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Abstract
With the evolution of the e-commerce and express delivery industry, the consumption of packaging materials is increasing 
rapidly. Many members of society encourage using environmentally friendly packaging. However, due to the attitude-behavior 
gap, i.e., expressing concerns about environmental issues does not necessarily lead to green consumption, promoting the 
use of green packaging remains a challenge. This paper considers a stochastic differential game between green packaging 
manufacturers and e-commerce platforms. The optimal promotion strategies are derived for scenarios involving cooperation 
as well as non-cooperation. In addition, a welfare allocation mechanism for attaining stable cooperation is also discussed 
under the bargaining model. Numerical simulations and a sensitivity analysis were conducted to demonstrate the results. This 
paper finds that the cooperation between manufacturers and platforms can expand the actual market demand and promote the 
consumption of green packaging. The proposed model provides an effective tool for manufacturers and platforms to devise 
optimal strategies for promoting the use of green packaging.

Keywords  Consumers behavior · Green packaging · Supply chain management · Welfare allocation mechanism

Introduction

With the evolution of the e-commerce and express deliv-
ery industry, the consumption of packaging materials is 
increasing rapidly. Tallentire and Steubing (2020) reported 
that Europe produces 73 million tons of packaging materi-
als each year, including packaging paper, cardboard, and 
plastics. In China, the express delivery industry took more 
than 60 billion express orders in 2020, as reported by State 
Post Bureau. The COVID-19 pandemic also boosted online 
shopping due to the epidemic prevention policy (Moura-
tidis and Papagiannakis 2021). A study released by Smithers 
(2021), a provider of packaging industry reports, predicted 

that the global packaging market will be valued at $1.22 
trillion in 2026. Packaging waste has become a considerable 
source of greenhouse gases, and soil and ocean pollution. 
(Shen et al. 2020) reported that each ton of plastic packing 
waste would release 790 kg of carbon into the atmosphere, 
or about 2.9  tons of CO2. Groh et al. (2019) showed plastic 
packaging contains 68 dangerous chemicals related to envi-
ronmental hazards. The extensive use of express packaging 
puts tremendous pressure on the environment and therefore 
incentivizes the use of environmentally friendly packaging 
(EFP) (Geueke et al. 2018).

EFP is also known as “eco-friendly,” “sustainable,” and 
“green packaging” (Prakash and Pathak 2017). Steenis et al. 
(2017) defined sustainable packaging as “packaging that has 
a comparatively low environmental impact as measured by 
life-cycle assessment models.” Han et al. (2018) defined sus-
tainable or green packaging from three levels: raw materials, 
production processes, and waste management. In general, 
EFP refers to packaging made from recyclable and degra-
dable materials, which does not pollute the environment 
(Zhang and Zhao 2012; Wang and Hu 2016).

Although the use of EFP benefits the environment, the 
promotion of EFP still requires serious efforts. With the 
progress of society, people’s awareness of environmental 
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protection is growing. More and more consumers advocate 
green products (Asif et al. 2018), but consumer awareness 
of green products is only the first step in a buying decision 
process. Concerns about environmental issues do not nec-
essarily lead to green consumption (Ramayah et al. 2010). 
This is a well-known phenomenon in the field of sustainable 
consumer behavior called the “attitude-behavior gap” (Park 
and Lin 2020) or “intention-behavior gap” (Frank and Brock 
2018). Purchasing decisions are influenced by many factors, 
such as price, experience, lack of information, and perceived 
quality (Bray et al. 2011; Grunert 2011). Researchers found 
that few consumers are willing to pay more for an environ-
mentally superior product, even when they claim to be envi-
ronmentally conscious (Orsato 2006). As a result, how to 
promote the use of EFP is still a challenge.

