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Abstract
Remanufacturing can exert positive economic and environmental effects, but factors 
such as competition and governmental regulations influence its development. In this 
paper, we investigated the impact of environmental taxes on manufacturers’ produc-
tion decisions in three cases of a duopoly, in which remanufacturing was not con-
ducted or conducted by one or two of the manufacturers. Based on game theory, the 
firm’s remanufacturing decision was discussed in cases when only one manufacturer 
was capable of remanufacturing and both were capable of remanufacturing. Analy-
sis results showed that the benefits from the remanufacturing production cost and 
competition were the most critical trade-off components. We further analyzed how 
manufacturers’ decisions affected the environment. The environmental impact was 
measured by the total emissions, and relevant advice was provided to the regulator. 
Finally, assessments of numerical examples were performed using assumed values 
of the parameters to verify our results without loss of generality.

Keywords Environmental taxes · Duopoly competition · Remanufacturing · 
Emissions · Policy

1 Introduction

In recent years, environmental issues such as air and water pollution have been 
becoming increasingly serious and have attracted considerable public and scientific 
attention. With the accumulating environmental protection concerns, the view that 
the emissions should be controlled and reduced has reached a consensus. Govern-
ments have implemented a range of policies to curb emissions. More specifically, 
environmental taxation, which follows the “Polluter-Pays Principle” where the costs 
of the environmental damage of resource depletion should be borne by polluters 
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or users, has been supported by most OECD and EU countries (Morin and Orsini 
2020). For example, carbon taxes have been widely implemented as a typical envi-
ronmental tax in most of the European countries, such as Denmark, Germany, Italy, 
Norway, and the UK; they have also been applied in some Asian countries such as 
Japan (Mortha et  al. 2021). Besides carbon taxes, other forms of environmental 
taxes exist, such as landfill fees for garbage and water pollution taxes (Bian et al. 
2018). Most recently, China officially implemented environmental protection tax 
on four types of emissions: atmospheric pollutants, water pollutants, solid waste, 
and noise emissions. To comply with these regulations, firms have made an effort 
to develop sustainable production methods and operations to abate emissions (Yeni-
pazarli 2016).

Remanufacturing, in which recollection, reprocessing, and reselling of already 
used products as like-new ones are realized, is crucially important to environmen-
tal sustainability (Fleischmann et  al. 2000; Pazoki et  al. 2019). Remanufacturing 
promotes the reduction of production costs and the emissions released to the envi-
ronment by decreased energy and raw material consumption. The cost of remanu-
factured products was estimated to be 50% of the cost of the manufacturing of a 
new product (Ginsburg 2001). Therefore, a lower negative environmental impact is 
exerted via product remanufacturing due to reduced emission levels (Li et al. 2018). 
For example, the cost-saving by the decrease in the emissions resulting from reman-
ufacturing of an inkjet cartridge reached 46% (Yenipazarli 2016). Due to the signifi-
cant potential in terms of provided economic and environmental benefits, remanu-
facturing is favored by governments, and corporate remanufacturing has been on 
enterprises’ agenda and already largely put into operation.

As a matter of fact, considering the required complex production planning and 
operations for the provision of remanufactured products, firms have been reluctant 
in making remanufacturing decisions (Atasu et  al. 2008; Wang et  al. 2021). For 
instance, while remanufacturing can decrease pollutant emissions, enterprises still 
should pay environmental taxes (Yenipazarli 2016). On the one hand, by choosing 
to remanufacture, a manufacturer can reduce its emissions, which would be reflected 
by a decrease in the environmental tax cost. On the other hand, however, the manu-
facturer still has to bear the fixed costs for building a collection system, processing 
operations, and additional cost to remanufacture a product. Hence, the remanufac-
turing of the product depends on several key factors, such as the emission intensity 
of remanufacturing, the level of environmental taxes, and the fixed cost incurred. 
Moreover, manufacturers’ remanufacturing decision becomes much more compli-
cated and difficult to make in the face of competition (Jena et al. 2014). Thus, the 
manufacturer should further consider the effect of the competitor’s remanufactur-
ing decision and production planning on its operations and financial results (Mitra 
2016a, b). Therefore, the appropriate conditions which would contribute to sustain-
ing the profitability of manufacturers under competition and environmental tax pay-
ments need to be founded.

The environmental taxes studied in this paper are generic environment-related 
taxes imposed on industrial emissions such as those of landfill waste and air pollu-
tion. We analyzed a duopoly environment where two manufacturers were compet-
ing with each other in the presence of environmental tax over the manufacturing 
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and remanufacturing periods. This study addresses the following questions: When 
should a manufacturer take part in remanufacturing in a duopoly market? How does 
environmental tax policy affect manufacturers’ remanufacturing decisions? Is there 
a balanced choice? If one enterprise decides to remanufacture, how would the others 
react? Is remanufacturing always beneficial to the environment? Under what con-
ditions are environmental taxes effective in reducing emissions? To answer these 
questions, in this study, we constructed a two-period model to investigate the deci-
sions of the manufacturers in three cases: (1) No-remanufacturing; (2) Remanufac-
turing by one manufacturer; (3) Remanufacturing by two manufacturers. The num-
ber of manufacturers providing remanufactured products in the second period is the 
main difference between the three cases. By comparing the optimal production and 
profits obtained under those three cases, we assessed the effect of remanufacturing 
on duopoly competition under environmental taxes. We investigated the manufactur-
er’s remanufacturing decision when only one manufacturer was capable of remanu-
facturing and when both were capable of remanufacturing, and then compared the 
emission levels under different conditions to provide advice to the government.

