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Abstract

Accounting for scope 3 emissions from investments remains a challenge due to a lack of adequate data and guidelines that
do not accommodate the systemic role of firms in the financial chain. Here, we use network analysis to estimate investment-
associated scope 3 carbon emissions of public firms. Using shareholder data from publicly traded firms listed on the Tokyo
Stock Exchange, we identified the most influential firms by their ownership share values. Environmental responsibility can
then be assigned by distributing the carbon footprint in the network to each of these influential firms. The industrial services,
including trading and manufacturing, and financial services industries were found to be the largest source of scope 3 emissions
in the investment network. In particular, the influential role of financial firms is reflected by having the largest increase in
carbon allocation after the adjustment. This research contributes to ongoing efforts to improve carbon disclosure through
methods that accommodate complex interactions among firms and to quantitatively reveal the overlooked responsibility of

investors in carbon emissions.

Keywords Scope 3 - Carbon emissions - Shareholder network - Complex network analysis

Introduction

Achieving a carbon—neutral society is now a widely recog-
nized and accepted global agenda. For that purpose, we need
system transformation and institution-accelerating transfor-
mation. Firms are now expected to reduce greenhouse gas
(GHG) emissions not only from their activities but also from
supply chains where they are involved. However, compared
to the emissions by their production activities and extended
responsibility along the supply chain, there is less attention
to responsibilities by investments. Publicly listed firms invest
in other firms for a variety of reasons, such as to diversify
their portfolio, increase their financial returns, share risks,
or gain access to new markets or technologies (Shinkle and
Suchard 2019). Such investments distribute the environmen-
tal impact of operations. A firm investing in another with a
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carbon footprint indirectly contributes to ensuring the emis-
sions of that firm (Lenzen and Murray 2010; GHG Protocol
2013). Firms are suggested to include in their environmen-
tal reports the carbon emissions derived from investments
that are regarded as part of scope 3 emissions.

The Greenhouse Gas Protocol Corporate Accounting and
Reporting Standard (GHG Protocol 2015) has become the
global standard for assessing carbon footprint. The proto-
col was developed by the World Resources Institute (WRI)
and World Business Council on Sustainable Development
(WBCSD) in collaboration with major corporations, govern-
ment agencies, and other NGOs and is regarded as an exem-
plary instance of private regulation given its wide adoption
in a time that no international organization could take the
lead (Green 2010). The protocol categorizes carbon emis-
sions into three different scopes. Scope 1 emissions are those
direct emissions from owned or controlled sources of an
organization. Scope 2 emissions are indirect emissions from
the generation of purchased energy (e.g., electricity, heat,
steam, or cooling) consumed by the reporting organization.
Scope 3 emissions are all other indirect emissions that occur
in a company’s value chain. This includes both upstream and
downstream emissions that are not owned or directly con-
trolled by the reporting organization but are associated with
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its activities. The Carbon Disclosure Project estimates that
more than 75% of a firm's carbon profile is due to its scope 3
emissions on average and larger for firms in the service and
financial sectors (CDP 2023).

NGOs and governments have campaigned for firms to
disclose their emissions, with relative success on scope 1
and 2 disclosures given their mostly straightforward nature
of accounting. On the other hand, the measure of scope 3
emissions remains a challenge. The protocol divides scope
3 emissions into 15 categories which, ideally, should be
measured across the full value chain. The complexity of
modern, often multinational, supply chains adds a layer of
intricacy to the task, making the tracing of all associated
emissions a particularly arduous endeavor (Wilhelm et al.
2016a). Moreover, the issues related to data availability and
methodological consistency further compound the difficulty,
as different suppliers may employ disparate methodologies
and lack standardized data (Shrimali 2022).

The challenge is exacerbated by economic considerations,
particularly for smaller companies for whom the necessary
investment in tools, personnel, and potentially third-party
audits may be prohibitive. Additionally, the responsibility
and control of scope 3 emissions often lie outside the
reporting company’s domain, leading to difficulties in
influencing or even accessing the requisite data. Finally,
the engagement of stakeholders, including the building of
necessary relationships and securing cooperation throughout
the supply chain, might present significant hurdles,
especially if the stakeholders do not perceive direct benefits
from the emissions measurement process (Patchell 2018).

The measurement of the carbon footprint originated by
investments is indicated in the protocol as the scope 3’s fif-
teenth category, covering equity investments, debt invest-
ments, project finance, managed investments, and client
services (GHG Protocol 2013). These are among the less-
reported scope 3 emissions across most of the economic sec-
tors (CDP 2023). Even in the financial sector around 45% of
firms did not report their investment-derived emissions (CDP
2023, p. 29). The lack of data in this category may be due to
the few incentives for comprehensive reporting of scope 3
emissions in general. In particular, the protocol suggests that
it is at the discretion of the reporting firm to select thresh-
olds for which it considers an investment to be relevant to
reporting or not. Therefore, firms may choose larger report-
ing thresholds hindering the impact of smaller investments.

Even though the protocol encourages the measure of
emissions along the complete value chain, it is worth not-
ing that most of the provided guidelines refer only to the
first tiers (Patchell 2018). In the case of investment-derived
emissions, the accounting is based on the emissions of the
investee. There is no explicit mention of considering or
collecting data downstream, that is, the investments of the
investee and so on. Such an approach would add a burden to
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the reporting firms. The complexity of this task has been the
subject of research where multitier methods are developed
to properly account for emissions down the supply chain
(Mena et al. 2013; Hearnshaw and Wilson 2013; Grimm
et al. 2016) although none of them seem to apply to the case
of complex investment networks. In any case, the extent of
oversight of GHG emissions derived from investments is
largely unknown and the need for empirical methods that
accommodate such complexity is recognized (Hettler and
Graf-Vlachy 2023).

This study aims to close that gap by proposing the
application of network analysis (Girvan and Newman
2002) to estimate investment-associated scope 3 (i-scope
3) emissions of publicly traded firms. Visualization of
the networks of investments enables a more holistic
understanding of GHG flow across multiple interconnected
firms and industries. The largest emitting firms and
industries and influencers can be identified from the network
for a clearer focus on the transformation to a low-carbon
society.

