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The popularity of the circular economy attracts more attention to balance environmental and economic impacts.
Many supply chain remanufacturing firms have started to use the cash flow to invest in cost-reduction tech-
nologies to increase profits. However, the uncertainty of cash flow significantly affects the technology investment

;I:if :ffacturin effectiveness, and therefore, some firms attempt to adopt cash hedging strategies to mitigate the uncertainty.
Environment & This study investigates the impacts of cash hedging on remanufacturing firms’ profits and the environment

through the lenses of cost-reduction technologies investments. The proposed nonlinear programming models
were drawn on cash hedging and risk management theory. Empirical regression analysis was conducted using
longitudinal datasets of listed Chinese remanufacturing firms for ten years ranging from 2010 to 2019. Different
from the traditional wisdom which argues that cash hedging has a single effect (i.e., positive, negative, or no
impact) on corporate economic performance, this paper’s results indicate that the impact of cash hedging on
corporate profits varies in different conditions; Further, this study is one of the first to identify some interesting
conditions, in which cash hedging can bring along remanufacturing firms with profits while protect environment.
This study provides insightful suggestions for the manufacturer’s and government’s policy design.

1. Introduction

The manufacturing industry has witnessed extensive waste genera-
tion and associated negative environmental impacts of wasted resources
owing to the linear life cycle of new products. The shift to a circular
economy directly responds to growing concerns about resource scarcity
and negative environmental impacts in the manufacturing industry
(Milios et al., 2019; Jin et al., 2022). Remanufacturing refers to the
process of repairing and transforming old-use products to like-new
products (i.e., remanufactured products), which provides a feasible
way to convert a linear product life-cycle to a circular one (Atasu et al.,
2008). As a significant and commonly used circular economy practice
within the manufacturing industry, remanufacturing is extremely
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helpful in reducing waste products disposal, natural resources con-
sumption, and materials to landfills (Alizadeh-Basban and Taleizadeh,
2019; Zhou et al., 2021). Nowadays, many manufacturers begin to
embrace this environmentally friendly practice (remanufacturing), and
transform themselves into remanufacturing firms that produce both new
and remanufactured products.

However, remanufacturing firms may be reluctant to conduct
remanufacturing when they cannot reap profits from remanufacturing.
One critical factor that can significantly affect remanufacturing firms’
profits is the risk of high production cost, which may originate from the
price changes of primary commodities (e.g., steel, plastic, and
aluminium) and fluctuations of exchange rates and interest. To offset the
potential cost increase and gain profits, a growing number of
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remanufacturing firms have been investing in cost-reduction technology
with available cash flow. For example, the leading equipment-
remanufacturing firm Caterpillar has been investing in automation
technology and production processes technology to boost productivity
and reduce the production cost, with an ultimate intention to counter
higher material expenses and increase profits (Kouvelis et al., 2019). It
has been widely acknowledged that cost-reduction technology innova-
tion or investment is a value-enhancing investment, which is effective in
reaping huge profits (Adam et al., 2007; Kouvelis et al., 2019).

In practice, however, the effectiveness of cost-reduction technology
innovation can be tremendously affected by the available cash flow used
for technology innovation investment. Actually, cash flow is often un-
certain, since remanufacturing firms are often affected by the volatility
of unpredictable factors, such as the cost of material purchase, price of
sales price, the interest rate, and the exchange rate. To obtain enough
and stable cash flows, corporations have widely adopted cash hedging as
a useful financial risk management operation, which protects firms from
the risk of cash flow volatility (Ha et al., 2017; Kouvelis et al., 2019).
Cash hedging is a financial investment strategy that aims to protect in-
dividuals from the variable cash flow risk and to obtain stable cash flow
(Kouvelis and Turcic, 2021). The essential operation for cash hedging is
as follows: to buy (sell) commodity in the practical or spot market, and
at the same time to sell (buy) the same commodity in the financial
market. Owing to the opposite transactions in the spot and financial
market, the cash flow loss in the spot market could be compensated by
the revenue in the financial market, and vice versa. Consequently, stable
cash flow is obtained via cash hedging (Sun et al., 2017). Generally, the
transaction in the financial market is based on derivatives (e.g., options
and futures), thus firms oftentimes use derivatives to avoid cash flow
risk and obtain stable cash flow. For example, according to the annual
report of Caterpillar in 2020, to protect the firm from the cash flow risk
from the increase in the interest rate, foreign currency exchange rates,
and commodity price, Caterpillar has used various types of derivatives
including foreign currency forward contracts, interest rate forward
contracts, and commodity forward contracts and option contracts.

Although remanufacturing firms oftentimes use cash hedging to
provide stable financial support for cost-reduction technology invest-
ment, the impact of cash hedging still remains unclear. On the one hand,
when there is unfavorable cash flow volatility, remanufacturing firms
adopt cash hedging to obtain stable cash flow for cost-reduction tech-
nology investment, which could decrease the production cost and
consequently increase the profit (Chod et al., 2010; Sun et al., 2017). On
the other hand, cash hedging also avoids favorable cash flow volatility
(Adam et al., 2007; Kouvelis et al., 2019). For example, when a rema-
nufacturing firm uses cash hedging to avoid the risk of the rising price of
the commodities for production, the firm would obtain less cash flow
with cash hedging if the price of commodities decreases rather than
increases as expected. Therefore, when there is favorable cash flow
volatility, cash hedging would reduce the available cash flow, which
would adversely affect the effectiveness of cost-reduction technology
investment (e.g., increase the product cost), and ultimately reduce the
profit of the remanufacturing firm. Thus, it is unclear how cash hedging
would influence the profit of a remanufacturing firm. Moreover, existing
study indicates that the remanufacturing firm’s cash hedging has a
significant impact on the environment (Sun et al., 2017). However, the
specific influence of cash hedging on the environment is far from clear,
which requires further investigation. Motivated by the practice and
discussions above, our research intends to investigate the following two
questions.

RQ1. How does cash hedging affect the profit of a remanufacturing
firm with investments in cost-reduction technologies?

RQ2. What is the influence of cash hedging on the environment?
Currently, the above two questions cannot be answered by the pre-

vious literature on cash hedging, because most literature investigated

cash hedging from the perspective of non-remanufacturing firms.
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However, compared with non-remanufacturing firms, remanufacturing
firms have different products and supply chain structures, and these
differences significantly influence firms’ decisions and strategies (Ran-
dall and Ulrich, 2001; Zhang et al, 2019). Specifically,
non-remanufacturing firms mainly engage in the forward supply chain
as they sell new products only. But remanufacturing firms are involved
in both forward and reverse supply chains, as they not only sell new
products to consumers (i.e., a forward supply chain), but also collect
old-use products from consumers (i.e., a reverse supply chain) (Sun
et al., 2017). Therefore, the previous research on non-remanufacturing
firms’ strategies (e.g., cash hedging strategy) may not be applicable in
the remanufacturing context. Remanufacturing firms’ cash hedging
strategy and its impacts on profits and the environment deserve further
investigation.

To address the aforementioned two questions, this study adopts a
multi-methodological approach, i.e., a mix of nonlinear programming
models and regression analysis. The nonlinear programming models can
answer our research questions from a theoretical perspective. The
regression analysis is used for two reasons. First, the regression analysis
could strengthen the robustness of the main theoretical results in the
nonlinear programming models (Agrawal, 1996; Amato et al., 2015).
Specifically, nonlinear programming models could offer the theoretical
results that whether cash hedging would have impacts on the remanu-
facturing firm’s profit. Further, the regression analysis could verify the
relationship between cash hedging and remanufacturing firms’ profits
from an empirical perspective. Second, the regression analysis could
supplement the qualitative results of nonlinear programming models
from a quantitative perspective (Ba et al., 2012; Przepiorka et al., 2020).
Specifically, the nonlinear programming models would investigate the
impacts of cash hedging from the qualitative perspective by answering
“whether cash hedging would influence a remanufacturing firm’s
profit”, which cannot depict the extent of influence. However, the
regression analysis could empirically quantify the magnitude of influ-
ence. Therefore, the combination of both nonlinear programming
models and regression analysis could contribute to a deeper under-
standing of the impacts of cash hedging on remanufacturing firms’
profits, from both qualitative and quantitative perspectives.

To investigate the impacts of cash hedging on remanufacturing
firms’ profits and environmental performance, we first develop a
benchmark model, in which a manufacturer invests in cost-reduction
technologies and only participates in manufacturing new products.
This model considers two scenarios in which the manufacturer either
gets involved in cash hedging or does not do so, and consequently the
profits and environmental impacts in these two scenarios are obtained
and compared. Then, we consider the case that the manufacturer con-
ducts remanufacturing and becomes a remanufacturing firm that pro-
duces both new and remanufactured products. We develop two
nonlinear programming models in which the remanufacturing firm
either engages in cash hedging or does not do it. Similarly, the profits
and environmental impacts in these two models are compared to reveal
the impacts of cash hedging. Finally, taking some representative rema-
nufacturing firms in China as samples, a regression analysis is conducted
to have a better understanding of the impacts of cash hedging on
remanufacturing firms’ profits.

Our research is expected to make several significant contributions.
First, we extend the existing research on cash hedging to the area of
remanufacturing, which is important but neglected in previous studies.
Moreover, our research compensates the existing literature on rema-
nufacturing by considering cash hedging as a way to reduce cash flow
volatility risk. In addition, the study is one of the first to present the
influence mechanism by which firms’ cash hedging strategy influences
the environment. Finally, this study provides insightful suggestions for
the manufacturer’s cash hedging strategies, as well as the government’s
policy design on environmental protection.

The rest of this paper is organized as follows. Section 2 reviews
related literature. Section 3 describes the model setting and related
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assumptions. Section 4 develops the benchmark models without rema-
nufacturing. Section 5 formulates the model with remanufacturing, and
analyzes the impact of cash hedging on profits and environmental im-
pacts. Section 6 conducts an empirical regression analysis to test the
impact of cash hedging on remanufacturing firms’ profits. Section 7
closes this paper by summarizing the main results, offering theoretical
and practical contributions, and pointing out limitations for future
research. All the proofs are included in Appendix.