The remainder of the paper is organized as follows. Section 2 includes a review 
of the related literature. Section 3 describes the model and gives the optimal pro-
duction planning decisions under environmental tax regulation, and Sect. 4 presents 
comparisons between cases with and without remanufacturing. Also, the optimal 
conditions for remanufacturing have been analyzed. Section 5 summarizes the main 
research findings and concludes the paper.

2  Literature review

Two main streams of research in the literature have been related to our work, 
including those exploring the operation decisions on remanufacturing and the ones 
addressing the environmental implications of remanufacturing under environmental 
regulation.

In the former stream of research, the operational decisions and economic 
implications of remanufacturing are explored. Without considering the compe-
tition, Ferrer and Swaminathan (2006) introduced two-period and multi-period 
models to illustrate the production planning with remanufacturing, where reman-
ufactured products were considered perfect substitutes with new products. Addi-
tionally, Geyer et  al. (2007) modeled and quantified the economic potential of 
remanufacturing under constraints such as limited component durability and mar-
ket demand for remanufactured products. Kaya (2010) explored manufacturers’ 
optimal incentive and production decisions concerning remanufacturing via a 
newsvendor model. Furthermore, Mitra (2016a) analyzed the optimal pricing for 
new and remanufactured products of a monopolist firm in a case of an abundant 
supply of cores and when core supply was dependent on the acquisition price. 
Gan et  al. (2017) studied the pricing decisions in a closed-loop supply chain, 
where new and remanufactured products were sold by separate channels. Based 
on one-way substitution for differentiated products, Liu et al. (2018) proposed a 
model to evaluate a monopolistic manufacturer’s remanufacturing decision and 
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optimal pricing strategies. Atasu et  al. (2008) analyzed the thresholds of OEM 
competition, green segments, and consumer valuation in remanufacturing, above 
which manufacturers would provide remanufactured products. In another study, 
Jena and Sarmah (2014) conducted research on the cooperation and competition 
issues in a closed-loop supply chain where two manufacturers providing the sub-
stitutable products competed to sell new as well as a collection of used prod-
ucts through a common retailer. In a more recent investigation, Mitra (2016b) 
examined the effect of remanufacturing in the case of two manufacturers in a 
direct competition that were selling a new product on the primary market, and 
one of them was selling a remanufactured product on the secondary market. Zhu 
et al. (2016) constructed a duopoly model to investigate the optimal production 
and trade-in pricing strategy of firms that were selling a remanufactured prod-
uct. A number of earlier studies have been conducted on operational decisions 
associated with remanufacturing in different settings, such as those performed by 
Debo et al. (2005), Ferguson and Toktay (2006), Wu (2012), and Örsdemir et al. 
(2014). However, the above studies did not consider the environmental problems 
and the production decisions faced under environmental regulation.

As remanufactured products contribute to curbing emission due to less mate-
rial and energy consumption, the resulting economic and environmental benefits 
under environmental regulation have started to attract significant research interest. 
For example, Liu et  al. (2015) formulated optimization models to determine the 
remanufacturing quantity that maximizes the total profits under mandatory carbon 
emissions capacity, carbon tax, and cap and trade regulation. In a leader-following 
Stackelberg game model, Yenipazarli (2016) studied the impact of emission taxes on 
manufacturers’ production optimization and remanufacturing decisions. The author 
established approaches to derive triple-win benefits from remanufacturing by insti-
tuting emissions taxes. In their research, Wang et al. (2018) investigated the effects 
of carbon emission tax on the optimal production of new and remanufactured prod-
ucts and explored novel remanufacturing production strategies. Notably, Pazoki and 
Zaccour (2019) proposed a general functional form for the regulator to improve cer-
tain environmental goals, including product recovery and life cycle assessment. Dou 
et al. (2019) studied the remanufacturing production of a manufacturer under car-
bon tax regulation, in which different tax prices existed over the manufacturing and 
remanufacturing periods. Cao et  al. (2020) explored the effect of tax and subsidy 
policies on the production and pricing decisions in a remanufacturing supply chain 
and examined which policy was optimal. Zhang et al. (2020) investigated the influ-
ence of tax, subsidy, and tax-subsidy policies on the remanufacturing production 
of a profit-maximizing manufacturer. Tran (2021) explored the relationship between 
green finance, economic growth, energy usage, and carbon emissions. Many studies 
have also focused on other government policy parameters, such as subsidy (Mitra 
and Webster 2008; Liu et  al. 2017; Sartzetakis et  al. 2020), take-back regulation 
(Atasu and Van 2009; Esenduran et  al. 2017), cap-and-trade (Chang et  al. 2015; 
Salamanca et  al. 2017; Guo et  al. 2021), and reward-penalty mechanism (Wang 
et al. 2017; Chen et al. 2019). The aforementioned studies have modeled strategies 
for remanufacturing, providing useful insights into government regulations. How-
ever, little research has been conducted on remanufacturing production strategies of 
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manufacturers in direct competition under environmental regulations. In this paper, 
we report the findings of our investigation on the effects of remanufacturing in a 
duopoly competition environment under environmental tax regulations.

Drawing on existing research, we formulated a framework to investigate the effect 
of remanufacturing on duopoly competition and environmental sustainability. The 
main contribution of this paper lies in its analytical examination of the remanufac-
turing decisions of manufacturers in a competing environment under environmen-
tal taxes. Besides, we analyzed the emissions alongside with the production under 
different conditions, providing insights that could facilitate the provision of poten-
tial environmental benefits from remanufacturing by using environmental taxes by 
governments.

