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Abstract

This paper proposes to use distance-based responsibility shares in appli-
cations of the upstream and downstream shared responsibility frameworks
developed by Gallego and Lenzen (2005). The concepts of average distance of
producers (or an industry) from primary inputs providers along the system’s
input demand chain and of average distance of producers from final users
along the output supply chain are related to the extent of producers’ control
over their production processes and sales structure. This allows calculation
of each producer’s responsibility share. Focusing on CO2 emissions, we then
apply the shared responsibility approach within a multi-regional input-output
(IO) setting, using the 2005 world IO table available from WIOD. Finally, an
empirical test of aggregation (in)variance of country-level shared responsibili-
ties is carried out. It is found that the shared responsibilities are more robust
to aggregation when the corresponding shares are pegged to distance rather
than to value added or final demand. All in all, our results further substanti-
ate the robustness of the shared responsibility accounting principle, and this
is important if the principle is to become standard (or alternative) reporting
practice.
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1 Introduction

People and firms are inherently interconnected to each other playing both the roles

of suppliers and customers at the same time. Households sell their primary inputs

to firms and buy final products from corporations. Firms sell their outputs to

other corporations and households, from whom they buy intermediate and primary

inputs, respectively. As a result everyone contributes to pollution (or any other

“externality”) that is generated due to the processes of production and consumption

of goods and services. Therefore, it can be argued that not only producers, but

also final users and primary inputs providers have to bear some responsibility for

generating pollution.

The view that only producers are responsible for generating pollution is referred

to as the production-based principle, which is used by the United Nations Framework

Convention on Climate Change (UNFCCC 1997, 2015): under the Kyoto protocol

countries are held responsible for the total amount of emissions physically generated

during production within their national borders.1 However, in the modern globalized

world production is fragmented across the borders, while products produced within

territories of some countries are exported to and consumed by other nations who also

have to take some responsibility for pollution generation. The view that it is final

consumers and their countries of residence that need to bear the full responsibility

for pollution is referred to as the consumption-based principle (see e.g. Peters 2008,

Peters and Hertwich 2008).

Ultimate responsibility according to the consumption-based principle rests with

the buyers of final outputs (e.g. households, governments and investors as con-

sumers), because emissions generated by suppliers are enabled by consumers’ pur-

chases. For this reason these emissions are also called upstream embodied emissions.

However, households, governments and investors besides demanding final outputs

also act as sellers of primary inputs to corporations providing them with, respec-

tively, labour, administration services and capital. From this perspective, emissions

are generated by the customers of primary inputs’ providers and are enabled by

the sale of primary inputs. Hence, these emissions are referred to as downstream

enabled emissions.2 Since the benefits for agents (or countries) in providing primary

1Another producer responsibility-related form of emission accounting principle is called the
extraction-based principle, according to which the responsibility should be born by the extractors
of fossil fuels that allow for these emissions (Davis et al. 2011).

2For an excellent discussion of these terminology, the reader is referred to Lenzen and Murray
(2010). The following excerpt may further clarify these points: “Looking upstream, our demand
enables the production of our suppliers’ products, which in turn causes emissions. A part of the
responsibility is handed down to us, as embodied emissions. Looking downstream, our supply
enables the production of our customers’ products, which in turn causes emissions. A part of the

1



inputs constitute generation of income (i.e. wages, profits and rents), Marques et al.

(2012) refer to the downstream enabled emissions as income-based responsibility to

indicate “the economic process that caused the emissions” (p. 59), similar to the

consumption-based responsibility concept used as an intuitive alternative formula-

tion of the upstream embodied emissions (see also e.g. Rodrigues et al. 2006, Lenzen

and Murray 2010).

Because all sellers and customers contribute to generation of emissions, neither

full consumption-based responsibility nor full income-based responsibility and not

full production-based responsibility would be regarded as a fair allocation princi-

ple.3 Hence, it seems more reasonable and just to implement in practice a shared

responsibility principle in which an agent takes a share of the responsibility for

its (a) upstream embodied emissions, (b) downstream enabled emissions, and (c)

directly produced emissions (Gallego and Lenzen 2005, Lenzen et al. 2007). For

recent applications of the shared responsibility principle see, among others, Cadarso

et al. (2012), Zhou and Marques (2013), Liang et al. (2017), Zhang et al. (2018) and

Cordier et al. (2018).

In operationalizing Gallego and Lenzen’s (2005) upstream and downstream shared

responsibility input-output (IO) frameworks, Lenzen et al. (2007) and Lenzen (2008)

proposed pegging the corresponding upstream and downstream responsibility shar-

ing parameters, respectively, to value added and final demand as proxies for the

extent of producers’ control over the production recipe and sales structure. In this

paper we consider alternative distance-based choices for the responsibility shares.

First, we suggest approximating the upstream responsibility sharing parameters by

the inverse of sectors’ average distance from their direct and indirect primary in-

puts providers (PIPs) along the input demand chain (Miller and Temurshoev 2013,

2017). The reasoning for such a choice conceptually fully coincides with that of

Lenzen et al. (2007): if the distance between producer i and its PIPs is small, then

it must be the case that producer i adds significant value to the product in its pro-

duction process compared to another producer k positioned farther away from its

PIPs. Thus one can argue that producer i has higher influence over the production

process, hence should be levied with larger responsibility share. Secondly, we pro-

responsibility for these emissions in handed up to us, as enabled emissions. ... Had we not made
that particular purchasing decision, the whole upstream cascade of interactions, initiated by our
purchase order, including associated emissions, would have occurred differently. ... Had we not
made that particular sales decision, the whole downstream cascade of interactions, initiated and
supported by our sale, including associated emissions, would have occurred differently” (p. 263).

3For discussions of the limitations and practical implementation feasibility of the full-
responsibility accounting principles and of the concepts of compensatory justice vs. distributive
justice see e.g. Steininger et al. (2016).
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pose pegging the downstream responsibility shares to the inverse of sectors’ average

distance from their direct and indirect final users along the output supply chain

(Antràs et al. 2012). This is because the shorter the distance between producer i

and its final users, the larger proportion of its output is sold to final demanders,

hence the higher influence producer i has over sales and advertising, and thus should

be levied with a larger share of downstream responsibility. This is also consistent

with Lenzen’s (2008) reasoning.

In our empirical application, based on the 2005 world IO table from the World

Input-Output Database (Timmer 2012), we first compare the results of the different

upstream and downstream full and shared responsibility accounting principles with a

focus on carbon dioxide emissions. Then we carry out a Monte Carlo-type sensitivity

analysis of the country-level results with respect to sector (dis)aggregation of the two

responsibility sharing pegging approaches applied to Gallego and Lenzen’s (2005)

shared responsibility frameworks.

The remainder of the paper is organized as follows. Section 2 presents the shared

responsibility IO models of Gallego and Lenzen (2005), discussing their relevance

and implementation within a multi-regional IO setting. The distance-based pegging

approach of the corresponding responsibility shares is developed in Section 3. In

Section 4 we examine the results of application of the full and shared responsibility

frameworks, while Section 5 discusses the empirical test of aggregation (in)variance

of the two shared responsibility pegging approaches. Section 6 concludes.

2 Shared responsibility frameworks

As discussed above, the consumption-based, income-based and production-based

responsibility principles view, respectively, final consumers, providers of primary

inputs to firms (i.e. workers, investors and government), and corporations as ulti-

mately responsible for pollution generation. Gallego and Lenzen (2005, hereafter

GL) is an important theoretical contribution to the literature on shared respon-

sibility involving producers, consumers, and primary inputs providers (PIPs). A

Leontief-type demand-driven input-output (IO) framework (Leontief 1936) is used

for assessing the upstream shared responsibility between producers and consumers,

while a Ghosh-type supply-driven IO setting (Ghosh 1958) is used to assess the

downstream shared responsibility between producers and PIPs.4 In what follows we

4The standard Leontief and Ghosh models are not used for shared responsibility quantification
since they result in double counting of responsibilities that overestimates the total emissions.
Instead the “modified” versions of the two, proposed by GL, solves this problem.
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briefly discuss the upstream and downstream shared responsibility approaches and

their relevance and implementation within a multi-region IO setting.

2.1 Upstream shared responsibility

The output-side IO accounting identity states that for each industry i = 1, . . . , n, the

value of gross output xi is equal to its final use fi plus its intermediate output sales

to all industries
∑

j zij. If we denote the euro amount of sector i’s output needed

per one euro’s worth of industry j’s output by aij = zij/xj, the basic identity can

be written as xi =
∑

j aijxj + fi, or, compactly in matrix form, as x = Ax + f .

Let us start with a simple case of scalar sharing parameters α, β ∈ [0, 1]. For

the purpose of responsibility sharing, GL split the responsibility for intermediate

demand Ax between upstream producers and downstream producers, respectively,

as (1 − α)Ax and αAx. Similarly, the responsibility for final demand f is split

between the upstream producers and downstream consumers as (1 − β)f and βf ,

respectively. This means that any producer retains the responsibility for the fraction

(1 − α) of its intermediate output and the fraction of (1 − β) of its final demand,

while it passes on the responsibility along the input demand chain for the fraction

α of its intermediate output to its downstream intermediate users and the fraction

β of its final demand to its downstream final users:

x = (1− α)Ax + (1− β)f︸ ︷︷ ︸
retained by upstream producer

+ αAx︸ ︷︷ ︸
assigned to downstream producer

+ βf︸︷︷︸
assigned to downstream consumer

.

