the formation of a commercial relationship. In this sense, the
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production network eventually adjusts to the responsibility metric, thereby achieving
‘fair’ allocation of responsibility.

Appendix A Proofs

Proof of Lemma 1 Assume E = (N , F,�,�) and E ′ = (N , F ′,�′, � ′) are such that
(ui (F,�), vi (F, �)) = (ui (F ′,�′), vi (F ′, � ′)). By reflexivity of the Euclidian par-
tial order, one has
(ui (F,�), vi (F, �)) ≥ (ui (F ′,�′), vi (F ′, � ′)) and (ui (F ′,�′), vi (F ′, � ′)) ≥
(ui (F,�), vi (F, �)). Thusmonotonicity implies thatρi (E, λ, γ, δ) ≥ ρi (E ′, λ, γ, δ)

and ρi (E ′, λ, γ, δ) ≥ ρi (E, λ, γ, δ). Hence,
ρi (E, λ, γ, δ) = ρi (E ′, λ, γ, δ) and there exists a function σi : RN+ × R

N+ → R such
that for all E = (N , F,�,�) ∈ E , ρi (E, λ, γ, δ) = σi (ui (F,�), vi (F, �)). The
domain of σi is RN+ × R

N+ as this is the range of (ui , vi ) on E . The fact that σi is
independent of i is a direct consequence of anonymity and the monotonicity of σ is a
direct consequence of the monotonicity axiom. 
�
Proof of Lemma 2 Following Lemma 1, one has for all emission systems E =
(N , F,�,�) and for all i ∈ N :

ρi (E, λ, γ, δ) = σ(ui (F,�), vi (F, �)).

Additivity then implies that

ρi (E, λ, γ, δ) = σ(ui (F,�), 0) + σ(0, vi (F, �)).

Letting for all (u, v) ∈ R
N+ × R

N+, α(u) = σ(u, 0) and β(v) = σ(0, v) yields the
required decomposition. The additivity and the monotonicity of α and β then are
direct consequences of the additivity and monotonicity of σ . 
�

Proof of Lemma 3 Following Lemma 2, it is straightforward that for all emission sys-
tems E = (N , F,�,�) and for all i ∈ N , one has:

ρi (E, λ, γ, δ) = α(ui (F,�)) + β(vi (F, �)). (10)

Then it suffices to show that there exist γ ≥ 0 and a ≥ 0 such that for all u ∈ R
N+:

α(u) = a
+∞
∑

ν=0

γ νuν .

Indeed, the proof that there exist δ ≥ 0 and b ≥ 0 such that for all v ∈ R
N+:

β(v) = b
+∞
∑

ν=0

δνvν
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follows by a symmetric argument. Let us first remark that additivity implies that
α(0) = 0. Let us then consider u ∈ R

N+ and ν ∈ N. Considering the truncation of u at
rank ν, one has using additivity that:

α(ui , · · · , uν, 0, · · · ) =
ν

∑

τ=1

α(0, · · · , 0, uτ , 0, · · · )

which can equivalently be written as

α(ui , · · · , uν, 0, · · · ) =
ν

∑

τ=1

ατ (uτ ) (11)

where for x ∈ R+, one sets ατ (x) := α(0, · · · , 0, x, 0, · · · ).
Using recursivity, one has that for all x ≥ 0, there exists δ(x) ≥ 0 such that for all

τ ≤ ν, one has:
ατ+1(x)

ατ (x)
= α2(x)

α1(x)
= γ (x).

Recursivity also implies that for all x, x ′ ≥ 0:

α1(x ′)
α1(x)

= α2(x ′)
α2(x)

,

so that
α2(x)

α1(x)
= α2(x ′)

α1(x ′)
and γ (x) is in fact independent of x and can be denoted by γ ≥ 0. Thus Equation (11)
can in fact be written as

α(u1, · · · , uν, 0, · · · ) =
ν

∑

τ=1

γ τ−1α1(uτ ).

The additivity of α implies the additivity of α1, α1 is thus a group morphism of R and
consequently linear according to standard arguments. This implies that there exists
a ≥ 0 (non-negativity is implied by monotonicity) such that

α(u1, · · · , uν, 0, · · · ) = a
ν

∑

τ=1

γ τ−1uτ .

As this holds for all ν ≥ 0, tail-convergence eventually yields:

α(u) = a
+∞
∑

τ=1

γ τ−1uτ . (12)
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As mentioned above, a symmetric argument yields that there exist δ ≥ 0 and b ≥ 0
such that for all v ∈ R

N+
β(v) = b

+∞
∑

τ=1

γ τ−1vτ . (13)

Substituting Eqs. (12) and (13) into Eq. (10) eventually yields

ρi (E, λ, γ, δ) = a
(

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j
) + b

(

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j
)

.


�

Proof of Theorem 1 It is straightforward to show that if ρi is of the required form, it
satisfies all the axioms. We thus focus on the converse.

Using Lemma 3, one knows that ρi is of the form

ρi (E) = a
(

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j
) + b

(

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j
)

. (14)

Tail-convergence further implies that γ, δ ∈ [0, 1).
Summing over i ∈ N , Equation (14) yields:

∑

i∈N
ρi (E) = a

(

+∞
∑

ν=0

γ ν
∑

j∈N

∑

i∈N
�ν

i, j f j
) + b

(

+∞
∑

ν=0

δν
∑

j∈N

∑

i∈N
�ν

i, j f j
)

.

Using consistency, this yields

∑

i∈N
fi = a

(

+∞
∑

ν=0

γ ν
∑

j∈N

∑

i∈N
�ν

i, j f j
) + b

(

+∞
∑

ν=0

δν
∑

j∈N

∑

i∈N
�ν

i, j f j
)

.