3  Modelling

We developed a model of a duopoly, in which two manufacturers competed over 
two periods under environmental taxes. In the first period, manufacturers produced 
a new product, and the product life cycle is referred to as one period. In the second 
period, manufacturers had the opportunity to collect used products for remanufac-
turing and provided both new and remanufactured products. We assumed that one 
manufacturer could remanufacture only its own cores, but could not remanufacture 
the other manufacturer’s cores, which was reasonable as manufacturers may utilize 
different manufacturing and remanufacturing processes. The ratio of the used prod-
uct that could be collected and used for remanufacturing was measured by the col-
lection rate � . The manufacturers jointly made the production decision over the two 
periods to maximize their profits.

We assumed that no difference existed between the new and remanufactured 
products. Claims have been reported that remanufactured products are usually 
perceived to have a lower quality than new products (Atasu et al. 2008; Ullah and 
Sarkar 2020). However, other researchers consider that remanufactured and new 
products are perfectly substitutable (Ferrer and Swaminathan 2006; Atasu and Tok-
tay 2013; Jena and Sarmah 2014) and sold at the same price to customers such as 
disposable cameras and printers. For the simplicity of our model, we assumed that 
the quality of the new product and the remanufactured product was the same, with 
no difference in price.

The competition between the two manufacturers is described by the inverse 
demand function pi = a − qi − qj , where pi and qi are the market price and the out-
put of manufacturer i(i, j = 1, 2, i ≠ j) , respectively. We then used qi1 and qi2 to rep-
resent the total output of manufacturer i in the first and the second periods, cor-
respondingly. Next, if remanufactured products exist in period 2, 

(

qi2 − qir
)

 and qir 
denote the quantity of new and remanufactured product, respectively. R represents 
the remanufacturing case, and N denotes the absence of a remanufacturing case. The 
production of both new and remanufactured products leads to undesirable emissions 
taxed by the government; each emission is charged at a constant tax price t . The 
total emission is a commonly used metric in the industry. As the production of a 
remanufactured product generates lower amounts of emissions than new products 



2484 Economic Change and Restructuring (2022) 55:2479–2498

1 3

due to consumption of less material and energy, we designated e0 and
(

e0 − �
)

 
as the emissions required to manufacture a product using new materials and a used 
product, respectively. Compared to a new product, a remanufactured product reduces 
the emission � , which is affected by numerous factors such as the product’s physical 
properties.

The production cost of a new product is denoted by c . Based on previous lit-
erature evidence, including the studies performed by Ferguson et  al. (2006) and 
Galbreth and Blackburn (2006), we assumed that the total collection and process-
ing cost of qr units of remanufactured products as kq2

r
 . Because the unit cost for 

obtaining and processing returns generally increases with the quantity collected 
due to additional efforts. We designated the quantities of remanufactured products 
produced by manufacturer i as qir . When the manufacturer decides to remanufac-
ture, it also has to pay the fixed cost to build collection system and the process-
ing facility, designated as f  . Moreover, the firm i has to undertake the environ-
mental tax cost for its emissions over the two periods, calculated by tEi where 
Ei =

[

qi1e0 +
(

qi2 − qir
)

e0 + qir
(

e0 − �
)]

 with remanufacturing, Ei =
[

(qi1 + qi2
)

e0] . 
Then, E is the total emissions of the two firms, where E = E1 + E2.

To ensure that manufacturers will produce the new product, we assume that the 
limitation of environmental tax is tU , so that t < tU =

2(a−c)k−3c

2ke0+3𝛽
.

The parameters and an explanation are presented in Table 1.

3.1  No‑remanufacturing case

For the case with no-remanufacturing, manufacturers only provide all-new products 
over the two periods. The profits of the manufacturers, in this case, are formulated as:

Table 1  Notation for parameters

Parameters Definition

qi1, qi2 Quantities of products in period 1 and period 2 produced by manufac-
turer i  , respectively

pi1, pi2 Product price in period 1 and period 2 of manufacturer i  , respectively
qir Quantities of remanufactured products produced by manufacturer i
t Environmental tax price for per unit emission
a Market potential
c Unit cost to produce a new product
e0 Unit emission of new product
� Reduced emission by unit remanufactured product
� Collection rate
k Scaling parameter of collection and processing cost to remanufacturing
f Fixed cost of building recycling and operation facility
EB
i

Emission of manufacturer i  in environment B(NN,RN,NR,RR)

�B
i

Total profit of manufacturer i  in environment B(NN,RN,NR,RR)
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To maximize Eq.  (1) with backward induction, the optimal production and 
pricing decisions in the two periods can be given as: qNN∗

i1
=

a−c−te0

3
 , qNN∗

i2
=

a−c−te0

3
 , 

pNN
∗

i1
=

a+2c+2te0

3
 , pNN

∗

i2
=

a+2c+2te0

3
 . The optimal emission of manufacturer i , 

the total emission, and the overall profit can be calculated as ENN∗

i
=

2(a−c−te0)
3

 , 
ENN∗

=
4(a−c−te0)

3
 and �NN∗

i
=

2(a−c−te0)
2

9
 , respectively.

3.2  Remanufacturing by one manufacturer case

Because the two manufacturers have the same power in the market, the case of 
remanufacturing by manufacturer 1 is asymmetric to the case of remanufactur-
ing by manufacturer 2. Thus, we only consider the case where manufacturer 2 
undertakes the remanufacturing activities. The profit-maximizing problem of the 
manufacturers, in this case, is presented by the formulas:

While the profit of manufacturer 1 originates from selling new products in the 
two periods, manufacturer 2 also gains from selling remanufactured products in 
period 2 but bears the cost to remanufacture. Additionally, the constraint q2r ≤ �q21 
means that the quantity of the remanufactured product cannot be higher than the 
used product collected. By maximizing manufacturers’ profits in the two periods, we 
obtain the optimal production decisions and profits, which are listed in Appendix 1.

