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Abstract: Numerous studies on supply chains have indicated that vertical strategic interactions
usually involve the classical double marginalization problem, leading to a downward distortion
in profitability. However, at present, the implications of vertical strategic interactions for green
technology investment in a supply chain are not all that clear. In particular, such a vertical interaction
not only can translate into profits between different parties, but usually also involves differentiated
environmental performance. A question which arises is: who is the right undertaker for green
technology investment in a supply chain, the supplier or retailer? To answer this question, we highlight
the implications of vertical strategic interaction for green technology investment in a supply chain.
To fill this gap, using a game-theoretic approach, we formulate two models: (a) Model M, in which an
upstream manufacturer adopts technologies to meet consumer demand; and (b) Model R, where a
retailer integrates environmental concerns into their supply chain decisions. We find that the retailer,
who is closer to the customer, is the more effective undertaker for green technology investment, as this
not only creates higher profitability for both parties, but also achieves a more sustainable scheme
for our environment. When green technologies are invested in by the manufacturer, the double
marginalization effect not only may downward-distort their economic performance but can also
reduce the equilibrium of product greenness.
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1. Introduction

In view of reducing the potential global disease burden, more and more countries and
environmental groups have spared no effort in protecting the living environment, advocating for
green lifestyles, and enhancing residential quality [1,2]. For instance, to advocate for a green lifestyle,
the US Environmental Protection Agency has described the calculations used to convert greenhouse
gas emission numbers into different types of equivalent units [3]. As a result of this tendency, in recent
decades more and more consumers have paid attention to their environment pollution and have
generally come to believe that they should join a new lifestyle in which green technologies are an
integral part [4]. For example, to fight global warming, 66% of Americans believe that the U.S. should
join an international treaty to reduce carbon emissions [1]. Accordingly, a survey of more than
1000 U.S. consumers found that most Americans say the current “top priority” should be protecting the
environment from the effects of energy development and use [5]. Similarly, 75% of European citizens
would be willing to purchase ecologically friendly products for their daily needs, even if they have to
pay a little more for a “green” lifestyle [6].
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To meet these changes in consumer market, research into supply chain management has been
pursued, with innovative management practices being developed to encompass all parties and achieve
the green goals in the supply chain [7]. For example, the concept of a green supply chain has
designed with the integration of environmental considerations, such as innovating and/or adopting
green technologies into the supply chain [8,9]. In practice, many firms intend to implement green
technologies, ensuring that upstream agents and downstream agents work together to incorporate
environmental responsibility as an integral part of the supply chain. For instance, approximately
80% of the total annual supply chain spending of Advanced Micro Devices (AMD, Inc., Santa Clara,
CA, USA) is used to track the environmental risks of wafers, outsourced assembly and testing (OSAT),
direct materials (e.g., substrates, lids, capacitors, memory), and boards inclusive of components.

Green technology innovation generation in supply chain relationships can occur as a consequence
of two different modes. On one hand, many brand name manufacturers, including Eastman Kodak and
Fuji Photo Film, have adopted green technologies for production processes with their single-use cameras,
re-manufacturing them up to 10 times for file processing [10]. Similarly, Mattel and Kimberly-Clark have
also revolutionized their supply chain by decreasing the amount of packaging material used, cutting
back on their use of toxic chemicals, conserving water, decreasing their greenhouse gas emissions,
and so forth [11]. On the other hand, acting as a vigorous new breed of regulators, many powerful
retailers have also integrated environmental concerns into their supply chain decisions. For example,
Walmart has integrated green goals into its supply chain and adopted many new technologies to
minimize air pollution through requiring manufacturers to provide green efforts, in terms of their
packaging material used, and asked them to report on their environmental performance.

Innovation generation in supply chain relationships, both incremental and radical, is a consequence
of interactions between upstream and downstream agents [12]. This strategic vertical interaction usually
results in the classical double marginalization problem, which refers to when two independent firms,
upstream and downstream, both set their prices with marginal costs which, therefore, are incurred
twice. As a result, both the upstream agent and the downstream agent simultaneously exercise their
market power to maximize their own profit, resulting in higher retail prices and lower sale quantities
and profits [13]. This problem may be traced back to [14], though [13,15] also discussed it in detail.
Although numerous studies have paid attention to vertical strategic interactions and highlighted the
effect of the classical double marginalization problem on economic performance, the implications
of vertical strategic interactions for green technology investment in a supply chain remain unclear.
However, such vertical interactions not only translate into profits between different parties, but usually
also involve differentiated environmental performance; for example, if the manufacturer invests into
green technologies, the manufacturer usually increases their wholesale price to translate into profits
for its green efforts, which results in a reduction in the retailer’s output. However, when the retailer
invests into the green technologies, the manufacturer is less likely to reduce the quantity transferred in
order to increase its wholesale price.