In the above responsibility formulation, intermediate output retained by the

upstream producers can be simply written as (1 − α)Ax = (1 − α)Zı, where Z

is the transaction matrix with typical element zij and ı is a summation vector of

ones. However, similar to the standard Leontief model, the procedure of passing

on the responsibility to downstream producers continues along the entire demand

chain, characterizing direct and indirect (or round-by-round) input demands by the

downstream intermediate users. The final outcome of such responsibility sharing

gives

x = (I− αA)−1[(1− α)Zı+ (1− β)f + βf ], (1)

where I is the identity matrix. Let c be the vector of greenhouse gas (GHG) inten-

sities with its typical entry ci = ei/xi indicating the amount of GHG emitted by

sector i per unit of its gross output. Then:
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[i]n contrast to greenhouse gas multipliers c′(I −A)−1, which are only applicable to con-
sumers, the modified greenhouse gas multipliers c′(I−αA)−1 are applicable to both produc-
ers and consumers. Supply-chain emissions are shared between producers and consumers,
and emissions sharing ensures that total emissions are divided into mutually exclusive and
at the same time collectively exhaustive portions. (Lenzen 2007, p. 20, emphasis added)

The last feature guarantees that total producer and consumer emissions sum up ex-

actly to national industrial emissions c′x = e′ı = etot, which avoids double-counting

of responsibility in its allocation process.

Let us consider sector-specific responsibility shares αij = αi and βi that are al-

lowed to vary across all sectors i in (1), and define the upstream shared responsibility

matrix Eup as:

Eup = ĉ(I− α̂A)−1 diag
[
(I− α̂)Zı+ (I− β̂)f + β̂f

]
, (2)

where α and β are n-dimensional column vectors of the upstream responsibility

sharing parameters, and both t̂ and diag[t] stand for a diagonal matrix with entries

of the vector t along its diagonal and zero otherwise. It can be shown that summation

of elements of Eup along its rows gives the total emissions produced by each sector

(or full producer responsibility), i.e. Eupı = ĉx = e, which proves the property of

non double-counting of responsibilities. On the other hand, the column sums of (2)

give the total of producer and consumer upstream responsibilities, i.e. e′up = ı′Eup.

Note that when α = β = 0, i.e. when upstream producers retain full respon-

sibility, the column sums of (2) recover the standard full producer responsibility

since then e′up = ı′Eup = c′x̂ = e′. At the other extreme when α = β = ı, i.e.

when upstream producers assign full responsibility to the downstream users, one

obtains e′up = ı′Eup = c′(I−A)−1f̂ , which is the full consumer responsibility formu-

lation.5 Therefore, αi and βi are referred to, respectively, as producer and consumer

upstream responsibility shares.

Using (2), the upstream producer and consumer responsibilities are derived,

respectively, as:

(epup)
′ = c′(I− α̂A)−1 diag

[
(I− α̂)Zı+ (I− β̂)f

]
, (3)

(ecup)
′ = c′(I− α̂A)−1 diag

[
β̂f
]
. (4)

Besides avoiding double counting of impacts (the so-called additivity property

of upstream responsibilities), since in a shared setting the producer responsibility

5Throughout this paper, without loss of generality, we ignore direct emissions by households
and the public sector from consumption of energy goods (e.g. gas, oil, coal), which must be added
to consumer responsibility.
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shares αi are mostly strictly less than one,

the upstream responsibility for a given impact decreases ... each time we move downstream
the demand chain. This is an interesting feature since it seems logical to assume that the
further a receiving sector is located from the producer of the impact, the less influence it
has over the impact. (GL, p. 375)

This reasoning also justifies our distance-based responsibility sharing approach (to

be discussed in Section 3) in defining the upstream responsibility sharing parameters.

2.2 Downstream shared responsibility

The input-side IO accounting identity states that industry i’s total input (which, by

definition, also equals total output) xi is equal to the sum of the value of its primary

inputs (i.e. value added and intermediate imports) vi and its intermediate input

purchases from all industries
∑

j zji =
∑

j xjbji, where bji = zji/xj is the share of

industry j’s gross output sold to industry i. Thus, xi = vi +
∑

j xjbji, or in compact

matrix notation x′ = v′ + x′B, where B is the output (or allocation) coefficients

matrix. Again start with a simple case of scalar sharing parameters α, β ∈ [0, 1].

For the purpose of responsibility sharing, GL split the responsibility for intermediate

supply x′B between the upstream and downstream producers, respectively, as αx′B

and (1 − α)x′B. In the same vein, primary inputs are split between the upstream

PIPs and downstream producers, respectively, as βv′ and (1 − β)v′. This implies

that any downstream producer retains the responsibility for the fraction (1− α) of

its intermediate input and the fraction of (1− β) of the value of its primary inputs,

while it passes on the responsibility upward along the supply chain for the fraction

α of its intermediate input to its upstream intermediate suppliers and the fraction

β to its upstream PIPs:

x′ = βv′︸︷︷︸
assigned to upstream PIP

+ αx′B︸ ︷︷ ︸
assigned to upstream producer

(1− α)x′B + (1− β)v′︸ ︷︷ ︸
retained by downstream producer

.

In this downstream responsibility formulation, intermediate input retained by

the downstream producers can be rewritten as (1 − α)x′B = (1 − α)ı′Z since B =

x̂−1Z. However, similar to the standard Ghosh model, the procedure of assigning

the responsibility to the upstream producers continues along the entire supply chain,

characterizing direct and indirect (or round-by-round) output sales by the upstream

intermediate suppliers. The final result of such downstream responsibility sharing
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yields:

x′ =
[
βv′ + (1− β)v′ + (1− α)ı′Z

]
(I− αB)−1. (5)

In contrast to the standard total forward GHG multipliers (I − B)−1c, which are

only applicable to PIPs, the modified GHG forward multipliers (I−αB)−1c are ap-

plicable to both PIPs and producers. In line with the upstream shared responsibility

reasoning, supply-chain emissions are shared between PIPs and producers, and emis-

sions sharing guarantees that total emissions are divided into mutually exclusive and

simultaneously collectively exhaustive portions. This implies that double-counting

of downstream responsibility in its allocation process is avoided, i.e. x′c = etot.

Similar to (2), with sector-specific downstream responsibility shares αij = αj

and βj for all sectors j, the downstream shared responsibility matrix for generating

GHG (or any other impact) can be defined as

Edw = diag
[
v′β̂ + v′

(
I− β̂

)
+ ı′Z

(
I− α̂

)] (
I−Bα̂

)−1
ĉ, (6)

where α and β are n-dimensional column vectors of downstream responsibility shar-

ing parameters. It can be shown that the sum of entries of Edw down its columns

gives the full producer responsibilities, i.e. ı′Edw = x′ĉ = e′, which also proves the

non-double counting property of this allocation approach. The row sums of (6),

on the other hand, give the total of producer and PIP downstream responsibilities,

edw = Edwı.

In line with the upstream responsibility framework, α and β can be referred

to, respectively, as the downstream producer and PIP responsibility shares. When

α = β = 0, i.e. downstream producers retain full responsibility, the row sums of Edw

recover the full producer responsibilities as then edw = Edwı = x̂c = e. However,

when α = β = ı, i.e. when downstream producers assign full responsibility to the

upstream suppliers, one obtains edw = Edwı = v̂(I − B)−1c, which is the full PIP

(or income-based) responsibility formulation.6

From (6) the downstream producer and PIP responsibilities are separately ob-

tained, respectively, as follows:

epdw = diag
[
v′
(
I− β̂

)
+ ı′Z

(
I− α̂

)] (
I−Bα̂

)−1
c, (7)

epipdw = diag
[
v′β

] (
I−Bα̂

)−1
c. (8)

6In quantifying the downstream responsibility, the Ghosh model is used in its ex post descriptive
interpretation. As far as its causal interpretation, the Ghosh model may better be interpreted as
a price model (Dietzenbacher 1997) and not as a quantity model, since Oosterhaven (1988, 1989)
shows that the supply-driven quantity model involves implausible assumptions and consequences.
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Here again the downstream responsibility for a given impact is decreasing (as

the producer responsibility shares α are mostly strictly less than one) “each time

we move upstream in the supply chain, and it is shared amongst all upstream agents

in the supply chain without incurring double counting” (GL, p. 378). This is an

attractive feature since then it becomes logical to assume that the further a supplying

sector is located from the producer of the impact, the less influence it has over the

impact. This reasoning is used in our distance-based responsibility sharing approach

when defining the downstream responsibility shares in Section 3.

2.3 Single- vs. multi-region shared responsibility settings

In a single-region (SR) upstream shared responsibility IO setting, the final demand

includes both domestic and foreign final demands, i.e. f = fd + f ex. Hence, within

such a setting, both producer and consumer responsibilities can be further segregated

into finer components causing the impacts, i.e. responsibilities for impacts caused by

intermediate demand, domestic final demand, and exports (see e.g. Lenzen 2007).

