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Abstract Using firm-level data from the U.S. manufac-
turing industry, this paper examines the relationship among
inventory leanness, structural strategies for supply chains,
and the carbon intensities of a firm and its suppliers. We
formulate hypotheses on and empirically test whether this
internal characteristic (inventory leanness) and these two
structural strategies can influence the intensities of firm-
level and supply chain environmental impacts. We exam-
ine inventory leanness because it not only reflects a man-
ufacturer’s operational efficiency but also markedly
influences manufacturers’ financial performance. We also
focus on two closely related structural strategies (out-
sourcing and product diversification) that can influence the
scope and ownership of the supply chain process, resulting
in changes in emission allocation and, more importantly,
how resources are utilized and shared in a firm. Based on
multi-year carbon inventory data from U.S. manufacturing
firms, we find that manufacturers with greater inventory
leanness and a parsimonious process structure (i.e., a high
level of outsourcing but low product diversification) tend to
attain lower firm-level and supply chain carbon intensities.
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Introduction

Over the years, elevated pressure from stakeholder groups
has forced firms to not only maintain their profitability but
also monitor greenhouse gas (GHG) emissions in their
supply chains (Comas Marti and Seifert 2013). Several
major governments, such as the European Union and the
United States, have implemented or planned to enact GHG
regulations to mitigate the social and economic impact
caused by anthropogenic GHG emissions (IPCC 2014).
Under growing institutional pressure, reducing the carbon
footprint of supply chains becomes increasingly important.
Operating a carbon-intensive supply chain can increase a
firm’s production and operating costs, incur legal liabili-
ties, tarnished firm reputation, and reduce its appeal to
environmentally aware customers (Soyka 2012; Plambeck
2012). More and more companies start to work with their
suppliers to jointly reduce carbon emissions, and suppliers
are increasingly requested by their customers to share
environmental data (Jira and Toffel 2013). This trend can
be perceived as a testament to the value and importance of
managing carbon emissions in a firm’s supply chain.
However, reducing carbon emissions may divert produc-
tive resources and influence corporate financial perfor-
mance (FP) (Wang et al. 2014). A deeper understanding of
the trade-off between profits and carbon reduction can also
help us understand firms’ motivation for reducing carbon
emissions, because most firms engage in GHG reduction
primarily in anticipation of the concomitant financial
benefit (CDP 2013).

Pressure to manage carbon emissions creates an impetus
to implement strategic changes and adopt operational
innovations for a sustainable and responsible supply chain
(Isaksson et al. 2010; Wolf 2011). Because carbon emis-
sions arise from business operations, a firm’s overall
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carbon footprint hinges on its resource efficiency. In this
regard, the operations literature has a prevalent view that
lean operations, which focus on waste minimization in
production processes, can enhance resource efficiency and
reduce firm-level environmental impacts (Florida 1996;
King and Lenox 2001; Rothenberg et al. 2001; Kleindorfer
et al. 2005). Several studies also found that operational
leanness is positively correlated with a firm’s FP (Chen
et al. 2007; Eroglu and Hofer 2011; Modi and Mishra
2011). However, the extant leanness literature has two
potential limitations. First, these two streams of research
have advanced separately and have not generated overar-
ching research findings; the leanness-FP literature has not
considered the impact on environmental performance (EP)
and, similarly, studies on the environmental impacts of
leanness have largely overlooked the financial impact
(except for the potential cost savings due to waste reduc-
tion). Integrating views on EP and FP is crucial because
research has suggested a potential trade-off between these
two performance dimensions (e.g., Blanco et al. 2009;
Busch and Hoffmann 2011; Dixon-Fowler et al. 2013).
Second, prior research has not explored the impact of
leanness on suppliers’ EP. The literature did not examine
the effect of leanness strategy on suppliers’ environmental
and operational burdens. Answering these questions can
shed new light on the effectiveness of leanness as a waste
reduction and profitable strategy from a supply chain
viewpoint. The first goal of this paper is to investigate how
a firm’s operational leanness is related to its and its supply
chain’s carbon intensities.

While leanness and resource efficiency are important
contributing factors in superior environmental and business
performances, maintaining a lean production environment
is often a necessary but not sufficient condition for sus-
tained competitive performance. For example, supplying
goods that have no demand, even if the production process
is efficiently executed, will add no value or even cause
damage to the producer, natural environment, and society.
To achieve sustained performance and economic effi-
ciency, firms should also select the right collection of
products and focus on the strategically advantageous pro-
cesses in their value chain (Saloner et al. 2001). Strategies
about these two decisions—product portfolio and out-
sourcing/integration—can also individually affect firms’
overall performance through process coordination,
resource allocation, and the ability to develop core com-
petency (Fine 2000; Bozarth et al. 2009; Espino-Rodriguez
and Padrén-Robaina 2006; Wan et al. 2011). Furthermore,
these two supply chain strategies may alter supply chain
structure, confounding allocation of carbon emissions in a
supply chain. For example, a vertically integrated firm
should expect a higher percentage of direct carbon emis-
sions from its total carbon emissions than a less integrated
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Fig. 1 Supply chain structure and carbon emissions under diversi-
fication and outsourcing

firm. A diversified firm producing multiple products typi-
cally is not comparable with single-product firms because
of the intra-firm synergy effect (Teece 1980; Barney 1991;
Barney et al. 1992). Figure 1 illustrates the effect of the
two strategies on carbon allocation in a supply chain.
Because outsourcing brings changes to a firm’s assets and
that diversification influences how resources are used and
shared, these two strategies are likely to have a close
interactive relationship. However, prior research on out-
sourcing and diversification does not suggest how these
two strategies may jointly affect either FP or EP, which the
current paper will examine.

This paper aims to provide an integrated view on
internal leanness, product diversification, and outsourcing
strategies in their relations to carbon intensity—the ability
to “create more profits with less carbon,” attaining both
financial and environmental sustainability. Drawing on
literature on operations management and strategic man-
agement, we hypothesize that more leanness and less
diversification are associated with lower carbon intensity,
and that the effect of diversification is moderated by out-
sourcing intensity. We conduct the empirical analysis
based on a matched set of financial accounting and carbon
inventory data from U.S. manufacturing firms. We examine
the changes in carbon intensity based on firm-level carbon
emissions and the focal firm’s first-tier suppliers’ carbon
emissions. Our results suggest that operational leanness
and limited process scope (i.e., more outsourcing and less
diversification) are associated with lower carbon intensity.

Theory and Hypotheses

In this section, we present our hypotheses regarding how
leanness, supply chain structural strategies, and some firm-
level characteristics may be associated with carbon inten-
sities. We define carbon intensity as the ratio between a
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firm’s carbon emissions and profits. For carbon emissions,
we consider the manufacturer’s firm-level and first-tier
(suppliers’) emissions. We define first-tier suppliers as
those who supply products or services to the focal firm, and
first-tier emissions as first-tier suppliers’ emissions gener-
ated in connection with supplying goods to the focal firm.
To organize our discussion of how the strategies in ques-
tion may (or may not) affect the carbon intensity ratio, we
will first discuss the impacts on FP and carbon performance
separately.