To fill this gap, based on observations from current practice, we consider two models: (a) Model
M, in which an upstream manufacturer invests in green technologies and encompasses all parties to
achieve the green goals in the supply chain; and (b) Model R, where a retailer integrates environmental
concerns into their supply chain decisions and asks the related manufacturers to provide green efforts
in their environmental performance. Using these two models, we intend to address a question that is
raised: how do the differentiated vertical strategic interactions impact on green technology investment
in a supply chain? More specifically, we focus on the following questions:

1. How do the differentiated vertical interactions between the manufacturer and the retailer affect
the optimal decisions?

2. do the differentiated vertical interactions between the manufacturer and the retailer affect the
optimal green level?

3. How do the differentiated vertical interactions between the manufacturer and the retailer affect
the optimal profitability in a supply chain?
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The contributions of this paper are threefold. First, numerous researchers have paid attention
to the impact that strategic vertical interactions have on economic performance in a supply chain.
However, little attention has been paid to the economic and/or environmental implications of the green
technologies of different parties in a supply chain. Thus, we complement the current literature to
highlight the fact that many brand name manufacturers, such as Eastman Kodak, Fuji Photo Film,
Mattel, and Kimberly-Clark, have actively revolutionized their supply chain in order to integrate
green technologies through decreasing the amount of packaging material, cutting back on the use of
toxic chemicals, conserving water, decreasing greenhouse gas emissions, and so on. Second, although
the current literature has highlighted green technologies in supply chains, the implications of green
decisions between different parties with strategic vertical interactions are not all that clear. Therefore,
we contribute to this line of literature by addressing the implications of vertical strategic interaction on
green technology investment in a supply chain. Finally, our paper sheds new light on the environmental
implications of green technology models; in particular, our analysis reveals that, compared to green
technologies driven by manufacturers, the investment of retailers into green technologies not only
creates more profitability for both parties, but also achieves a greener scheme for our environment;
that is, when the green technologies are invested in by the manufacturer, the double marginalization
effect not only can downward distort the economic performance, but may also reduce the equilibrium
of product greenness.

This paper is organized as follows. Section 2 provides the supporting literature and explains
our contributions in more detail. Section 3 outlines the assumptions and development of our model.
Section 4 analyzes our results, in terms of optimal decisions and profitability. Section 5 presents our
discussion and provides future research directions.

2. Literature Review

The first related area in the literature is on vertical interactions associated with R&D investment
between the manufacturer and retailer in a supply chain. In particular, [16] investigated the optimal
strategies for firms to invest in their manufacturers, where the benefits of such investments can spill
over to other firms who also source from the same manufacturers. In [17], the joint investment by a
buyer and a manufacturer in improving the manufacturer’s capacity using a Stackelberg game model
was studied. The results showed that, although the order inflation strategy increases the buyer’s
optimal order quantity, it does not co-ordinate the supply chain. In [18], a network equilibrium model
which considers competing supply chain firms who can strategically invest in the new capacity of
manufacturers under cost and demand uncertainties was developed. Meanwhile, [19] examined the
interaction between technology upgrade and a buyer entering into a supply chain, where an incumbent
buyer who upgrades a manufacturer’s production technology through direct investments may face a
rival buyer entering the market by purchasing from the common manufacturer. In [20], the role of power
relationships and co-ordination in sustainable supply chain management was examined. Likewise, [21]
studied several co-operation contracts within a two-echelon green supply chain and investigated their
environmental performance. In [22], quantitative models of two-echelon environmentally responsible
closed-loop supply chains were developed to investigate joint environmental responsibility investment,
pricing, and collection rate decisions. In spite of the fact that there have been numerous studies
highlighting the effects of vertical interaction on R&D investment between the manufacturer and
the retailer in the supply chain, we require more understanding of R&D investment at the micro
level [23]. In particular, little attention has been paid to the issue of how green technology decisions are
impacted by the vertical rivalry between the manufacturer and the retailer. Thus, we complement the
above literature to highlight the fact that many brand name manufacturers, such as Eastman Kodak,
Fuji Photo Film, Mattel, and Kimberly-Clark, have also actively revolutionized their supply chain to
integrate green technologies through decreasing the amount of packaging material, cutting back their
use of toxic chemicals, conserving water, decreasing greenhouse gas emissions, and so on.
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In recent decades, green technologies, as an emerging technical innovation, have had significant
importance in operational management [24]. In particular, [25] explored the green R&D co-operation
behavior of firms in a two-echelon supply chain, in which a manufacturer and a retailer first co-operate
to invest in green R&D. Subsequently, [26] investigated the green investment of two competing
manufacturers in a supply chain, based on price and quality competition, and analyzed the effect
of green investment on the quality level of the product. Meanwhile, [27] studied a dual-channel
closed-loop supply chain consisting of one manufacturer and one retailer, and [28] introduced the
concept of equity as the incentive mechanism to co-ordinate the green supply chain, which is a
function of carbon emissions permits and the revenue generated by the firms. In [29], clean technology
investment in a competitive environment was investigated for a supply chain consisting of one
manufacturer and two retailers. Although the above literature has highlighted green technologies in
supply chains with horizontal competition between manufacturers or retailers, the implications of
the vertical interactions between the manufacturer and the retailer in a supply chain remain unclear.
Therefore, we contribute to this line of literature by further addressing how the vertical rivalry between
an upstream agent and a downstream agent impacts the green technology investment in a supply chain.