The selection of the case of Japan offers a number of
merits for this study. Japan, currently the third largest global
economy and home to large multi-sector multinationals has a
significant carbon footprint with estimated GHG emissions
of 1.15 billion metric tons of CO2 in 2020 (The Ministry of
Environment of Japan 2022). Towards its efforts to achieve
net-zero GHG emissions, the Japanese government requires
private and public firms to report their scope 1 and scope
2 emissions to the Ministry of Environment for public
consumption, making it easier to source such data. The
complexity in cross-holdings and interlocking directorates
between various Japanese firms though generally stable (Hu
and Izumida 2008; Li et al. 2018; Kobori 2020) offers a
robustness test to the method utilized in this study that can
be replicated in other countries.

Previous literature

Greenhouse Gas emissions data is reported by firms
following two schemes: mandatory and voluntary
(Busch et al. 2022b). Mandatory approaches are often
legislated by governments or regulatory bodies ensuring
accountability and standardization in reporting. On the
other hand, voluntary approaches are driven by corporate
sustainability goals, investor pressure, or public relations
benefits. These schemes vary in terms of comprehensiveness
and rigor. The similarity between them lies in the goal of
quantifying emissions, but they differ in their enforcement
mechanisms and often in the level of detail and verification
required (Perrault Crawford and Clark Williams 2010). For
example, in Japan, the reporting of scope 1 and 2 emissions
is mandatory and regulated by the Ministry of Environment.
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However, large conglomerates like Mitsui Corporation
voluntarily disclose sustainability reports covering multiple
categories from the GHG protocol, including scope 3
emissions on a best-effort basis (Mitsui & Co 2022).

In practice, firms quantify their emissions through meth-
odologies like Process Analysis, which is a systematic
and thorough approach particularly used in industrial and
manufacturing settings to measure direct emissions at prod-
uct, process, or firm levels (Block et al. 2011; Busch et al.
2022b). Another methodology is Input—Output Analysis,
which uses economic data to understand the relationship
between industries and their emissions. Emission values are
allocated across firms in relation to a firmographic indica-
tor (e.g., relative sales, market capitalization). This method
captures a broader range of emissions across the value chain
but may lack precision for specific company activities (Minx
et al. 2009). Other methods account for the firm’s own data
and external data generating hybrid approaches. Goldhammer
et al. (2017) applied a regression model to infer corporate
carbon footprint with publicly available data. In their model,
firm size, capital intensity, and centrality of production
were found to have significant explanatory power. Similarly,
Assael et al. (2023) applied a regression model to estimate
non-reported scope 1 and 2 emissions finding, albeit expect-
edly, that energy consumption has the larger impact in the
estimations, followed by number of employees and sector,
among others.

The above-mentioned methodologies are mostly focused
on scope 1 and 2 estimations and are used by reporting
firms to comply with the requirements of the schemes they
subscribe to. To access emissions data, other stakeholders,
like investors, academics, or policymakers must wait for
the firms or regulatory bodies to release their sustainability
reports, as few of these stakeholders are resourceful enough
to gather insider data and compute the emissions on their
own. Alternatively, they may resort to third-party data pro-
viders. Several third-party providers like Moody’s, Refinitiv,
or Sustainalytics offer GHG emission data. These providers
use various methodologies to estimate emissions and there
is a growing consistency between their estimates and the
self-reports of firms for scope 1 and 2 emissions (Busch
et al. 2022b). However, for scope 3 emissions, the data is
often less reliable, more inconsistent, and sometimes entirely
missing (Swinkels and Markwat 2023; Ducoulombier 2021)

This inconsistency underscores the need for new methods
that can handle the intricacies and interconnections inherent
in scope 3 emissions, potentially leading to more accurate
and comprehensive assessments. Supply chain management
research has recognized the need to understand the dynam-
ics between suppliers beyond the first tiers for compliance
with standards and the management of GHG emissions. Thus,
the study of multi-tier suppliers in the supply chain emerged
as a pivotal area of focus with an emphasis on sustainability

(Patchell 2018). This research stream not only focuses on the
estimation of emission values but also on the power dynamics
that motivate GHG-emitting firms in the supply chain to be
compliant with mandatory or voluntary schemes. Research
suggests that firms can improve sub-suppliers compliance by
actively assessing and collaborating with them, with factors
such as public attention, perceived risks, and channel power
influencing sub-supplier management (Mena et al. 2013;
Grimm et al. 2016). Kumar and Rahman (2015) note that
companies are motivated to adopt sustainability practices
due to external pressures from entities like governments and
NGOs, as well as the inherent benefits it offers, including
enhanced reputation and the potential for premium pricing.
Thus, the relationship between buyers and suppliers plays a
crucial role in fostering a sustainable supply chain as these
may exert pressure for sustainable change. Their research sug-
gests that when forming these relationships, firms should pri-
oritize sustainability standards in supplier selection. Wilhelm
et al. (2016a) identified how buying firms may extend their
sustainability strategies to sub-suppliers, these being control-
ling supply chain complexity, traceability and transparency
in relation to environmental sustainability, and the manage-
ment capabilities of the first-tier supplier. They further stress
the role of the first-tier supplier as an information broker and
manager of resources for increased transparency in sustain-
ability across the supply chain (Wilhelm et al. 2016b).

The intricate dynamics of multi-tier supply chain man-
agement have also been linked to the study of complex
network analysis. Just as complex network theory seeks to
understand the interdependencies and structures within vast
networks, multi-tier supply chain management delves into
the multifaceted relationships, power balances, and inter-
dependencies among suppliers at various tiers. Both fields
recognize the importance of resilience, adaptability, and
the potential vulnerabilities that can arise from overlooked
nodes or tiers. For instance, Hearnshaw and Wilson (2013)
apply complex network theory to supply chain networks,
proposing that efficient supply chains follow a scale-free net-
work structure. The authors review interdisciplinary litera-
ture to develop propositions around supply chain complexity
and adaptive phenomena. Their findings suggest that supply
chain resilience can be enhanced by incorporating hub firms
and implementing redundancy strategies.