3.3  Remanufacturing by two manufacturers case

In this case, two manufacturers offer new and remanufactured products in the sec-
ond period. The profit-maximizing problem of the manufacturers is given by the 
equation:

Both manufacturers provide new and remanufactured products in the second 
period. By maximizing manufacturers’ profits in the two periods, we obtain the 
optimal production decisions and profits listed in Appendix 2.

(1)�NN
i

=
(

pi1 − c − te0
)

qi1 +
(

pi2 − c − te0
)

qi2

(2)�NR
1

=
(

p11 − c − te0
)

q11 +
(

p12 − c − te0
)

q12

�NR
2

=
(

p21 − c − te0
)

q21 +
(

p22 − c − te0
)(

q22 − q2r
)

+
[

p22 − kq2r − t
(

e0 − �
)]

q2r − f

(3)s.t. q2r ≤ �q21

�RR
i

=
(

pi1 − c − te0
)

qi1 +
(

pi2 − c − te0
)(

qi2 − qir
)

+
[

pi2 − kqir − t
(

e0 − �
)]

qir − f

(4)s.t. qir ≤ �qi1
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4  Remanufacturing analysis

4.1  Case in which one manufacturer decides to remanufacture

In this subsection, we consider the condition where only one manufacturer (man-
ufacturer 2) decides to remanufacture, whereas the other manufacturer provides 
new products in the two periods. We studied the effect of remanufacturing in 
comparison with the no-remanufacturing case.

Proposition 1 Let t = 2k�(a−c)−3c

3�+2k�e0
, the optimal production decisions of the two manu-

facturers when manufacturer 2 decides to remanufacture or not hold:

(1) qNN
∗

i2
= qNR

∗

i2
 , pNN∗

i2
= pNR

∗

i2
;

(2) When t ≤ t, then, qNR∗

2r
≤ �qNR

∗

21
,qNN∗

i1
= qNR

∗

i1
,pNN∗

i1
= pNR

∗

i1
; When t > t, then 

qNR
∗

2r
= �qNR

∗

21
, qNN∗

21
< qNR

∗

21
 , qNN∗

11
> qNR

∗

11
 , pNN∗

i1
< pNR

∗

i1
.

Proposition 1 shows that the total product quantity sold in period 2 is not affected 
by remanufacturing and that a tax level t exists, above which remanufacturing is 
constrained by the collected products. The production planning of the manufactur-
ers in period 1 is not affected by the remanufacturing decision for environmental tax 
price t ≤ t , as the quantity of the new product offered in period 1 is not related to 
the remanufacturing-related parameters k , � , and � . However, for the environmen-
tal tax price t > t , the production of the remanufactured product is constrained by 
the multiple � of the new product sales in the first period, which also means that 
remanufacturing is profitable. To increase the supply of remanufactured cores, the 
manufacturer has the motivation to increase the production of the new product in 
period 1. Meanwhile, the other manufacturer has to decrease the production of the 
new product in response to the competition. As a result, the product price in period 1 
is higher than that of the no-remanufacturing case.

Based on the optimal responses of manufacturers to environmental taxes, 
we analyzed the impact of remanufacturing on manufacturers’ profits and 
emissions. To better understand the impact of remanufacturing, we defined 
ΔΠNR

i
(t) = �NR∗

i
− �NN∗

i
 as the optimal incremental profits of manufacturer i 

when the remanufactured product is provided by manufacturer 2. Then, manu-
facturer 2 would decide to remanufacture if ΔΠNR

2
(t) > 0 . We also defined 

ΔENR
2
(t) = ENR∗

2
− ENN∗

2
 and ΔENR(t) = ENR∗

− ENN∗ as the increase in manufac-
turer 2’s emission and total emission from remanufacturing, respectively. While 
ΔENR

2
(t) > 0 means manufacturer 2 generates a negative effect on the environment 

by remanufacturing, ΔENR(t) < 0 indicates that remanufacturing has positive 
effects on the environment.
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Theorem 1 Under environmental taxation t ∈
[

0, tU
)

:

(1) ΔΠNR
1
(t) = 0 for t ∈

[

0, t
]

, and ΔΠNR
1
(t) is convex in t ∈

(

t, tU
)

 with ΔΠNR
1
(t) ≤ 0 

for t ∈
(

t, tM1
)

, ΔΠNR
1
(t) > 0 otherwise;

(2) ΔΠNR
2
(t) is an increasing convex function of t ∈

[

0, t
)

 and strictly concave in 
t ∈

(

t, tU
)

, with a unique maximum at t = tM2 ∈
(

t, tU
)

;
(3) ΔENR

1
(t) = 0 for t ∈

[

0, t
]

, and ΔENR
1
(t) is a linear decrease function of t ∈

(

t, tU
)

;

(4) ΔENR
2
(t), ΔENR(t) are piecewise linear convex curve in t with a unique minimum at 

t, and have only one root on where ΔENR
2

(

tM2
)

= 0, ΔENR
(

tM3
)

= 0, respectively.

With tM1 =
2(a−c)(3+5k�2)−3c�
3��+6e0+10k�

2e0
 , tM2 =

e0(a−c)(3+4k�
2)2+9(1+k�2)(2��−e0)(a−c+2�c)

e2
0
(3+4k�2)2−9(1+k�2)(e0−2��)2

 , 

tM3 =
(a−c)(3�+4k�e0)−6c(e0−��)

4k�e2
0
+3�(3e0−2��)

 , tM4 =
(a−c)(3�+2k�e0)−3c(e0−2��)

2k�e2
0
+6�(e0−��)

 , and tM2 < tM3 < tM4.
Theorem 1 shows that the emissions of the manufacturer associated with remanu-

facturing will first decrease but then increase. Hence, we obtain ΔENR
2
(t) < 0 and 

ΔENR(t) < 0 at t = 0 , ΔENR
2
(t) = 0 and ΔENR(t) = 0 at t = tM2 and t = tM3 , respec-

tively. This means the manufacturer’s decision to remanufacture reduces its own 
emission and total emission for t ∈

[

0, tM2
)

 and t ∈
[

0, tM3
)

 . On the other hand, 
ΔENR

2
(t) > 0 and ΔENR(t) < 0 for t ∈

(

tM2, tM3
)

 , meaning remanufacturing exerts a 
positive environmental effect even when manufacturer 2’s emissions increase, which 
can be explained by the decrease in qNR∗

11
 due to competition.