A few studies have recently begun to analyze the implications of the green mandates of retailers
in a supply chain. In particular, [30] traced the strategic initiatives that Walmart has undertaken over
the last decade in order to implement its ambitious vision of selling more sustainable products. In [11],
confronting Walmart’s sustainability mandate in a supply chain, the authors addressed issues of
whether manufacturer fears are justified by studying the impact of Walmart’s sustainability mandate on
the (short-term) shareholder values of its manufacturers. It should be noted that the aim of this paper is
quite different. First, rather than addressing the impact of a dominant retailer’s sustainability mandate
on the economic performance of its manufacturers, we highlight the implications of how the green
decisions between different parties affects the economic and/or environmental performance in a supply
chain. Second, although the largest retailers are getting bigger and requiring their manufacturers to
provide green efforts towards their environmental performance, many brand name manufacturers,
such as Eastman Kodak, Fuji Photo Film, Mattel, and Kimberly-Clark, have initiatively revolutionized
their supply chain, integrating green technologies through decreasing their use of packaging material,
cutting back on their use of toxic chemicals, conserving water, decreasing greenhouse gas emissions,
and so on.

3. Model Description and Assumptions

Consider a stylized two-echelon supply chain with one manufacturer and one retailer.
The information of demand and cost between the two players is assumed to be symmetric. Both players
are self-interested and view it as a common knowledge. The retailer buys a product from the
manufacturer at the wholesale price of w and sells it in the market at a price p. All the products
are produced by the manufacturer with a marginal cost of c. We assume that consumers value
environmentally friendly products with the green level of g. That is, their demand can be illustrated
as d(p, g) = α− βp + ρg, where α represents the potential market scale, β is the self-price sensitivity,
and ρ is the marginal effect of green innovation on demand [25]. Consistent with [31], we assume that
the green level g is associated with the investment effort of the green technology, which is captured by
a quadratic function cg = kg2, where k denotes the coefficient of investment effort/cost.

Based on different ways of imposing green technology innovation requirements on the supply
chain, we divide them into two situations: one in which the manufacturer drives the green technology
innovation scheme (Model M), and another in which the retailer drives the green technology innovation
scheme (Model R). In the situation of manufacturer investment into green technology (Model M), it is
the manufacturer who intends to maximize their profit by determining the optimal greenness level and
the wholesale price of their products. However, the retailer does not participate in the green technology
investment and only makes the decision of selling price. In the situation of retailer investment into
green technology (Model R), the manufacturer does not participate in the green technology investment
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and maximizes its profits only by setting the wholesale price, but the retailer profits by determining
the optimal greenness level and the selling price of the products. By comparing the outcomes of
these two models, we intend to address a question that this raises: how do these differentiated
vertical strategic interactions affect green technology investment in a supply chain? More specifically,
we focus on the following questions: (1) How do the differentiated vertical interactions between
the manufacturer and the retailer affect the optimal decisions? (2) How do the differentiated vertical
interactions between the manufacturer and the retailer affect the optimal green level? (3) How do
the differentiated vertical interactions between the manufacturer and the retailer affect the optimal
profitability in a supply chain?

Table 1 summarizes the notation used in this paper.

Table 1. Notation and definitions.