Extant literature has focused on assigning the
responsibility to firms across the supply chain from
industries associated with a large carbon footprint, like
those from the resources and material extraction and
manufacturing industries. However, these are not the
only players that should be considered accountable for
emissions across the supply chain. Relatively newer
initiatives like the Task Force on Climate-related
Financial Disclosures (TCFD) have stressed the need
for the active participation of financial institutions given
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their overarching involvement in the supply chains (TCFD
2021). In this direction, researchers have also tried to
understand the impact of finance on climate change
(Calvet et al. 2022), and the evaluation of sustainability
aspects of investment portfolios (Popescu et al. 2021,
2023). Despite the analogies that can be drawn from the
study of sustainability in multi-tier supply chains we did
not find instances of research addressing concrete cases
on how sustainability efforts or carbon footprint can be
traced through complex investment networks. In particular,
the sustainability aspects of shareholder networks seem to
be understudied. In the context of scope 3 emissions and
investments, research has focused on investors’ pressure
of disclosing environmental data, and how such disclosing
affects financial performance.

Investor pressure is a significant factor driving corporate
scope 3 carbon emission reporting. Research indicates that as
investors increasingly seek information on scope 3 emissions,
companies are expected to enhance their reporting (Busch
et al. 2022a). Studies have found that corporate representa-
tives acknowledge the growing demand from investors for
data on scope 3 carbon emissions and ways to reduce them
(Tang and Demeritt 2018). This trend is supported by the
fact that investors are using scope 3 emission data to assess
firms’ supply chains and potential regulatory risks related
to climate change (Linares-Rodriguez et al. 2022). Blanco
(2021) further highlighted that, besides carbon footprint data,
other risks like physical, regulatory, and market impact can
also be identified through such disclosures.

Research has found a significant positive correlation
between carbon performance and financial performance,
emphasizing a clear incentive for firms to engage in carbon
mitigation efforts. This relationship’s strength varies depend-
ing on the measurement method as relative emission reductions
show a positive financial impact (Busch and Lewandowski
2018). However, there’s no research directly linking scope 3
emission reporting to profitability, Patchell (2018) theorizes
that such reporting is financially advantageous only if it aligns
with customer environmental preferences, potentially leading
to a green premium. However, empirical evidence supporting
this claim is lacking with varying results across industries and
demographics (Lewandowski 2017; Ferrat 2021).

In this article, we focus on the shareholder network of firms
traded in the stock market for insights into scope 3 accounting.
Shareholder networks help capture the ownership structure
of publicly traded firms (TekuSova and Kohlhammer 2008).
By revealing investment patterns, we expect to find investors
most exposed to carbon-intensive industries, highlight firms
and investors that are lagging in terms of carbon footprint
disclosure, and identify which shareholders might be able to
influence multiple firms toward more sustainable practices.
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Data and methods
Data

Shareholding data of public firms listed in the Tokyo Stock
Exchange was sourced from Toyo Keizai (Toyo Keizai Major
Shareholders Database 2023), one of the largest publishers
specializing in Japanese politics, economics, and business.
This data consists of a snapshot of September 2021 of the
ownership of each public firm. It includes the top 35 share-
holders by holdings of each firm being institutional investors,
individuals, and other public firms. In this study, we only
considered shares between public firms. It also included the
ticker, Japanese firm name, English firm name, outstanding
shares, the value of shares in JPY, and percentage of shares
(ownership). Additionally, we sourced corporate data that
included capital, revenue, value of assets, number of employ-
ees, and address, among others. The Tokyo Stock Exchange
classifies each firm into any of seven industries: Finance,
Healthcare and Daily Necessities, Transportation and Pub-
lic infrastructure, IT and Electronics, Retail and Consumer
Goods, Industrial Services, Automobile and Housing, and
Materials and Resources.

The government of Japan through the Ministry of Envi-
ronment, tracks firms’ emissions of the following green-
house gases (GHG): CO, carbon dioxide, CH, methane, N,O
nitrous oxide, HFC hydrofluorocarbons, PFC perfluorocar-
bons, SF, sulfur hexafluoride, NF; nitrogen trifluoride. Their
equivalent in metric tons of CO, (tCO,) is aggregated and
reported on their website (The Ministry of Environment of
Japan 2023). The Japanese regulatory system set the rules
for reporting emissions independent of the GHG Proto-
col and a direct mapping between the two systems is not
always possible. The Japanese reporting system is based on
the Global Warming Countermeasures Act and the Energy
Savings Act. Although the reporting categories may differ,
it is acknowledged that scope 1 and 2 emissions are part of
the mandatory disclosure (The Ministry of Environment of
Japan 2015). Some designated companies also include cate-
gory 4 (transportation and distribution) and 8 (leased assets)
of scope 3 as part of this report. In this article, we refer to the
total emissions of Japanese firms as “scope 1 & 2.

Methods

We applied network analysis to assign the carbon respon-
sibility of each firm based on their influence in the invest-
ment network. Figure 1 summarizes our approach which
includes creating the network of shareholders from the
stock market data and assignation of carbon emissions
based on the data from the Ministry of Environment.
Details are explained as follows.
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Shareholder
data

GHG emission
data

Fig.1 Overview of the methodology. a A shareholder network of
publicly traded firms is created; the weight of the edges represents the
% of ownership. b Each firm in the network is weighed based on its
reported emissions. ¢ The carbon flow network is created by flipping

The stock market data was used to create the shareholder
network. In the network, each publicly traded firm is treated
like a node and is connected to any other public firm from
which has shares. This is a directed network where the
direction of the connection is the direction of the investment,
and the weight of the connection is the percentage of
ownership. Two firms can have shares of each other, in such
cases two arrows in opposite directions are used to describe
their relationship.

We then assigned to each firm in the network the carbon
emission they reported to the Ministry of Environment.
We mapped GHG emissions by matching the firm’s name
across datasets programmatically. We also conducted a
manual assignation for those firms where the name did
not exactly match due to differences in the writing system
(e.g., part of the name is written in Hiragana in the Tokyo
Stock Exchange while in Kanji in the Ministry report, these
being two valid Japanese spellings). This match covered all
major firms by capital. A subset of smaller firms by capital,
or recently listed firms were not immediately found in the
report of the Ministry. For these, a regression model that
accounted for the firm size and industry was used to estimate
the remaining emissions. Therefore, 85% of emissions of
publicly traded firms are directly sourced from the Ministry
report and the remaining is estimated.