Leanness and Carbon Intensity

Leanness is a fundamental concept in operations manage-
ment. One of its core ideas is to identify and eliminate
waste in different forms and ensure a continuous flow of
production (Ohno 1988). Specifically, waste can be oper-
ational (e.g., set-ups, queues, and unnecessary movement
and operational steps) or material (e.g., inventory, scrap,
and resource use that does not provide added-value). Waste
reduction can be realized through a wide range of activi-
ties, including employee education, process redesign, and
reduction of inventory buffers and unnecessary resource
usage. A leaner operational environment also enables
managers to identify more opportunities for process
improvement and pollution prevention (King and Lenox
2001; Berchicci and King 2007).

For these reasons, lean operations often improve cost
efficiency and productivity, adding to financial gain.
Among different lean practices, reduction of production
inventory plays a key role in creating a positive effect on
FP. A lower inventory level reduces a firm’s asset base and
therefore enhances profitability (e.g., as measured by
returns on assets; see Fullerton et al. (2003)). Excess
inventory also represents unnecessary spending, because
producing inventories requires capital, material, and labor
inputs. The positive link between inventory leanness and
FP has been confirmed in several empirical studies based
on large panel data of U.S. publicly traded firms (Chen
et al. 2005, 2007; Swamidass 2007; Eroglu and Hofer
2011; Modi and Mishra 2011).

Lean manufacturing systems generate fewer direct car-
bon emissions because waste reduction generally increases
resource productivity and conserves energy. Leaner firms
have less waste due to overproduction, defective products,
and the interruption of production flow, which are all major
sources of carbon emissions (Rothenberg et al. 2001). For
example, set-up time may contribute to “non-value-added”
carbon emissions, because workstations still consume fuel
and electricity when idle. Energy, in the forms of refrig-
eration, heating, and lighting, may also be needed to store
perishable raw materials and (semi)finished goods. Main-
taining consistent quality in production output also reduces

raw material, resource, and energy waste, and may there-
fore lower both a firm’s direct operating costs, and direct
and supply chain carbon emissions. Because energy supply
and price are increasingly erratic, leaner firms are in an
advantageous position to manage their costs of production.
The operational benefits associated with lean operations
can also enhance their market performance, because lean
manufacturers tend to be more flexible in their product and
service provision (in terms of response and product variety)
and have better product quality. Both of these areas are
essential to ensuring customer satisfaction and sustained
revenue. Therefore, lean manufacturing firms are expected
to have lower carbon emissions and better overall FP, and
thus better direct carbon efficiencies.

In addition to the direct cost and carbon savings asso-
ciated with lean practices, lean operations create an orga-
nizational culture and environment that are conducive to
better carbon performance. Lean manufacturing firms have
lower marginal costs for environmental improvements
(King and Lenox 2001), because once lean operational
principles are disseminated within the firm, the firm will
enjoy greater coherence and lower resistance when intro-
ducing new environmental management systems. Lean
manufacturing firms also tend to be more active in
engaging in pro-environment and self-regulatory initiatives
because of the cost incentives and the accumulation of
knowledge in lean operations (Anton et al. 2004). To
summarize, the preceding discussion notes that manufac-
turers with leaner inventories should have lower firm-level
carbon emissions, operating costs, and superior FP.
Therefore, we formulate the following hypothesis:

Hypothesis 1a A firm’s leanness is negatively related to
its firm-level carbon intensity.

In contrast, the relationship between leanness and first-
tier carbon emissions is less transparent. We can find argu-
ments supporting either a positive or a negative relationship.
The arguments for a positive relationship contend that a lean
buyer can benefit from working with lean suppliers and
therefore be more willing to support suppliers to adopt lean
manufacturing practices (King and Lenox 2001; Reinhardt
1999). The main reason is that lean operations require a high
level of operational coordination, which lean suppliers are in
a better position to accommodate (MacDuffie and Helper
1997; Vachon and Klassen 2007). Thus, working with lean
suppliers can lower the buyer’s transaction costs and
increase joint productivity (Wu 2003; MacDuffie and Helper
1997). Lean buyers in practice tend to either develop lean
suppliers out of their existing supply base, or simply switch
to leaner suppliers (Klassen and Vachon 2003). We would
then expect that firms adopting lean practices also tend to
have lean suppliers, which according to Hypothesis la will
have below-average carbon emissions.
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However, the focal firm’s operational leanness may
sometimes increase its suppliers’ emissions. For example,
keeping inventory low may require frequent small orders
(with shortened lead-time) for replenishment. Suppliers
therefore must make more frequent deliveries and in some
cases resort to expedited modes of transportation. Small-
quantity orders can also make some suppliers choose a
smaller production lot and then undertake changeovers
more frequently. All of these effects can potentially
increase supply chain carbon emissions (Plambeck 2012).
However, because we predict that leanness can positively
influence FP, the focal firm’s first-tier carbon intensity will
also be lower unless its first-tier emissions greatly exceed
those of their competitors. We argue that, much like a
buying firm has an incentive to work with lean suppliers,
lean suppliers also have a similar incentive to search for
lean customers (Womack et al. 1990). For suppliers that do
not adopt lean practices, the focal firm are expected assist
these suppliers in implementing lean strategies, because as
noted above, the focal firm can benefit from working with
lean suppliers and lowering suppliers’ operating costs. The
Japanese auto industry (MacDuffie and Helper 1997) and
Walmart’s Supplier Energy Efficiency Program (SEEP)'
are two good examples of the purposeful diffusion of lean
practices in a supply chain.

Thus, we expect to see a two-way incentive for lean
buyers and lean suppliers to bond and stay bonded, which
will result in lower overall carbon emissions. The situation
in which lean operations increase suppliers’ emissions arise
most likely when the focal firm’s suppliers do not adopt
lean practices, which lean buyers are expected to avoid.
The above discussion leads to the following hypothesis.

Hypothesis 1b A firm’s leanness is negatively related to
its first-tier carbon intensity.

Product Diversification

Below we will discuss how product diversification is
related to carbon intensity. We will develop our hypothesis
in a two-pronged approach. First, we will discuss the
impact of diversification on FP and then operational per-
formance. When discussing the operational impact, we
argue that process inefficiency in business operations will
lead to excess carbon emissions.

Product Diversification and Financial Performance

The performance outcome of product diversification
depends on the net result of the synergy effect,

I See, e.g.,
Overview.

http://clearenergy.com/site_media/documents/SEEP_

@ Springer

coordination costs, and adjustment costs resulted from a
firm’s diversification strategy (Barney 1991; Barney et al.
1992). To explain the performance differences among
diversifying firms, several studies propose a curvilinear
relationship between the degree of diversification and FP
(Palich et al. 2000; Zahavi and Lavie 2013). The curvi-
linear relationship is assumed to exist because product
diversification (measured as a continuous scale) will ini-
tially provide more synergy benefits than the coordination
and adjustment costs due to suboptimal resource sharing.
However, as firms pass their optimal diversification level
and gradually diversify to produce unrelated products,
economies-of-scope will diminish exponentially and the
costs of over-diversification will prevail (Narasimhan and
Kim 2002; Palich et al. 2000).2 Empirical evidence also
suggests that managers typically are not aware of the
optimal diversification levels for their firms (Montgomery
1994), partly because coordinating resource sharing as in
related diversification is a complex problem (Wernerfelt
1984; Hoskisson and Hitt 1988; Rawley 2010; Levinthal
and Wu 2010; Wan et al. 2011; Hashai 2015). Moreover,
managers may have incentives to over-diversify, because
some managers view diversification as a means to hedge
risks and glamorize their personal performance (Shleifer
and Vishny 1989; Denis et al. 1997). Summarizing the
findings from these studies, we posit that most diversifying
firms will surpass their optimal diversification points. Thus,
the observed degree of diversification will exhibit a nega-
tive correlation with FP.