Theorem 1 also reveals the economic benefit from remanufacturing is related 
to t  . Manufacturer 1 will lose profits for t ∈

(

t, tM1
)

 , and gain profits for 
t ∈

(

tM1, tU
)

 from the remanufacturing of manufacturer 2. To ensure tM1 < tU , it 
has to satisfy 𝜌 < 0.2 and k > 3

𝜌(1−5𝜌)
 . That is to say, manufacturer 1 can gain ben-

efit from remanufacturing when the collection rate is low, and the cost to collect 
and process is higher for manufacturer 2 under a high level of environmental tax.

For manufacturer 2, as ΔΠNR
2
(t) is increasing for t ∈

[

0, tM2
)

 and decreasing for 
t ∈

(

tM2, tU
)

 , ΔΠNR
2
(t) it will have at most two roots on 

[

0, tU
)

 if ΔΠNR
2
(t) < 0 at 

t = 0. We represent the two roots by tNR
NR
, tNR
RN

 so that ΔΠNR
2

(

tNR
NR

)

= ΔΠNR
2

(

tNR
RN

)

= 0 
with tNR

NR
< tNR

RN
 . Therefore, manufacturer 2 has the motivation to remanufacture for 

t ∈
(

tNR
NR
, tNR
RN

)

 as ΔΠNR
2
(t) > 0 if both tNR

NR
 and tNR

RN
 exist. The following proposition 

shows the conditions when remanufacturing is profitable for manufacturer 2.

Proposition 2 Let f L1 =
c2

4k
, f M1 =

[(3+4k�)2(1+k�2)−(3+4k�2)2](a�−c�+ce0)2

(3+4k�2)2(3�+2ke0)
2

, f U1 = ΔΠNR
2

(

tM1
)

 , 
0 < f L1 < f M1 < f U1, for the remanufacturing decision of firm 2:

(1) ΔΠNR
2
(t) = 0 has two roots tNR

NR
, tNR
RN

 on 
[

0, tU
)

, such that 0 < tNR
NR

< tM1
< tNR

RN
< tU 

if and only if f M1 ≤ f < f U1, in which case it is profitable to provide the remanufac-
tured product for t ∈

(

tNR
NR
, tNR
RN

)
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(2) ΔΠNR
2
(t) = 0. has only one root tNR

NR
 on 

[

0, tU
)

 such that 0 < tNR
NR

< tM1 < tU if 
and only if f L1 ≤ f < f M1, in which case it is profitable to provide the remanufac-
tured product for t ∈

(

tNR
NR
, tU

)

.

(3) ΔΠNR
2
(t) = 0 has no roots on t ∈

[

0, tU
)

 if 0 < f < f L1, in which case it is prof-
itable to provide the remanufactured product. or if f ≥ f U1, in which case it is not 
profitable to provide the remanufactured product.

Proposition 2 shows the impact of environmental tax t  and fixed cost f  on firm 
2’s remanufacturing decision. When the fixed cost is moderate f ∈

[

f M1, f U1
)

 , 
ΔΠNR

2
(t) = 0 has two roots, and the remanufacturing decision of firm 2 is not 

monotonous in response to the increase in t  . When t < tNR
NR

 and t > tNR
RN

 , the revenue 
brought by remanufacturing is not enough to offset the fixed cost, so manufacturer 
2 will not carry out remanufacturing. In the interval t ∈

(

tNR
NR
, tNR
RN

)

 , the production 
cost and environmental tax cost saved by remanufacturing make manufacturer 2’s 
remanufacturing profitable. When the effect of the fixed cost was reduced such as 
at f ∈ f L1, f M1 , a higher tax price always makes profitable the remanufacturing of 
manufacturer 2 because the saved cost compared with that of no-remanufactur-
ing is sufficient to cover the fixed cost. However, a high fixed cost has a domi-
nant impact on manufacturers’ decision-making as it diminishes the feasibility 
of remanufacturing. This outcome suggests that in addition to environmental tax, 
subsidies for the fixed cost of remanufacturing could increase the effectiveness of 
emission reductions by motivating the manufacturer to remanufacture.

To examine the economic and environmental effects of remanufacturing when 
only one manufacturer decides to remanufacture, a numerical study is con-
ducted. Without loss of generality, the relevant parameters are set as a = 500 , 
c = 1 , k = 0.5 , � = 0.15 , e0 = 500 , � = 50 . Using these parameter values, we 
obtain tM2 = 0.618 , tM3 = 0.492 , tM4 = 0.598 , t = 0.319 , tU = 0.763 , f L1 = 0.5 , 
f M1 = 287.77 , f U1 = 332.736 . By letting f = 300 ∈

[

f M1, f U1
)

 , we have 
tNR
NR

= 0.494 , tNR
RN

= 0.742.