2. Literature review

Our study is closely related to the literature on corporate risk man-
agement, with a particular focus on firms’ cash hedging. Cash hedging is
beneficial to reducing the volatility of cash flows risk and the adverse
cash flow shocks related to the unfavorable change in the price, such as
the price of input material, the selling price of products, the interest rate,
or the exchange rate (Bartram, 2019). Previous studies have investigated
many aspects relevant to cash hedging, such as the hedging tools, the
value of hedging, and factors that affect firms’ hedging strategy. Firms
often use financial instruments such as futures and options derivatives to
hedge cash flow risks (Yu et al., 2020). Turcic et al. (2015) find the
benefits of hedging of stochastic input cost in ensuring continuity of a
supply chain. Some studies such as Mackay and Moeller (2007), and
Disatnik et al. (2014) reveal the significant positive impacts of cash
hedging on improving the value of firms, which provide a reason for the
choices of firms’ hedging strategies. However, some studies such as Ben
(2010), and Bartram et al. (2011) find that whether firms use derivatives
would not affect the firm’s value. Thus, many studies try to analyse the
impact of different factors on firms’ hedging strategies. Some re-
searchers have investigated internal factors such as financial constraints
(Rampini et al., 2014), net worth (Rampini et al., 2020), and firm size
(Géczy et al., 1997). For example, Rampini et al. (2014) find that firms’
financial constraints would hamper the use of derivatives. Rampini et al.
(2020) investigate financial institutions’ hedging for the interest rate
and foreign exchange risk and find that the firm with the higher net
worth will hedge more. Other researchers investigate the effects of
external factors on firms’ hedging strategies, such as externally provided
liquidity (Disatnik et al., 2014), competition (Adam et al., 2007; Loss,
2012; Adam and Nain, 2013; Hoang and Ruckes, 2017), firm’s market
sizes (Fok, 1997), and correlation of a supply chain members (Kouvelis
et al., 2019).

Although previous literature has investigated cash hedging strategies
from many perspectives, there are a few significant research gaps. First
of all, the above studies try to examine the impact of cash hedging and
the factors affecting cash hedging strategy from non-remanufacturing
firms’ perspectives, while ignoring the remanufacturing firms. In prac-
tice, many remanufacturing enterprises have adopted cash hedging
strategy. Compared with non-remanufacturing firms, the remanu-
facturing firms have different product manufacturing strategies and
supply chain structures. Different from non-remanufacturing firms that
only manufacture new products, remanufacturing firms produce both
new and remanufactured products (Sun et al., 2017). Moreover,
non-remanufacturing firms are usually involved in a forward supply
chain structure only, while remanufacturing firms are generally
involved in both forward and reverse supply chains (Reimann et al.,
2019). According to Randall and Ulrich (2001), product types and
supply chain structures can have significant impacts on firms’ decisions
and performance. Thus, it is worth asking whether the theoretical
research on non-remanufacturing enterprises can be applied to rema-
nufacturing enterprises.

Our research is also related to the economic and environmental
impacts of remanufacturing firms’ strategies and decisions in the liter-
ature on the closed supply chain with remanufacturing. Remanu-
facturing is the process of repairing and transforming old-use products
to remanufactured products, which have the same quality as new
products (Zhou et al., 2021). Due to its role in reducing environmental
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impacts and promoting the development of circular economy, remanu-
facturing has been sufficiently investigated. The earliest literature em-
phasizes remanufacturing firms’ economic profits, and thus analyses the
factors, the strategy, and operational decisions affecting remanufactur-
ing firms’ profits. For instance, Atasu et al. (2008) identify the different
factors affecting the profitability of remanufacturing strategy, and find
that cost savings, green consumers, market growth rate, and consumers’
value for remanufactured products are the influential factors. Some re-
searchers try to analyse how the remanufacturing firms can use pro-
duction decisions to maximize its profit by examining how many used
products can be remanufactured or how many remanufactured products
should be produced (Galbreth et al., 2010; Ferguson et al., 2011; Raz
and Souza, 2018). Besides the economic profit, more and more scholars
began to focus on the remanufacturing firms’ environmental perfor-
mance (e.g., Yenipazarli, 2016; Sarkar et al., 2017; Wang et al., 2017;
Dou and Cao, 2020). For example, Wang et al. (2017) investigate the
profitability and environmental impact of different remanufacturing
strategies (i.e., in-house and outsourcing). Dou and Cao (2020) try to
find a win-win collection channel strategy among three collection
channels (i.e., manufacturer collection channel, retailer collection
channel, and third party collection channel) for economic profit and the
environment. Unfortunately, most studies believe that the remanu-
facturing firm’s strategy is difficult to achieve both economic and
environmental performance. Thus, our paper is going to explore
whether the belief is still holding when a new strategy (i.e., cash hedging
strategy) is considered, which can be explored by comparing both the
economic and environmental impacts of this new strategy.

For remanufacturing firms, uncertainties and risks are inherent
characteristics in a closed-loop supply chain, as suggested in a system-
atic review by Master et al. (2020). Many studies have investigated the
risk types and risk management measures. Previous studies have
investigated different risks or various uncertainty factors, such as un-
certainty of the production cost (Han et al., 2016; Huang et al., 2019),
uncertainties of the recycled products (He, 2017), stochastic remanu-
facturing capacity or yield (Heydari et al., 2018; Li et al., 2015), and
demand uncertainties in the market (Liao, 2018; Huang and Wang,
2018; Zhao and Zhu, 2018). Based on the above risk factors, different
supply chain contracts have been designed to reduce specific risk in
remanufacturing activities (He and Zhang, 2008; He, 2015; He, 2017;
Zhong et al., 2022). However, only limited studies have considered
using financial risk management tools to reduce the risk of remanu-
facturing firms. Wei and Tang (2014) use a real option approach to
evaluate the economic value of collected old-use products to minimize
the risk of the price of remanufactured products. Sun et al. (2017) use
cash hedging to reduce the demand uncertainties in the market.
Different from Wei and Tang (2014), and Sun et al. (2017), we use cash
hedging to reduce the cash flow risks, with a final aim to reduce the risk
of production cost uncertainty risk.

Two gaps are existing in the risk management literature associated
with remanufacturing. Firstly, the financial risk management strategy is
rarely considered, although commonly used in practice. Quite limited
studies have incorporated the financial risk management tool in rema-
nufacturing models (Wei and Tang, 2014; Sun et al., 2017). The research
considering using cash hedging to reduce cost uncertainty risk is even
scarcer. According to Han et al. (2016) and Huang et al. (2019), the
production cost risk is critical to remanufacturing firms, as it can affect
remanufacturing firms’ strategy (such as reverse channel selection) and
economic performance. Some researchers (e.g., Adam et al., 2007;
Kouvelis et al., 2019) have pointed out the potential of cash hedging in
reducing cash flow risks and cost uncertainty risk for a
non-remanufacturing firm. Based on their research, we consider using
cash hedging to minimize the cash flow risks and the cost uncertainty
risk for a remanufacturing firm. Secondly, the existing studies lack an
understanding of the environmental impacts of cash hedging. Although
Sun et al. (2017) have shown that cash hedging can have an impact on
the environment, the specific influence and the influence mechanism are
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unclear in their studies, which require more research effort.
3. Model development

In this section, we first present the model setting and assumptions
from the perspective of firms, consumers, and environment, respec-
tively. Then the timeline of events will be described.

3.1. Firms

We consider a firm (i.e., a manufacturer) who produces new products
with potential high unit production cost (UPC). To reduce the cost of
new products and increase production efficiency, the manufacturer can
invest in cost-reduction technology with cash flow. However, the cash
flow is uncertain, which can be affected by the volatility of unpredict-
able factors, such as cost of material purchase, price of sales price, the
interest rate, and the exchange rate. The manufacturer can choose to
hedge its cash flow to mitigate uncertain factors and volatility.
Following previous literature on hedging, such as Adam et al. (2007)
and Kouvelis et al. (2019), we assume that the manufacturer can choose
to hedge all the cash flow or not to hedge cash flow, and cash hedging is
a costless choice. If the manufacturer decides not to hedge, the amount
of available cash flow is a random variable k. If the manufacturer
chooses to hedge, the cash flow would be a constant ko = E(k), where
E(k) is the expected value of k. As stated by Kouvelis et al. (2019), the
cash flow could be high or low, and thus we assume that the cash flow k
follows a two-point distribution. That is, the cash flow k is a random
variable which can be either be low (i.e., k = k;) with probability p or
high (i.e.,, k = k) with probability 1 — p, where p € (0,1). Corre-
spondingly, we can obtain the expected value of the cash flow, i.e., ko =
E(k) = pki+ (1 — p)kn.

After the cash flow is realized, the manufacturer will invest in cost-
reduction technology with the available cash flow. Consistent with
Adam et al. (2007) and Kouvelis et al. (2019), we assume that the
marginal benefit of investing in cost-reduction technology is higher than
the opportunity cost, which implies that the manufacturer will invest all
the cash flow in cost-reduction technology. According to Adam et al.
(2007), the pursuit of market growth and empire-building tendencies of
shareholders and managers could be the motivation for this kind of in-
vestment behavior.