Now, � and � are column-stochastic. This implies that for all ν ∈ N, �ν and �ν are
also column-stochastic so that

∑

i∈N
fi = a

(

+∞
∑

ν=0

γ ν
∑

j∈N
f j

) + b
(

+∞
∑

ν=0

δν
∑

j∈N
f j

)

and thus:

1 = a
+∞
∑

ν=0

γ ν + b
+∞
∑

ν=0

δν.

As γ, δ ∈ [0, 1), this yields
1 = a

1 − γ
+ b

1 − δ
.
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Letting λ = a

1 − γ
, one obtains λ ∈ [0, 1], a = λ(1 − γ ) and b = (1 − λ)(1 − δ),

which eventually yields:

ρi (E) = (1 − γ )λ
(

+∞
∑

ν=0

γ ν
∑

j∈N
�ν

i, j f j
) + (1 − δ)(1 − λ)

(

+∞
∑

ν=0

δν
∑

j∈N
�ν

i, j f j
)

.


�
Proof of Proposition 1 If A is aperiodic and irreducible, so are � and � since they
describe the same graph. Then it is a consequence of the linearity of the limit and the
Perron-Frobenius theorem that for a column-stochastic matrix M , as δ tends towards
1, the matrix (I − δM)−1 converges to EigT (M). The proof follows. 
�

Proof of Proposition 2 In the following, given a walk w := (i1, · · · , iτ ) ∈ N τ , we
denote, with a slight abuse of notation its weight as φw := ∏τ−1

t=1 φit ,it+1 . We shall
also refer more specifically to the set of walks of length τ between i and j : Wτ

i, j :=
{(i1, · · · , iτ ) ∈ N τ | i1 = i ∧ iτ = j}, and the set of direct walks of length τ between
i and j : Dτ

i, j := {(i1, · · · , iτ ) ∈ Wτ
i, j | ∀t < τ | it �= j}. Let us then consider a walk

of length τ, (i1, · · · , iτ ). One has

gi1

τ−1
∏

t=1

cit ,it+1 = fi1
qi1

τ−1
∏

t=1

vit ,it+1

qit+1

= fi1(
τ−1
∏

t=1

vit ,it+1

qit
)
1

qiτ
= fi1(

τ−1
∏

t=1

φit+1,it )
1

qiτ
. (15)

As for j �= k, one has φ j,k = 0, there is no walk between i ∈ J and j ∈ J that can
go through k ∈ L and thus one has for all i, j ∈ J and k ∈ L:

g jC
τ
j,i Di,k = Di,k

qi
(

∑

w∈Wτ
i, j

φw) f j . (16)

This yields
g jC

τ
j,i Di,k = φk,i (

∑

w∈Wτ
i, j

φw) f j . (17)

Now, a walk of the form (k, w) with w ∈ Wτ
i, j and i, j ∈ J is a direct walk of length

τ + 1 from k to j . Furthermore all direct walks are of this form because no walk from
k to j can go through � ∈ L \ {k}. Thus one has:

ML
∑

i=1

g jC
τ
j,i Di,k = (

∑

w∈Dτ+1
k, j

φw) f j . (18)

Accordingly, for all γ ∈ [0, 1], one has:

γ

ML
∑

i=1

g jγ
τCτ

j,i Di,k = (
∑

w∈Dτ+1
k, j

γ τ+1φw) f j . (19)
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Summing over τ this yields:

γ

ML
∑

i=1

g j (I − γC)−1
j,i Di,k = γ

+∞
∑

τ=0

ML
∑

i=1

g jγ
τCτ

j,i Di,k = (

+∞
∑

τ=0

∑

w∈Dτ+1
k, j

γ τ+1φw) f j .

(20)
Now (

∑+∞
τ=0

∑

w∈Dτ+1
k, j

γ τ+1φw) is the discounted sum of all direct walks from k to

j . Any walk from k to j consists in an arbitrary number of cycles around k followed
by a direct walk from k to j . In our setting, all cycles around k consist in the self-loop
φk,k = 1 and thus a walk from k to j consists in an arbitrary number of self-loops
around k followed by a direct walk from k to j . Therefrom, one gets that

+∞
∑

τ=0

∑

w∈Wτ+1
k, j

γ τ+1φw =
∑

k∈N
γ k

+∞
∑

τ=0

∑

w∈Dτ+1
k, j

γ τ+1φw = 1

1 − γ

+∞
∑

τ=0

∑

w∈Dτ+1
k, j

γ τ+1φw.

(21)
In turn this yields that for all τ ≥ 0, for all k ∈ L and all j ∈ N , one gets:

(1 − γ )(γ�)τ+1
k, j =

+∞
∑

τ=0

∑

w∈Dτ+1
k, j

γ τ+1φw. (22)

Substituting Eq. (22) into Eq. (20), one gets

γ
∑

i∈J
g j (I − γC)−1

j,i Di,k =
+∞
∑

τ=0

(1 − γ )(γ�)τ+1
k, j f j = (1 − γ )(I − γ�)−1

k, j f j (23)

and then

γ
∑

j∈J

∑

i∈J
g j (I − γC)−1

j,i Di,k =
∑

j∈J
(1 − γ )(I − γ�)−1

k, j f j . (24)

So that, taking the limit as γ tends towards 1, one gets

∑

j∈J

∑

i∈J
g j (I − C)−1

j,i Di,k = lim
γ→1

∑

j∈J
(1 − γ )(I − γ�)−1

k, j f j . (25)


�
Proof of Proposition 3 Proof follows from the proof of Proposition 2. 
�

Appendix B Empirical results

See Tables 2, 3, 4, 5 and 6.
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