Product Diversification, Plant Operations, and Carbon
Emissions

Several studies on diversification further examine plant
operations and find that plant productivity is negatively
correlated with firm-level product diversification, which
may in turn results in excessive carbon emissions. Using
plant-level data from the U.S. Census Bureau, Lichtenberg
(1992) found that plant productivity declines when the
parent firm operates in more business segments. Schoar
(2002) and Maksimovic and Phillips (2001) used longer
panel data to study the diversification—productivity link and
found that the average productivity of diversified firms is
higher than the productivity of single-business firms, but
that firm-level productivity is negatively correlated with
the level of diversification. Furthermore, these two studies
both observed that almost all new plants that are acquired
or built for diversification show productivity improvements

2 Diversification strategy can be conceptualized and measured as a
progressive transition from single product or business, to related
diversification, and then finally to unrelated diversification. See, e.g.,
Palich et al. (2000); Zahavi and Lavie (2013).
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over time, but that most existing plants experience pro-
ductivity losses after diversification. One implication is that
managers may often shift excess resources and managerial
attention to new product lines and businesses, resulting in
increased inefficiency. Because the focal firm must coor-
dinate increasingly complex inter-plant operations under
diversification, its firm-level productivity loss due to
diversification may be much higher than all plant-level
productivity losses combined, resulting in excess carbon
emissions.

Considerable empirical evidence has been found in the
operations literature to support that a “focused” strategy
helps enhance production efficiency and product quality
(Skinner 1974; Singh and Terwiesch 2011). Mukherjee
et al. (2000), for example, found that the labor produc-
tivity and conformance quality of a production line are
lower when the production line produces heterogeneous
products. From a production viewpoint, product diversi-
fication could potentially increase the number of chan-
geovers in production lines for a firm and the number of
products and suppliers that the firm must manage. With
more products included in the product portfolio, pro-
duction planning and inventory decisions become
increasingly difficult to optimize. Moreover, firms with
highly diversified product portfolios may need to pool
production for differentiated products into a small num-
ber of production facilities to improve scale efficiency,
and the average distance to customers will increase as a
result (Randall and Ulrich 2001). With a longer distance
to customers, the likelihood of resorting to more carbon-
intensive transportation modes will rise especially when
demand uncertainty and substitution for related products
are pronounced. These logistic activities and coordination
problems will increase both internal and first-tier supply
chain emissions.

Finally, several studies have found that operational
inefficiency and managerial indiscretion are accountable
for a high proportion of preventable energy waste (e.g.,
Blass et al. 2014; Suresh et al. 2013). As the operational
complexity due to product diversification can be associated
with increased process inefficiency for the focal firm and
its suppliers, this inefficiency should lead to higher carbon
emissions from both sides. Summarizing the above dis-
cussion, diversified firms may not secure financial benefits
and in some cases will incur financial loss. They are also
likely to have higher firm-level and first-tier carbon emis-
sions than their nondiversifying counterparts. Therefore,
we make the following prediction:

Hypothesis 2 Product diversification is positively asso-
ciated with the firm-level and first-tier carbon intensities.

Moderating Effect of Outsourcing on Product
Diversification

As discussed in the preceding section, the product portfolio of
a firm is typically constructed based on the firm’s current
resources. Meanwhile, outsourcing strategies redraw a firm’s
corporate boundaries and change the ownership of resources
available for production. Therefore, we expect that out-
sourcing may moderate the performance impact of diversifi-
cation through its implications for organizational resources.

To understand the effect of outsourcing on diversifica-
tion, we use the resource-based view (RBV) as the theo-
retical basis to predict a firm’s outsourcing decisions. RBV
addresses how a firm may create competitive advantage
through utilizing the resources at its disposal (Wernerfelt
1984). RBV suggests that resources that create competitive
advantage are usually those that are firm-specific, inim-
itable, and less fungible (Barney 1991). To better identify
and utilize these resources, firms often use outsourcing as a
“focus” strategy to better concentrate their financial,
human, and physical assets on competency-building pro-
cesses (Buzzell 1983; D’ Aveni and Ilinitch 1992; Das et al.
2006; Heshmati 2003). Therefore, for outsourcing firms,
resources that are not central to the creation of a firm’s
competitive advantage (e.g., nonunique resources for
which an established market exists) are more likely to be
outsourced first (Espino-Rodriguez and Padrén-Robaina
2006; Amit and Schoemaker 1993) to prevent suppliers
from entering the market (Eggers 2014), and to lower
transaction costs (Cesaroni 2004). The above discussion
suggests that the order in which firms outsource should
follow the perceived strategic importance of the resources
and that with more intensive outsourcing, the retained
resources and capabilities are more likely to be those that
are more firm-specific and less fungible. Therefore,
resource specificity should increase under a high level of
outsourcing, hindering resource sharing.

Based on the above discussion, the retained resources
after outsourcing are more suitable for developing related
products that, as noted above, mostly occur at the initial
phase of product diversification. As the benefit of diver-
sification mainly stems from the benefit of resource
sharing, resource specificity could diminish scope
economies that the firm could have garnered when the
resource stock was high and fungible. As a result, out-
sourcing reduces the synergy benefit and increases the
costs associated with product diversification. We therefore
expect that the higher the outsourcing level is, the
stronger the effect of product diversification on increasing
firm-level and first-tier carbon intensities will be (and vice
versa).

@ Springer
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Hypothesis 3 Product diversification has a stronger
(more positive) effect on increasing firm-level and first-tier
carbon intensities when outsourcing intensity is higher.

Empirical Models
Sample and Data

Our sample includes U.S. manufacturing firms (NAICS
codes 31 through 33) for the period between 2006 and
2012, and is constructed by matching annual data from
Standard and Poor’s Compustat with data from Trucost
(http://www.trucost.com/). We obtain firm-level financial
variables from Standard and Poor’s Compustat, segment
information from Compustat Segment Data, and environ-
mental variables from the Trucost database (i.e., carbon
emissions and environmental disclosure status). We also
use archival data from the U.S. Bureau of Labor Statistics
(http://www.bls.gov) to estimate labor expenses, which are
used to calculate the outsourcing index (see “Key Inde-
pendent Variables” section).

Trucost is a comprehensive environmental database that
contains the firm-level and supply chain environmental
footprints of over 4000 companies listed in the S&P 500 or
MSCI World Index. Trucost compiles figures from com-
panies that disclose their environmental profiles to the
public in company reports or other publicly available
sources such as the Toxic Release Inventory of the U.S.
Environmental Protection Agency (EPA) and Carbon
Disclosure Project (CDP). We use firms’ self-reported
environmental data compiled by Trucost. The Trucost data
were previously used in several studies on management
issues related to carbon emissions, including for example
Jira and Toffel (2013) and Knight (2011). Our sample data
are created by merging Trucost and Compustat with CUSIP
codes. The final sample contains an unbalanced panel for
126 manufacturing firms and 388 firm-year observations.