At this point, the network can be understood as a repre-
sentation of capital flow in the sense that each arrow rep-
resents the direction of investments, however, we are inter-
ested in a network of carbon responsibility. Therefore, we
switched the directions of the arrows to represent the flow
of carbon due to investments (e.g., if firm A invests in firm
B (A — B) a part of the emissions of B should be allocated
to A (A <« B). This change of direction in the network is in
line with how current guidelines suggest carbon estimation
due to investments (GHG Protocol 2013). With this network

(d)

the direction of the edges and adjusting weights. d Total emissions in
the network are reassigned to each firm based on centrality measures
from the carbon flow network

representation, we can compute investment-derived scope 3
emissions, and adjust weights accordingly, by following the
current guidelines of the protocol which asks for the firms
to calculate the aggregated carbon emissions flowing from
directly connected neighbors (i.e., first-tier investments)
based on the proportion of ownership. The technical guid-
ance of the GHG protocol refers to this calculation as an
“investment-specific method for calculating emission from
equity investments” and is computed by the following equa-
tion (GHG Protocol 2013, p. 142):

directiScope3;,,,, = 2 (scopelandscope2emissionsﬁ,mi

ey

# shareofequity (%), )

where firmx is the reporting firm, and firmi are all the firms
in which firmx invested in. Henceforth, called the direct
investment method.

This direct investment method fails to capture the impact
of investments downstream of the network. Therefore, we
propose the use of network centrality measures to assign
each firm a value that better captures their influence in the
whole system, and thus assign the carbon responsibility
accordingly. Since this influence goes beyond the first-tier
investments, we call it expanded i-scope 3 and is calculated
as follows:

expandediScope?gﬁrm = TotaltCO?2 centralityﬁrm: Z centrality = 1

@
where firmx is the reporting firm, centrality is a normalized
network centrality score, and TotaltCO?2 is the total tons of
CO2 reported by firms in the network that can be distributed
to other public firms. The distribution of carbon footprint
across the firms in the network has the additional benefit
of avoiding double counting, a common issue of traditional
carbon footprint measure approaches (Caro et al. 2013),
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Fig. 2 First-tier investment-derived scope 3 emissions in relation to scope 1 & 2 emissions of publicly traded Japanese firms

because all the actors are considered as part of the chain
simultaneously. Shares of publicly traded firms are also
bought by individuals, institutional investors, and other
entities that ideally should be accounted for by their carbon
footprint responsibility from those investments. Therefore,
TotaltCO?2 concretely refers to the proportion of tCO2 of
all listed firms after subtracting the CO2 that should be
allocated to those other entities not included in the network.

The expanded i-scope 3 varies depending on the cho-
sen centrality measure. In network theory, there are several
centrality measures with different purposes and interpreta-
tions (Newman 2018). We assessed the following measures
of centralities in terms of their effect on carbon distribu-
tion, impact on the network structure, and firm capabilities:
degree, betweenness, closeness, eigen, PageRank, Kleinberg,
and harmonic centralities. PageRank was estimated to be the
metric that better represents firms’ responsibility in the net-
work. Details of the assessment are included in the appendix.

PageRank is a measure of centrality that is used to capture
the influence of actors in complex social networks (Klou-
mann et al. 2017; Smith et al. 2021). The idea behind PageR-
ank centrality is that a node’s importance is determined not
only by the number of connections it has (its degree) but also
by the quality or importance of those connections. In other
words, a node is considered more central if it is connected to
other high-ranking nodes (Page et al. 1999). In the context
of the carbon responsibility network, a firm is more central
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if it invests in firms with a larger carbon footprint, who in
turn also invest in other firms with a larger carbon footprint.
The most influential firms in the network are those
found with a larger expanded i-scope 3. These firms have
a large cumulated carbon footprint given their centrality as
investors. We study the top influential firms and discuss the
impact of the expanded i-scope 3 at the industry levels.

Results

There are 3904 publicly traded firms listed in the Tokyo
Stock Exchange as of September 2021, out of which 3225
(82.6%) appear in the shareholder network and 1562 (40%)
own shares of other public firms. The firms with the largest
carbon footprint were Nippon Steel with 80 M tCO2
contributing 26% of all emissions in the network, followed
by Kobe Steel (16 M tC0O2), and Idemitsu Kosan (7 M tCO2)
a petroleum company.

Beyond the required reporting of scope 1 & 2 emissions,
firms may opt to voluntarily disclose scope 3 emissions
which may include emissions attributed to investments.
When following guidance from the GHG protocol these are
calculated based on the first-tier investments, here referred
to as direct i-scope 3 (Eq. 1). The relationship between scope
1 & 2 and i-scope 3 is shown in Fig. 2.

The scatterplot visualizes 1562 publicly traded Japanese
firms, with the x-axis representing scope 1 & 2 emissions
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and the y-axis representing scope 3 emissions from first-tier
investments, both in tons of CO2 in log scale. While there’s
a general lack of strong correlation between the two axes,
a noticeable trend emerges toward the upper-right quadrant,
housing firms from the steel, chemicals, and materials indus-
tries. Nippon Steel, Kobe Steel, and Idemitsu Kosan are the
most extreme points in this quadrant, not only due to the pre-
viously reported large scope 1 & 2 emissions, but they also
present large direct i-scope 3 emissions. Nippon Steel is one
of the world’s largest steel producers, and it is expected for
them to have high scope 1 & 2 emissions due to the energy-
intensive nature of steel production. Their position also sug-
gests they have significant first-tier investments in other high-
emitting firms. The same can be said for Kobe Steel. Idemitsu
Kosan is an energy company involved in oil refining and pro-
duction. The energy sector is typically a high emitter, so their
position on the chart aligns with industry expectations.

Conversely, the upper-left quadrant is dominated by trad-
ing firms, holding corporations, and finance-related firms,
with Sumitomo Corporation, Mitsui Corporation, Aeon
Co., Japan Securities Finance, and Oji Holdings being
particularly prominent. Sumitomo Corporation & Mitsui
Corporation are diversified conglomerates involved in vari-
ous sectors, from metals to energy to finance. Their direct
operations might not be highly polluting, but their diverse
investments point towards high i-scope 3 emissions. Aeon
Co. is primarily a retail company, and its direct emissions
would be relatively lower. However, its investments or sup-
ply chain might be linked to high-emitting sectors. Japan
Securities Finance being in the finance sector, expected for
its direct emissions to be low. However, its investments in
various industries lead to high i-scope 3 emissions. In our
data, it is the firm with the most first-tier investments hav-
ing shares of more than 436 firms where the average is 2.
Oji Holdings is a firm in the pulp and paper sector, a sector
known for its large carbon footprint. As a holding company,
Oji Holdings reports relatively lower scope 1 & 2 emissions
because most of its emissions are reported to the Ministry
of Environment specifically through its subsidiaries or other
firms in the same group as Oji Materials Co. Ltd. and Oji
Paper Company. Mitsubishi Corporation shares a similar
condition, where higher scope 1 & 2 emissions are found in
multiple subsidiaries that are not publicly traded.