We assume the UPC of new products is C, which satisfies

c_le= c(ko),if the manufacturer hedge,
"\ ¢ =c(k),if the manufacturer does not hedge,

where c(.) is the UPC function of new products. Following Kouvelis et al.
(2019), we assume that c(.) is a decreasing function of cash flow in-
vestment (i.e., c'(.) < 0). If the manufacturer chooses to hedge, the UPC
of the new product will be a constant cy. If the manufacturer does not
hedge, the UPC of the new product will be a random variable c. In
addition, the UPC of new products (i.e., c) can be either high (i.e., ¢ =
c(k =k;) = cp) when the cash flow k is low (i.e., k = k;), or be low (i.e.,
¢ = c(k = kp) = ¢) when the cash flow k is high (k = kp), where c, >
c; > 0. After that, ¢, is named high-state UPC for convenience. Recall
that the cash flow k satisfies k = k; with probability p, and k = kj, with
probability 1 — p. Correspondingly, we can obtain that the unit cost of a
new product satisfies ¢ = ¢, with probability p, and ¢ = ¢; with proba-
bility 1 — p. Without loss of generality, similar to Huang et al. (2019), we
normalize ¢; to zero, and a positive ¢; would not affect the nature of
results in this paper. Assume that the expected value and variance of ¢
are E(c) and 6, it is easy to obtain that E(c) = pcp + (1 —p)c; = pcp and
0 =p(1 — p)cy?, respectively. In our model, the manufacturer’s hedging
strategies will affect the cash flow available and then affect the UPC of
new products (i.e., ¢cp and c¢), which could finally affect the manufac-
turer’s profit.

In reality, many manufacturers (e.g., Caterpillar, Xerox, Apple,
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Volkswagen, and Boeing) will engage in remanufacturing at a compo-
nent level. Specifically, the end-of-use products would be collected from
the consumers. Then they are disassembled into components, and the
components are remanufactured to achieve the same quality and per-
formance as the component of new products. The remanufactured
components would be tested and sold as remanufactured products. It is
widely acknowledged that the remanufactured product is a cost-saving
alternative to the new product (see. e.g., Savaskan et al., 2004; Geyer
et al., 2007; Wu and Zhou, 2017; Reimann et al., 2019). In line with
prior studies, we assume that the UPC of new products is C, and
normalize the UPC of remanufactured products to 0. Hence, C also im-
plies how cost-saving the remanufacturing is (Zhou et al., 2021). We
assume C < 1 in our model to avoid the trivial case in which the quantity
of new products is negative.

3.2. Consumers

In this study, the market size is normalized to 1. Consumers are
heterogeneous, and their willingness to pay (WTP) for a new product is
v, which is uniformly distributed over the interval [0, 1]. According to
practices and literature on remanufacturing (Xiong et al., 2013; Yeni-
pazarli, 2016; Zhou et al., 2021), a consumer’s WTP for a remanufac-
tured product is lower than that for a new product, since consumers
often perceive that the remanufactured products have lower quality
than new products. Thus, we assume that each consumer’s WTP for a
remanufactured product is a fraction § € (0, 1) of that for a new product,
i.e., 6v. Define p;(i € {n,r}) as the price of product i, where n stands for
new products and r stands for remanufactured products. The net utility
of a consumer who purchases a new product and remanufactured
product (i.e., Uy, U;) would be U, = v— p,, and U, = év — p,, respec-
tively. In the scenario without remanufacturing, the manufacturer will
only sell new products. Each consumer would purchase a new product if
U, > 0. Correspondingly, we can obtain that consumers’ demand for
new products is g, = 1 — pp, and the inverse demand function would be
Pn = 1— gn. In the scenario with remanufacturing, the manufacturer
will sell both new and remanufactured products. Each consumer will
purchase a new product if U, > 0 and U, > U,, and purchase a rema-
nufactured product if U, > 0 and U, > U,. Thus we can obtain that
consumers’ demand for new products and remanufactured products are
gn =1—2-EF and g, =%-E. Through simple mathematical algebra, we
can obtain the inverse demand functions of new products and remanu-
factured products, which are

pn:17qn7§qr7pr:5(17qn7qr) (@)

Remanufacturing is a multi-period problem in that products can be
collected and remanufactured only if the new products are end-of-use.
We assume that the new products can be used for one period and can
be remanufactured in the next period. Thus, the quantity of remanu-
factured products is naturally restricted by the quantity of new products
in the previous period. Following previous studies on remanufacturing
(e.g., Wu and Zhou, 2017; Zhou et al., 2021), we consider a steady-state
period model in which the manufacturer uses the same production
strategy in every period after the first period, which implies that the
quantity of new products in the current period is same to that in the
previous period. Thus, in a representative period, we have g, < g,.

3.3. Environment

The manufacturing of new products will lead to significant amount of
undesirable pollutants, such as carbon dioxide. Remanufacturing, as a
substitute for all-new-manufacturing, is recognized as effective way to
reduce raw materials use, energy consumption, and finally reduce
environmental impacts and move towards a circular economy (Yenipa-
zarli, 2016; Zhou et al., 2021; Xia et al., 2022). In our paper, environ-
mental impacts reflect raw materials and energy consumption of
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products, and tell the capability of remanufacturing firms in boosting
the development of a circular economy. In our models, when there is a
lower environmental impact (which means less raw materials and en-
ergy consumption of products), remanufacturing is perceived as a more
effective circular economy practice. We assume that environmental
impacts generated by a new product and a remanufactured product are y
and ya, where a € (0,1) reflects that the remanufactured products
consume less raw materials and energy consumption than new products.
Here unit environmental impact cut by a remanufactured product is 1 —
a, and a depends on the properties (such as types and quality) of
collected products. Without loss of generality, consistent with Zhou et al.
(2021), we set y =1 in our model for ease of exposition. In fact, the
qualitative results of this paper would not be changed if y # 1. Following
Raz et al. (2013) and Mazahir et al. (2019), we assume that the envi-
ronmental impact is related to both the quantity of products and unit
environmental impact of each product. We can now calculate the
environmental impact of products of the firm with remanufacturing and
without remanufacturing. When the manufacturer does not engage in
remanufacturing, the environmental impact (denoted by G) would be
G = ¢ When the manufacturer engages in remanufacturing, the man-
ufacturer’s environmental impact would be G = ¢, + ag,. Then, the
expected value of the environmental impact would be E(G).

3.4. Timeline of events

The decision sequence is as follows. In the first stage, the manufac-
turer decides whether to produce remanufactured products. In the sec-
ond stage, the manufacturer can choose between hedging cash flow or
not hedging. In the third stage, when the cash flow is realized, the
manufacturer invests cash flow in reducing the UPC of new products and
decides the production quantity of new products and remanufactured
products.

4. Non-remanufacturing model (benchmark model)

In this part, we assume that the manufacturer does not engage in
remanufacturing. We use backward induction to derive the manufac-
turer’s hedging decisions. That is, taking the manufacturer’s hedging
strategy as given, we first analyse the manufacturer’s production
quantity decisions (i.e., the quantity of new products). Then, we analyse
the manufacturer’s hedging strategy by comparing the expected profits
in the model without cash hedging (i.e., model ON) and that in the
model with cash hedging (i.e., model OH). Finally, we examine the
impacts of cash hedging on the environment by comparing the expected
environmental impacts of products in models OH and ON.

When the manufacturer’s hedging strategy is given and the cash flow
is realized, the manufacturer decides the optimal new product quantity
to maximize the profit. Thus, the manufacturer’s optimization problem
is

n}laXﬂ(C) =Puln — Cn 2)

where p, =1 — g,. It is easy to obtain the optimal new product quantity
and profit of the manufacturer, which are
. 1-Cc . (1-c)
A Sl 3
4, 5 " 2 3
Recall that C = ¢ in model ON, and C = ¢, in model OH. It is easy to
obtain that the expected new product quantity under the model ON and
model OH are E(q%) = (1 — pcp) /2, and E(@2") = (1 — ¢o) /2,
respectively. The manufacturer will make its hedging decision by
comparing the expected profit under the model OH and model ON,
which is
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It is optimal for the manufacturer to hedge if hedging could increase
its expected profit (i.e., E(z°"") — E(z°") > 0), and not to hedge if
hedging would decrease its expected profit (i.e., E(z°"") — E(z°V") < 0).
When the manufacturer does not remanufacture, Proposition 1 gives the
firm’s cash hedging strategy.

PROPOSITION 1. Provided that the manufacturer is not engaged in
remanufacturing, there exists a threshold p, € (0,1) such that it is optimal
for the manufacturer to hedge its cash flow if ¢, > ¢y and p > p,, and not to
hedge if 1) cp < co, Or 2) ¢, > o and p < p,, where p; = iig:ggg

Proposition 1 tells that the firm’s optimal cash hedging strategy
varies in different conditions. Intuitively, when the high-state UPC is low
(i.e., cp < cp), the manufacturer’s cash hedging is not effective in
reducing the UPC, and thus cash hedging cannot increase manufac-
turer’s expected profit. Hence, under this circumstance, the manufac-
turer always abandons the cash hedging strategy.

However, when the high-state UPC is high (i.e., ¢y > co), the
manufacturer may embrace cash hedging strategy. Specifically, when
there is a high probability of high-state UPC (i.e., p > p;), the manu-
facturer chooses cash hedging to effectively reduce the expected UPC,
which encourages the manufacturer to produce more new products and
finally increases its expected profit. However, when the probability of
high-state UPC is low (i.e., p < p;), the manufacturer’s choice of cash
hedging cannot effectively reduce the expected UPC and increase its
expected profits. Furthermore, when the probability of high-state UPC is
moderate (i.e., p = p;), the manufacturer’s choice of cash hedging will
not affect the manufacturer’s expected profits, which implies that the
manufacturer could choose no cash hedging or cash hedging.

When the manufacturer does not engage in remanufacturing, Prop-
osition 2 characterizes the influences of cash hedging on the
environment.

PROPOSITION 2. Provided that the manufacturer does not remanufac-
ture, compared with no cash hedging, there exists a threshold p, € (0,1) such
that cash hedging has the following impacts on the environment:

(1) a negative impact (i.e., E(G°"") — E(G°N") > 0) on the environment
if ey > co and p > p,,

(2) apositive impact (i.e., E(GPH") — E(GON") < 0) on the environment if
i) cy < co; orii) cp > o and p < p,,

(3) no impact (i.e., E(G™) — E(GN") = 0)ifcp > coandp = p,,
where py = co /Ch.