Dependent Variable: Carbon Intensity

We use carbon intensity, which is the ratio between a
firm’s carbon emissions (in million tonnes) and its oper-
ating profit (million dollars), as our dependent variable.
The ratio reflects how much carbon emissions are gener-
ated on a per dollar profit basis. We use a profit measure in
the intensity measure instead of sales to partially capture
the firm-level productivity improvement and resource
efficiency, which are mostly reflected in the cost figures.
Several studies that use information carbon emissions
adopt the carbon-to-sales ratio as the intensity. In that ratio,
sales are meant to be a normalizer that reflects the company
scale. We use the carbon-to-profit ratio because, as noted
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above, profitability is an important aspect of carbon man-
agement practices. Using the carbon-to-sales ratio, for
example, we would not be able to distinguish companies
with high sales but high cost due to inefficiency, versus
companies with a similar amount of sales but low cost.

We calculate the operating profit as sales (Compustat
item SALE) less operating expenses (Compustat item
XOPR). Observations in our matched sample all have
positive operating profits, requiring special consideration.
We create three intensity variables for each firm-year
observation: the firm-level carbon intensity when firm-
level emissions are considered and the first-tier carbon
intensity when the first-tier suppliers’ carbon emissions are
considered.

Firm-level carbon intensity = direct carbon emis-
sions/operating profit

First-tier carbon intensity = first-tier suppliers’ carbon
emissions/operating profit

Therefore, a higher carbon intensity would signify lower
overall performance (i.e., either the firm generates more
carbon emissions, lower profits, or both, than its competitors
do). As noted above, we define first-tier emissions as the
first-tier suppliers’ firm-level emissions generated to supply
goods to the focal firm. Firms in our sample all have positive
operating profits over the sample period (see Table 1).
Note that we attribute emissions due to electricity usage,
i.e., the scope 2 emissions, as part of the direct emissions.
The reason that we relegate the scope 2 emissions to direct
emissions is because electric emissions mostly depend on
the on-site processes, operational efficiency and control in a
firm, rather than the technologies adopted by the electric
utility companies to generate electricity, which is exogenous
for the focal firm. We focus on emissions of first-tier sup-
pliers only because first-tier suppliers are those with direct
transactional relationship with the focal firm and represent a
more traceable cohort to test our research hypotheses.

Key Independent Variables
Inventory “Fatness”

Excess inventories is one of the most commonly used
indicators of leanness in the operation literature, as
excessive inventories represent a major form of waste and
are indicative of the incoordination and inefficiency of the
purchasing, production, and distribution systems. Lower
inventory levels are often associated with reduced waste,
operating costs and process variability; lower inventory can
also reveal improvement opportunities to streamline pro-
cesses and increase productivity (Lieberman and Demee-
ster 1999; Shah and Ward 2003). Another advantage of
using the inventory, as compared with other qualitative and
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circumstantial measures of lean operation (e.g., ISO 9001
certification as used in King and Lenox (2002)), is that the
annual inventory of listed companies is available for open
access (e.g., Compustat), allowing researchers to objec-
tively carry out a longitudinal comparison of lean perfor-
mance (e.g., Gaur et al. 2005; Chen et al. 2005, 2007).
Finally, the amount of inventories can also reflect the
intensity of the production activities taking place in a
company; as such, inventories are closely related to carbon
emissions. We use the inventory-to-sales (IS) ratio to
reflect the degree of inventory fatness (i.e., the degree to
which the inventory is not lean). The annual IS ratio was
used in a number of studies (e.g., Chen et al. 2005;
Rumyantsev and Netessine 2007). To reflect within-year
changes in inventory performance, we consider the average
of four preceding quarterly inventory-to-sales ratios. We
consider total inventory (Compustat item INVT) because
different types of inventories can all potentially affect
carbon emissions and operating profit. As a higher value of
the IS ratio indicates lower level of leanness, we use the
term inventory fatness to make a better distinction between
the measure and leanness.

Note that we use outsourcing intensity to control for the
confounding effect of integration on our inventory mea-
sure. This confounding effect can arise when, given the
same throughput and production processes, the average
inventory would tend to be higher for the more integrated
firm, because its processing time will be longer due to
integration. Therefore, the more integrated firm will have
more inventory due to integration.

Product Diversification (PD)

We use an entropy-based index to measure the degree of
product diversification. Traditionally, segment sales are
used to compute the index; see, e.g., Palepu (1985).
However, sector sales may not reflect the production pro-
cess, facilities, and other emission sources implicated by a
diversified product portfolio. In this study, we instead use
segment identifiable total assets (Compustat item IAS)
from Compustat Segment Data to compute our entropy
index. IAS is the total assets used by or directly associated
with each business segment for the product. The entropy
index therefore can capture the underlying asset distribu-
tions related to multiple market segments.

The entropy index is computed as PD; = Z;V: | Pi*
In(1/p;), where p; is equal to firm i’s identifiable assets in
sector j divided by its total assets. A higher index value is
indicative of a higher degree of diversification. The index
depends on both the number of segments and the relative
weight (expressed as the percentage of assets from one sec-
tor). Thus, the entropy index reflects both the breadth and

depth of diversifications across sectors that the company has
engaged in. Suppose company i has N different types of
products (distinguished by NAICS codes). The index
increases as the number of product lines N increases. For a
given N, the index value is concave in p; and is maximized
when p; = p» = ... = p,; i.e., when the company’s assets
are distributed evenly from N diversified product lines. As
such, the index is lower when the company’s concentrates on
a subset of the N sectors.

Outsourcing Intensity

We next explain how we construct our outsourcing intensity
index from the value-added to sales ratio. Then, we explain
how we estimate value added in the ratio from archival data.

(a) Value-added to sales (VA/S) ratio Our outsourcing
measure draws on the value-added to sales (VA/S) ratio
used in the management and economics literature to mea-
sure the degree of vertical integration (Adelman 1955;
Tucker and Wilder 1977; Balakrishnan and Wernerfelt
1986; Perry 1989; Barney et al. 1992; Hutzschenreuter and
Grone 2009; Lajili et al. 2007; Lieberman and Dhawan
2005). Specifically, we measure outsourcing intensity as
“one minus the degree (%) of vertical integration.” We
provide a detailed discussion and illustration of the VA/S
approach in the Appendix.

The value added of a firm represents the economic value
created by the firm. It can be calculated as the difference
between its sales revenue and purchasing costs paid to
external suppliers of products or services (Adelman 1955).
Therefore, sales include the value added created by the
focal firm and all of its upstream suppliers, while pur-
chasing costs represent the aggregated value added created
by all upstream suppliers. The VA/S index is applicable
when the firm has multiple cross-sector transactions, and it
is nondecreasing after vertical integration.

(b) Estimating value added To estimate value added, we
follow previous studies and use the income approach
(Tucker and Wilder 1977; Barney et al. 1992; Li and Tang
2010). This approach originates from the classical macroe-
conomics method to measure national income accounts, in
which the national income can be approximated by aggre-
gating the total value added from all industries, individuals’
factor incomes, or total expenditures on final goods in the
economy (Williamson 2014). These three methods should in
theory lead to the same estimate for national income. The
income approach considers the following income compo-
nents: the compensation of employees, rental income, cor-
porate profits, interest, tax, and depreciation of productive
capital. These income components encapsulate the main
productive sources of value added creation, and value added
is approximated as the sum of these income components.
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The income approach to corporate value added rests on
a similar idea that value added created by the firm should in
theory be equal to the firm’s payment to (also the income
of) the factors owners that contribute to the production of
products. The income components considered, as noted,
include net income, depreciation and amortization, pension
and retirement expenses, staff expenses, interest expenses,
income taxes, and rental expenses (Tucker and Wilder
1977; Barney et al. 1992). We obtain data for all income
components except for the staff expenses from Compustat
(including XINT, DP, XRENT, XPR, NI, and TXT in
Compustat). In addition to these variables considered in the
traditional income approach, we also consider finished
goods inventories (Compustat item INVFG) as part of a
firm’s value added. This can mitigate the confounding
effect of overproduction on the index. Note that the clas-
sical income approach in macroeconomics also includes
finished goods inventories in the calculation of total value
added for the national income account (Williamson 2014).