Along the identity line, we see Toyota Motors, Toyota
Industries, and Hokuetsu Corporation. Being firms where
the first-tier investments scope 3 emissions are comparable
to their own scope 1 & 2 emissions.

The majority of firms, however, are agglomerated primar-
ily on the left side of the chart. The distribution suggests
that most Japanese firms have relatively lower direct emis-
sions, but their investment-related emissions vary widely.
This distinction underscores the importance of addressing
both direct and indirect emissions in sustainability efforts.

We also highlight the importance of finance, trading compa-
nies, and holding firms of manufacturing companies when it
comes to assessing investment-derived emissions.

Investment decisions may have far-reaching effects in the
network (Shahzad et al. 2018), so that, estimating the influ-
ence of certain firms is of higher significance. We measured
the relative influence of firms using the PageRank centrality
score (Kloumann et al. 2017; Smith et al. 2021) and accord-
ingly assigned their expanded GHG contribution to the net-
work, which we call expanded i-scope 3. Figure 3 presents
a subset of the network comparing the direct i-scope 3 and
by factoring their influential role in the network, i.e., the
expanded i-scope 3.

The six firms with the largest expanded i-scope 3 are
Toyota Motors (TM), Japan Securities Finance (JSF), Toy-
ota Industries, The Bank of Kyoto (BK), Kyocera Corpo-
ration, and Denso Corporation. JSF and BK are the firms
with the largest delta increase in the network. On the other
hand, TM presents a large i-scope 3 in both cases (direct and
expanded). The relationship between scope 1 & 2 and the
expanded i-scope 3 is shown in Fig. 4.

When considering the expanded influence of firms’
investments, we see a difference over the y-axis in relation
to Fig. 2. Notably, the adjustment reveals some firms scoring
a higher i-scope 3 than Nippon Steel which was the highest
value using the direct method. The distributional effect
after the adjustment caused Nippon Steel to drop and, for
example, JSF and Toyota Industries to increase their i-scope
3. This difference can be used to point to firms with the
largest expanded influence. Table 1 shows 30 firms with the
largest expanded i-scope 3.

The impact of the systemic measure of i-scope 3 emis-
sions at the industry level is shown in Table 2 and Fig. 5.
The materials and resources industry alone, which includes
steel and refineries, produces 63.7% of total scope 1 & 2
emissions. It is also the largest when estimating the scope 3
emissions derived from direct investments. However, when
i-scope 3 emissions derived from investments are redistrib-
uted based on firms’ influence (expanded i-scope 3) the pri-
vate infrastructure services and financial services industries
are the largest. In particular, the largest delta in the increase
of tCO2 when considering the network effect surfaces the
influencing role of the financial service industry, which has
been otherwise overlooked. Figure 5 shows how report-
ing i-scope 3 emissions with the direct method hinders the
expanded impact of some firms across industries. For illus-
tration purposes, we focus on the firms where the i-scope 3
emissions are larger than their scope 1 & 2 emissions which
are marked in red. It can be seen in the upper panel that some
of these firms appear with a relatively lower i-scope 3 using
the direct method, thus, calculating i-scope 3 from direct
investments hides the true influence of these firms.
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Table 1 Top 30 firms with the largest expanded i-scope 3. Measures in tons of CO2

Firm Industry scope 1 & 2 Direct i-scope 3 Expanded i-scope 3 Difference (D-E)
Toyota Motor Auto. and Housing 1,480,314 1,610,989 775,132 — 835,857
Japan Securities Finance Finance 1,081 223,673 656,823 433,150
Toyota Industries Auto. and Housing 311,683 375,805 589,429 213,624
Bank of Kyoto Finance 12,344 68,419 356,060 287,641
Kyocera Corp IT and Electronics 620,342 169,863 318,479 148,616
Denso Corp Auto. and Housing 820,728 220,093 316,367 96,274
Sumitomo Realty & Development Industrial Services 242,069 95,276 236,459 141,183
Mitsubishi Estate Industrial Services 389,398 56,542 233,170 176,628
North Pacific Bank Finance 28,735 98,917 230,511 131,594
Hokkaido Electric Power Public Infra 1,196,684 1,672 198,179 196,506
Sumitomo Corp Industrial Services 41,535 1,270,736 192,182 — 1,078,554
Shimizu Corp Industrial Services 24,200 49,275 189,312 140,037
Mitsubishi Corp Industrial Services 14,752 1,065,424 187,335 — 878,090
Marubeni Corp Industrial Services 7,563 124,475 170,102 45,627
Shizuoka Bank Finance 17,120 47,117 168,403 121,286
Nippon Steel Materials 80,219,240 2,111,980 158,322 — 1,953,658
Chiba Bank Finance 17,015 40,162 150,548 110,386
Toyo Seikan Group Holdings Healthcare 8,347 6,368 137,856 131,488
Mitsui Co Industrial Services 10,625 357,492 137,320 — 220,173
Kajima Corp Industrial Services 2,971,966 13,123 134,099 120,976
Inpex Corp Materials 129,180 5,903 132,878 126,975
Taisei Corp Industrial Services 12,600 22,493 131,298 108,805
Aeon Co Retail 3,967 771,171 130,854 — 640,317
Obayashi Corp Industrial Services 11,246 17,518 123,316 105,798
Hachijuni Bank Finance 11,355 49,089 118,909 69,820
Gunma Bank Finance 10,927 26,858 115,557 88,699
Mitsubishi Heavy Industries Industrial Services 350,099 44,620 110,124 65,504
Toyo Ink Sc Holdings Materials 80,917 13,808 109,447 95,639
Japan Post Holdings Finance 91,693 59,406 108,426 49,020
Mitsui Fudosan Industrial Services 501,564 66,246 105,370 39,124
Table 2 GHG emissions of Japanese public firms per industry in millions of tCO2
Industry Firms' Scope 1 & 2 Direct i-scope 3 Expanded Difference (D-E)
i-scope 3
Finance 217 5.46 1.58 4.04 247
Healthcare and Daily Necessities 437 11.68 0.84 1.51 0.67
Transportation and Public Infrastructure 149 16.53 0.81 1.25 0.44
IT and Electronics 879 23.08 2.11 2.50 0.39
Retail and Consumer Goods 616 13.37 1.41 1.47 0.06
Industrial Services 878 19.74 4.74 4.56 —-0.18
Automobile and Housing 326 15.71 3.37 2.88 —-0.49
Materials and Resources 334 185.43 5.66 2.30 —-3.36