Similarly, within a SR downstream shared responsibility framework, the primary

inputs consist of value added w and intermediate imports m, i.e. v = w+m. Thus,

within such a framework, both producer and PIP responsibilities can be further

segregated into components enabling the impacts, i.e. responsibilities for impacts

enabled by intermediate supply, (domestic) value added, and intermediate imports.

However, it can be argued that for shared responsibility quantification, multi-

region (MR) shared responsibility IO frameworks are more appropriate than their

SRIO counterparts for, at least, the following reasons. First, SRIO settings are not

adequate in assigning responsibilities to foreign suppliers and foreign users of inter-

mediate and final output. The SRIO downstream responsibility framework is blind

towards the value-added included in imports, and thus the foreign producers are not

assigned any responsibility. Similarly, in the SRIO upstream responsibility setting,

exports are included in final demand, while it is not clear how any responsibility is

assigned to foreign demanders. Second, the modern world’s complex web of direct

and indirect cross-border flows of intermediates along the global input demand and

output supply chains needs to be adequately accounted for in order to get more

reliable indicators of responsibilities for sectors and countries. The MRIO setting

further would be preferred if the choices of the responsibility shares are directly

dependent on the structure of global input demand and output supply chains, as is

the case in our proposed distance-based pegging of responsibility shares.

The upstream producer and consumer responsibilities in an MRIO setting differ

from those of an SRIO framework in how the “exogenous” parts in (3) and (4) are
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defined. In particular, the upstream responsibilities of producers and consumers in

country r are calculated as follows:

(ep,rup )′ = c′(I− α̂A)−1p̂rup and (ec,rup )′ = c′(I− α̂A)−1ŷrup, (9)

where the dimensions of c, A and α correspond to the MRIO system size and the

vectors prup and yrup are defined as:

prup =



0
...

0

(Ir − α̂r)zr• + (Ir − β̂r)fr•

0
...

0


and yrup = β̂


f1r

f2r

f3r

...

fmr



with αr and βr indicating the sharing parameters of sectors in country r, f r• =∑
s f rs, zr• = (

∑
s Zrs) ı = xr − f r•, where the superscripts {rs} indicate, respec-

tively, the source and destination country of the corresponding flow. Thus the exoge-

nous part prup needed in (9) for country r should include only the part of accountable

output (following the terminology introduced by GL) as retained by producers of the

country in question, while the other exogenous component yrup in (9) includes the

responsibilities passed-on to consumers of country r by all producers, both domestic

and foreign, of the entire system.

Similarly, the downstream responsibilities of producers and PIPs of country r

can be obtained by reformulating their SRIO counterparts (7) and (8), respectively,

as follows:

ep,rdw = p̂rdw
(
I−Bα̂

)−1
c and epip,rdw = ŷrdw

(
I−Bα̂

)−1
c, (10)

where the dimensions of c, B and α correspond to the MRIO system size and the

“exogenous” vectors prdw and yrdw are defined as:

prdw =



0
...

0(
Ir − β̂r

)
vr +

(
Ir − α̂r

)
z•r

0
...

0


and yrdw =



0
...

0

β̂rv
r

0
...

0
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with αr and βr indicating the downstream sharing parameters in country r, vr being

the sectoral value added vector of country r, and z•r = (
∑

s Zsr)′ ı = xr−vr. Hence,

the exogenous part prdw in (10) includes only the part of accountable input (using the

GL terminology) as retained by producers of the country in question, while the other

exogenous component yrdw includes the responsibilities assigned to PIPs of country

r by domestic producers. In contrast to yrup, the way yrdw is defined is of practical

necessity and presupposes that all PIPs are assumed to be the residents of the

same country as the sectors to which they provide their primary inputs. In reality,

however, PIPs could be both of domestic and foreign origin (see e.g. Kanemoto

et al. 2012). Thus the more appropriate definition of yrdw has to be similar to that

of yrup and should consider the responsibilities passed on to domestic PIPs by both

domestic and foreign producers, i.e.

yrdw = β̂


vr1

vr2

...

vrm


where vrs indicates the value added generated by domestic PIPs (i.e. residents of

country r) in the production process occurring in country s. Such data, however,

do not exist so far.

After successfully building global IO databases by consortium of different insti-

tutes (see two special issues in Economic Systems Research, vol. 25, issue 1 of 2013

and vol. 26, issue 3 of 2014), once considered almost an impossible task, the next

biggest challenge in the IO data construction, in our view, is distinguishing value

added components by the country of origin of PIPs and countries of destination

where this value added is created. Until then we can only speculate on the extent of

bias in the downstream shared responsibilities or, for that matter, the income-based

responsibilities, introduced due to reliance on the restrictive assumption that affects

how yrdw is defined.

3 Distance-based responsibility sharing

GL discussing the choice of responsibility shares conclude that the “choices of re-

sponsibility shares should ideally reflect suppliers’ and recipients’ financial control,

innovation potential and business relations, as well as their influence over produc-

tion processes and their options to substitute suppliers or buyers” (p. 383). To op-

erationalize the upstream shared responsibility framework (3)-(4) on such grounds,
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Lenzen et al. (2007) propose to peg the upstream sharing parameters to value added

as follows:

1− αij = 1− βi =
vi

xi − zii
for all i and all j, (11)

where vi is value added of sector i.7 That is, given that (1−αij) and (1−βi) are the

responsibility that the upstream producers retain, Lenzen et al. (2007) approximate

the extent of control of producers over production processes (recipe) by the propor-

tion of their value added in net output (i.e. gross output excluding intrasectoral

transactions, xi − zii), reasoning that “value added indicates whether or not a pro-

ducer has transformed operating surplus in any significant way, and is therefore a

good proxy for control and influence over production” (p. 36). Therefore, industries

with large (resp. low) influence over production processes are levied with a larger

(resp. smaller) share of responsibility.8

Using similar reasoning, Lenzen (2008) operationalizes the downstream shared

responsibility framework (7)-(8) by proposing to peg the downstream sharing pa-

rameters to final demand as follows:9

1− αij = 1− βj =
fj

xj − zjj
for all i and all j. (12)

That is, given that (1−αij) and (1−βj) are the responsibility that the downstream

producers retain, Lenzen (2008) approximates the extent of producers’ control over

the sales structure by the size of their sale of final output relative to net output.

The rationale is that:

a producer who sells a significant proportion of output to final demand generally also signifi-
cantly defines product policy and promotion, as a result has a high influence over advertising
and sales, and is hence levied with a large share of responsibility. In contrast, producers
with a low proportion of final demand are often constrained by the production recipe of
downstream producers that they need to satisfy, and hence a small share of responsibility
is levied. (Lenzen 2008, p. 547)

In this paper we consider alternative choices for responsibility shares based on

the notions of distance between producers and PIPs, and distance between producers

7From this point onward, value added is denoted by vi (rather than wi) to correspond to the
standard notation widely used in MRIO analysis.

8Further discussing the relation between shared responsibility and property rights, Lenzen et al.
(2007) claim that “using value added as a proxy for allocating responsibility for environmental
impact across production chains, we create a rigorous and justifiable methodology, which can inform
an efficient spread of property rights to establish extended consumer and producer stewardship. By
ensuring that ownership of impacts is equivalent to the responsibility share, we ensure that those
producers or consumers with the most direct influence have a clear economic interest in reducing
environmental impact” (p. 37, emphasis added).

9There is a typo in Lenzen (2008) that has been confirmed with the author via personal com-
munication (dated 13 January 2013), namely instead of net output, gross output is used in the
denominator of (12).
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and final users. The first distance quantifies the average position of a sector from

PIPs along the input demand chain, while the second one refers to the average

position of an industry to final users along the output supply chain. So why would

one want to peg responsibility shares to these distances? The reasoning is exactly

similar to that discussed in Lenzen et al. (2007) and Lenzen (2008):

- If, on average, the distance between producer i and its direct and indirect PIPs is

small, then it must be the case that producer i adds significant value to the prod-

uct in its production process, compared to producer k who is positioned farther

away from PIPs along the input demand chain. This implies that within the up-

stream responsibility framework, producer i has a high influence over production

processes, hence should be levied with larger responsibility share.

- If, on average, the distance between producer i and its direct and indirect final

users is low, then it has to be true that producer i has a high proportion of

its output going directly to final users, compared to another producer k that is

positioned further away from final users along the output supply chain. Hence,

within the downstream responsibility setting, producer i has a high influence over

advertising and sales, thus should bear larger responsibility.

Consequently, a shorter distance can be taken as a proxy for a larger extent of

producers’ control and influence over production recipe or sales structure.

The average distance of industry i from its PIPs along the input demand chain

is defined by Miller and Temurshoev (2013, 2017) as follows:

di = 1 · vi
xi

+ 2 ·
∑

j vjbji

xi
+ 3 ·

∑
j,k vjbjkbki

xi
+ 4 ·

∑
j,k,l vjbjkbklbli

xi
+ · · · . (13)

From the Ghosh model we know that xi = vi +
∑

j vjbji +
∑

j,k vjbjkbki + · · · , hence

the shares in (13) sum up to one, as required. In (13) the share(s) corresponding to:

(i) distance 1 (the smallest defined distance) represents the proportion of sector i’s

primary inputs purchases in its total inputs, (ii) distance 2 is the input proportion

of i’s direct intermediate purchases from all industries j required for the first-round

production process of industry i, and (iii) higher order distances are the proportions

in total inputs of i’s indirect intermediate purchases from all industries used as

inputs by industry i that are two and more stages (or rounds) of production away

from the supply of primary inputs.10 Note that a large value of di indicates that

industry i is positioned farther away from its PIPs along the input demand chain.