It can be seen from Proposition 2 that cash hedging can have
differentiated impacts (i.e., negative, positive, and no impacts) on the
environment. Specifically, when the high-state UPC is low (i.e., ¢ < ¢p),
the manufacturer’s cash hedging is not effective in reducing the UPC of
new products, and thus the manufacturer would reduce the expected
production quantity of new products. Consequently, the reduction in the
expected production quantity of new products would consume less en-
ergy and consequently lead to less environmental impacts.

However, when the high-state UPC is high (i.e., c¢; > cp), cash
hedging can have negative impacts on the environment under a certain
condition. Specifically, when there is a high probability of high-state
UPC (i.e., p > p,), the manufacturer can use cash hedging to effec-
tively reduce the expected UPC of new products, which encourages the
manufacturer to produce more new products. Ultimately, the increase in
new products consumes more energy and causes more environmental
impacts. However, when the probability of high-state UPC is low (i.e.,
p < p,), the manufacturer’s choice of cash hedging cannot effectively
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reduce the expected UPC of new products, and thus the manufacturer
would produce less new products. As a result, the reduction in the
production quantity of new products would consume less energy and
consequently lead to less environmental impacts. In addition, when the
probability of high-state UPC is moderate (i.e., p = p,), the manufac-
turer will not change its production decisions, which results in no im-
pacts on the environment.

PROPOSITION 3. Provided that the manufacturer does not remanu-
facture, compared with no cash hedging, cash hedging can never create
a win-win outcome (i.e., increasing manufacturer’s expected profit and
decreasing environmental impacts of products simultaneously).

When the manufacturer does not remanufacture, Proposition 3
shows the economic goal (i.e., maximizing expected profit) and the
environmental goal (i.e., minimizing environmental impacts) cannot be
aligned in terms of cash hedging. This result is consistent with tradi-
tional wisdom that oftentimes firms’ decisions cannot achieve both
economic and environmental benefits (Niu et al., 2017; Wang et al.,
2017; Dou and Cao, 2020). The reason for Proposition 3 is as follows.
When cash hedging can effectively reduce the expected UPC of new
products, on the one hand, the manufacturer can produce more prod-
ucts, which would finally increase the manufacturer’s expected profit.
However, on the other hand, more products will require more raw
materials and consume more energy, which will cause more negative
environmental impacts.

5. Remanufacturing model

In this section, we assume that the manufacturer engages in rema-
nufacturing. Similar to section 4, we use backward induction to derive
the manufacturer’s cash hedging decision. That is, given the manufac-
turer’s hedging strategy, we first analyse the manufacturer’s production
quantity decisions (i.e., the quantity of new products and remanufac-
tured products). Then, we analyse the manufacturer’s hedging strategy
by comparing the expected profits in the model without cash hedging (i.
e., model TN) and that in the model with cash hedging (i.e., model TH).
Finally, we examine the impacts of cash hedging on the environment by
comparing the expected environmental impacts of products in the model
TH and model TN.

5.1. Non-cash-hedging model (TN)

Under the model TN, the manufacturer chooses not to hedge and the
unit cost of new products is c. The manufacturer decides the quantity of
new products and remanufactured products to maximize the profit. The
manufacturer’s optimization problem is

- —C)qn — rns
P )n = Pr )

wherep, =1 — g, — 6qr, and pr = (1 — gn — gr). Solving equation (5),
we can obtain the optimal quantity of new products and remanufactured
products, and the profit of the manufacturer, which are (1) when 0 < ¢ <

1-6 ,IN* _ 1-6— TN* _ _ (1-8)—-2(1-)c+c?,

B G =i ¢ = sy and 2 = : 4(1< 5 5 (2) when
1-5 TN* _ TN* _ 1+6-c TN _ (1+6—¢)

37 <csL ¢ =d, =antgpand 1 = gy

LEMMA 1. Under the model TN, the expected quantity of new products
and remanufactured products, and the expected profit of the manufacturer
are

(1) when 0 < ¢, <12 E(@IV') = %4— %,andE(quN*) = 2(/’#

- 5(1-2c,)-(1-cp)®) | (1~
E(z™) _ p( 46(;.1)7% ) | 4p);

(2) when 132 < ¢, < 1, E(qy"") = “itgs + 125 E(g™) = gy

2(1+39) 2(1+35)
and E(z™") =

p(1+5—cp)? (A-p) p
t4(1+3b”) +
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Lemma 1 characterizes the manufacturer’s optimal expected quan-
tity of new and remanufactured products and expected profit in model
TN. Lemma 1 indicates that the manufacturer has two optimal produc-
tion strategies, which depend on the value of the high-state UPC (i.e.,
cp)- It can be easily inferred from Lemma 1 that when the high-state UPC
islow (i.e., 0 < ¢y < 1—55), the expected quantity of new products would
decrease in cp, but the expected quantity of remanufactured products
would increase in ¢j,. The reason is that as cj, increases, the expected cost
of new products would increase, which motivates the remanufacturing
firm to produce less new products and more remanufactured products.
However, when the high-state UPC is large (i.e., 5 <cp < 1), an in-
crease in ¢, would decrease both the expected quantlty of new products
and remanufactured products. The reason is that although the rema-
nufacturing firm is motivated to increase the quantity of remanufactured
products, the remanufactured products would be bound to the quantity
of new products. Consequently, both the expected quantity of new
products and remanufactured products would decrease in c;. Moreover,
Lemma 1 also tells that the expected profit of manufacturer would al-
ways decrease in cy, in two cases (i.e., when the high-state UPC is low or
high). The reason is that the decrease in ¢, would increase the expected
UPC for the manufacturer, which ultimately leads to the loss of expected
profit.

The main conclusion of Lemma 1 is shown in Fig. 1 by setting § = 0.5,
p = 0.5. It can be seen from Fig. 1 that when c; is small, as the UPC
increases, intuitively, the manufacturer reduces the quantity of the new
product, but increases the quantity of the remanufactured product.
Interestingly, when c, is large, the manufacturer reduces the quantity of
both new and remanufactured products. In addition, Fig. 1 also indicates
that the manufacturer’s expected profit is decreasing in cp, which
demonstrates the necessity of reducing c,.

5.2. Cash-hedging model (TH)

Under the model TH, the manufacturer chooses to hedge and the unit
cost of new products is ¢g. The manufacturer decides the quantity of new
products and remanufactured products to maximize the profit. The
manufacturer’s optimization problem is

TH

maxm 0) = n — C n — PrYn,

ax (co) = (Pu = c0)qn — Prq ©)
sit. ¢ 20,9, < gy,

where p, =1 - q, — 6qr, and p, = 8(1 — g, — q). The optimal quantity
and profit of the manufacturer are as follows:

(1) when 0<¢o <132 ¢ = 12?15*5)0, g = sy and g =
(1=0)-2(1— )Co+coz.
415 ;
14+6— 2
(2) when 132 < ¢ <1, ¢/ = qi"" = 5’55, and ™" = = Qo) i +§g§ .

Since cash hedging eliminates the uncertainty about the UPC, the
optimal quantities of the new and remanufactured products and the
optimal profit of the manufacturer are independent of the random
variable.

It is optimal for the remanufacturing firm to hedge if hedging could
) > 0), and not to
hedge if hedging would decrease its expected profit (i.e., E(z™") —
E(z™") < 0). Proposition 4 gives the cash hedging strategy when the
manufacturer engages in remanufacturing.

increase its expected profit (i.e., E(z"™") — E(z™

PROPOSITION 4. Provided that the manufacturer engages in remanu-
facturing, there exists a threshold p5 € (0, 1), such that it is optimal for the
manufacturer to hedge its cash flow only if c, > ¢y and p > p,, where
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Fig. 1. The effects of c; on the optimal expected quantities and profit.
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Proposition 4 still states that the manufacturer takes cash hedging
only and only if the high-state UPC is high (i.e., ¢, > ¢) and the prob-
ability of occurrence is high (i.e., p > p,). In these two conditions (¢, >
Co, P > p3), cash hedging can significantly reduce the expected UPC and
finally increase the manufacturer’s profit.

However, in other cases, the manufacturer should not adopt cash
hedging since it cannot increase the remanufacturing firm’s profit.
Specifically, when the high-state UPC is small (i.e., ¢; < co), intuitively,
the cash hedging adopted by the manufacturer cannot effectively reduce
the UPC, which will lead to profit loss for the manufacturer if cash
hedging is adopted. When the high-state UPC is large (i.e., c; > ¢o),
although the manufacturer adopts cash hedging strategy to reduce the
high-state UPC, it cannot effectively reduce the expected UPC (i.e., pcy)
when the probability of high-state UPC is low (i.e., p < p3). Thus, the
manufacturer will not choose cash hedging strategy in this case.

Proposition 5 characterizes the influences of cash hedging on the
environment when the manufacturer engages in remanufacturing,
which provides insights into how cash hedging can promote the rema-
nufacturing firms to conduct a more effective circular economy practice.

PROPOSITION 5. Provided that the manufacturer remanufactures,
compared with no cash hedging, there exists a threshold p, € (0, 1) such that
cash hedging has the following impacts on the environment:
(1) a negative impact (i.e., E(G™") — E(G™") > 0) on the environment
if cn > coand p > py,
(2) a positive impact (i.e., E(G™") — E(G™") < 0) on the environment
if i) ch < co; orii) cp > coand p < py,
(3) no impact (i.e., E(G™") — E(G™") = 0) on the environment if c, >
co and p = p,, where

1-6
co/enif 0<co<cy < 5

Co(l + 35)(1 — a)
Pa=Y (1=6)26+ch —a(l +6—cp))
(26+co—a(l+6—co)) .