Fig. 1  The economic impact with t when remanufacturing undertaken by firm 2
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Figure 1 depicts the relationships between Δ
∏

(t) and different t values. As shown, 
ΔΠNR

1
(t) is always negative for t ∈

(

t, tU
)

 because tM1 > tU at this time, which means 
manufacturer 1 would lose profits when manufacturer 2 conducts the remanufacturing. 
For f = 300 , ΔΠNR

2
(t) < 0 for 0 < t < 0.494 and 0.742 < t < 0.763 , where manu-

facturer 2 would decide not to remanufacture, and ΔΠNR
2
(t) > 0 for 0.494 < t < 0.742 

where the manufacturer would offer a remanufactured product in period 2. Also, as the 
fixed cost f  decreases, manufacturer 2 would find it is profitable on a larger scale of t . 
Figure 2 illustrates the association between ΔE and different t values. We observed that 
ΔENR(t) < 0 for 0 ≤ t < 0.598 where remanufacturing generates a positive effect on the 
environment, and ΔENR(t) > 0 for 0.598 < t < 0.763 where remanufacturing produces 
a negative effect on the environment. Combining the effect of remanufacturing with the 
economic and environmental impact, the manufacturer can achieve a win–win situation 
under environmental tax regulation for t ∈

(

tNR
NR
, tM4

)

= (0.494, 0.598) , in which reman-
ufacturing increases profits while decreasing emissions.

4.2  The case with two manufacturers deciding to remanufacture

In this subsection, we considered that both duopoly manufacturers decided to offer 
a remanufactured product in the second period. To study the effect of remanufactur-
ing, we first compared the production decisions when remanufactured products were 
provided by the two manufacturers with the influence of the no-remanufacturing 
case decisions, then investigated the remanufacturing decisions of the manufacturers 
and compared the emissions under different conditions.

Proposition 3 Let t = 2k�(a−c)−3c

3�+2k�e0
 then, the optimal production decision of the two 

manufacturers who both decide to remanufacture or not hold would be:

(1) qNN
∗

i2
= qRR

∗

i2
 , pNN∗

i2
= pRR

∗

i2
;

(2) When t ≤ t, then qRR∗

2r
≤ �qRR

∗

21
,qNN∗

i1
= qRR

∗

i1
,pNN∗

i1
= pRR

∗

i1
; When t > t, then 

qRR
∗

2r
= �qNR

∗

21
 , qNN∗

i1
< qRR

∗

i1
,pNN∗

i1
> pRR

∗

i1
.

Fig. 2  The emissions with t when remanufacturing undertaken by firm 2
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Proposition 3 reveals that the total quantity sold in period 2 is not affected by 
remanufacturing as there is no difference between the new and the remanufactured 
product. Since the same trend was observed in the case with one remanufacturing 
manufacturer, obviously, a threshold tax price exists below which the production is 
period 1 is not affected, but above which production planning would change to sup-
port the remanufacturing in period 2. For tax price t > t , manufacturers find it is 
overall profitable to increase the supply of new products, which also benefits cus-
tomers as the product price is lower.

The following proposition characterizes the equilibrium for remanufacturing 
decision strategies of manufacturer 1 and 2 when both are able to remanufacture.

Proposition 4 When two manufacturers remanufacture, for the remanufacturing 
decision of the duopoly, we obtain the following Nash equilibrium equations:

(1) For t ≤ t, a pure strategy Nash equilibrium (R,R) exists if f > (c + t𝛽)2∕4k; a 
pure strategy Nash equilibrium (N,N) is present if f < (c + t𝛽)2∕4k.Where

(2) For t > t, there exists a pure strategy Nash equilibrium (R,R) if f < f rr; and 
there exists a pure strategy Nash equilibrium (N,N) if f > f nr; there does not 
exist any pure strategy Nash equilibrium, and firms 1 and 2 will adopt the same 
remanufacturing decision with randomness if f rr < f < f nr.Where

Proposition 4 shows how a firm’s remanufacturing decision is related to environ-
mental taxes, fixed costs, and the decision of a competing firm. At a low level of 
environmental tax, the dominant pure strategy for both manufacturers is to provide 
remanufactured products when the fixed cost is low and not to remanufacture when 
the fixed cost is high. Hence, the fixed cost plays a critical role in a firm’s reman-
ufacturing decision-making process. At a high level of environmental tax, how-
ever, manufacturers have no dominant strategy for a remanufacturing decision at a 
medium-level fixed cost. The mechanism behind this process is that remanufacturing 

f nr =

(

1 + k�2
)

[
(

a − c − te0
)

+ 2�(c + t�)]2

(3 + 4k�2)2
−

(a − c − te0)
2

9
,

f rr =

(

1 + k�2
)

(a − c − te0 + c� + t��)2

(3 + 2k�2)2
−

[
(

a − c − te0
)(

1 + 2k�2
)

− �(c + t�)]2

(3 + 4k�2)2

f nr =

(

1 + k�2
)

[
(

a − c − te0
)

+ 2�(c + t�)]2

(3 + 4k�2)2
−

(a − c − te0)
2

9
,

f rr =

(

1 + k�2
)

(a − c − te0 + c� + t��)2

(3 + 2k�2)2

−
[
(

a − c − te0
)(

1 + 2k�2
)

− �(c + t�)]2

(3 + 4k�2)2
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can bring profits to the manufacturer when the other manufacturer does not reman-
ufacture, while the two manufacturers will lose their profits when both provide a 
remanufactured product in period 2, which leads to the nonexistence of the pure 
strategy equilibrium.

To analyze the effect of remanufacturing on the environment, we compared the 
emission levels under different conditions.