Since primary inputs include compensation of employees, net taxes on production,

10Note that we use “input demand chain” and not “output supply chain” in the definition of
di because i refers to an industry purchasing primary and intermediate inputs (and not supplying
intermediate and final outputs).
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and operating surplus (and within a single-country or partial-world framework vi

also includes imported intermediates), then sector i must be a downstream industry

with the majority of its inputs coming directly and indirectly from other production

sectors. On the other hand, a sector with low value of di (close to unity which is its

lower bound by definition assuming that vi ≥ 0 for all i) is an upstream industry in

the input demand chain as it is positioned closer to its PIPs. For this reason, Miller

and Temurshoev (2013, 2017) call di industry i’s input downstreamness (ID) measure

and prove that di is exactly equivalent to the standard total backward linkage (or

total output multiplier) of industry i, i.e.

di =
∑
j

lji, (14)

where lji is the ji-th element of the Leontief inverse L = (I − A)−1. Hence, the

familiar IO total output multiplier of sector i can be also interpreted as the indicator

of i’s average distance from PIPs along the entire input demand chain.

Given that the ID indicator (14) should be (in our interpretation) inversely re-

lated to the extent of control and influence over production processes by industry i,

one needs to define such a function for the purpose of responsibility sharing compu-

tation. There are many alternative possibilities, but we consider the simple inverse

of di as an approximation of the extent of influence of sector i over its product

transformation. That is,

Pure distance-based upstream responsibility sharing. The distance-based

producer and consumer responsibilities within the upstream shared responsibility

framework (2) may be computed by defining the required responsibility shares as:

1− αij = 1− βi =
1

di
for all i and all j, (15)

where di is the average distance of industry i from providers of primary inputs along

the system-wise input demand chain, (14). The fact that di ∈ [1,∞) implies that

(15) are proper shares, i.e. 1/di ∈ (0, 1].

Similarly, the average distance of industry i from its final users along the output

supply chain is defined by Antràs et al. (2012) as follows:

ui = 1 · fi
xi

+ 2 ·
∑

j aijfj

xi
+ 3 ·

∑
j,k aikakjfj

xi
+ 4 ·

∑
j,k,l ailalkakjfj

xi
+ · · · , (16)

where the shares are proper and sum to one since from the Leontief model we know

that xi = fi +
∑

j aijfj +
∑

j,k aikakjfj + · · · . In (16) the share(s) corresponding
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to: (i) distance 1 indicates the proportion of industry i’s final sales in its total

output, (ii) distance 2 is the output proportion of i’s direct intermediate sales to all

industries j used as intermediate inputs by the latter in their first-round production

processes, and (iii) higher order distances are the proportions in total output of

sector i’s indirect intermediate sales to all industries (including sector i) that are

used as inputs in their second and higher rounds of production. Thus, a large ui

implies that sector i is an upstream industry along the supply chain in the sense that

its output goes through many production stages before reaching final use. On the

other hand, low values of ui (close to unity which is its lower bound by construction

if fi ≥ 0 for all i) indicate that i is a downstream industry along the supply chain

with a large share of its output going directly to the end-user. This is why Miller

and Temurshoev (2013, 2017) also refer to ui as industry i’s output upstreamness

(OU) measure. It can be proved that ui is exactly equivalent to the standard total

forward linkage of industry i, i.e.

ui =
∑
j

gij, (17)

where gij is the ij-th element of the Ghosh inverse G = (I−B)−1. Hence, the familiar

IO total forward linkage (in terms of output) of sector i can also be interpreted as

the indicator of i’s average distance from final users along the entire output supply

chain.

Given that the OU indicator (17) should be (in our interpretation) inversely

related to the extent of control and influence over the sales structure by industry

i, we define the simple inverse of ui as an approximation of the extent of influence

over advertising and sales. That is,

Pure distance-based downstream responsibility sharing. The distance-based

producer and PIP responsibilities within the downstream shared responsibility frame-

work (6) may be computed by defining the required responsibility shares as:

1− αij = 1− βj =
1

uj
for all i and all j, (18)

where ui is the average distance of industry i from final users along the system-wise

output supply chain, (17). The fact that uj ∈ [1,∞) implies that (18) are proper

shares, i.e. 1/uj ∈ (0, 1].

Finally, if other factors are deemed to be crucial for responsibility sharing cal-

culations (e.g. green investments made by a sector in renewable energy that are not

14



captured by the current direct GHG emission coefficients of the sector at hand but

which are expected to decrease these intensities in the future), the more general for-

mulation of our distance-based shared responsibility approach could be considered.

Generalized distance-based responsibility sharing. The upstream and down-

stream responsibility sharing parameters within the generalized distance-based shared

responsibility framework are defined, respectively, as follows:

1− αij = 1− βi = d−ηii and 1− αij = 1− βj = u
−ηj
j for all i and j, (19)

where ηi > 0 and ηj > 0 are parameters capturing the sector-specific responsibility

sharing effects of other factors not considered under the pure distance-based shared

responsibility approaches given in (15) and (18).

If, for example, a sector’s average distance from the economy’s PIPs along the

input demand chains is low, i.e. di is small, then producers in this sector have a

high influence over production processes, and thus they will be levied with larger

responsibility within the upstream shared responsibility framework as follows from

(15). However, it could be the case that many producers in this industry have

recently made significant green investments to reduce their GHG emissions, which

logically calls for lower responsibility. In such case one would have ηi > 1, implying

lower responsibility as then (1/dηii ) < (1/di).

In our empirical application we consider only the pure distance-based approaches,

i.e. it is assumed that ηi = ηi = 1 for all i. Thus, the results in Section 4 are silent

with respect to other potentially important factors of responsibility sharing notions,

except for the degree of producers’ control and influence over production recipe and

sales structure. However, for the generalized distance-based responsibility pegging

approach (19), the estimates of ηi and ηi are necessary, which could be derived e.g.

from running the relevant econometric regressions.

4 Empirical application

In this section we present some of the results of the shared responsibility approaches

discussed in this paper using the 2005 world IO table (WIOT) available from the

World Input-Output Database (Timmer 2012). Its first Release 2013 is used as

environmental accounts are missing in the latest Release 2016. The 2005 WIOT

and carbon dioxide emissions cover 40 countries and the rest of the world (RoW)

region, with 35 sectors according to the ISIC Rev. 3 classification (see Appendix A).
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Table 1 presents the summary of responsibility shares retained by producers

within the upstream and downstream shared responsibility frameworks. These

country-level simple arithmetic and gross output-weighted averages of the value

added- or final demand-based (VA/FD) and the distance-based (Dis) shares are gen-

erally rather close each other, with the global means ranging from 0.503 to 0.537.

Most country average retained responsibility shares are larger than 0.5. As an ex-

ample, compared to the passed-on sharing parameters of both pegging approaches,

producers in the US, on average, retain larger responsibility shares (from 0.52 to

0.61), while Chinese producers retain lower (often the smallest, especially according

to the Dis approach) shares of responsibility (from 0.38 to 0.47). The VA/FD and

Dis sharing parameters are also found to be highly correlated, where in both cases

the corresponding correlation coefficients reach 0.93. However, it is found that the

VA/FD sharing parameters are more volatile than those of the Dis approach.11

The total upstream and downstream emissions by country (or region) according

to the full and shared responsibility principles relevant under the two IO settings are

reported, respectively, in Tables 2 and 3. Several findings are of interest. First, the

upstream responsibility results of both the VA and Dis pegging approaches suggest

that at the world level in 2005 producers and consumers were responsible, respec-

tively, for about 72% and 28% of the global CO2 emissions amounting to 23,576.7

Mt CO2 (see Table 2). However, in the case of downstream responsibilities the two

approaches give very different results (even) at the global level: the FD pegging

approach indicates an equal 50%-50% responsibility sharing between producers and

primary inputs providers (PIPs), while the Dis global downstream responsibilities of

producers and PIPs are found to be 61% and 39%, respectively (see Table 3). With-

out further discussions, probably it could be argued that the Dis global allocation

results seem more reasonable, since it is debatable how downstream PIPs respon-

sibilities (especially those of workers) can be directly addressed by policy (see e.g.