1-5
Jf ——<coy<cp <1.
@ ta—a(l+o—cy ! 7 <@<as

1-0
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Similar to Proposition 2, cash hedging can have differentiated im-
pacts (i.e., negative, positive, and no impacts) on the environment.
Specifically, when the high-state UPC is low (i.e., ¢, < ¢o), the manu-
facturer’s cash hedging is not effective in reducing the UPC of new
products. Thus, the manufacturer would reduce the expected production
quantity of new products, and increase the expected production quantity
of remanufactured products. Although the increase of remanufactured
products would consume more energy and result in more environmental
impacts, the reduction in the expected production quantity of new
products would consume less energy and lead to less environmental
impacts. Consequently, the total environmental impacts are reduced
owing to the reduction of the environmental impacts of new products.

However, when the high-state UPC is high (i.e., c; > cp), cash
hedging would have negative impacts on the environment under a
certain condition. Specifically, when there is a high probability of high-
state UPC (i.e., p > p,), cash hedging can effectively reduce the expected
UPC of new products, which encourages the manufacturer to produce
more new products and less remanufactured products. Although the
reduction of remanufactured products would consume less energy and
result in less environmental impacts, the increase in the expected pro-
duction quantity of new products would consume more energy and
result in more environmental impacts. Consequently, the environmental
impacts will increase due to the increase in the environmental impacts of
new products. Nevertheless, when the probability of high-state UPC is
low (i.e., p < p,), cash hedging cannot effectively reduce the expected
UPC of new products, and thus the manufacturer would produce less
new products and more remanufactured products. The reduction in the
production quantity of new products would consume less energy and
consequently lead to less environmental impacts. In addition, when the
probability of high-state UPC is moderate (i.e., p = p,), the manufac-
turer’s choice of cash hedging will not affect the expected UPC, and thus
the manufacturer will not change its production decisions, which leads
to no impacts on the environment.

PROPOSITION 6. Provided that the manufacturer remanufactures,
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compared with no cash hedging, cash hedging can create a win-win outcome
(i.e., increasing the manufacturer’s profit and decreasing environmental
impacts of products simultaneously) if ¢, > ¢o and p; < p < py.

Although Proposition 3 tells that without remanufacturing, cash
hedging cannot be advantageous for both the expected profit and the
environment simultaneously, Proposition 6 argues that a win-win
outcome can be achieved under certain conditions. Specifically, when
high-state UPC is low (i.e., ¢, < ¢o), cash hedging is detrimental to the
expected profit but beneficial to the environment, and thus a win-win
outcome cannot be achieved under this condition. The reason is that
in this case, cash hedging cannot effectively reduce the UPC of new
products (see Proposition 4), and ultimately leads to profit loss. More-
over, fewer new products would be produced under this condition (see
Proposition 5), which would be beneficial to the environment.

When high-state UPC is high (i.e., ¢, > ¢o), there are three cases.
Specifically, in the case with a low probability of high-state UPC (i.e.,
p < p3), cash hedging is detrimental to the expected profit but beneficial
to the environment. On the one hand, cash hedging cannot effectively
reduce the expected UPC of new products (i.e., pcy) and would be
detrimental to the expected profit. On the other hand, in this case, the
manufacturer would produce more new products, which would be
detrimental to the environment. In the case with a high probability (i.e.,
p > p4), cash hedging is beneficial to the expected profit but detrimental
to the environment, and the reason is as follows. Firstly, cash hedging
can significantly reduce the expected UPC of new products and finally
increase the manufacturer’s profit (see Proposition 4). Secondly, the
increase in the expected production quantity of new products would
lead to more environmental impacts (see Proposition 5). Summarizing
the above two cases, we can obtain that a win-win outcome cannot be
achieved when p < p; or p > p,.

However, in the case with a moderate probability (i.e., p; < p < p,),
a win-win outcome can be achieved, that is, cash hedging is beneficial to
both the expected profit and the environment. The reason for this
outcome is as follows. On the one hand, cash hedging can significantly
reduce the expected UPC of new products and finally increase the
manufacturer’s expected profit. On the other hand, compared with the
quantity without cash hedging, the production quantity of new products
with cash hedging would be lower, and the quantity of the remanufac-
tured products would be higher. Although the increased quantity of
remanufactured products will lead to more environmental impacts, the
decreased quantity of new products will result in less environmental
impacts. Since the total environmental impact is more sensitive to the
change in the quantity of new products than remanufactured products,
the overall environmental impact would be reduced owing to the
decreased quantity of new products.

6. Empirical evidence from Chinese remanufacturing firms

In the previous section, we have developed theoretical models to
discuss the impacts of cash hedging on a remanufacturing firm’s profit,
which is characterized in Proposition 4. In this section, taking some
representative Chinese remanufacturing firms as samples, we conduct
an empirical analysis to have a better understanding of the theoretical
results in the previous section. Specifically, a regression analysis is
conducted to investigate the impacts of cash hedging on remanu-
facturing firms’ profits.

Our study tests the impact of cash hedging on remanufacturing firms’
performance based on the pilot remanufacturing firm catalogue con-
ducted by the Ministry of Industry and Information Technology (MIIT)
of China (MIIT, 2009; MIIT, 2016; MIIT, 2020). To guarantee the data
quality, we screen the 89 firms to select those that are publicly listed on
stock markets. This is to ensure that all the firms in our sample follow the
same and consistent information reporting and disclosure standards.
Also, many prior studies on manufacturing enterprises’ cash hedging
adopt data from publicly listed manufacturing firms (Gamba and Tri-
antis, 2014; Treanor et al., 2014; Sun et al., 2017). Finally, we drop 79
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firms and keep 10 firms that are publicly listed on the stock market while
belonging to the pilot remanufacturing catalogue issued by MIIT. By
obtaining these 10 firms’ annual reports, we record three major ac-
counting statements — the balance sheet, cash flow statement and in-
come statement, covering useful variables such as cash hedging and
revenue for the period of 2010-2019. This study has in total 100 ob-
servations, which is similar to some previous research adopting GMM
based on a relatively small sample size, such as Elhorst (2010). Within
the 100 observations, 14 are missed and created by using the linear
interpolation method. Those missing observations are mainly because
some firms in the sample did not record hedging investments in the early
years.

6.1. The measure

The dependent variable is the profitability ratio of the remanu-
facturing firm, as calculated by the natural log of net income (total
revenue - total operating expenses) divided by total revenue. Profit-
ability ratios are a class of financial metrics that are used to assess a
business’s ability to generate earnings relative to its revenue, operating
costs, balance sheet assets, or shareholders’ equity over time, using data
from a specific point in time (Ningsih and Sari, 2019; Xu et al., 2022). In
short, a profitability ratio indicates how efficiently a company generates
profit and value for shareholders. The data on the dependent variable is
obtained from the annual audited financial statements.

The explanatory variable is cash hedging, measured by the natural
log of the investment amount of financial derivatives by remanu-
facturing firms (He and Wong, 2004). For a cash hedging of a forecast
transaction, the forecast transaction shall be likely to occur and shall
make the enterprise face the risk of changes in cash flow, which will
ultimately affect the profits and losses (Adam et al., 2007). With the help
of cash hedging, remanufacturing firms can obtain stable cash flow to
invest in cost-reduction technologies (Kouvelis et al., 2019). This study
follows the procedure employed by He and Wong (2004) to derive cash
hedging data from the annual report of listed remanufacturing firms.

This study adopts four control variables. The first two control vari-
ables are firm size and age, as they might influence regression results.
Some literature suggests that smaller and younger firms tend to conduct
more cash hedging than larger firms (Stock et al., 2002). Firm size is
measured by the logarithmic transformation of each firm’s total em-
ployees (Cui and Jiang, 2012). Firm age is measured by the number of
years since the establishment of the parent company (Eisenberg et al.,
1998). The third control variable is the capital stock of remanufacturing
firm as it is associated with revenue and cash hedging (Wang et al.,
2012). Finally, our research measures remanufacturing firm input as the
work-in-process production inventory (value), the higher the degree of
work-in-process production inventory, the more likely the firm will
conduct cash hedging to reduce cost, because of its increased depen-
dence on recycled parts (Helpman et al., 2004). The data of four control
variables is obtained from the annual report of listed remanufacturing
firms. The key variables including dependent variable, explanatory
variable, and control variables, are summarized in Table 1.

6.2. Model specification

This study considers the system-GMM dynamic panel data econo-
metric model to investigate the relationship between cash hedging and
remanufacturing firm performance. Arellano and Bond (1991) and
Blundell and Bond (2000) argued that the dynamic panel data econo-
metric model can handle unobservable individual effects and time ef-
fects of different cross-sections, facilitating the description and analysis
of dynamic adjustment processes, and deal with error components. The
general dynamic panel model is:
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Table 1
Description of key variables.
Variable name Acronym  Operationalization
Profitability ratio Pro;, Natural log of net income (total revenue -
total operating expenses) divided by total
revenue of remanufacturing firm i in year t.
Cash hedging Inv;, Natural log of the investment amount of
financial derivatives by remanufacturing
firms i in year t.
Employee Emp;, Natural log of the employee of
remanufacturing firm i in year t.
Capital stock Cap;, Natural log of the capital stock of
remanufacturing firm i in year t
Work-in-process Wip; Natural log of work-in-process production
production inventory value of remanufacturing firm i in
inventory year t.
Firm age Agei, Natural log of firm age of remanufacturing
firm i in year t.
Vit =7o

FY Ot Y Sty (=12, N, t=1,2,-.T),
j=1 k=1
@

where i refers to remanufacturing firm, j, k refers to the lag, y, refers to
constant, y; refers to individual effects, and u;, refers to residuals. This
basic model gives a way of avoiding endogenous problems. Here, this
study augments the basic model as follows to include our variables.

logPro;, = ay + a,logPro;,— + axloglnv;,_ + B logEmp; , + p,logCap;,

8
+B, log Wipy, + Byloghge;, + &:. ®)

By construction, all variables are in logarithm. In our model, t de-
notes year. We set Pr o;, and Inv;, to be in t — 1 year. This is based on the
rationale that benefits from cash hedging may take time to be reflected
in remanufacturing firms and that performance accumulation also re-
quires a lengthy process. Our dynamic equation uses up to thrice lagged
instruments in the model.