For our sample periods, however, the staff expense variable
contains many missing values in Compustat: among all man-
ufacturing firms that appear in Compustat between 2006 and
2012, only approximately 7 % of the observations reported
their total staff expense (Compustat item XLR). Therefore, we
use the product of the number of employees (Compustat item
EMP) and annual average three-digit NAICS wage obtained
from the U.S. Bureau of Labor Statistics website (http://data.
bls.gov) as a proxy for the wage expense of each sample firm.

The income method for calculating value added has one
limitation. Factors other than vertical integration, most
notably changes in profitability and taxation rules, may also
influence the result from the income approach (Tucker and
Wilder 1977; Maddigan 1981; Buzzell 1983). To avoid
such inconsistencies, we follow previous studies in using
the adjusted VA/S index, in which the profit (Compustat
item NI) and taxation components (Compustat item TXT)
are removed from the value-added to sales index (Tucker
and Wilder 1977; Barney et al. 1992; Hutzschenreuter and
Grone 2009; Buzzell 1983):

(VA/S)'

it sales;, — (netincome;, 4 income tax;, )

_ Valueadded;; — (netincome;; + income tax;; )

(1)

and we define the outsourcing intensity for a firm-year
observation to be 1 — (VA/S),.

Control Variables
Firm Size and Industry Effect

Size and industry can both affect profits. In addition, firm
size can affect the adoption of proactive environmental
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practices and influence stakeholder pressure on companies’
sustainability issues (Darnall et al. 2010). We use the log
of total assets (Compustat item AT) as a control for com-
pany’s size. Firms in different manufacturing sub-sectors
may have distinct supply chain characteristics and pro-
cesses, and some sub-sectors may be more sensitive to
environmental pressure than are others (such as chemical
manufacturing firms). To control for unobserved inter-
sector heterogeneity, we include dummy variables based on
the three-digit NAICS codes.

R&D Intensity

R&D investment has been found to enhance product
innovation, market share and valuation (Ettlie 1998).
Investment in R&D has also been found to be strongly
associated with green product design and environmental
patent counts (Florida 1996; Carrion-Flores and Innes
2010). Stronger R&D capability can encourage process
innovation and improve productivity and technological
capability, which can reduce the cost of and organizational
resistance to undertaking voluntary activities to enhance a
firm’s EP (Anton et al. 2004). We measure R&D intensity
by the R&D expenses-to-sales ratio (Compustat items XRD
divided by SALE). A logarithmic transformation is used to
reduce skewness (original oz = 4.95).

Slack Resources

Firms with more slack resources are less restrained when
investing in environmentally and socially responsible pro-
jects and are more likely to develop operational capabilities
in favor of the environment (Bansal 2005). Following
Bansal (2005) and Strike et al. (2006), we measure a
company’s slack resources by its liquidity ratio, which is
equal to current assets divided by short-term debt.

Internationalization

A firm’s degree of international diversification can sub-
stantially affect its environmental standards, strategies, and
stock price performance (Hendricks et al. 2009; Christmann
2004; Strike et al. 2006). We use the ratio between foreign
sales and U.S. domestic sales to control for a firm’s inter-
nationalization. We obtain the foreign sales information
from Compustat Segment Data (Compustat item SALES).

Environmental Disclosure

Previous studies indicate that the propensity toward higher
environmental disclosure and transparency is positively
related to environmentally responsible behavior and
stakeholder stewardship, both of which have significant
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effects on a firm’s EP (Jacobs et al. 2010; Clarkson et al.
2008; Reid and Toffel 2009). We use the following ratio to
control for environmental disclosure. We measure the
intensity of environmental disclosure by a ratio between
the number of pollutants that a firm discloses to the public
through various channels (e.g., voluntary disclosure pro-
grams, corporate environmental reports, and reports filed to
the government agency) and the maximum number of
pollutants disclosed by firms in the same NAICS six-digit
segment.

Results
The Empirical Model

To test our hypotheses,
regression:

we estimate the following

Carbonintensity;, = « + f3,inventory;,_, + f,outsourcing;_,
+B3PDir1+
+ Bayear, + f'controls;,_; + {; + €;

(2)

Tables 1 and 2 report the descriptive statistics and corre-
lation for the variables in our empirical model. In Model
(2), the independent variables include inventory fatness,
productive diversification (PD), outsourcing, and the con-
trol variables X introduced in “Control Variables” sec-
tion. We mean-centered the PD and Outsourcing variables
to mitigate the multicollinearity effect due to the interac-
tion term. Following the Wald test at the 1 % level, we also
include year dummies to control for temporal variations of
carbon intensities. The {; ~ ;4N (0, ag) is the firm-specific

Pa (outsourcing X PD)

it—1

Table 1 Descriptive statistics and variable definitions

random effect for firm i, and €;, ~ ;;sN(0, 6?) is the noise
term independent of {; for all i. All dependent variables and
control variables are lagged by one year to avoid the
simultaneity problem.

We followed Clark and Linzer (2014) and Bell and
Jones (2014) to select our empirical model based on data
characteristics. Our sample consists of an unbalanced short
panel with an average of only T = 3.08 years. With such a
short panel, the fixed-effects model might create the inci-
dental parameter problem (Cameron and Trivedi 2005, p.
781), which would make its coefficient estimators incon-
sistent. In addition, the key independent variables in our
model all have low within-unit variances over time: the
average within variance of the three key independent
variables is only approximately 28 % of their total vari-
ances. Low within-unit variances will further inflate the
fixed-effect estimators’ variances. This situation means that
fixed-effects estimates will have a wider spread in the
sampling distributions. Thus the coefficient estimates will
have a high probability being far off, and the significance
of the estimates will be diluted. See Pliimper and Troeger
(2007) for a detailed discussion of the consequence of low
within variances. Considering our sample characteristics,
the random-effects model would be a much better choice in
terms of estimation efficiency and consistency; however, it
may produce biased estimates. One critical assumption of
the random-effects model (a weakness compared with the
fixed-effects model) is that the firm-specific cluster vari-
able {; must not be correlated with the level-1 noise ¢;,,
which, if violated, would lead to biased estimates. To
reduce the endogeneity concern, we include a diverse set of
control variables to avoid such biases. Finally, we also ran
the Breusch—Pagan Lagrange multiplier test for random

Variable Definition Mean SD Min. Max.