Proposition 5 Comparing the emission under different circumstances, we have:

(1) When t < t1, then ENN > ENR > ERR;Where

(2) When t1 < t < t2, then ENN > ERR > ENR;Where

(3)When t2 < t < t3, then ERR > ENN > ENR;Where

(4) When t > t3, then ERR > ENR > ENN.Where

Proposition 5 indicates the negative effect that remanufacturing may have 
on the environment when the environmental tax rate is too high. Nevertheless, 
at a relatively low environmental tax rate, the case when both manufacturers 

t1 =
(a − c)

(

1 + 2k�2
)(

3� + 2k�e0
)

+ 3ce0
(

132k�2
)

+ 4ck��3

2e0
(

k�e0 + 3�
)(

1 + 2k�2
)

− 4k�2�3
,

t2 =
(a − c)

(

3� + 2k�e0
)

+ 3c
(

�� − e0
)

2k�e2
0
+ 3�

(

2e0 − ��
) t3 =

(a − c)
(

3� + 2k�e0
)

+ 3c
(

2�� − e0
)

2k�e2
0
+ 6�

(

e0 − ��
)

t1 =
(a − c)

(

1 + 2k�2
)(

3� + 2k�e0
)

+ 3ce0
(

132k�2
)

+ 4ck��3

2e0
(

k�e0 + 3�
)(

1 + 2k�2
)

− 4k�2�3
,

t2 =
(a − c)

(

3� + 2k�e0
)

+ 3c
(

�� − e0
)

2k�e2
0
+ 3�

(

2e0 − ��
) t3 =

(a − c)
(

3� + 2k�e0
)

+ 3c
(

2�� − e0
)

2k�e2
0
+ 6�

(

e0 − ��
)

t1 =
(a − c)

(

1 + 2k�2
)(

3� + 2k�e0
)

+ 3ce0
(

132k�2
)

+ 4ck��3

2e0
(

k�e0 + 3�
)(

1 + 2k�2
)

− 4k�2�3
,

t2 =
(a − c)

(

3� + 2k�e0
)

+ 3c
(

�� − e0
)

2k�e2
0
+ 3�

(

2e0 − ��
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(a − c)
(

3� + 2k�e0
)

+ 3c
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2e0
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(a − c)

(

3� + 2k�e0
)

+ 3c
(

�� − e0
)

2k�e2
0
+ 3�

(

2e0 − ��
)

t3 =
(a − c)

(

3� + 2k�e0
)

+ 3c
(

2�� − e0
)

2k�e2
0
+ 6�

(

e0 − ��
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Fig. 3  Impact of environment tax and fixed cost on remanufacturing decision equilibrium

Fig. 4  Impact of environmental tax and fixed cost on total emissions comparison
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undertake remanufacturing will lead to the emission of the lowest quantities of 
pollution. Therefore, the government can subsidize a fixed rate of the tax value 
to motivate manufacturers to remanufacture, thus reducing pollutant emissions. 
When the environment tax rate is in the middle range, only one manufacturer 
involved in remanufacturing can produce the least emissions. However, when the 
environmental tax is relatively high, the remanufacturing decision of the manu-
facturer will result in an increase in the emission level, and thus, the government 
should not set too high environmental taxes. When the government needs to set a 
high environmental tax, measures to discourage remanufacturing should also be 
undertaken.

To confirm and better illustrate our results, we conducted a numerical example. 
Without loss of generality, the relevant parameters were established as a = 500 , 
c = 1 , k = 0.5 , � = 0.20 , e0 = 500 , � = 50 . Using these parameter values, we 
obtained t = 0.387 , t1 = 0.616 , t2 = 0.621 , t3 = 0.626 , tU = 0.763 . Figure 3 depicts 
the associations between firms’ remanufacturing decisions and different environ-
mental tax and fixed cost rates, while Fig.  4 represents the relationships between 
the emissions under three cases. t < t1 , ENN > ENR > ERR indicates the effectiveness 
of remanufacturing to abate emissions, especially when remanufacturing has been 
undertaken by both manufacturers. Thus, considering the firm’s remanufacturing 
decision, low fixed-cost tax and subsidy levels are sufficient to generate a positive 
impact on the environment. However, at t > t3 , ERR > E

NR > E
NN , a manufacturer 

would generate a negative effect on the environment by its decision to remanufac-
ture when the fixed cost is below a certain threshold.

5  Conclusion and policy recommendations

Along with the recognition of the economic and environmental benefits of 
remanufacturing, many manufacturers have been set on the road to remanufac-
turing. Furthermore, some companies compete not only in the production and 
realization of new products but also in remanufactured products, such as printer 
cartridges, diesel engines, and machine tools. Under environmental tax regula-
tion, we modeled a duopoly including three cases: no-remanufacturing, reman-
ufacturing by one manufacturer, and remanufacturing by two manufacturers, 
based on manufacturers’ decision on providing or not remanufactured products 
in the second studied period. The remanufacturing decisions of the manufactur-
ers were analyzed, and the economic and environmental effects of remanufactur-
ing were explored.

The main results can be summarized as follows. First, when only one manu-
facturer offers remanufactured products in the second period, more new prod-
ucts would be produced in the first period to supply more remanufactured cores, 
which is motivated by the profitability of remanufacturing. On the other hand, 
the other manufacturer would have to reduce its production of new products and 
may lose profits under a relatively high tax level. The fixed cost plays a key role 
in manufacturers’ remanufacturing decision-making. As the fixed cost decreases, 
the interval within which the firm decides to remanufacture expands. Second, 
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when both manufacturers decide to remanufacture, more new products would 
be manufactured compared with the case of no-remanufacturing if the tax price 
is above a certain threshold. No dominant strategy concerning a remanufactur-
ing decision would exist if the environmental tax price is relatively high and the 
fixed cost is medium-level; only the pure strategy Nash equilibrium would be 
valid under those conditions. Third, under a low tax rate level, manufacturers 
can reduce their emissions by deciding to remanufacture, and the government 
can subsidize the fixed cost as support for the activity. Under a high tax rate 
level, the production of remanufactured products may increase the emissions.