Notation Explanation

α Market scale.
β Self-price sensitivity.
ρ The marginal effect of green innovation on consumer demand.
k The coefficient of green investment.
c Marginal production cost.
p j Retailer price for Model j, where j ∈ {M, R}.
w j Wholesale prices for Model j.
g j The green level for Model j.
π j Industry profits for Model j.
πmj Manufacturer profits for Model j.
πrj Retailer profits for Model j.

3.1. Manufacturer Investment in Green Technology (Model M)

In the manufacturer innovation scheme, the retailer’s objective is to maximize their profit by
choosing the optimal price. The retailer’s problem, therefore, is:

max
pM

πrM = (pM −wM)(α− βpM + ρgM). (1)

As the manufacturer is responsible for the investment into green technology, the only selling cost
for the retailer is the wholesale price set by the manufacturer. Maximizing the above retailer’s problem,
it is easy to obtain pM(wM, gM) =

α+ρg+βw
2β .

It should be noted that, in Model M, apart from setting an appropriate wholesale price w,
the manufacturer also needs to choose the optimal green level g. Thus, the manufacturer’s profit can
be written as:

max
wM,gM

πmM = (wM − c)(α− βpM + ρgM) − kg2
M, (2)

where the first term is the manufacturer’s profit from wholesaling green products, and the second term
is the cost of investment in green technology.

Observing the retailer’s best response of p∗M by maximizing Equation (2), we can obtain the
manufacturer’s optimal whole price as w∗M, where the optimal green level is g∗M. Then, the retailer’s
equilibrium decision is calculated by substituting the best responses. The following proposition
is obtained, regarding the manufacturer’s and the retailer’s optimal choices (for the proof,
see Appendix A).

Proposition 1. Under Model M, the optimal prices and green level are w∗M = c + 4(α−βc)k
8βk−ρ2 , g∗M =

(α−βc)ρ
8βk−ρ2 ,

and PM = c + 6(α−βc)k
8βk−ρ2 .
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Based on Proposition 1, by substituting both optimal decisions of w∗M and g∗M, the manufacturer’s

profit can be written as πmM =
(α−βc)2k
8βk−ρ2 . However, the retailer’s profit, πrM, depends on the

manufacturer’s decisions of w and g and their own choice of pM, such that πrM =
4β(α−βc)2k2

(8βk−ρ2)2 .

Aggregating the profits from the supply chain, we can calculate the industry total profit as

πM =
(α−βc)2(12βk−ρ2)k

(8βk−ρ2)2 .

3.2. Retailer Investment in Green Technology (Model R)

Under the retailer innovation scheme, the retailer is responsible for green technology investment.
Therefore, under Model R, the retailer’s problem can be written as follows:

max
pR,gR

πrR = (pR −wR)(α− βpR + ρgR) − kg2
R. (3)

It should be noted that, unlike in Model M, the retailer is responsible for the investment into green
technology in Model R and, thus, the selling cost for the retailer includes the wholesale price set by the
manufacturer and the cost of investment into green technology. The first-order conditions imply that

pR(wR) =
2αk+2βkw−ρ2w

4βk−ρ2 and gR(wR) =
ρ(α−βw)

4βk−ρ2 .
The manufacturer, who takes into account the retailer’s choices, acts accordingly

and, thus, the manufacturer’s problem is:

max
wR

πmR = (wR − c)(α− βpR + ρgR). (4)

The equilibrium condition under Model R is described by the following proposition (for proof,
see Appendix B).

Proposition 2. Under Model M, the optimal prices and green level are w∗R = c + α−βc
2β , g∗R =

(α−βc)ρ
8βk−2ρ2 ,

and PR = c +
(α−βc)(6βk−ρ2)

2β(4βk−ρ2)
.

Anticipating the retailer’s investment into green technologies, the manufacturer adjusts their

wholesale price. Their profit under Model R becomes πmR =
(α−βc)2k
8βk−2ρ2 . The retailer’s profit can be

written as πrR =
(α−βc)2k
16βk−4ρ2 . Therefore, the total industry profit is πR =

3(α−βc)2k
16βk−4ρ2 .

Based on the outcomes in Proposition 2, we further find that the manufacturer’s wholesale price
in Model R does not depend on parameters related to environmental investment, such as ρ or k. This is
quite intuitive; in the situation of retailer investment into green technology (Model R), the manufacturer
does not participate in the green technology investment and maximizes its profits through setting the
wholesale price. However, the retailer profits by determining the optimal greenness level and selling
price of the products.

4. Results and Discussion

Table 2 provides a summary of the key variables across different innovation schemes. In the
following sub-sections, to ensure all the optimal decisions are positive (such as in [32]), we assume that

k > ρ2

4β and discuss the differences in more detail in the next several propositions.
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Table 2. Comparison of the analytical results.