Steininger et al. 2016). Second, although the sum of producer and consumer (resp.

producer and PIP) shared responsibilities for countries mostly take intermediate

positions in-between their full producer and full consumer (resp. full producer and

full PIP) emissions, there are also a few exceptions. For example, in case of India,

Korea and Denmark the total of the VA and/or Dis upstream shared emissions are

larger or smaller than their full, one-sided responsibilities. It is also interesting to

11If one considers all 1435 (41 regions× 35 sectors) observations per each parameter, the standard
deviations of the VA/FD and Dis shares are, respectively, 0.182 and 0.135 within the upstream
responsibility framework, and 0.285 vs. 0.191 within the downstream responsibility setting. All
the results, also at more detailed sectoral level, are available from the authors upon request or
from https://sites.google.com/site/umedtemurshoev/data.
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Table 1: Resposibility shares retained by the upstream and dowstream producers

Country

Simple arithmetic averages Output-weighted averages

VA up Dis up FD dw Dis dw VA up Dis up FD dw Dis dw

AUS 0.506 0.490 0.486 0.503 0.556 0.503 0.524 0.508
AUT 0.533 0.506 0.517 0.529 0.571 0.515 0.539 0.536
BEL 0.476 0.474 0.468 0.499 0.516 0.480 0.494 0.495
BGR 0.466 0.445 0.481 0.509 0.468 0.433 0.488 0.496
BRA 0.569 0.540 0.520 0.543 0.571 0.542 0.556 0.561
CAN 0.544 0.534 0.478 0.520 0.566 0.546 0.527 0.555
CHN 0.463 0.429 0.427 0.466 0.404 0.378 0.412 0.444
CYP 0.591 0.566 0.620 0.646 0.632 0.587 0.679 0.687
CZE 0.454 0.439 0.456 0.472 0.443 0.418 0.458 0.455
DEU 0.535 0.519 0.526 0.535 0.581 0.536 0.545 0.537
DNK 0.519 0.516 0.505 0.541 0.562 0.531 0.546 0.566
ESP 0.517 0.492 0.499 0.515 0.549 0.492 0.588 0.546
EST 0.462 0.460 0.416 0.502 0.464 0.453 0.453 0.493
FIN 0.511 0.494 0.452 0.493 0.519 0.490 0.490 0.510
FRA 0.523 0.502 0.526 0.535 0.584 0.531 0.577 0.561
GBR 0.546 0.519 0.526 0.535 0.587 0.529 0.573 0.550
GRC 0.586 0.567 0.568 0.618 0.625 0.595 0.654 0.674
HUN 0.472 0.475 0.493 0.518 0.477 0.468 0.512 0.519
IDN 0.554 0.542 0.542 0.568 0.558 0.536 0.527 0.547
IND 0.555 0.544 0.516 0.541 0.551 0.542 0.574 0.572
IRL 0.502 0.489 0.493 0.516 0.514 0.482 0.524 0.517
ITA 0.494 0.485 0.520 0.521 0.533 0.502 0.538 0.531
JPN 0.545 0.511 0.468 0.509 0.580 0.526 0.559 0.557
KOR 0.516 0.470 0.452 0.489 0.494 0.441 0.477 0.492
LTU 0.568 0.536 0.566 0.569 0.565 0.531 0.583 0.572
LUX 0.546 0.541 0.508 0.551 0.428 0.456 0.373 0.445
LVA 0.496 0.478 0.514 0.528 0.515 0.472 0.533 0.516
MEX 0.582 0.573 0.598 0.614 0.612 0.590 0.623 0.631
MLT 0.537 0.507 0.576 0.591 0.515 0.479 0.521 0.543
NLD 0.512 0.509 0.513 0.522 0.553 0.519 0.533 0.525
POL 0.494 0.487 0.511 0.521 0.513 0.486 0.527 0.517
PRT 0.519 0.495 0.524 0.533 0.561 0.508 0.600 0.568
ROM 0.544 0.492 0.542 0.567 0.560 0.487 0.588 0.573
RUS 0.543 0.515 0.500 0.512 0.567 0.521 0.449 0.475
SVK 0.495 0.472 0.508 0.507 0.484 0.449 0.511 0.487
SVN 0.517 0.493 0.528 0.527 0.521 0.485 0.545 0.526
SWE 0.509 0.503 0.464 0.497 0.534 0.508 0.502 0.516
TUR 0.541 0.520 0.558 0.574 0.564 0.524 0.612 0.594
TWN 0.491 0.503 0.472 0.507 0.482 0.496 0.444 0.481
USA 0.530 0.516 0.521 0.557 0.598 0.549 0.596 0.607
RoW 0.497 0.493 0.534 0.557 0.544 0.511 0.531 0.554

Maximum 0.591 0.573 0.620 0.646 0.632 0.595 0.679 0.687
Mean 0.521 0.503 0.509 0.533 0.537 0.503 0.534 0.537
Minimum 0.454 0.429 0.416 0.466 0.404 0.378 0.373 0.444
STD 0.035 0.033 0.043 0.038 0.051 0.045 0.062 0.053

Note: The figures indicate country averages of 1−αij = 1−βi and 1−αij = 1−βj . VA/FD and Dis refer,
respectively, to the value added- or final demand-based and distance-based responsibility shares pegging
approaches, while “up” and “dw” indicate the upstream and downstream responsibility sharing frameworks.

observe that the upstream responsibility differences are rather non-significant for

Canada.

Third, similar to the income- and consumption-based emissions differences, ac-

cording to both VA/FD and Dis pegging approaches countries (or regions) such as

the RoW, Russia, Canada, Australia, Indonesia, Denmark and Brazil have higher

total downstream (producer and PIP) shared emissions than total upstream (pro-

ducer and consumer) shared emissions, which are, however, larger for the US, India,

Italy, Turkey, Spain, Korea and Japan. This indicates for the first group of coun-

tries the importance of mining industries (e.g. fossil fuels and resource extraction)

and sectors producing basic materials and providing financial services, which drive

income-based or downstream emissions (see e.g. Marques et al. 2012, Liang et al.

2017). However, in case of China, this correspondence holds only for Dis emissions,

i.e. Dis total downstream shared emissions are larger than Dis total upstream shared
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Table 2: Country-level CO2 upstream responsibilties (Mt CO2, 2005)

Country
Full

producer
Full

consumer

VA-based shares Distance-based shares

Producer
(%)

Consumer
(%)

Total Producer
(%)

Consumer
(%)

Total

AUS 363.25 403.83 72.0 28.0 382.96 69.0 31.0 379.89
AUT 55.78 88.83 69.2 30.8 68.07 66.6 33.4 67.40
BEL 100.18 122.12 69.3 30.7 107.04 69.3 30.7 110.17
BGR 46.89 34.75 71.3 28.7 39.96 71.0 29.0 40.64
BRA 242.24 250.80 75.3 24.7 246.18 73.3 26.7 245.18
CAN 460.41 460.29 74.7 25.3 461.28 74.1 25.9 462.39
CHN 4685.97 3608.22 78.4 21.6 4403.62 76.0 24.0 4363.04
CYP 6.52 9.73 64.6 35.4 7.59 64.1 35.9 7.57
CZE 106.05 95.04 70.0 30.0 101.10 68.2 31.8 101.38
DEU 691.73 859.59 69.6 30.4 763.02 68.4 31.6 762.15
DNK 75.80 62.40 73.4 26.6 60.77 75.3 24.7 64.87
ESP 288.53 377.94 71.7 28.3 313.96 69.3 30.7 314.94
EST 15.18 16.97 64.6 35.4 16.29 63.5 36.5 16.34
FIN 55.10 66.00 75.7 24.3 59.60 74.4 25.6 59.87
FRA 292.81 462.19 64.4 35.6 341.90 63.7 36.3 343.81
GBR 470.95 634.15 67.8 32.2 521.52 65.6 34.4 518.38
GRC 94.56 133.36 73.7 26.3 108.60 71.3 28.7 108.74
HUN 46.74 61.87 64.9 35.1 51.52 65.6 34.4 52.32
IDN 290.16 254.92 70.5 29.5 281.31 72.6 27.4 281.06
IND 1085.26 1064.74 70.7 29.3 1101.09 71.8 28.2 1100.86
IRL 33.00 49.33 70.2 29.8 40.09 67.7 32.3 40.20
ITA 389.96 520.18 66.3 33.7 429.22 66.4 33.6 433.10
JPN 1045.11 1284.34 73.4 26.6 1134.99 70.7 29.3 1125.93
KOR 482.96 470.07 77.8 22.2 493.13 74.0 26.0 486.33
LTU 12.80 17.83 64.2 35.8 14.13 65.6 34.4 14.49
LUX 3.55 7.86 61.3 38.7 5.22 62.8 37.2 5.36
LVA 7.17 10.52 64.2 35.8 8.43 63.0 37.0 8.28
MEX 347.04 394.31 69.5 30.5 365.40 69.4 30.6 365.64
MLT 2.29 3.25 63.4 36.6 2.77 64.3 35.7 2.73
NLD 167.65 177.50 70.2 29.8 160.74 70.8 29.2 168.83
POL 284.60 253.65 72.5 27.5 270.14 72.1 27.9 273.11
PRT 61.85 74.40 72.2 27.8 64.76 67.4 32.6 64.76
ROM 92.18 89.24 68.6 31.4 89.09 68.6 31.4 89.80
RUS 1459.35 941.49 82.4 17.6 1317.00 81.4 18.6 1297.91
SVK 37.52 33.18 73.1 26.9 33.57 70.9 29.1 34.40
SVN 12.91 15.36 71.9 28.1 14.42 69.2 30.8 14.09
SWE 50.42 79.11 68.9 31.1 60.97 69.2 30.8 61.86
TUR 204.34 252.66 71.7 28.3 221.23 69.3 30.7 221.28
TWN 292.55 221.05 72.5 27.5 257.20 75.3 24.7 269.50
USA 4662.89 5642.35 67.9 32.1 4963.28 67.4 32.6 4964.89
RoW 4452.40 3971.26 70.8 29.2 4193.59 71.4 28.6 4233.22

World 23576.71 23576.71 72.4 27.6 23576.71 71.5 28.5 23576.71

emissions, both taken as share of global emissions, by a 0.1 percentage point, and

the equivalent difference of (Full PIP emissions - Full consumer emissions) for China

equals 1.9% when the responsibilities are expressed as a share of world emissions.