This study shows that the economic and environmental benefits of remanu-
facturing can be achieved with appropriate measures, which can also facili-
tate the solution of problems caused by the COVID-19 pandemic. The global 
environment has been increasingly polluted as a result of the negative impact 
of COVID-19 spread (Tran 2021). Therefore, based on the results of our study, 
policymakers must employ a stricter environmental tax policy to curb emissions. 
Meanwhile, subsidy policies related to manufacturers’ fixed costs for remanu-
facturing are also required to support remanufacturing when needed. Thus, with 
proper tax policy set in place, remanufacturing can be feasible towards green 
recovery in the post-COVID-19 era.

Several research directions exist for the extension of our study in the future. 
For example, it is worthwhile to examine the multi-period horizon model to 
obtain insights into long-term environmental protection as an upgrade to the pre-
sent two-period model assumption. In addition, this research considers that there 
is no price difference between new and remanufactured products, but valuation 
differences to remanufactured products have been observed in real-world busi-
ness. Still another worthy upgrade would be the addition of competing intensity 
and incorporating uncertainty into the demand function to examine how it would 
affect manufacturers’ remanufacturing decisions.

Appendix 1

Optimal solutions for remanufacturing by one manufacturer.

NR t ≤
2k�(a−c)−3c

3�+2k�e0
t >

2k𝜌(a−c)−3c

3𝛽+2k𝜌e0

qNR
∗

i2

a−c−te0

3

a−c−te0

3

pNR
∗

i2
a+2c+2te0

3

a+2c+2te0

3

qNR
∗

11

a−c−te0

3

(a−c−te0)(1+2k�2)−�(c+t�)
3+4k�2

qNR
∗

21

a−c−te0

3

(a−c−te0)+2�(c+t�)
3+4k�2

qNR
∗

2r
c+t�

2k

�[(a−c−te0)+2�(c+t�)]
3+4k�2

pNR
∗

i1
a+2c+2te0

3

a(1+2k�2)+2(1+k�2)(c+te0)−(c+t�)�
3+4k�2

�NR∗

1
2(a−c−te0)

2

9

(a−c−te0)
2

9
+

[(a−c−te0)(1+2k�2)−�(c+t�)]2

(3+4k�2)2
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NR t ≤
2k�(a−c)−3c

3�+2k�e0
t >

2k𝜌(a−c)−3c

3𝛽+2k𝜌e0

�NR∗

2
2(a−c−te0)

2

9
+

(c+t�)2

4k
− f (a−c−te0)

2

9
+

(1+k�2)[(a−c−te0)+2�(c+t�)]2

(3+4k�2)2
− f

ENR∗

1
2e0(a−c−te0)

3

e0[2(3+5k�2)(a−c−te0)3�(c+t�)]
3(3+4k�2)

ENR∗

2
2e0(a−c−te0)

3
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�(c+t�)

2k

e0(a−c−te0)
3
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(e0−��)[(a−c−te0)+2�(c+t�)]

3+4k�2

ENR∗
4e0(a−c−te0)

3
−

�(c+t�)

2k
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Appendix 2

Optimal solutions for remanufacturing by two manufacturers.
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Appendix 3

Proof of Theorem 1

By comparing the results presented in Appendix 1 and the no-remanufacturing case 
ones, we obtain ΔΠNR

1
(t) = 0 for t ≤ t and ΔΠNR

1
(t) = −

(a−c−te0)
2

9
+

(−a+c+c�+t��−2ak�2+2ck�2+te0+2kt�2e0)
2

(3+4k�2)
2

 for t > t . At the boundary t = t , ΔΠNR
1
(t){t≤t} = ΔΠNR

1
(t){t>t} 

and so ΔΠNR
1
(t) is a continuous function of t . For t > t , �ΔΠNR

1
(t)
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2

9
e0
(

a − c − te0
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+
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2
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𝜕t2
=
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2 > 0 . 

Thus, ΔΠNR
1
(t) is a convex function of t for t > t . Note that at t = 0 , ΔΠNR

1
(t) = 0 . 

This means that ΔΠNR
1
(t) < 0 for t ∈

(

t, tM1
)

 and ΔΠNR
1
(t) > 0 for t ∈

(

tM1, tU
)

 with 
tM1 =

2(a−c)(3+5k�2)−3c�
3��+6e0+10k�

2e0
 such that ΔΠNR

1

(

tM1
)

= 0 . To satisfy tM1 < tU , it also requires 

𝜌 < 0.2 and k > 3

𝜌(1−5𝜌)
.
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By comparing the result in Appendix 1 and the no-remanufacturing case, we have 

ΔΠNR
2
(t) =

(c+�t)2

4k
− f  for t ≤ t and ΔΠNR
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(t) = −
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2
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−f  for t > t . At the boundary t = t , ΔΠNR
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2
(t){t>t} and so.
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(t) is a continuous function of t . For t ≤ t , 𝜕ΔΠ
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2
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𝜕t
=
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2k
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2
(t)

𝜕t2
=

𝛽2

2k
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)
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2k
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t = t , the derivative is 2�(a�−c�+ce0)(6�+6k��
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 . This means that ΔΠNR

2
(t) is increas-

ing for t ∈
[
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)

 and is decreasing for t ∈
(
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)

 with the optimum is reached at 

tM2 =
e0(a−c)(3+4k�2)

2
+9(1+k�2)(2��−e0)[(a−c)+2�c]

e2
0(3+4k�2)

2
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2
 . Regarding the behavior of ΔENR

1
(t) , 

ΔENR
2
(t) , ΔENR(t) with respect to t , because ΔENR

1
(t) , ΔENR

2
(t) , ΔENR(t) is a linear 

function of tax price t , the proof is straightforward and omitted.
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