[1] Firm-level carbon intensity Firm-level carbon emissions/operating profits 1603.81 5180.23 0.026 77791.09

[2] First-tier carbon intensity First-tier carbon emissions/operating profits 681.47 1269.87 0.02 12121.96

[3] Inventory fatness Total inventory/sales 0.524 0.231 0.00 1.518

[4] Outsourcing® Outsourcing index defined as in “Key Independent 0.58 0.13 0.08 091
Variables” section

[5] Product diversification® Entropy index based on segment identifiable assets 2.00 1.74 0.00 6.08

[6] Internationalization index Foreign sales/U.S. sales 1.90 0.76 0.144 3.63

[7] R&D intensity R&D expenses/sales 0.08 0.10 0.01 1.18

[8] Size Total assets 21353.39 37970.04 511.60 302663

[9] Slack resources Current assets divided by short-term debt 1.989 0.90 0.77 7.12

[10] Environmental disclosure No. of pollutants disclosed / max (No. of 0.739 0.344 0.00 1.00

pollutants disclosed) among the firms in the
same 6-digit NAICS cohort of the year

N = 388 firm-year observations. Statistics are based on original (not logarithmic) scale. Monetary variables are measured in million USD, and

carbon emissions are measured in tonnes of CO2 equivalent

“The variables are mean-centered in the regression. Values presented in the table are before mean-centered adjustment
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Table 2 Cross-correlation table

Variables [1] [2] [3]

(4] [3] (6] (7] (8] [9]

[1] Firm-level carbon intensity

[2] First-tier carbon intensity 76%*

[3] Inventory fatness .09 10%*

[4] Outsourcing 13% 29%* —.08
[5] Product diversification 23k 13%* 2%
[6] Internationalization —-.03 —.04 .02
[7] log(R&D intensity) —.38%* — .34k —.01
[8] log(Firm size) —.13%* —.25%%* —.13*
[9] Slack resource —.11 —.08 .06
[10] Environmental disclosure .06 .07 —.01

.16*
—.17* —.13%
-.23 —.38%%* A7
.01 37 —.06 -.01
—.12 —.31%* 13 42 —.33%*
23 25%* —.07 —.31%* 21% —.24%*

w4 p <001, * p < 0.05

effects. The test result supports the use of a random-effects
panel model over a pooled ordinary least square (OLS)
regression (p <0.01). We use Stata to obtain the general-
ized least square (GLS) estimates with a firm-level robust
measure for standard errors.

Estimation Results

Estimation results from the random-effects regression are
reported in Table 3. In the first regression, we use the firm-
level carbon intensity as the dependent variable (column
1). In the second regression, we use the first-tier carbon
intensity as the dependent variable (column 2). To inves-
tigate the effect of independent variables on firm-level and
first-tier emissions combined, we use supply chain carbon
intensity as our dependent variable in the third regression
(column 3). Finally, we report the results from robustness
checks in columns 4 and 5.

The regression results support our first hypothesis (H1a)
on inventory leanness. In the first regression, the coefficient
of inventory fatness is positive and significant (f = 1.15,
p <5 %), supporting our prediction that excess inventory
is positively related to firm-level carbon intensity (H1a). In
the second regression, the coefficient of inventory fatness
becomes lower but is still statistically significant (ff = 0.56,
p < 10 %). This result indicates that local excess inventory
is positively associated with first-tier carbon intensity,
which follows our prediction that inventory leanness will
not affect first-tier carbon intensity (H1b).

Moving to product diversification, we find that Product
Diversification is positive and highly significant in the first
and second regressions, supporting Hypothesis 2 that pro-
duct diversification is positively related to both firm-level
and first-tier carbon intensities. In both regressions, the
interaction term diversification X outsourcing is also pos-
itive and significant. This result implies that the
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undesirable impact of product diversification is stronger
when outsourcing intensity is higher. Figure 2 visualizes
the interaction effect for firm-level and first-tier carbon
intensities. We examine the interaction effect for the 10th,
50th, and 90th percentiles of the empirical distribution of
outsourcing intensity. We label them as “low,” “medium,”
and “high” outsourcing intensities in the figure, respec-
tively. We plot the three outsourcing intensities against the
predicted mean carbon intensities for the 10th and 90th
percentiles of the empirical distribution of the product
diversification index. The figure shows that product
diversification generates lower impacts when outsourcing
intensity is low, but it aggravates carbon intensity as out-
sourcing intensity advances. In particular, when out-
sourcing is set at the 10th percentile level, product
diversification has virtually no effect on the mean predicted
firm-level carbon intensity (Fig. 2a). Furthermore, the
predicted first-tier carbon intensity at the low outsourcing
level even decreases when product diversification is higher
(see Fig. 2b, although the difference is not statistically
significant). These results corroborate our arguments that
product diversification can have a stronger, negative effect
under high outsourcing level. The results also suggest that,
from a carbon intensity standpoint, it would be more
advantageous for a firm to diversify when its production
process is sufficiently integrated, and that a trade-off exists
between these two expansion—contraction strategies.
Among the control variables, Size and R&D intensity are
both negative and significant across the three regressions
on carbon intensities. The result for Size suggests that
larger firms tend to generate lower carbon intensities than
small-size firms. The coefficients of Size suggest thata 1 %
increase in total assets is associated with an approximately
0.24 % decrease in a firm’s carbon intensities. Thus,
maintaining the scale can be important in attaining better
firm-level and supply chain carbon performances.
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Table 3 Regression results

Independent variables

Dependent variable

log(Firm-level carbon
intensity)

log(first-tier carbon
intensity)

log(firm-level
GHG)

log(first-tier
GHG)

Inventory fatness 1.03* 0.73* 0.93+ 0.65*
(.46) (.30) (.49) (.33)
Product diversification® 0.23%* 0.11* 0.24** 0.11*
(.08) (.05) (.08) (.05)
(Product diversification®) x (Outsourcing®) 1.22% 0.82* 1.12% 0.77*
(.50) (.37) (.47) (.32)
Outsourcing® 1.70 2.59%* 1.58 2.58%**
(1.22) (.83) (1.07) (.57)
Internationalization 0.15 —0.02 0.15 0.02
(.16) (.11) (.15) (.09)
log(R&D intensity) —0.38%* —0.28%** —0.36%* —.25%%*
(.13) (.09) (.13) (.08)
log(Size) —0.24* —0.21%** Omitted Omitted
(.10) .07)
Slack resources —0.06 —0.05 —0.08 —.08
(.11) (.12) (.11) 07
Environmental disclosure —0.50 —0.41 —-0.37 —-0.26
(.35) (.28) (.38) (:21)
log(Operating profit) - - 0.67** 0.72%*
(.14) (.08)
Year dummies (4 v (4 v
Sub-industry dummies (4 (4 (4 (4
Constant 6.72%%* 8.39%* 6.58** 8.38%*
(1.23) (1.00) (1.36) (.93)
No. observation 388 388 388 388
No. firms 126 126 126 126
Overall R-square 0.42 0.44 0.54 0.57

The first three columns show the results from GLS random-effects regression with cluster robust standard errors. The last column shows the two-
stage least squares (2SLS) for GLS random-effects regression. We use three-period lagged operating profits as the instrument for contempo-
raneous sales in the 2SLS model. Size is omitted due to high correlation with the profit variable in the 2SLS regression. All independent variables

have a one-year lag, except for the contemporaneous log(operating profit) included in the 2SLS regression

? Variables are mean-centered. Standard errors in parentheses ** p < 0.01, * p < 0.05, + p < 0.10

However, the regression results for outsourcing, product
diversification and their interaction also indicate that
staying “focused” in operations (i.e., high outsourcing
intensity and low product diversification) may lead to
lower carbon intensities. Considering this focused strategy
and the finding about Size, manufacturers are suggested to
maintain a reasonable business scale for their retained
process when shrinking their operational scope and span.
Finally, similar to Size, the coefficients of R&D intensity
are also significant. The result indicates that a 1 % increase
in R&D intensity is related to a 0.38 % decrease in firm-
level carbon intensity (0.28 % for first-tier carbon

intensity). This evidence suggests that R&D intensity has a
similar improvement effect on firm-level and supply chain
carbon intensities.