The corresponding difference for Chinese FD downstream vs. VA upstream shared

emissions is -0.7%.

Finally, the comparison of the VA/FD and Dis results at the country level re-

veals that the differences could be large (see Figure 1), especially for the downstream

responsibility framework. Within the upstream responsibility sharing setting, the

VA pegging approach results in producer responsibilities that are at least 5% higher

than the Dis producer emissions for the following countries (the percentage differ-

ences are shown in parentheses): Portugal (7.1%), Korea (6.5%), Slovenia (6.2%)

and Australia (5.1%). The differences of the same order of magnitude with lower

VA producer responsibilities are found for Denmark (-8.7%), Taiwan (-8.1%) and

the Netherlands (-5.6%). This is partly because producers of the first group of coun-

tries retain larger responsibility shares under the VA pegging approach than those
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Table 3: Country-level CO2 downstream responsibilties (Mt CO2, 2005)

Country
Full

producer
Full
PIP

FD-based shares Distance-based shares

Producer
(%)

PIP
(%)

Total Producer
(%)

PIP
(%)

Total

AUS 363.25 450.58 50.3 49.7 425.80 57.2 42.8 409.57
AUT 55.78 75.11 58.7 41.3 67.09 63.1 36.9 64.15
BEL 100.18 116.63 55.8 44.2 109.53 63.2 36.8 107.78
BGR 46.89 34.45 54.5 45.5 39.53 62.9 37.1 40.82
BRA 242.24 274.99 51.9 48.1 261.45 61.2 38.8 256.61
CAN 460.41 565.39 47.8 52.2 520.89 58.4 41.6 508.21
CHN 4685.97 4066.37 34.4 65.6 4227.93 55.4 44.6 4386.70
CYP 6.52 5.70 61.8 38.2 6.30 69.9 30.1 6.30
CZE 106.05 87.25 62.7 37.3 98.34 64.0 36.0 97.30
DEU 691.73 853.42 59.3 40.7 794.34 62.9 37.1 765.56
DNK 75.80 81.16 52.3 47.7 76.50 63.6 36.4 77.72
ESP 288.53 269.88 53.8 46.2 277.61 62.4 37.6 277.42
EST 15.18 13.22 58.0 42.0 14.24 63.1 36.9 14.40
FIN 55.10 63.44 45.6 54.4 58.79 58.2 41.8 58.13
FRA 292.81 353.54 66.1 33.9 333.52 68.6 31.4 322.10
GBR 470.95 569.88 59.4 40.6 527.60 62.8 37.2 510.77
GRC 94.56 101.13 46.4 53.6 100.28 60.3 39.7 99.90
HUN 46.74 42.58 66.3 33.7 46.18 69.2 30.8 45.46
IDN 290.16 304.27 44.5 55.5 304.31 59.0 41.0 299.60
IND 1085.26 953.52 49.6 50.4 1009.37 61.9 38.1 1027.62
IRL 33.00 53.90 56.1 43.9 45.97 62.9 37.1 43.84
ITA 389.96 397.24 61.6 38.4 402.06 66.0 34.0 392.65
JPN 1045.11 1191.79 54.5 45.5 1125.62 63.0 37.0 1105.86
KOR 482.96 460.53 47.7 52.3 462.85 59.9 40.1 470.00
LTU 12.80 13.17 61.6 38.4 13.82 65.5 34.5 13.24
LUX 3.55 14.70 56.1 43.9 12.19 67.6 32.4 11.79
LVA 7.17 7.71 61.2 38.8 7.78 65.1 34.9 7.51
MEX 347.04 393.04 59.4 40.6 376.60 66.6 33.4 371.42
MLT 2.29 2.00 56.0 44.0 2.04 66.6 33.4 2.11
NLD 167.65 186.99 62.4 37.6 181.98 65.5 34.5 175.44
POL 284.60 248.26 55.3 44.7 265.39 63.1 36.9 268.04
PRT 61.85 54.86 64.0 36.0 59.23 66.3 33.7 58.68
ROM 92.18 66.69 60.6 39.4 76.90 68.1 31.9 79.49
RUS 1459.35 1616.57 34.0 66.0 1537.97 51.9 48.1 1532.48
SVK 37.52 30.04 60.4 39.6 33.40 63.8 36.2 33.48
SVN 12.91 13.83 57.7 42.3 13.75 61.4 38.6 13.46
SWE 50.42 84.31 52.9 47.1 70.41 61.5 38.5 66.28
TUR 204.34 173.92 61.4 38.6 190.38 67.4 32.6 191.21
TWN 292.55 253.06 48.8 51.2 263.73 60.3 39.7 269.37
USA 4662.89 4465.10 62.4 37.6 4593.68 67.7 32.3 4581.79
RoW 4452.40 4566.51 49.1 50.9 4541.36 61.1 38.9 4512.46

World 23576.71 23576.71 50.1 49.9 23576.71 61.3 38.7 23576.71

based on distances. Indeed, the correlation coefficient between the differences (VA –

Dis)/Dis of the upstream producer emissions and the equivalent proportional differ-

ences of the (same) upstream producers’ pass-on shares was found to be -0.85, while

that between (VA – Dis)/Dis upstream producer responsibility differences and the

proportional differences of the upstream retained shares was equal to 0.96 for the

whole sectoral data. This is, however, not always evident from the country averages

of retained upstream sharing parameters. For example, from Table 1 we see that

the average responsibility share retained by the upstream producers in Denmark is

0.519 according to the VA approach, which is however larger (not smaller as one

might have expected at the first sight) than the corresponding Dis share of 0.516.

Thus, the second crucial factor explaining the differences in the two approaches is

how much all other sectors in the system, both domestic and foreign, pass on their

responsibilities to downstream producers. Here, this depends on the size of their

responsibility shares that are passed on downward along the demand chain. In gen-

eral, the size of shared producer responsibilities also depends on the system (input)
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Figure 1: Differences in the VA/FD vs. Dis results (as % of Dis emissions)

Note: The radar charts show the percentage differences of the VA/FD and Dis responsibilities
relative to Dis emissions. E.g. “Producer VA up-to-Dis up” is calculated as 100×(Producer
VA up - Producer Dis up)/(Producer Dis up), where Producer VA up and Producer Dis up
are, respectively, the VA and Dis (pegged) upstream producer responsibilities.

structure of international trade, domestic technologies, and the size of sectoral direct

emissions, intermediate and final demands, as can be seen from (2) or (3), which are

however identically accounted for by both VA and Dis pegging approaches.

There are larger differences observed in the VA vs. Dis estimates of shared

consumer responsibilities: for example, the VA consumer emissions are much lower

than their Dis counterparts (as percentage of the latter) for Portugal (-14.7%), Ko-

rea (-13.2%), Slovakia (-9.9%), China (-9.2%), Australia (-8.8%), Japan (-8.5%) and

Greece (-8.5%), and larger for Indonesia (7.9%), Taiwan (6.4%) and India (4.0%).

Again common factors to both approaches are the level of sectoral direct emis-

sions and final demands, and domestic and trade input structure, as follows from

(4). Therefore, these variations in shared consumer emissions must be due to the

differences in the VA and Dis sharing parameters, wherein the explanation of the

previous paragraph is also relevant. For example, the correlation coefficient between

the differences (VA – Dis)/Dis of upstream consumer emissions and the correspond-

ing proportional differences of the upstream producers’ pass-on shares was equal

to 0.93, while that between (VA – Dis)/Dis consumer responsibility differences and

the proportional differences of the upstream retained shares was -0.82 for the entire

sectoral data.

Turning to the downstream responsibility sharing framework (6), much larger

differences between FD and Dis responsibilities were found as clearly seen in the
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right-most plot of Figure 1. Note that the country-level FD downstream producer

emissions are always smaller than their Dis counterpart emissions with the corre-

sponding (FD–Dis)/Dis differences ranging from -40.2% to -0.2%, whereas the FD

downstream PIP emissions exceed their Dis alternative estimates with the differences

ranging from 4.8% to 41.8%. These country-level PIP emissions according to the FD

pegging approach are, on average, 22.3% larger than their Dis PIP responsibilities.