Optimal Decisions Model M Model R Difference

w∗j c + 4(α−βc)k
8βk−ρ2 c + α−βc

2β −
(α−βc)ρ2

2β(8βk−ρ2)

p∗j c + 6(α−βc)k
8βk−ρ2 c +

(α−βc)(6βk−ρ2)
2β(4βk−ρ2)

−
(α−βc)ρ2(2βk−ρ2)

2β(4βk−ρ2)(8βk−ρ2)

g∗j
(α−βc)ρ
8βk−ρ2

(α−βc)ρ
8βk−2ρ2

(α−βc)ρ3

2(8βk−ρ2)(4βk−ρ2)

π∗mj
(α−βc)2k
8βk−ρ2

(α−βc)2k
8βk−2ρ2

(α−βc)2kρ2

2(4βk−ρ2)(8βk−ρ2)

π∗rj
4β(α−βc)2k2

(8βk−ρ2)2
3(α−βc)2k
16βk−4ρ2

(α−βc)2kρ4

4(4βk−ρ2)(ρ2−8βk)2

π∗j
(α−βc)2(12βk−ρ2)k

(8βk−ρ2)2
3(α−βc)2k
16βk−4ρ2

(α−βc)2k(16βkρ2
−ρ4)

4(4βk−ρ2)(ρ2−8βk)2

4.1. Analysis of Difference in Optimal Decisions

We first compare the wholesale prices between both models. Based on the outcomes in Table 2,
we find that if the innovation is costly and increased consumer willingness to pay for the (green)
product does not cover the innovation investment, then the manufacturer innovation scheme leads to a
higher wholesale price. More specifically, we have the following proposition (proof—see Appendix C):

Proposition 3. The optimal wholesale price in Model R is lower than that in Model M; that is, w∗R < w∗M.

Proposition 3 shows that, compared with the case when green technology is invested in by the
retailer, the manufacturer sets a higher wholesale price if it is responsible for the investment into green
technology. This result is quite intuitive; in Model M, it is the manufacturer who intends to maximize
their profit by determining the optimal greenness level and the wholesale price of the products.
However, the retailer is responsible for the decision of selling prices. As a result, the manufacturer sets
a higher wholesale price in Model M in order to cover the cost of investing in the green technology.
Conversely, in the situation of the retailer investing into green technology (Model R), the retailer
profits by determining the optimal greenness level and retail price of the products. It should be
noted that consumers value environmentally friendly products with the green level of g; that is,
the higher the green level of g, the higher the retail price, which induces the wholesale price to also
increase. As a result, in order to encourage the retailer to engage in investing into the green technology,
the manufacturer should set a lower wholesale price in Model R.

When it comes to the price that the retailer charges to the consumers, the comparison is a little
more interesting with additional cases. In particular, based on the outcomes in Table 2, we can conclude
the following proposition (for proof, see Appendix D):

Proposition 4. Compared with the manufacturer innovation scheme, if k > ρ2

2β , the optimal retail price is lower
in the retailer investment scheme (i.e., pM > pR); otherwise, the relation is reversed.

Proposition 4 indicates that the prices of different innovation schemes can be industry-specific.
In particular, Proposition 4 reveals that there is the threshold for the coefficient of investment effort

(i.e., k > k̃ =
ρ2

2β ), above which the retail price in Model M is higher than that in Model R (pM > pR);

however, the opposite is true when k < k̃ =
ρ2

2β . This can be interpreted as follows: when the coefficient

of investment effort is high (i.e., k > k̃ =
ρ2

2β ), the (upstream agent’s) manufacturer’s marginal costs
are high. To cover the cost of investing into green technology, the manufacturer has no choice but to
charge a higher wholesale price. This results in even higher marginal costs (i.e., wholesale price) for
the retailer; as a result, the retailer has no choice but to set a higher retail price in Model M than that in
Model R, due to the double marginalization problem raised between both parties. On the other hand,

when the coefficient of investment satisfies k < k̃ =
ρ2

2β , it is a profitable behavior to invest in green
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technology. To avoid unduly reducing the output of the retailer and to cover the costs of investing into
green technology, the retailer would be less likely to decrease the retail price in Model R.

4.2. Analysis Difference in Environmental Performance

We now focus on how the green decisions between vertical interaction affect the optimal green
level in a supply chain. Based on the outcomes of Propositions 1 and 2, the comparison shows that
the retailer innovation scheme always yields a higher investment in green technology (for the proof,
see Appendix E).