1.68 firms do not report an industry in the dataset
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Discussion

The relevance of financial firms in an investment network
is expected given their role in the redistribution of capital.
It is also recognized that scope 3 emissions may account
for nearly 99% of the total emissions of financial firms
(CDP 2023). In addition to that, this research suggests
that financial services firms also play a central role in
how carbon emissions are distributed through investment
networks, being the second largest contributor of i-scope
3 emissions. Out of 3904 public firms listed on the Tokyo
Stock Exchange, only 217 firms, or 7% are classified under
the financial services industry. This makes financial services
the second smallest industry by number of firms and the
smallest by scope 1 & 2 carbon emissions. However, their
i-scope 3 emissions went from an estimated 1.58 to 4.04
million tCO2 when considering their systemic impact
instead of direct investments only, being the largest increase
among industries. Small direct i-scope 3 calculations can be
attributed to investments going from financial firms to public
corporations and holdings having relatively low scope 1 & 2
emissions. Therefore, not accounting for impacts farther in
the network of investments (e.g., trading and manufacturing
firms under those corporations) where the actual scope 1 &
2 emissions are generated. Despite scope 3 being the largest
of the carbon profiles of financial firms, their emissions may
still be underestimated.

@ Springer

Network dynamics also revealed the industrial services
industry as the largest contributor to i-scope 3 emissions.
This includes trading firms, real estate, and industrial manu-
facturing among other heavy industries. In third place, we
found the automobile and housing industry. Therefore, in
these sectors, emissions in the financial network cannot be
neglected in addition to those along the supply chain. This is
a change of focus from the conventional resource and mate-
rial industries suggesting wider policy efforts over those less
regulated. In this regard, this article adds to the increasing
calls for climate regulation (Busch et al. 2022a) by signaling
specific industries in need of tailored policies.

We also note the distributional effect and group dynam-
ics offered by network measures. The assignation of car-
bon responsibility based on network centrality implies that
investing in publicly traded firms can be considered a signal
of participating in the dynamics of the value chain, and even
a small responsibility will be borne just by engaging in the
network. Concretely, in the shareholder network, each firm
investing in any other firm will be assigned a minimum car-
bon footprint (which, for the Japanese case, corresponds to
2247 tCO2, observed as a lower threshold in the lower panel
of Fig. 5).

Measuring investment-derived scope 3 emissions
through a shareholder network presents some limitations.
It is focused on a specific subset of investments typified
in category fifteen of the GHG protocol. Other types of
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investments aiming to finance subsidiaries, associate
companies, and joint ventures that are not publicly traded
are not captured in the network. Two notable examples are
JFE Steel and JERA. The former is the second largest carbon
footprint firm after Nippon Steel, according to data from
the Ministry, with 53.3 million tons of CO2 (The Ministry
of Environment of Japan 2023). JFE Steel is owned by JFE
Holdings, which is publicly traded, but this relationship
is not captured in the network. JERA is the largest power
generation company in Japan reporting scope 1 & 2
emissions of 131.7 million tons of CO2 (JERA 2023) which
is higher than those of Nippon Steel. JERA is a joint venture
between Chubu Electric Power and TEPCO Fuel & Power,
of which only Chubu Electric Power is publicly traded.
These relationships are out of the scope of shareholder
networks, so that, research on subsidiary networks can be a
promising avenue of future research. In a related direction, it
may be worth considering the financial structure of investee
firms, as these may not only be financed by other actors not
visible in the network, but also through debt. Considering
this connection would add to the role of financial institutions
or shed light on the role of governments and other entities
that may have indirect responsibility for the emissions of
firms along the financial chain.

Companies may sell and buy shares due to market pres-
sure and other factors. Hence, shareholder networks are
dynamic. The greenhouse gas protocol recognizes this situ-
ation and suggests that “companies should identify invest-
ments by choosing a fixed point in time, such as December
31 of the reporting year, or by using a representative aver-
age over the course of the reporting year.” (GHG Protocol
2013, p. 137). Therefore, although the results of a share-
holder network as presented in this research are a snapshot
of investments at the time, they are in line with the protocol.
Further research can investigate how these dynamics can be
integrated for more accurate accounting.

The need to factor sustainability and carbon reduction
into investment decisions is well recognized (Millar et al.
2018). Initiatives like the Taskforce on Climate-related
Financial Disclosure and others are developing frameworks
to guide firms with up-to-date practices in evaluating and
disclosing their carbon footprint and nature-positive indica-
tors (TCFD 2021). These frameworks continue to be bot-
tom-up methodologies, where firms gather emissions data
from their individual invested firms and calculate the total
emissions associated with their value chain (Hoepner and
Rogelj 2021; Ding et al. 2023) While these approaches can
be effective, they can also be time-consuming and resource
intensive, or even misleading in the case of financial firms
(Janssen et al. 2022).

This study, though limited to Japanese public firms,
contributes to introducing a methodology that relies
on public data, offering a comprehensive picture of the

emissions associated with investment activity that is easier
to compute and reproduce. This method will support the
exploration of hidden contributions to GHG emissions by
equity investments and responsibilities for climate change
mitigation as shareholders. This can help promote greater
transparency and accountability, encouraging companies to
model their influence in the network and make informed
decisions. We suggest policymakers, NGOs, or other
stakeholders implement and keep up-to-date emission data
based on system-level methodologies, like the one proposed
in this article, readily available for public consumption. In
addition, we suggest the necessity of a data platform with a
common data scheme and identifiers and sufficient coverage
of companies. Related data for analysis is scattered and
neither reported nor registered in a machine-readable and
exchangeable manner. We analyzed only public companies
but not private ones. This situation causes a huge manual
task for data gathering and editing, which hampers
efficient analysis. In so doing, firms would have a lesser
burden on estimating certain i-scope 3 emissions, it would
promote comprehensive reporting, and increase public
awareness. From an academic standpoint, we contribute
by incorporating network analysis into the study of the
estimation of GHG emissions at the system level. This helps
in identifying firms whose investments have influence in
the financial chain, and in identifying industries commonly
overlooked in GHG emissions research.