The largest differences of at least 30% (relative to Dis emissions) are observed for

China (41.8%), Luxembourg (40.2%), Russia (37.7%), Indonesia (37.4%), Greece

(35.7%), the RoW (31.8%) and Finland (31.5%). This is partly due to these coun-

tries’ lower FD responsibility shares retained by the downstream producers than the

corresponding Dis shares, which can also be confirmed in Table 1. The other side of

the coin of such differences here is reflected in lower FD producer emissions compared

to their Dis counterparts: the FD downstream producer emissions are, on average,

11.9% lower than their Dis responsibilities. Countries with the largest FD-to-Dis

producer emissions differences include China (-40.2%), Russia (-34.2%), Indonesia

(-23.3%), Greece (-22.8%), Korea (-21.6%), India (-21.2%), Finland (-20.7%) and

Taiwan (-20.7%). Again all these distinctions are explained by the differences in all

sectors, both domestic and foreign, downstream sharing parameters that derive the

FD vs. Dis results differences, although - as follows from (7) and (8) - the factors

that are common to both approaches include the sizes of sectoral direct emissions,

value added and intermediate output, and sectors’ domestic and foreign sales (or

output) structure. For example, using the entire sectoral data, the correlation coef-

ficients between the (FD–Dis)/Dis differences of the downstream PIP emissions and

the corresponding proportional differences of the responsibility shares retained by

the downstream producers was found to be -0.81, and that between (FD–Dis)/Dis

of the downstream PIP emissions and the proportional differences of the passed-on

downstream sharing parameters was 0.94.

The discrepancies between the VA/FD and Dis responsibilities are much larger

if one zooms further into the sector-level results. We, however, do not go into these

details here. The VA/FD vs. Dis emissions’ deviations discussed suffice for our

purposes to turn into another question of how sensitive are the results of the two

responsibility shares pegging approaches to sectoral (dis)aggregation, which is the

focus of the next section.
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5 Aggregation (in)variance test

To test the aggregation (in)variance of the country-level results of the VA/FD and

Dis shared CO2 responsibilities, we run the following Monte-Carlo type simulations,

similar in structure to those performed in Lenzen (2007). Since the WIOT represents

a 1435 sector-system, in general one could run simulations aggregating to smaller

and smaller systems, i.e. from 1435 sectors to 1434 etc. up to a 1 sector-system.

However, this aggregation test would make sense if the focus were only on the

global shared responsibilities.12 Instead, we would like to test the robustness of

country-level responsibilities to sector aggregation. For this purpose, we aggregate

identically 35 sectors in each country within the MRIO setting. That is, the original

35 sectors were aggregated randomly into smaller numbers of sectors by generating

the corresponding aggregation matrix containing randomly placed 1’s and 0’s, then

expanded to the full WIOT system concordance matrix that allows aggregating

all sectors within and across countries in an exactly similar way. One hundred

aggregation runs were carried out for each sector aggregation size.

Figure 2 presents a rather detailed summary of these simulations for the US.

For a better understanding of the graphs, consider a 3-by-3 matrix representing the

(positions of) six subplots in this figure. The plus and cross points in the very first

subplot (i.e. in position 1-1) visualize, respectively, the US upstream producer and

consumer emissions as a percentage of the 2005 world CO2 emissions according to

the VA pegging approach. The corresponding means over 100 simulations for each

sector aggregation are highlighted (colored) in black and connected by a line across

the different aggregation sizes. Thus, the variability or thickness of these datapoints

shows the corresponding indicator’s uncertainty or sensitivity to what kind of sectors

are being aggregated for each system size in the 100 simulations, while the overall

tendency of these data points, particularly the means, across the different system

sizes indicates the (in)stability or (in)variance of the estimated country responsi-

bilities to sector aggregation. The same interpretations apply to the contents of

subplot 1-2, visualizing the country-level distance-based shared upstream producer

and consumer emissions, and to subplots 2-1 and 2-2 that show, respectively, the FD

and Dis emissions from the downstream sharing responsibility framework. A close

look into these plots reveals that the US distance-based emissions are less variable

and more stable to aggregation than the VA/FD emissions.

12In fact, in the presentations of the earlier drafts of this paper such results were discussed as an
aggregation (in)variance test of the two approaches. Since the country-level aggregation variance
results to be discussed in what follows were also found to be valid in the case of global emissions
sensitivity test, the latter is not further examined in this paper.
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Figure 2: Aggregation (in)variance: US emissions (% of the world CO2)

To get a better quantitative understanding of these uncertainties, in the first

two right-most subplots in positions 1-3 and 2-3 we graph the relative standard

deviations (i.e. the ratios of the standard deviations to the means, also called

the coefficients of variation) of all the upstream and downstream shared emissions,

respectively. The general finding here is that the relative standard deviations (RSD)

of the Dis producer emissions are lowest, followed by the VA/FD producer emissions,

then Dis consumer or PIP responsibilities, while the FD consumer or PIP emissions

have the highest RSDs.13 It also follows from these subplots that the downstream

responsibility framework generally results in larger variability in all the considered

indicators compared to those based on the upstream shared responsibility setting.

The subplots in the last row in positions 3-1 and 3-2 in Figure 2 show the means

(i.e. simple averages) of the upstream and downstream sharing parameters in case

of the US, i.e. the means of αi = βi and αi = βi, where the i’s refer to all of

the US sectors. While the means of these parameters for Dis approach are rather

13Note that for the aggregation sizes of 1 and 35, the RSDs are zero as expected: the results of
each responsibility allocation principle must be identical in all 100 simulations for each country as
there is no aggregation randomness for these two extreme system dimensions.
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stable across different aggregation sizes, the VA/FD pegged sharing parameters are

small at a high aggregation level (or small system size). This is because as the

system size approaches its lower bound, where one sector represents all industries

in each individual economy, the intra-sectoral transactions (i.e. zii’s) increase by a

larger amount than the corresponding value-added or final demand values, which

implies that the responsibility shares passed on to the upstream or downstream

producers decrease as follows from their definitions (11) and (12). This also means

that producers in the two frameworks will retain larger responsibility and thus assign

less responsibility to consumers or PIPs, which explains the shapes of the VA/FD

emissions at high aggregation levels illustrated in subplots 1-1 and 2-1 of Figure 2.

Finally, the last graph in position 3-3 in Figure 2 shows the RSDs of the sharing

parameters αi = βi and αi = βi for the US. From this graph it can be concluded

that the VA/FD pegged sharing parameters show more variability than the Dis

pegged shares. In particular, the Dis upstream sharing parameters display the low-

est relative variance, followed by their VA upstream counterparts, while the Dis

downstream sharing parameters are generally found to be more fluctuating than the

first two upstream responsibility shares but less volatile than their FD downstream

alternatives. This RSD ranking of the responsibility sharing parameters explains

the relative variability of the VA/FD and Dis emissions illustrated in subplots 1-

3 and 2-3 in Figure 2, and thus also explains the differing degrees of aggregation

(in)variance of the VA/FD and Dis pegged CO2 emissions upon applying the GL

shared responsibility models.

To illustrate a few more results, in Figures 3 and 4 we show the simulations

outcome for China and the RoW region, which are the other two top CO2 emitters

of the world (i.e. all three - the US, China and RoW - are responsible for the

majority of all eight formulations of emissions considered in this paper, which range

from 55.6% to 58.5% of global CO2 emissions). For completeness, in Appendix B the

corresponding figures for all other 38 WIOD countries are presented. A close look

into all these graphs reveals that all the results discussed in the US case also hold

in general. Note that in case of China the FD downstream responsibilities become

remarkably unstable to aggregation (see subplot 2-1 in Figure 3; for more of such

cases, see Appendix B), where even the orders of magnitude of the FD downstream

emissions change: at the lower system size, the PIP emissions of China are smaller

than the downstream producer emissions, but since the former are increasing while

the latter are decreasing with system size, their corresponding means cross at the

aggregation level of about 20 sectors, from which point onward the FD downstream

PIP responsibilities, on average, exceed the FD downstream producer emissions.
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Figure 3: Aggregation (in)variance: emissions of China (% of the world CO2)

The important question, of course, is why shared responsibilities are more in-

variant (stable) to (dis)aggregation when the sharing parameters are pegged to the

notion of distance put forward in this paper than to value added or final demand.

Our interpretation of this outcome is that the distance-based responsibility shares

(15) and (18) directly depend on the structure of the input demand and output sup-

ply chains of the system under consideration (see (13) and (16)), which is not the

case when the responsibility shares are pegged to value added as in (11) or to final de-

mand as in (12), although the last are not independent either from (dis)aggregation

in general. Thus, when the structure of the demand/supply chains changes due

to sector (dis)aggregation, so do the Dis responsibility shares, but importantly in

full conformity with the changes happening in the input demand or output sup-

ply chains. These last changing features include, for example, the chains becoming

longer or shorter due to having more or fewer intermediaries involved in them, more

or fewer transactions representing the system, and/or due to the changes in the

magnitude of these transactions. Therefore, since the changes in Dis responsibility

shares and demand/supply chains are mutually consistent, it should not be sur-

prising to find that the distance-based shared responsibilities are more stable with

25



Figure 4: Aggregation (in)variance: RoW’s emissions (% of the world CO2)

respect to (dis)aggregation than emissions based on responsibility shares that are

pegged to value added or final demand.