Proposition 5. The optimal green level under the retailer-driven scheme is greater than that in the
manufacturer-driven innovation scheme (g∗R > g∗M).

Proposition 5 indicates that, compared the manufacturer-driven scheme, when the retailer drives
the green technology innovation, they contribute a higher level of environmental sustainability.
One might expect that, acting as an upstream agent and producing products, a manufacturer would
heavily invest into green technologies in order to bolster its products’ wholesaling. In fact, this logic
misses a key point: all products are wholesaled to the retailer, who can set the preferred retail price.
Furthermore, the higher the environmental sustainability, the higher the wholesale price for the retailer;
that is, if the manufacturer heavily invests into green technologies, in order to cover the investment
costs, they must set a higher wholesale price for the retailer. It should be noted that, as the double
marginalization problem is raised between both parties, the higher wholesale price leads to even higher
retail prices and less units sold to end consumers. However, under the retailer-driven scheme, if the
retailer invests more into green technologies, they can set a preferred retail price to consumers and not
worry about the double marginalization problem.

In both innovation schemes, we further found that the equilibrium green level increases with
respect to marginal utility of consumers from the green technology, ρ, and decreases with respect
to the marginal cost of the innovation investment k. Moreover, the gap between the retailer- and
manufacturer-driven innovation schemes increases with ρ and decreases with k. Thus, we may
conclude that, with a stronger marginal utility of consumers with respect to the green technology,
the gap, in terms of the green levels of the models, increases.

4.3. Analysis of Difference in Economic Performance

We now focus on how the vertical interactions between the manufacturer and the retailer affect
the optimal profitability for different parties; that is, in this sub-section, we intend to address the
difference in economic performance between both models. In Table 2, we calculate the corresponding
profit differences πmR − πmM, πrR − πrM, and πR − πM for the manufacturer, retailer, and industry,
respectively. The following proposition summarizes their relationship (for the proof, see Appendix F).

Proposition 6. Both the manufacturer and retailer profits under the retailer innovation scheme are higher than
those in the manufacturer innovation scheme (πmR > πmM and πrR > πrM).

Proposition 6 reveals that the retailer innovation scheme yields higher profits for both parties.
Before interpretation, it should be noted that the retailer innovation scheme is greater than that in
the manufacturer innovation scheme (i.e., g∗R > g∗M; see Proposition 5). Furthermore, we assume that
the consumer demand is d(p, e) = α− βp + ρg, meaning that the willingness to pay for the product
increases as the green level increases. Proposition 6 can, thus, be interpreted as follows: the consumer
willingness to pay for the product in Model R is always greater than that in Model M, as the green
level of the retailer innovation scheme is greater than that of the manufacturer innovation scheme
(i.e., g∗R > g∗M). As a result, the retailer benefits more under Model R than in Model M, due to the higher
consumer willingness to pay for green technology in Model R.
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On the other hand, the manufacturer’s wholesale price in Model R does not depend on parameters
related to environmental investment, such as ρ or k (see the outcomes in Table 2). Anticipating that the
manufacturer would not squeeze its margins from the investment into green technology, in exchange,
the retailer would distribute more units from the manufacturer by setting a relatively low retail
price. This is particularly true, as even when the coefficient of investment effort/cost is pronounced

(i.e., k > ρ2

2β ), the optimal retail price in the retailer-driven green technology investment scheme is
lower than that under the manufacturer-driven scheme (i.e., PM > PR). As such, we find that the
manufacturer also benefits more from Model R than Model M, as the retailer would compensate the
manufacturer’s profit and intends to create a “win–win” result for both parties.

Based on Propositions 5 and 6, we can conclude that the retailer, who is closer to the customer,
is the more effective undertaker for mandating green technologies in a supply chain, as this scheme
not only creates higher profitability for both parties, but also achieves a more sustainable scheme for
our environment. This argument is partly consistent with the result in [33], “ceteris paribus, the agent,
who is closer to the customer (i.e., the retailer), is the most effective undertaker of the closed-loop
supply chain”. However, this result, it should be noted, differs from the above in the following two
main aspects: First, we highlight the implications of the green decisions between different parties in a
supply chain, rather than on the choosing the appropriate reverse channel structure for the collection
of used products from customers. Second, on a broader level, we intend to pay attention to how the
green decisions between different parties effect their economic and/or environmental performance;
however, they contributed to understanding about the interactions between reverse and forward
channel decisions, as well as the incentives of the agents to invest in used-product collection under
different reverse channel structures.