In addition, the regression result also suggests that
outsourcing can cause a significant increase in the first-tier
carbon intensity and GHG emissions, but the effect size
will depend on the level of product diversification. The
coefficient of outsourcing intensity is highly significant and
positive for first-tier carbon intensity. However, out-
sourcing intensity is insignificant in the regression on firm-
level carbon intensity. One possible explanation is that
most of the processes that manufacturers outsourced are
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(a) inform us regarding the independent variables’ effect on a
~ standardized performance measure, but not regarding the
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Fig. 2 Interaction plots between outsourcing intensity and product
diversification. a Firm-level carbon intensity. b First-tier carbon
intensity

not their major emission sources (e.g., auxiliary functions),
but suppliers incur additional GHG emissions resulted from
operational complexity for coordinating the activities with
the focal firm. Therefore, outsourcing did not induce a
significant decline in firm-level emissions. As shown in our
regression results, however, first-tier emissions increased
considerably after outsourcing, suggesting that outsourcing
created more first-tier emissions than the reduced firm-
level emissions for our sample firms. This result may also
suggest that the variation of profits dominates that of car-
bon emissions in the empirical model.

Robustness Checks

Our empirical analysis thus far uses carbon intensity as the
dependent variable. While the intensity-based measure has
been popular in the management literature, it is not without
limitations. First, changes in carbon intensity may result
from changes on the profit side, the emission side, or both.
Therefore, the coefficients from the regression can only
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main source of variation. More critically, some research
suggests that the empirical model can fail when the
regression has a ratio dependent variable (including pop-
ular financial indicators such as return on assets (ROA) and
its variants). This situation arises because the denominator,
which usually serves as the scale variable for a perfor-
mance measure, may alter the distribution of error terms
and the functional form of the regression equation (Wise-
man 2009).

As a robustness check, we follow Wiseman (2009), who
suggests moving the denominator (i.e., operating profit) to
the right-hand side as a control variable and using the
numerator (i.e., carbon emissions) as the new dependent
variable. Thus, the new regression uses the amount of
carbon emissions as the dependent variable, while con-
trolling for the operating profits in the same year. However,
the contemporaneous operating profit is likely to be
endogenous in the regression, as lagged predictors of the
regression may also influence the profit. To address this
issue, we use a two-stage least square (2SLS) random-ef-
fects regression and use the three-period lagged operating
profits as the instrumental variable (p = 0.91). We choose
three-period lagged profits as the instrument because this
variable is naturally correlated with profits in # (instrument
relevance), and operating profits in # — 3 are unlikely to be
able to influence carbon emissions in ¢ (instrument exo-
geneity). We present the estimated coefficients in columns
4 and 5 of Table 3. The estimates from the 2SLS regression
are similar to those from the regression on carbon intensity
(columns 1 and 2).

Discussion and Conclusion
Discussion

This study examines how inventory leanness and the
structural characteristics of a supply chain (i.e., outsourcing
and diversification) may influence a firm’s profitability and
carbon emissions (i.e., carbon intensity). We predict that
inventory leanness is associated with lower firm-level
carbon intensity and that product diversification will neg-
atively impact both firm-level and first-tier carbon inten-
sities—but that negative impact will be stronger when the
firm engages in more intensive outsourcing.

This paper offers several unique views on sustainable
operations in a supply chain. First, this paper considers the
impact of inventory leanness on carbon intensity, inte-
grating the two streams of leanness literature on EP and FP.
This integrated view is essential, as controversies still exist
regarding the trade-off in the relationship between these
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two performance dimensions (e.g., Blanco et al. 2009;
Busch and Hoffmann 2011; Dixon-Fowler et al. 2013).
Second, distinct from existing studies on sustainable
operations, this paper expands the scope of analysis to
include suppliers’ carbon emissions. We examine how a
firm’s operations strategies might influence suppliers’
carbon emissions. Finally, this study focuses on carbon
emissions, which in most state jurisdictions are not regu-
lated. Other studies on the operations-environment link use
variables such as waste generation and treatment, total
toxic chemical releases, which are subject to regulation or
industrial codes of conduct, and the impact of pollutants
limited to a local community. Manufacturers’ perception of
these substances can have lower uncertainty than that of
GHGs, whose impact is considered global and which only
build up in the long term. Therefore, this study also has
implications for the literature on firms’ strategic actions
under regulatory uncertainty (e.g., Marcus et al. 2011).
Carbon emissions are distinct from other pollutants in
terms of the environmental technologies and managerial
practices that can be used for pollution reduction. Unlike
other environmental outputs, which can be either prevented
or treated before release, carbon emissions in most manu-
facturing companies can only be “prevented” but not
treated.

The empirical analysis also provides several important
contributions. We discover that inventory leanness is
associated with lower firm-level carbon intensity. Our
finding is largely consistent with the established view that
lean manufacturing can create environmental benefits (e.g.,
Rothenberg et al. 2001; King and Lenox 2001; Kleindorfer
et al. 2005). However, we find support that benefits in
terms of carbon reduction are not realized at the expense of
profitability. We also find evidence that product diversifi-
cation is associated with higher carbon intensities and
carbon emissions. While there is a rich body of manage-
ment literature on product diversification, few studies
examine how diversification may affect operational effi-
ciency and none has examined its association with EP
(Dooley and Fryxell 1999; Novak and Eppinger 2001;
Randall and Ulrich 2001). This paper therefore contributes
to the literature by developing a theoretical framework that
links these two important strategies. As discussed earlier,
diversification and outsourcing are related because they
both influence a firm’s core resources: diversification hin-
ges on resource sharing, while outsourcing influences the
resource stock. These two strategies are also related from
the product portfolio viewpoint. Some early studies on
diversification view integration as a special form of
diversification, in which firms “...branch out into produc-
tion of components, parts, and materials [that the firm
needs].” (Ansoff 1957, p. 118). The market for “in-
sourced” products is almost exclusively devoted to internal

customers. Therefore, if we include intermediate products
in the product portfolio, one can view outsourcing as a
diversification reduction strategy. However, recent man-
agement literature often views decisions to outsource and
diversify separately as two independent strategies and
overlook their interaction effect on firm performance and
operational efficiency (e.g., Espino-Rodriguez and Padron-
Robaina 2006; Wan et al. 2011). Our study revisits the
theoretical link between these two resource-changing
decisions and expands the scope of previous studies to
analyze the joint impact of these decisions on a firm’s
profitability and carbon performance. This paper is also the
first to examine diversification’s implications for supply
chain carbon performance.

This study also makes several methodological contri-
butions. The existing empirical literature on operations
management often uses plant distance and scale measures
to characterize a supply chain. Randall and Ulrich (2001)
focused on the cost trade-off between the size of produc-
tion facilities and the distance to customers. Stock et al.
(2000) considered the geographic dispersion of suppliers
and channel governance (ownership of suppliers and sup-
plier relationships) for suppliers as the two theoretical
elements of the supply chain structure. Awaysheh and
Klassen (2010) used transparency in the supply chain,
dependency on supply chain partners, and geographic dis-
tance of suppliers to characterize a supply chain structure.
This study provides another framework to characterize a
firm’s upstream supply chain structure with its suppliers
through archival data. Finally, the management literature
traditionally uses indexes based on segment sales to mea-
sure product diversification. However, the sales-based
index may not fully reflect changes in the production
process. In this study, we use segment assets to measure
product diversification from the production side.