6 Conclusion

This paper proposes to use distance-based responsibility sharing parameters in ap-

plications of the upstream and downstream shared responsibility input-output (IO)

frameworks developed by Gallego and Lenzen (2005, GL). Two concepts of average

distance that we use within these two settings refer, respectively, to a producer’s

(or an industry’s) position from primary inputs providers (PIPs) along the input

demand chain of an economic system and to a producer’s position from final users

along the output supply chain. These notions are then related to the extent of pro-

ducers’ control over their production recipe (or operating inputs) and sales structure,

which allows one to infer approximately the right size or share of responsibilities that

producers need to retain while assigning the rest to other actors along the corre-

sponding production chains. In this respect, our reasoning is consistent with that

of Lenzen et al. (2007) and Lenzen (2008) that proposed pegging the upstream and
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downstream responsibility shares, respectively, to value added and final demand.

In the empirical application of the GL shared responsibility formulations, we

analyze the results of eight upstream and downstream (full and shared) responsibility

accounting principles with a focus on carbon dioxide emissions, using the 2005 world

IO table available from WIOD. Monte Carlo-type simulations were carried out to

examine the variance of country-level results of the value added- or final demand-

based (VA/FD) and the distance-based (Dis) shared responsibilities with respect to

sector (dis)aggregation. The following summarize some of our results.

- At the world level, both VA and Dis approaches give similar results within the

upstream responsibility framework. However, this is not the case for downstream

shared responsibilities. It was found that in 2005 producers and consumers glob-

ally were responsible, respectively, for about 72% and 28% of the world CO2

emissions, according to both responsibility shares pegging approaches. However,

in the case of downstream emissions, the FD pegging approach indicates roughly

an equal 50%-50% responsibility sharing between producers and PIPs, whereas

the Dis global downstream responsibilities of producers and PIPs were found to

be about 61% and 39%, respectively.

- At the country level, however, the differences between the VA/FD and Dis shared

responsibilities are rather large, especially under the downstream responsibility

principle. The country-level proportional differences (VA-Dis)/Dis of responsi-

bilities range from -14.7% to 7.9% in the case of upstream (producer and con-

sumer) emissions, while the differences (FD-Dis)/Dis vary from -40.2% to 41.8%

for downstream (producer and/or PIP) emissions. In particular, the FD down-

stream producer emissions were always found to be considerably lower than the

corresponding Dis emissions, and vice versa for downstream PIP emissions.

- According to the total sum of both upstream producer and consumer shared

responsibilities (resp. total downstream producer and PIP shared responsibilities),

countries often take intermediate positions between their full producer and full

consumer (resp. full producer and full PIP) responsibilities. However, this is

not always the case, i.e. by adopting a shared emissions accounting principles a

country could be judged responsible for more or less emissions than those identified

by the full responsibility accounting principles.

- Our extensive simulation exercises show that the shared responsibility formula-

tions are (far) more stable to sectoral (dis)aggregation when the responsibility

shares are pegged to distance rather than to value added or final demand. In

particular, the FD downstream responsibilities were found to be most sensitive to

changes in the system size compared to other formulations of shared emissions.
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The relative stability of Dis shared emissions compared to those based on the

VA/FD responsibility shares pegging approach, in our view, has to do with the fact

that changes in average distances of industries along the system’s input demand and

output supply chains and the changes in the structure of these impact-transmission

chains due to sectoral (dis)aggregation occur in a mutually consistent way and in full

conformity to each other. These consistencies refer to adequately accounting for such

changing features of the system’s structure due to (dis)aggregation as e.g. the length

of the input demand and output supply chains, the number of intermediate nodes

involved in these chains, and the number and size of transactions (i.e. inter- and

intra-sectoral transactions, final demand and value added) representing the system.

All in all, the GL upstream and downstream shared responsibility frameworks

present logically valid and fair allocation of responsibilities shared by all actors

of an economic system. In contrast to full responsibility accounting principles, a

particularly important feature of the GL shared responsibility principle is that these

are also assigned to pure intermediate actors that do not receive primary inputs

and/or sell to final users. In operationalizing the GL approach, however, the required

responsibility sharing parameters need to be chosen. This is a choice that could

involve a certain degree of subjectivity that might impede the shared responsibility

principle from becoming a corporate, national and international reporting practice.

In this respect, the robustness of our country-level responsibility results when using

distance-based sharing parameters might help in substantiating and speeding up the

process of standard reporting of shared responsibility.
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

A WIOD countries and industry classification

Acr. Country Code Industry description

AUS Australia 1 Agriculture, hunting, forestry and fishing
AUT Austria 2 Mining and quarrying
BEL Belgium 3 Food, beverages and tobacco
BGR Bulgaria 4 Textiles and textile products
BRA Brazil 5 Leather, leather and footwear
CAN Canada 6 Wood and products of wood and cork
CHN China 7 Pulp, paper, printing and publishing
CYP Cyprus 8 Coke, refined petroleum and nuclear fuel
CZE Czech Republic 9 Chemicals and chemical products
DEU Germany 10 Rubber and plastics
DNK Denmark 11 Other non-metallic mineral
ESP Spain 12 Basic metals and fabricated metal
EST Estonia 13 Machinery, nec
FIN Finland 14 Electrical and optical equipment
FRA France 15 Transport equipment
GBR United Kingdom 16 Manufacturing, nec; recycling
GRC Greece 17 Electricity, gas and water supply
HUN Hungary 18 Construction
IDN Indonesia 19 Sale, maintenance and repair of motor vehicles and motorcy-

cles; retail sale of fuel
IND India 20 Wholesale trade and commission trade, exc. of motor vehicles

and motorcycles
IRL Ireland 21 Retail trade; repair of household goods
ITA Italy 22 Hotels and restaurants
JPN Japan 23 Inland transport
KOR Korea 24 Water transport
LTU Lithuania 25 Air transport
LUX Luxembourg 26 Other supporting and auxiliary transport activities; activities

of travel agencies
LVA Latvia 27 Post and telecommunications
MEX Mexico 28 Financial intermediation
MLT Malta 29 Real estate activities
NLD Netherlands 30 Renting of machinery & equipment and other business activ-

ities
POL Poland 31 Public admin and defence; compulsory social security
PRT Portugal 32 Education
ROU Romania 33 Health and social work
RUS Russia 34 Other community, social and personal services
SVK Slovak Republic 35 Private households with employed persons
SVN Slovenia
SWE Sweden
TUR Turkey
TWN Taiwan
USA United States
RoW Rest of the World

B Results of simulations

In this Appendix, the results of aggregation (in)variance simulations, run within multi-
region IO shared responsibility frameworks, are presented for the remaining 38 WIOD
countries not discussed within the main text. For interpretations of the subplots in each
figure, see Section 5.
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.1: Aggregation (in)variance: emissions of AUS (% of the world CO2)

Figure B.2: Aggregation (in)variance: emissions of AUT (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.3: Aggregation (in)variance: emissions of BEL (% of the world CO2)

Figure B.4: Aggregation (in)variance: emissions of BGR (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.5: Aggregation (in)variance: emissions of BRA (% of the world CO2)

Figure B.6: Aggregation (in)variance: emissions of CAN (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.7: Aggregation (in)variance: emissions of CYP (% of the world CO2)

Figure B.8: Aggregation (in)variance: emissions of CZE (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.9: Aggregation (in)variance: emissions of DEU (% of the world CO2)

Figure B.10: Aggregation (in)variance: emissions of DNK (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.11: Aggregation (in)variance: emissions of ESP (% of the world CO2)

Figure B.12: Aggregation (in)variance: emissions of EST (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.13: Aggregation (in)variance: emissions of FIN (% of the world CO2)

Figure B.14: Aggregation (in)variance: emissions of FRA (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.15: Aggregation (in)variance: emissions of GBR (% of the world CO2)

Figure B.16: Aggregation (in)variance: emissions of GRC (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.17: Aggregation (in)variance: emissions of HUN (% of the world CO2)

Figure B.18: Aggregation (in)variance: emissions of IDN (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.19: Aggregation (in)variance: emissions of IND (% of the world CO2)

Figure B.20: Aggregation (in)variance: emissions of IRL (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.21: Aggregation (in)variance: emissions of ITA (% of the world CO2)

Figure B.22: Aggregation (in)variance: emissions of JPN (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.23: Aggregation (in)variance: emissions of KOR (% of the world CO2)

Figure B.24: Aggregation (in)variance: emissions of LTU (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.25: Aggregation (in)variance: emissions of LUX (% of the world CO2)

Figure B.26: Aggregation (in)variance: emissions of LVA (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.27: Aggregation (in)variance: emissions of MEX (% of the world CO2)

Figure B.28: Aggregation (in)variance: emissions of MLT (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.29: Aggregation (in)variance: emissions of NLD (% of the world CO2)

Figure B.30: Aggregation (in)variance: emissions of POL (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.31: Aggregation (in)variance: emissions of PRT (% of the world CO2)

Figure B.32: Aggregation (in)variance: emissions of ROM (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.33: Aggregation (in)variance: emissions of RUS (% of the world CO2)

Figure B.34: Aggregation (in)variance: emissions of SVK (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.35: Aggregation (in)variance: emissions of SVN (% of the world CO2)

Figure B.36: Aggregation (in)variance: emissions of SWE (% of the world CO2)
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Appendices to Temursho and Miller (2019) Distance-based shared responsibility.

Figure B.37: Aggregation (in)variance: emissions of TUR (% of the world CO2)

Figure B.38: Aggregation (in)variance: emissions of TWN (% of the world CO2)
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