4.4. Numerical Analysis

In this sub-section, we illustrate the main theoretical results with numerical examples.
Then, we provide a discussion regarding the impact of the coefficient of investment effort.

We first compared the optimal outcomes in Proposition 3. According to [32,34], we set the
corresponding parameters as α = 500, β = 10, ρ = 4, c = 20, and k ∈ [0.5, 3]. As illustrated in
Figure 1, we obtained that, as shown in Proposition 3, the manufacturer always set a relatively lower
wholesale price for the retailer in Model R than in Model M. In addition, Figure 1 further shows
that, when the manufacturer invests in green technologies, the wholesale price decreases with the
coefficient of investment; that is, when the investment in green technologies is more efficient (i.e., with a
higher k), the manufacturer is more likely to set a lower wholesale price for the retailer. However,
when the retailer invests in green technologies, the wholesale price does not depend on the coefficient
of investment.

Figure 1. Comparing wr and wm.

Interestingly, for the optimal prices in both models, we found that, as shown in Figure 2, when the
coefficient of investment of k was pronounced (i.e., k > 0.8), the optimal retail price in Model R was
lower than that in Model M; however, if k < 0.8, the optimal retail price in Model R was higher than that
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in Model M. Thus, the analytical and numerical comparison of prices between both models revealed
that the prices of different innovation schemes can be industry-specific.

Figure 2. Comparing pR and pM.

Figure 3 indicates that, for any coefficient of investment of k, the optimal green level in the
retailer innovation scheme was always higher than that in the manufacturer innovation scheme.
The corresponding theoretical result is given in Proposition 5. Furthermore, based on Figure 3, we may
conclude that, as the coefficient of investment of k increases, the optimal green level under both schemes
non-linearly decreases.

Figure 3. Comparing gR and πmM.

Figures 4 and 5 provide the numerical analysis relating to Proposition 6, revealing several main
generalizations. First, as Proposition 6 states, for any coefficient of investment k, the profits of both
parties under the retailer innovation scheme are always higher than those under the manufacturer
innovation scheme. Second, the profits under both schemes non-linearly decreased as the coefficient of
investment increased. Third, with higher values of the investment coefficient, the gap between the
profit under both schemes narrowed. Thus, as shown in Proposition 6, Figures 4 and 5 indicate that
the economic performance of both parties under the retailer innovation scheme is always higher than
that under the manufacturer innovation scheme.
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Figure 4. Comparing πmR and gM.

Figure 5. Comparing πrR and πrM.

Considering the above numerical comparisons between the retailer innovation scheme and the
manufacturer innovation scheme, we can conclude that, if the coefficient of investment is above a
certain threshold, the retailer innovation scheme yields the desired demand expansion by setting a
relatively lower retailer price. More importantly, consistent with the results of the theoretical analysis,
our numerical studies revealed that the retailer innovation scheme has the advantageous effect of
creating higher green levels for our environmental and economic performance for both parties.

5. Conclusions

Environmental consciousness has become increasingly important in everyday life [35].
This tendency has resulted in more and more consumers becoming willing to purchase ecologically
friendly products for their daily needs. To meet these changes in the market, manufacturers and/or
retailers have pursued innovative management practices in order to incorporate environmental
responsibility as an integral part of their supply chain. In particular, many brand name manufacturers,
including Eastman Kodak, Fuji Photo Film, Mattel, and Kimberly-Clark, have adopted green
technologies for use in their production processes. On the other hand, many powerful retailers,
such as Walmart, have integrated environmental concerns and required their manufacturers to
provide green efforts, in terms of their packaging materials, and have asked them to report on their
environmental performance. A related question which arises is: who is the more suitable agent for
investing in green technologies in a supply chain, the manufacturer or the retailer?

To answer this question, based on observations from current practice, we developed two models:
(a) Model M, in which an upstream manufacturer invests in green technologies and encompasses all
parties to achieve the green goals in the supply chain; and (b) Model R, where a retailer integrates
environmental concerns into their supply chain decisions and asks its manufacturers to provide green
efforts to improve their environmental performance.

The main theoretical results related to the effect of vertical strategic interaction on green technology
investment in a supply chain can be summarized thus: the retailer innovation scheme has the
advantageous effect of creating higher green levels for our environmental and economic performance
for both parties. The intuition behind this result is that, if the manufacturer invests into green
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technologies, the double marginalization effect in the vertical strategic interaction not only may distort
the economic performance of both parties, but can also reduce the equilibrium of product greenness.