Practical Implications

This study suggests several strategic factors that are useful
for building a sustainable supply chain. First, prior studies
have provided ample evidence that inventory leanness can
contribute to financial competitiveness. Our empirical
analysis further shows that inventory can also reduce firm-
level carbon intensity. The benefit from lean inventory
management is still statistically significant when we con-
sider the carbon intensity of suppliers’ emissions. In
addition to keeping a lean inventory, our results also sug-
gest that maintaining a strategic focus on core processes,
products, and businesses may help companies attain lower
carbon intensity. Our study also has implications with
regard to inventory management practices. To reduce
excess inventory, firms may decompose larger internal
processes into smaller sub-processes to create more
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opportunities. Firms can also consider consolidating
duplicated sub-processes across the company to limit the
diversification or proliferation of processes or functions.

We find that outsourcing can aggravate the performance
impact of product diversification because the cross uti-
lization of organizational resources can cause inefficiency.
We also find that firms implementing a focus strategy can
benefit from increasing their company scale. Based on
these findings, we propose a three-step strategic roadmap
for improving carbon intensity. First, manufacturers should
identify their competency-building processes from a
holistic supply chain viewpoint. Second, manufacturers
should concentrate their resources on and optimize their
core processes through outsourcing and lean practices; they
should also refrain from product proliferation and pro-
ducing unrelated products at this stage. Finally, manufac-
turers should scale up their core processes. They may
engage in more extensive product diversification at this
stage if deemed appropriate. However, manufacturers are
advised to exploit the potential synergy effect from sharing
the core processes across products.

Although currently carbon emissions are unregulated in
most countries, an increasing number of regulatory
attempts have been put in place to curb the growth of
GHGs emissions (e.g., Adler 2011), such as technology
mandates, emissions reporting requirements, and fuel effi-
ciency standards. Therefore, we expect to see a higher
correlation between carbon emissions and FP, as well as a
greater opportunity to achieve superior FP through reduc-
tion the firm-level and supply chain carbon emissions.

Limitations and Future Research

This study has several limitations. In our outsourcing
hypothesis (H3), we follow previous studies (e.g., Nar-
asimhan and Kim 2002; Palich et al. 2000) by assuming
that firms will rationally determine the sequence of out-
sourcing according to the level of strategic importance.
Further work should be performed to collect data of higher
granularity and investigate the linkage between the types of
outsourced processes and their implications for carbon
intensity.

We use firm-level aggregate emission data in our anal-
ysis. Because different electricity grids might have unique
energy mixes, a firm’s emissions due to electricity con-
sumption may depend on the regional grids from which its
plants or offices obtain electricity.” However, the inter-
connectedness of some of these regional grids makes it
difficult to analyze the location effect without compre-
hensive plant-level information. Further research should

* See, e.g., the U.S. EPA eGrid database at http://www.epa.gov/
cleanenergy/energy-resources/egrid/index.html
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study the long-term effect of factors such as national grid
development on decisions about facility location and
capacity planning.

Finally, we did not control for supplier-side hetero-
geneity in our empirical model. As a result, we cannot infer
how idiosyncratic supplier-side factors might influence
supplier-side carbon emissions (or FP or the focal firm),
and our empirical analysis reflects the average tendency of
first-tier carbon emissions and its relation to the focal
firm’s FP. We encourage more research to be conducted to
understand the mechanism through which a supplier’s
environmental strategy and performance are influenced by
its customers’.

Conclusion

In a carbon-constrained world, managing carbon emissions
in the supply chain can have long-term implications for
profitability. This study investigates how a manufacturing
firm’s leanness level and supply chain structural factors
may affect the carbon intensities of the supply chain. Our
initial evidence shows that carbon intensities correlate
negatively with inventory leanness, and positively with
product diversification. We also find that the impact of
product diversification is moderated by outsourcing inten-
sity: product diversification can inflict a higher percentage
increase in carbon intensity when outsourcing intensity is
high, but is almost innocuous when outsourcing intensity is
low.

In conclusion, our empirical results suggest that, to
achieve low carbon intensities or high carbon efficiencies, a
firm should focus on its resource efficiency (i.e., producing
goods efficiently), diversification portfolio (i.e., producing
the goods that the market needs), and process choice (i.e.,
focusing on the value-added processes in which the firm
has the largest competitive advantage).
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Appendix: The Value-Added to Sales Approach

To better understand the VA/S index at work, let us con-
sider the multisector, single-firm example shown in
Fig. 3(a). Note that the approach is also applicable to the
multiple-firms, multisector situation (e.g., Fig. 3b). We
consider a supply chain that consists of three firms (a
material producer, a manufacturer, and a retailer). The
manufacturer buys materials from the material producer,
and sells the finished goods to the retailer, who in turn sells
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Fig. 3 Illustration for the value-added approach (C7, denotes the

payment from the p-th firm in industry r to the g-th firm in the
preceding industry). a Multisector, single-firm example. b Multisector,
multifirm example

the products to end consumers. For simplicity, we assume
that the material producer does not require any interme-
diate goods for its production.

Therefore, for manufacturer 1, the value-added (VA)’;1 is
its sales revenue ST less its purchasing cost C". In addition,
the VA/S for manufacturer 1 can be written as
(VA/S)!' = (St —Cm)/S=1—Cp/ST. Under  the
assumption that S7' > CY', we may interpret C}'/S]" as the
percentage of value added not created by the focal firm. In
the notation, we use the superscript to denote the sector
(i.e., p for material supplier, m for manufacturing, and d for
distribution sectors), and the subscript to denote the firm’s
number in that sector. Therefore, (VA/S)! =0 for all
material producers i because C¥ = 0 by assumption.

As an example, suppose that (VA/S)!'=0.6 and

(VA /S)f = 0.4. If the manufacturer acquires the material
producer (or the other way around), the new ‘“manufac-
turing firm”’s (VA / S) will rise to 1.0, as the new firm
would not need to make any inter-firm payments. As
another example, if the (original) manufacturer acquires
the distributor (or the other way around), then the “new
distributor”’s (VA / S) will increase from 0.60 to 0.76. This
is because the new (VA /S) is (S¢— C")/S¢. Through
substitution, we obtain (S§ — C7") = (8¢ — 0.487") = (8¢ —
0.4 x 0.65{) = (1-0.4 x 0.6) $¢ =0.7659.

In fact, it can be shown that the VA / S for an integration
between two businesses in two linked sectors x and y is
(1-(1-=VA/S)})(1—(VA/S)})). In the above manufac-
turer—distributor merger example, (1 — VA/S)}') stands for
the percentage of value added of the manufactured prod-

ucts not made by the manufacturer; similarly, (1 —

(VA/S)?) is the percentage of value added of the dis-
tributed products not made by the distributor. The product

of these two ratios then represents the percentage of value
added not made by the “new” distributor. More impor-
tantly, for two arbitrary firms from sectors x and y, the
VA / S also has the following property as value added is
nonnegative and VA/S < 1:

1> (1 — (1= (vA/s)")(1 - (VA/S)y))
> max((VA/S)", (VA/S)")

(3)

Property (3) shows that a firm’s (VA / S) cannot decrease
after integration, even when the acquired firm has a lower
VA / S. The same property holds when there is integration
across multiple sectors and multiple firms.
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