Conclusion

A shareholder network approach for the estimation of
investment-derived scope 3 emissions can be used for
policymakers to highlight the dichotomy between a firm’s
operational emissions and those arising from its investments.
While some firms may operate with a smaller carbon
footprint, their investment choices can significantly impact
their overall environmental impact. This insight emphasizes
the need for comprehensive strategies that consider both
operational and investment-related emissions when aiming
for a sustainable transition in the business landscape.

This study elucidated the role of investment-derived
scope 3 emissions within the Japanese economy using
network analysis. The research revealed that traditional
methods, which focus on direct investments, may not cap-
ture the full carbon footprint of firms, particularly in the
financial sector. The difference between direct i-scope 3 and
expanded i-scope 3 emissions highlighted the broader influ-
ence of firms in the investment network. The financial sector,
despite its low direct emissions, has a significant impact on
the carbon responsibility network. Additionally, the indus-
trial services and automobile and housing industries play
central roles in the distribution of i-scope 3 emissions. The
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methodology introduced offers a comprehensive approach to
estimating investment-derived emissions, promoting trans-
parency and accountability. As global efforts intensify to
transition to a low-carbon economy, understanding the com-
plete carbon footprint of firms, encompassing both direct
and indirect emissions, becomes paramount.

Appendix

Selection of centrality measure

We assessed seven measures of network centrality to under-
stand how they affect the distribution of carbon emissions
across the shareholder network and their ability to detect
influential firms. The selected centralities are among the most
used metrics in complex network analysis and their defini-
tions and applications are well-developed (Newman 2018).

Degree centrality: refers to the number of connections
of a node in a network. In this research, we focus on the in-
degree centrality, which is the count of incoming links from
the carbon responsibility network.

(in)Degree; = Z aj (A1)
J

where a; = 1 when j points to i and zero otherwise. a;

refers to each possible intersection of pair of nodes in the

adjacency matrix, A, of the network.

Closeness centrality: focuses on how close a node is to all
other nodes in the network, rather than just counting the number
of incoming connections. It is measured as the average length
of the shortest path between a node and the rest of the nodes.

N-1
Y di.))

Closeness; = (A2)

where N is the number of nodes in the network, and d is the
length of the shortest path between nodes i and j.

Harmonic centrality: is a special case of closeness cen-
trality that better handles disconnected networks by assign-
ing a weight of zero when there is no path between two
nodes. Formally defined as the sum of reciprocal of dis-
tances between nodes.

Harmonic; =

o d(z J) (A3)

Betweenness centrality: measures the number of times
a node acts as a bridge along the shortest path between the
other pairs of nodes. It is useful to assess the influence of a
node in communication networks.
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D.(s,1)
Betweenness; = Z -
SELGIED D(s, t)

(A4)

where D(s, ) is the number of shortest paths between nodes
s and ¢. and D;(s, ) is the number of those paths where i
appears.

Eigenvector centrality: this centrality measure consid-
ers not just how many connections a node has, but also the
quality or importance of these connections. For example,
being connected to a highly influential firm is more signifi-
cant than being connected to several less influential firms. In
this context, a node (firm) with few connections could still
have high eigenvector centrality if those connections are with
highly influential nodes. The "eigenvector" part of the name
comes from a mathematical method used in its calculation.
In essence, each node’s centrality is proportional to the sum
of the centralities of the nodes it is connected to. This cre-
ates a recursive relationship where the importance of a node
depends on the importance of its neighbors (Newman 2018).
The Eigen centrality of node I is defined as:

- Z Eigen;

j—i

where j — i is the set of neighbors of i and A is a positive
constant, being the largest eigen value for the adjacency
matrix of the network, A. The equation is commonly written
in its vector form.

Ax = Jx (A6)

where x is the eigen centralities of the nodes, as a vector.
The centrality scores are determined through an iterative
process, eventually converging to the eigenvector x
associated with the largest eigenvalue A of the network’s
adjacency matrix.
PageRank: Is a special case of eigenvector centrality
where emphasis is placed on the incoming links.

PageRank; 1 _ o

T

PageRank; = a 2

Jj=i

(A7)

where « is a dumping factor set to 0.85 (Brin and Page
1998), and L(j) is the outbound links of j. As with Eigen
centrality, PageRank is computed iteratively, where values
at the first iteration are uniformly distributed across nodes
and sum 1.

Kleinberg centrality: also known as the HITS algorithm is
another variation of the eigen vector centralities appropriate
for directed network. HITS stands for Hyperlink-Induced
Topic Search; Like PageRank, it was first developed to assess
the relevance of pages on the internet. However, Kleinberg
centrality seeks to also give a higher relevance score to
nodes with outward connections to other relevant nodes in
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the network, not only to those receiving as PageRank does
(Kleinberg 1999). In the vector form it is defined as:

ATAx = Ax (A8)

where A is the Adjacency matrix of the network and x is the
eigenvector corresponding to the largest eigne value 4, as in
the Eigen centrality.

All measurements where normalized and the weight of
edges set as the proportion of emissions based on the per-
centage of ownership.

In this paper, we assigned carbon responsibility to each
firm based on the normalized centrality score. Each central-
ity measure ranks and scores firms differently which directly
impacts who in the network should bear more responsibility
for the emissions of the system. For example, a poor ranking
measure could assign a very high score to a single firm while
the rest remain low. Conversely, a scoring measure that allo-
cates carbon linearly may end up assigning undeservedly
high emissions to smaller firms of little influence. Figure 6
shows the carbon allocation pattern in the shareholder net-
work of publicly traded Japanese firms. In this figure, the
x-axis represents the firms sorted from the highest score
for that centrality, and the y-axis is the cumulative propor-
tion of emissions assigned to the firms. It can be seen that
both Kleinberg and Eigenvector centralities give the highest
scores to the very few firms at the top of the ranking, and
thus these very few end up bearing most of the responsibility
for the emissions. Closeness and betweenness centralities
show a smoother pattern where around the top 500 firms
would be assigned almost the total emissions in the network.