This study adds to the growing literature on green supply chain management, and indicates that
the classical double marginalization effect not only may distort the economic performance, but can also
reduce the equilibrium of product greenness. Our results have important implications for practitioners.
It is important that regulatory work provides leadership for green technology investment in supply
chains. As our analysis showed, the retailer, who is closer to the customer, is the more effective
undertaker for mandating green technologies in a supply chain.

Our models have some limitations which future studies may further explore. First, we only paid
attention to the effect of vertical interactions on green technology investment in a supply chain; however,
the green technology innovation is usually confronted with an R&D race under horizontal competition.
Second, we conducted both theoretical analysis and modeling, but it would be interesting to conduct
further empirical analysis on this subject. Third, we assumed that, in both models, the manufacturer
acts as the Stackelberg game leader; however, in reality, the supply chain has been increasingly
dominated by large, centrally managed “power retailers” who have wholesale bargaining power [36].
Finally, we assumed the both parties can symmetrically access information which, in reality, is difficult
to achieve. It is worth addressing how the problem of information asymmetry could affect the research
results; this direction may potentially add interesting avenues for investigating the effects of vertical
interactions on green technology investment in a supply chain (we thank an anonymous reviewer for
pointing this out).
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Appendix A. Proof for Proposition 1

In both models, the manufacturer acts as a leader, while the retailer responds to the manufacturer’s
w∗ and g∗ with the decisions of p∗.

The model is solved by backward induction; that is, we first solve max
pM

πrM = (pM −wM)(α− βpM +

ρgM). Then, we can obtain that pM(wM, gM) =
α+ρg+βw

2β . Substituting this into the manufacturer’s

profits and solving max
wM,gM

πmM = (wM − c)(α− βpM + ρgM) − kg2
M, we can obtain w∗M = c + 4(α−βc)k

8βk−ρ2 ,

g∗M =
(α−βc)ρ
8βk−ρ2 . Substituting them into pM, πmM, πrM, and πM, we get the equilibrium in Proposition 1.

Appendix B. Proof for Proposition 2

Using backward induction again, we first solve max
pR,gR

πrR = (pR −wR)(α− βpR + ρgR) − kg2
R,

yielding pR(wR) =
2αk+2βkw−ρ2w

4βk−ρ2 and gR(wR) =
ρ(α−βw)

4βk−ρ2 . Substituting these into max
wR

πmR =

(wR − c)(α− βpR + ρgR) gives w∗R = c + α−βc
2β . Substituting this into pR, πmR, πrR, and πR, we get the

equilibrium in Proposition 2.

Appendix C. Proof for Proposition 3

As w∗R = c+ α−βc
2β and w∗M = c+ 4(α−βc)k

8βk−ρ2 , we have wR −wM = −
(α−βc)ρ2

2β(8βk−ρ2)
. Because k > ρ2

4β , we also
have wM −wR > 0. Thus, we get w∗R < w∗M.



Sustainability 2020, 12, 7441 13 of 14

Appendix D. Proof for Proposition 4

We get this proposition from pM − pR, which is obviously positive when k > ρ2

2β ; that is, if k > ρ2

2β ,
then pM > pR is always true.

Appendix E. Proof for Proposition 5

We can obtain that the optimal product greenness in Model M is g∗M =
(α−βc)ρ
8βk−ρ2 , while the optimal

product greenness in Model R is g∗R =
(α−βc)ρ
8βk−2ρ2 . Solving g∗R − g∗M =

(α−βc)ρ3

2(8βk−ρ2)(4βk−ρ2)
, we find that, for any

k > ρ2

4β , g∗R − g∗M > 0 is always true.

Appendix F. Proof for Proposition 6

The manufacturer’s optimal profit in the two models are πmM =
(α−βc)2k
8βk−ρ2 and πmR =

(α−βc)2k
8βk−2ρ2 ,

respectively. Solving the optimal profit solutions of the manufacturer, we get πmR − πmM =
(α−βc)2kρ2

2(4βk−ρ2)(8βk−ρ2)
and, thus, can find that, for any k > ρ2

4β , πmR −πmM > 0 is always true.

The retailer’s optimal profit in the two models are πrM =
4β(α−βc)2k2

(8βk−ρ2)2 and πrR =
(α−βc)2k
16βk−4ρ2 ,

respectively. Solving the optimal profit solutions of the retailer, we get πrR −πrM =
(α−βc)2kρ4

4(4βk−ρ2)(ρ2−8βk)2

and, thus, can find that, for any k > ρ2

4β , πrR −πrM > 0 is always true.
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