6.3. Estimation method

In this study, reverse causation may well generate estimation prob-
lems (Arellano and Bond, 1991; Blundell and Bond, 2000) when
studying remanufacturing firms’ profitability ratios. For instance, cash
hedging may lead to better remanufacturing firm profitability ratios, but
remanufacturing firms with higher profitability ratios are also likely to
be more involved in cash hedging. It means that the explanatory vari-
ables may have an impact on remanufacturing firm profitability ratios,
but in the meantime, remanufacturing firm profitability ratios may also
have an impact on some of the explanatory variables. These endogeneity
issues may arise through investment effects, or the self-selection of
better-performing firms. Ordinary Least Square (OLS) and within esti-
mators will tend to overestimate the effects of the explanatory variables
and are also unable to address the simultaneity and endogeneity issues
(Li et al.,, 2016; Wang et al., 2020). Thus, our study employs the
generalized method of moments (GMM).

In general, there are two typical ways of GMM estimation: difference-
GMM and system-GMM (Roodman, 2009). Blundell and Bond (2000)
suggest that the difference-GMM estimation method is easily affected by
weak instrumental variables. They also describe if the original equation
in levels is added to the system, how additional instruments can be
brought to bear to increase efficiency (Blundell and Bond, 2000). In
other words, the system-GMM estimator is a system that contains both
the levels and the first difference equations. It provides an alternative to
the standard first difference GMM estimator. Therefore, the system
GMM is regarded as an appropriate method for dealing with unobserved
heterogeneity, endogeneity, and also situations where the explanatory
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variables are not strictly exogenous (Liu et al., 2014; Wang et al., 2020).
To solve the potential endogeneity problem in the model, we estimate
the equation using the system GMM approach developed by Blundell
and Bond (2000).

In this study, we use the system-GMM estimator. Previous literature
suggests that the Sargan test is more appropriate for the difference-GMM
estimator and under the assumption of homoskedasticity and no serial
correlation (in levels) of the idiosyncratic error term, while the system-
GMM estimator should consult the Hansen test (Roodman, 2020).
Therefore, the Hansen statistic of overidentifying restrictions was used
to test the validity of the instruments. The Arellano-Bond (AR) test is
also employed to detect the existence of the first or second-order serial
correlation.

6.4. Estimation results

The regression results are reported in Table 2. Models 1 and 2 pass
the specification tests, as they both reject the null hypothesis of AR (1),
showing that the dynamic model is correct. Furthermore, the result of
our specification tests does not reject the null hypothesis of the AR (2)
and Hansen tests. In summary, the specification tests show that no
further autocorrelation is present in the model and the Hansen test
confirms the validity of the instruments used in each model.

In model (2), the lagged value of the dependent variable Pro;; is
significant as expected, and so is the variable of cash hedging. This result
suggests that the profit of remanufacturing firm is a gradual and accu-
mulated process. In this sense, during the formulation of business
principles and strategies, the remanufacturing firm should consider the
dynamic development process of the performance, as well as the long-
term sustainable development of remanufacturing business.

Furthermore, cash hedging is highly significant in model (2). In
particular, cash hedging (Inv;,) has the strongest effect, where the esti-
mated coefficient is 0.224. Therefore, it is reasonable to argue that cash
hedging provides a major force for remanufacturing firms’ profits and
promotes productivity development in remanufacturing firms. Mean-
while, as a new tool of financial management, cash hedging can improve
the overall efficiency of the financial system, hedge risk, and guard
against even overcoming the financial crisis. This has subsequently
promoted the transformation of productive forces and the enhancement
of remanufacturing firm performance. In this case, the result of our
empirical test supports Proposition 4, which argues that cash hedging
increases the remanufacturing firm’s profit.

7. Discussion and conclusions

In this study, we adopt a mixed research method (i.e., developing

Table 2
GMM regression results.
m )
Pro 0.460%* 0.507%**
1.12) (1.33)
Emp 0.091 0.683
(0.98) (1.29)
Cap 0.163 1.175%**
(0.89) (0.80)
Wip 1.023 1.104
(0.78) (0.92)
Age 0.102 0.075
(0.61) (0.23)
Inv 0.224**
(2.35)
AR(1) 0.041 0.026
AR(2) 0.107 0.280
Hansen test 0.022 0.039
Observations 100 100

p-values in parentheses: *p < 0.1, **p < 0.05, ***p < 0.01.
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nonlinear programming models, conducting empirical regression anal-
ysis) to analyse the impacts of cash hedging on remanufacturing firms
with cost-reduction technology innovation investment from the
perspective of profits and environment, which can be helpful in realizing
both economic and environmental benefits in a circular economy.

The results show that the impact of cash hedging on firms’ profits
varies in different conditions, depending on two factors, i.e., the high-
state UPC of new products and the probability of high-state UPC.
Although the existing literature generally believes that cash hedging has
a single effect (i.e., positive, negative, or no impact) on corporate eco-
nomic performance (e.g., Mackay and Moeller, 2007; Ben 2010; Bartram
et al., 2011; Disatnik et al., 2014), our study suggests that cash hedging
has varied impacts. Specifically, when the high-state UPC of new
products is high, and the probability of high-state UPC is high, cash
hedging can lead to higher profit. When the high-state UPC of new
products is high, and the probability of high-state UPC is moderate, the
cash hedging has no impact on a firm’s profit. Otherwise, the cash
hedging strategy can decrease a firm’s profit.

The results also reveal that cash hedging can have positive impacts
on the environment and thus boost the development of a circular
economy. Intuitively, cash hedging may lead to cost reduction of new
products and encourage firms to produce more products, which leads to
more negative environmental impacts. This intuition is true under some
conditions (such as when the high-state UPC of new products is high,
and the probability of high-state UPC is high). However, in other cases
(such as when the high-state UPC of new products is high, and the
probability of high-state UPC is low), cash hedging can decrease envi-
ronmental impacts, which means that cash hedging can make remanu-
facturing become a more effective circular economy practice in these
cases.

Our results also tell that cash hedging can increase the profit of a firm
and reduce the negative environmental impact under certain conditions.
Traditionally, it is believed that a firm’s strategy may not promote
economic performance (such as maximizing profits) and environmental
performance (such as minimizing environmental impacts) simulta-
neously. It is true for the firm that has not engaged in remanufacturing,
but not the case for the firm involved in remanufacturing. Specifically,
for a non-remanufacturing firm, our results show that cash hedging
cannot increase the manufacturer’s expected profit and decrease the
negative environmental impact of products simultaneously. For a
remanufacturing firm, the cash flow can create a win-win outcome (the
profit attainment and environment protection) when certain conditions
are satisfied (i.e., when the high-state UPC of new products is high, and
the probability of high-state UPC is moderate). Under these conditions,
cash hedging can decrease the quantity of new products and increase the
quantity of environmentally friendly remanufactured products, which
eventually contribute to a win-win outcome for the profit and the
environment.

7.1. Theoretical contributions

This study contributes to the theoretical literature mainly in the
following four ways. Firstly, this paper identifies the economic impact of
cash hedging through the lenses of remanufacturing firms, compen-
sating the previous literature on corporate risk management primarily
from the perspective of non-remanufacturing firms. Considering the
considerable differences in products and supply chain structures be-
tween non-remanufacturing firms and remanufacturing firms, the
theoretical research results of non-remanufacturing companies may not
apply to remanufacturing companies. For the above consideration, our
research enriches the existing literature on cash hedging’s economic
impact by considering the remanufacturing firms in a circular economy,
which provides a theoretical basis for remanufacturing companies to
choose cash hedging strategies. Moreover, through investigating rema-
nufacturing firms, our research echoes with the study of Treanor et al.
(2014), Berghofer and Lucey (2014), and Krause and Tse (2016), who
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pointed out that more industry and product differences, need to be
considered when examining the impacts of cash hedging.

Secondly, this study is one of the first to investigate how remanu-
facturing companies with cost-reduction technology investment use
cash hedging strategies to reduce cash flow volatility risk and ultimately
reduce cost volatility risk. Existing studies have shown the urgency of
cost volatility management in assuring remanufacturing firms’ eco-
nomic performance and the potential role of financial risk management
tools (such as cash hedging) in reducing cost volatility (see Adam et al.,
2007; Kouvelis et al., 2019; Huang et al., 2019). Studies (Wei and Tang,
2014; Sun et al., 2017) have begun to model the financial risk man-
agement tool in the remanufacturing literature, but there is limited
literature on investigating using cash hedging strategies to manage cost
volatility risk. To the best knowledge of us, Sun et al. (2017) is the only
study that considers using financial cash hedging to mitigate the demand
volatility risk, while our paper discusses reducing cost fluctuation
through managing cash flow risk volatility. Thus, our paper adds to the
remanufacturing literature by considering the use of cash hedging to
reduce cost volatility risk in remanufacturing activities.

Thirdly, this paper contributes to the existing literature by revealing
the influence mechanism of cash hedging on the environment, which
opens up the black box of current theories about the impact of cash
hedging on the environment. Owing to the government’s tighter envi-
ronmental protection laws and policies (such as carbon tax policy, and
carbon limit policy)(Ling et al., 2021; Nie et al., 2020), and consumers’
increased environmental awareness, the environmental impacts of en-
terprise strategy including cash hedging strategy are critical to business
running and profitability. Existing literature (such as Sun et al., 2017)
has revealed the potential relationship between cash hedging and
environmental impacts. Nevertheless, specific impact (i.e., positive,
negative and no impact) and the influence mechanism are still unclear
now. Our paper contributes to the literature by identifying the specific
influence of cash hedging and uncovering the influence mechanism of
cash hedging. Specifically, we identify the interaction patterns among
the main transmission factors (i.e., the UPC and the quantity of new and
remanufactured products).