Centrality
Betweenness
Closeness
Degree

= Eigen
Harmonic

=== Kleinberg

=== PageRank

1000 1500

The rest of the centralities have a larger distributional effect
across the firms.

We then evaluate the extent that centrality measures can
locate influential firms by assigning them a higher score so
that top-ranked firms are influential. Research in multi-tier
supply chains suggests that firms can exert influence for
sustainable transformation to other firms in the value chain
(Wilhelm et al. 2016b). The necessary assumption is that the
firms are connected through relationships across the sup-
ply chain. In the context of complex networks, a firm can
only influence other firms in the same component, as there
must be a connecting path from firm A to firm B. Here, we
use a node deletion approach to test the influence of firms.
When non-influential firms are removed from the network,
there will still be a path connecting the remaining firms. On
the contrary, removing influential firms would destroy paths
across firms creating separate components (Albert et al.
2000). Figure 7 shows the results for the targeted deletion
of firms one by one from the highest scoring in each central-
ity. The x-axis represents the top 500 firms for each central-
ity, and the y-axis is the number of components resulting
from deleting those firms. Both Degree' and PageRank sort
firms in a way that their deletion would quickly decompose
the network into smaller components and thus the reach of
the influence of remaining firms gets shorter. Meaning that
those firms at the top play an important role in connecting
the whole network.

! Degree means the in-degree centrality of the carbon flow network,
or the out-degree of the investments network.
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Fig.8 Correlation between centrality measures, scope 1 & 2, and
market value of publicly traded Japanese firms

We then show the correlation between these centralities,
scope 1 & 2 emissions, and the market value of the firms in
the network in Fig. 8. Degree, PageRank, Harmonic, and Eigen
centralities are positively correlated, with PageRank and Eigen
being the largest correlated pair. Except for Kleinberg, centrali-
ties do not correlate with scope 1 & 2 emissions. Kleinberg, by
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definition, seeks to give a high score to both sinks and sources
in a directed network (Kleinberg 1999). This being a network
of carbon emission flow with some firms being large sources
of emissions it is expected that Kleinberg centrality would sur-
face these sources as relevant. However, our interest is to detect
influential firms whose investments make them great receivers
of carbon inflow. Additionally, a high correlation to scope 1
& 2 emissions just keeps signaling firms for which their high
levels of emissions are already known. Finally, PageRank and
Eigen centralities correlate to the market value.

In conclusion, our assessment points to PageRank as the
appropriate indicator to measure firms’ influence in the share-
holder network of Japanese firms. PageRank is among the
three with better carbon distributional effects, and one of the
best-ranking firms based on their structural influence in the
network. Finally, PageRank is the second largest correlated to
market value. We deem this to be a relevant factor for selec-
tion given that, in practice, we can expect that larger firms can
exert more influence over their value chain (Hofstetter 2018).
Although Eigenvector centrality is the highest in this regard,
its poor distributional effect makes it not a suitable metric.

Firms with the largest GHG emissions

Carbon footprint responsibility is usually attributed to firms
with the largest footprint in the supply chain. Table 3 lists
the publicly traded firms with the largest footprint in the
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Table 3 Top 20 firms with the largest carbon footprint in tons of CO2

Firm Industry Scope 1 & 2
Nippon Steel Materials 80,219,240
Kobe Steel Materials 16,376,089
Idemitsu Kosan Materials 7,210,859
Tosoh Corp Materials 6,680,889
Nippon Paper Industries Materials 5,936,627
Taiheiyo Cement Materials 4,744,240
Tokuyama Corp Materials 4,508,903
Ube Industries Materials 4,161,093
Mitsui Chemicals Materials 3,896,869
Mitsubishi Materials Materials 3,516,536
Kajima Corp Industrial Services 2,971,966
Chubu Electric Power Public Infra 2,704,231
Sumitomo Osaka Cement Materials 2,613,300
Daio Paper Materials 2,602,314
Sumitomo Chemical Materials 2,452,706
Showa Denko Materials 2,044,477
Toray Industries Materials 1,918,540
AGC Inc IT and Electronics 1,885,477
Tohoku Electric Power Public Infra 1,700,000
Asahi Kasei Materials 1,552,438

Japanese investment network. Only Kajima Corp. and Nip-
pon Steel also appear as firms with the largest i-scope 3
(Table 1). This signals a qualitative disjoint between the
firms known as larger emitters and those whose responsi-
bility arises due to their investments.

Although the distinction between direct emitters and
those based on investments is clear at the firm level, the
distinction may be more subtle at the corporate level. For
example, Mitsubishi Corporation and Mitsubishi Estate are
firms among the largest i-scope 3 emissions as indicated in
Table 1, while Mitsubishi Materials is so on direct carbon
emissions, all firms of the Mitsubishi Group. Similarly, the
conglomerates of Mitsui and Sumitomo have firms either
identified with large direct or investment-derived emis-
sions. These tightly connected conglomerates, known as
keiretsu in the Japanese context, are known to be resilient
due to their highly diversified portfolio of firms (Lo and
Liao 2021). In particular, the horizontal keiretsu, a struc-
ture where a bank is placed at the center orchestrating the
relationship among the firms, is associated with sustain-
able growth (Watanabel et al. 2022) and profit stability
(Brouthers et al. 2014). These are positive characteristics
in terms of corporate performance but may pose a chal-
lenge in terms of sustainability policies, given that keiretsu
are resilient to external changes. On the one hand, firms in
the keiretsu may be reticent to integrate and report GHG
emissions beyond the mandatory schemes given that con-
tinued operations are granted within the conglomerate

that supports them, on the other hand, adopting greener
practices and improved reporting can disseminate quickly
across firms in the same group once the orchestrating firms
adopt such greener practices. Which of these approaches is
currently taken by the keiretsu is a question that remains
open. However, initial evidence points to Japanese keiretsu
engaging in Corporate Social Responsibility activities in
general (Yoshida et al. 2022), but more research is neces-
sary for the case of GHG emission reporting specifically.

Investment networks, as presented in this article, offer
the opportunity to identify keiretsu-like structures, not
only within the Japanese context but also internationally.
Complex networks can be partitioned into clusters of
highly connected nodes (Newman 2018). In a network of
international crossholdings, clusters of firms from different
industries having banks with high centrality scores would
be akin to horizontal keiretsu. Direct and investment-
derived emissions at the firm and corporate levels can then
be computed. We consider these approaches as avenues for
future research.
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