Fourthly, our study complements the existing studies that argue that
firms’ decisions are difficult to achieve both economic and environ-
mental benefits (Niu et al., 2017; Wang et al., 2017; Dou and Cao, 2020).
Existing research shows that it is vital for remanufacturing companies to
achieve both economic performance and environmental performance
(Yenipazarli et al., 2016; Sarkar et al., 2017; Dou and Cao, 2020). Un-
fortunately, most studies argue that remanufacturing companies’ stra-
tegic choices cannot achieve a win-win outcome between economic
performance and environmental performance. However, this paper
points out that remanufacturing enterprises’ cash hedging strategy can
make a win-win outcome for financial performance and environmental
performance under certain conditions, which provides a new insight into
existing literature from the perspective of the cash hedging strategy.

7.2. Practical implications

This study helps the remanufacturing firm, and the stakeholders who
are concerned with environmental benefits (such as the government) to
understand how to make decisions on cash hedging to maximize their
profits and minimize the negative environmental impacts. For the
remanufacturing firm, our results provide informative implications for
hedging decisions. For instance, remanufacturing firms can make the
optimal cash hedging decisions, depending on the high-state UPC of new
products and the probability of high-state UPC. Moreover, our results
also present the condition that remanufacturing firms can use cash
hedging to increase their profits and decrease the environmental im-
pacts of products simultaneously. For governments who care about the
environmental benefits and promoting the development of circular
economy, our results are also informative in answering when and how
governments should intervene. Specifically, based on our findings, for
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the profit-maximizing oriented firm without remanufacturing, its research with large sample size is strongly encouraged. Also, future

optimal cash hedging strategy will cause more environmental impacts. studies might wish to examine remanufacturing firms in other emerging

Thus, for the non-remanufacturing firm who uses cash hedging, an economies. Second, we do not identify the risk preference of China’s

environmental tax can be levied by the government. However, for a remanufacturing firms. For future research, it would be interesting to

profit-maximizing oriented remanufacturing firm, its optimal cash find out how risk preference affects China’s remanufacturing firms’ cash

hedging strategy can have a positive impact on the environment when hedging activities.

some conditions are met. Thus, governments should not intervene when

cash hedging can achieve a win-win outcome for the profit and the Funding

environment. Furthermore, in the case that cash hedging can increase

the profit while bring about environmental issues, governments can This study was supported by Humanities and Social Science Foun-

impose an environmental tax on the remanufacturing firm who chooses dation of Chinese Ministry of Education, China (22YJC630088);

cash hedging. Guangdong Philosophy and Social Science Planning Project, China
(GD22XGL18); China Postdoctoral Science Foundation, China

7.3. Limitations for future research (2022M710858).

As with all studies, our work has two main limitations, which provide Declaration of competing interest

opportunities for future research. First, this study’s sample size is rela-

tively limited because of two reasons: 1) the data comes only from The authors declare that they have no known competing financial

China’s remanufacturing firms in the catalogue issued by MIIT; 2) to interests or personal relationships that could have appeared to influence

ensure the reliability and availability of data, we drop unlisted rema- the work reported in this paper.

nufacturing firms. Although some previous research has used GMM

depending on a relatively small sample (e.g., Elhorst 2010), quantitative Data availability

studies with limited sample size may not fully uncover the impacts of

cash hedging on remanufacturing firm, to some extent. Therefore, future Data will be made available on request.

Appendix

Proof of Lemma 1. Under the model TN, the Lagrangean function and the KKT optimality conditions of the manufacturer are

L™ = (p, — €)@ — Prn — A1 (—qr1) — A2(q, — 42), (A1)
oL™ /dq, =0, (A2)
oL™ /g, =0, (A3)
ll qr= 0’ (A4)
/12(% - qn) =0 (AS)

Scenario (a). 4; =0, and A, = 0. Substituting 1; = 0, and A, = 0 into (A2) and (A3), and solving g, g, simultaneously, we have q, = ﬁ, qn =
1-6—c

2(1-5)"

In this scenario, g, > 0 and g, < g, require 0 < ¢ < 152,

Scenario (b). 4; > 0,and Ay = 0. From (A4), we obtain g, = 0. Substituting 1, = 0 and g, = 0 into (A2) and (A3), and solving 11, g, simultaneously,
we have 1; = — é6c, ¢ = %

Obviously, 4; < 0. Thus we discard scenario (b).

Scenario (¢). 4 =0, and 4, > 0. From (A5), we obtain g, = g,. Substituting 4y = 0, and ¢, = g, into (A2) and (A3), and solving 1,, g, simulta-
5(2c+5-1) _ 1ié-—c
1735 > dn = 3300

Correspondingly, we can obtain ¢, =g, = zl(%gg) Here, A2 > 0 and g, > 0, require

neously, we have 1, =

120 < ¢ <1+ 4. Since ¢ < 1in our model, we have 152 < ¢ < 1in

scenario (c).

Scenario (d). 4; > 0,and 4, > 0. From (A4) and From (A5), we have g, =g, = 0. Substituting q, = 0, and g, = 0 into (A2) and (A3), and solving 1;,
A2 simultaneously, we have 1; =c—1-6,43 =c— 1.

Obviously, 1; < 0, and 1, < 0, thus we discard scenario (d).

Summarizing above four scenarios, we can obtain the optimal quantity of the manufacturer under the model TN, which are

(1) decision 1: gIV" = ;(‘5:5”), R gy f0<c< 15
(2) decision 2: 'V = gIV' = Jioc if i< c < 1.

Correspondingly, we can obtain the optimal profit of the manufacturer under the model TN, which is

11
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1-6)—2(1=8)c+c* . 1-6
n.TN*:

(1+6—¢)  1-6

AL P

Mtz T3o<ces

Now we calculate the optimal expected number and expected profit of the manufacturer. Recall that the unit cost of new product satisfies ¢ = ¢,
with probability p, and ¢ = 0 with probability 1 — p. Here we need to dicuss two cases.

Casel. whenO < ¢, < 132, the manufacturer would choose decision 1 if ¢ = 0 or ¢ = cp,. Thus, the optimal expected quantities and expected profit of
the manufacturer under in Case 1 are

mw _P(l=d8—a) (1-p) ey _ _ PCh
Ea") = 2(1-6) 7 Fl )_m’
TN* _p(5(1 B 2"*') B (1 B ch)z) (1 —ﬂ)
) = 4(1—-5) R

Case 2. when % < ¢p < 1, the manufacturer would choose decision 1 if ¢ = 0, and choose choose decision 2 if ¢ = ¢j. Thus, the optimal expected
quantities and expected profit of the manufacturer under in Case 2 are
E(g™) pA+d—cy) 1-p

n

2113 2

wey _ PL+8—cp)
Ea) =539

N _/)(1+(5—c;,)2 (1-p)
E(r™) = 4(1 + 30) 4

Summarizing above two cases, we can obtain Lemma 1.
Now we calculate the results of model TH.
Under the model TH, the Lagrangean function and the KKT optimality conditions of the manufacturer are

L™ = (py = 0)qn = Prdn — 1 (—qn) — 12 (4qr — qu) (A6)
oL™ /g, =0 (A7)
aL™ /ag, =0 (A8)
Ag, =0 (A9)
A2(qr — qn) (A10)

The solution process of Lemma 2 is very similar to Lemma 1, so we omit the details and present the optimal number of the manufacturer under the
model TH, which are

M @ = 5i5p @ =ity 0 <co <155
2) ¢/ =gl = ;ai‘gfg), iflf<co <1

Correspondingly, we can obtain the optimal profit of the manufacturer under the model TH, which is
(1 =8) —2(1 = 8)co + co?
e _ 4(1=96)

(14+6—c) ., 1-6
- —_— <1.
Hi130) 0 Tgo<es

1-6
if 0<c¢<—0ory
f0ses——,

Now we calculate the optimal expected number and expected profit of the manufacturer.

Case 1. when 0 < ¢y < 132 the optimal expected quantities and expected profit of the manufacturer under in Case 1 are E(g/") = 1076 p(gTH") =

' 2(1=0) r
1-5)-2(1-5
—2(1“‘15), and E(zTH") = (1=0)=20-dco+ce” 4((175;%“0 .

Case2. whenl3? < ¢ < 1, the optimal expected quantities and expected profit of the manufacturer under in Case 2 are E(q'"") = E(q") = 4to-%

2 2(1+35)°
i 14-6—
and E(z™") = G-

Summarizing case 1 and case 2, we can obtain Lemma 2.

Proof of Proposition 1. Comparing the manufacturer’s expected profits in model OH and model ON, we have

12
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_ (- @)’ [(1 —pa)’ +Ch2/7(1 *P)}

4 4 4

1 1 C
= Zch(Z —ch)p+ A—‘co2 - 50 .

Since cj, € [0,1] in our model, E(z°") — E(z°") increases in p. When p = 0,

B) ()], = - 222 <o

owing to ¢ € (0,1). When p = 1, we have

E(") ~ ()., =20 = W= )

which satisfies E(z°"") — E(z°V") < 0if ¢y, < ¢o, and E(z%1") — E(z°N") > 0if ¢y > ¢o. Therefore, when ¢, < ¢y, we have E(z%1") — E(z°N") < Oforp €
(0,1). When ¢;, > ¢y, there exists a threshold p; € (0,1) such that E(z%") — E(z°Y") < 0 if p € (0,p,), and E(z°"") — E(z°N") > 0 if p € (p;,1).

For a profit-oriented manufacturer, it is optimal for the manufacturer to choose cash hedging when E(z°"") — E(z°N") > 0, and not to choose hedge
when E(z°H") — E(zN") < 0. Therefore, it is optimal for the manufacturer to hedge its cash flow if ¢, > ¢ and p > p;, and not to hedge if 1) ¢; < ¢o, or
2) ¢y > ¢ and p < p;. Solving E(z°"") — E(z°N") = 0 for p, we can have the threshold

_ C(2=co)

P =G —Pr

Proof of Proposition 2. when the manufacturer does not engage in remanufacturing, we can calcualte the expected environmental impacts in model
ON (i.e., E(G°Y")) and that in model OH (i.e., E(G°™")), which are E(GOY") = 1%, E(GO™") = 155,

Comparing GV and G°F*, we have E(G°H") — E(GV*) = (pcp, — co) /2. E(G°P") — E(G°N") increases in p. When p = 0, we have E(G°"") —
E(G°Y") < 0. When p = 1, we have E(G°™") — E(G°V") < 0 if ¢, < o, and E(G™") — E(GN") > 0 if ¢, > co.

Therefore, when ¢, < ¢o, we have E(GOH") — E(GON*) < 0 for p € (0, 1), which means the cash hedging has a positive impact on the environment. In
addition, when ¢, > co, there exists a threshold p, € (0,1) such that E(G°"") — E(G°N") < 0 if p € (0, p,), and E(G°"") — E(GON") > 0 if p € (py, 1).
Solving E(GOH") — E(GON") = 0, we can obtain p, = co/cp.

In a sum, we can obtain Proposition 2.

Proof of Proposition 3. From Proposition 1, it is obvious that compared with no cash hedging, the cash hedging will increase the manufacturer’s
expected profit only if ¢, > ¢y and p > p;. However, we can infer from Proposition 2 that the cash hedging will increase environmental impacts of
products if c, > ¢o and p > p;. Thus, the cash hedging cannot increase manufacturer’s expected profit and decrease environmental impacts of products
simultaneously if the manufacturer does not engage in remanufacturing.

Proof of Proposition 4. When comparing the manufacturer’s expected profits in model TH and model TN, we need to discuss four cases:

Casel. whenO <o <132 and0 < ¢, < 132 we have E(z™") — E(z™") = pcp(2 + 26 — cp) — co(2 + 28 — ¢o).Obviously, E(z™") — E(z™") increases

in p. When p = 0, we hve E(z™") — E(z™") < 0. When p = 1, we have

E(x™) —E(n’TN*)| (21 =6) — i — co)(cn — o)

p=1=

~

Since 0 < ¢ <132, and 0 < ¢, < 152 we have 2(1 — 6) — ¢ — ¢o > 0. Thus E(z™") — E(z™")|,_, > 0 if ¢y > co, and E(z™") — E(z™")|,_, < 0if ¢y <
Co.

In a sum, when 0 < ¢ < 152, and 0 < ¢, < 132, we have following results: (a) when ¢, < co, E(z™") — E(z™") < 0 for p € (0,1); (b) when ¢, > co,
there exists a threshold of p} € (0,1) such that E(z™") — E(z™") < 0 when p € (0,p}), and E(z™") — E(z™") > 0 when p € (p3,1). Solving E(z™")—

E(z™") = 0 for p, we can have the threshold %ﬁg:is; =pl.

Case 2. when 0 < ¢y < 159, and 152 < ¢, < 1, we have E(z™H") — E(z™") = 201-00-9+a(2420) 6%) _co(1435)2+25¢0)
: =00 ="gn dt Ty = Ch = 5 T 4(1+20-35) - )
It is easy to obtain that E(z™") — E(z™") increases in p. In addition, we have E(z™") — E(z™")| _o < 0 and E(z™") — E(z™")|,_; > 0. Thus, there
exists a threshold p3 € (0,1) such that E(z™") — E(z™") < Owhen p € (0,p3), and E(z™") — E(z™") > O when p € (p2,1). Solving E(z™")— E(z™") =0

for p, we can have the threshold p = % =p2.

Case 3. when 132 < ¢y <1, and 0 < ¢, <132 we have

14368)cs(2 =26 —c) — (1 = 8)(8 — & + co(2 4+ 28) — ¢o?)
4(1+26 - 38%)

E(”TH*) 7E(”TN’”‘) :p(
It is easy to obtain that E(z™") — E(z™") increases in p. In addition, we have
E(z™") — E(x™")|,_o < 0 and E(z™") — E(z™")|,_; < 0. Thus, in case 3, we have E(z""") — E(z™") < 0.
Case 4. when 132 < ¢y <1, and 15% < ¢; <1, we have

55— 8+ cn(24+28) — i) — (6 — 8 + co(2 +28) — ¢p?)
4(1 + 30)

E(”TH*) 7E(”TN“”‘) :P(

It is easy to obtain that E(z™") — E(z™") increases in p. In addition, we have

E(z™") —E(z™")|,_g < 0if p = 0. When p = 1, we have

13
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_ (2(1 +8) — i — co)(cn — co)
p=1 4

Since 132 < ¢y < 1, and 132 < ¢, < 1, we have 2(1 + 8) — ¢, — ¢o > 0. Thus E(z™") — E(7r”"*)\p:1 > 0if ¢y > ¢o, and E(z™") — E(rzT”*)\p:1 <0ifcy <

E(x™) - E(«™))|

¢o. In a sum, when 152 < ¢y < 1 and 132 < ¢, < 1, we have following results. (a) When ¢; < ¢o, E(z™") — E(z™") < 0 for p € (0,1); (b) when ¢; > ¢o,
there exists a threshold p3 € (0,1) such that E(z™") — E(z™") < 0 when p € (0, p3), and E(z™") — E(z™") > 0 when p € (p}, 1). Solving E(z™")—
E(z™") = 0 for p, we can have the threshold

(=8 Fco24+28) —c®) 4
G-Fta2120)—c2) 2

Define
1-6
Pévif OSCU<C!LST7
1-6
Pr= P%vifOSCUST<ChS1,

1-6
poif ——<a<a<l,

we have Proposition 4.

Proof of Proposition 5. when the manufacturer remanufactures, we can calcualte the expected environmental impacts in model TN (i.e., E(G™"))
and that in model TH (i.e., E(G™")), which are

1-6—(1—a)pcy, . 1-6 1—6—co+ac . 1-6
#a#oichSTv W’U[OSCOST’
EG)=0 15 (@-25+ad)p— (1 +a) 1-6 E(G™) = A+a)(1+6-c) . 1-6
+30+(@—-20+ad)p— (1 +a)c, .. 1— a —¢) .. 1—
e < BFOUTO=) i 270 )< 1.
2(1 1 39) o <ast 2043 0 T«

Comparing E(G™") and E(G™"), we need to discuss four cases.
Case 1. when 0 <c¢o <132 and 0 < ¢, <132,

. . 1 —a)(pcy — o)
E(G™ — E(G™") = (
(@)~ p(o™) = L=l

E(G™") — E(G™") increases in p. When p = 0, we have E(G™") — E(G™") < 0. Whenp = 1, we have E(G°"") — E(G°N") < 0if ¢;, < ¢o, and E(GOH")—
E(GON) > 0if ¢, > ¢o.

Therefore, when ¢, < ¢y, we have E(G™") — E(G™") < 0 for p € (0,1). However, when c;, > ¢, there exists a threshold p} € (0,1) such that
E(z"") —E(zN") < 0if p € (0,p}), and E(z°H") — E(z°N") > 0 if p € (p},1). Solving E(G™") — E(G™") = 0 for p, we have

p =co/cn = ph.
Case 2. when 0 < ¢o <132 and 152 < ¢, < 1, we have

E(G™") —E(G™") = (l76)(Ha)pch7L0(25;f§;:g(;2§2)+(17")<1*35)6"].E(GTH*) — E(G™") increases in p. When p = 0, we have E(G™") — E(G'™Y") < 0. When
p =1, we have E(GOH") — E(GON") < 0 if ¢;, < ¢o, and E(G°H") — E(GOV") > 0 if ¢, > co.

Therefore, when ¢, < ¢, we have E(G™") — E(G™") < 0 for p € (0,1). However, when ¢, > ¢, there exists a threshold p? € (0,1) such that
E(z%") — E(zON") < 0if p € (0,p2), and E(z°H") — E(z°N") > 0 if p € (p2,1). Solving E(G™") — E(G™") = 0 for p, we have

- co(1+38)(1—a) 5

P86 ter—all +o—cp) 14

Case 3. when 132 < ¢y <1, and 0 < ¢, <132 we have

1—a)(1+38)pc, — (1 —6)(26+ co — a — ad + acy)
2+45— 65

E(G™") — E(G™") increases in p. When p = 1, we have E(G™") — E(G™") < 0. Thus, E(G™") — E(G™") < 0 in case 3.

E(GTH*) _E(GTN*) :(

Case 4. whenlf< ¢y <1,andl2<c¢, <1,
1—p)26 —a(1+46)] — (1+a)cy
2460
E(G™") — E(G™") increases in p. When p = 0, we have E(G™") — E(G™") < 0. When p =1, we have E(G"") — E(G") < 0if ¢, < ¢y, and E(G")—
E(GN) > 0if ¢y > ¢o.
Therefore, when ¢, < ¢, we have E(G™") — E(G'™") < 0 for p € (0,1). However, when ¢, > co, there exists a threshold p$ € (0,1) such that

E(z%") — E(z°V") < 0if p € (0,p3), and E(z%") — E(zO¥") > 0/if p € (p},1). Solving E(G™") — E(G™") = 0 for p, we have p = Zrro—tita=ool — 2

E(G™) — E(G™) _p+ajen—(

Summarizing case 1 to 4, and define

14



J. Liu et al.

1-6
Py if 0<a <o <——,

1-6
Ps= Pi,ifOSCOS—z <cp <1,
1-6
P if T<C0<ChS17

we can obtain Proposition 5.
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Proof of Proposition 6. Proposition 6 can be concluded from Proposition 4 and proposition 5.
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