This paper considers the strategies for promoting EFP 
from the perspectives of EFP manufacturers and e-commerce 
platforms. Manufacturers may determine their investments 
in research and development to improve the quality of EFP. 
Higher product quality increases the willingness of con-
sumers to pay for EFP (Popovic et al. 2019). As the major 
consumers of packaging materials, e-commerce platforms, 
e.g., Amazon, Alibaba, and JD.com, are responsible for 
promoting the use of EFP (Escursell et al. 2021). Through 
investments in advertisements, e-commerce platforms can 
guide consumer behaviors and expand the potential market 
for EFP. This paper considers a stochastic differential game 
between EFP manufacturers and e-commerce platforms. It 
is the first time that the stochastic differential game has been 
introduced into the supply chain management of EFP. The 
paper aims to answer three questions: 

(1)	 How to model the attitude-behavior gap in green con-
sumption?

(2)	 What are the optimal promotion strategies for EFP 
manufacturers and e-commerce platforms under the 
cooperation/non-cooperation scenario?

(3)	 How to design the welfare allocation mechanism for 
stable cooperation?

This paper shows that the cooperation between manufac-
turers and e-commerce platforms can expand the actual 
market demand and promote the consumption of EFP. A 
welfare allocation mechanism for stable cooperation is also 
discussed under the bargaining model. The proposed model 
provides an effective tool for manufacturers and e-commerce 
platforms to devise optimal promotion strategies. The pro-
motion strategies can help to significantly reduce packaging 
waste. Numerical simulations and a sensitivity analysis were 
performed to demonstrate the results and illustrate the effect 
of each of the six parameters on the optimal strategies.

The paper is organized as follows. Section 2 introduces a 
stochastic differential game between EFP manufacturers and 

e-commerce platforms and proposes the optimal promotion 
strategies under cooperation and non-cooperation scenarios. 
A welfare allocation mechanism for attaining stable coopera-
tion is also discussed under the bargaining model. Section 3 
presents numerical simulations and a sensitivity analysis to 
demonstrate the results. Section 4 concludes the paper. The 
research was conducted between October 2020 and May 2022 
in Jiangsu University.

Materials and methods

Stochastic differential game

The paper considers the heterogeneity of consumers to 
model the attitude-behavior gap in green consumption 
(Allenby and Rossi 1998; Lim et al. 2005). In this paper, 
consumers are divided into two types: environmentally 
friendly consumers and ordinary consumers. Let W be the 
willingness of consumers to purchase EFP. Then,

where v is the basic willingness of consumers to pay for 
EFP, which is a random variable and follows the uniform 
distribution on [0, 1], R denotes the research and develop-
ment efforts made by manufacturers, � is the utility coef-
ficient of investments in product quality and p is the price at 
which e-commerce platforms sell EFP to consumers. Thus, 
consumers with basic willingness v ≥ p − �R , i.e., W ≥ 0 , 
would like to purchase EFP and can be viewed as environ-
mentally friendly consumers (Farshbaf-Geranmayeh and 
Zaccour 2021). Otherwise, consumers with basic willing-
ness v < p − 𝛼R , i.e., W < 0 , prefer ordinary packaging and 
can be viewed as ordinary consumers. Thus, the actual mar-
ket demand for EFP is D,

where S is the total market potential of EFP.
Note that, the market potential of EFP can be expanded by 

the advertisements and promotional efforts of e-commerce 
platforms. However, the effects of advertisements decay over 
time t. Therefore, the total market potential is considered as 
a state variable St dynamically (Zhang et al. 2013; El Ouar-
dighi 2014),

where A represents the advertisements and promotional 
efforts made by e-commerce platforms, � is the utility coef-
ficient of investments in promotions, � is the natural decay 
rate of the effects of promotions, Bt denotes the Brownian 
motion and � is the volatility parameter. Equation 3 models 

(1)W = v + �R − p,

(2)
D = S ⋅ Pr(W ≥ 0) = S ⋅ Pr(v ≥ p − �R) = S(1 − p + �R),

(3)
{

dSt = [�A − �St]dt + �StdBt,

S0 = s0 ≥ 0,
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a stochastic differential equation to characterize the uncer-
tainty of St , which is influenced by several unpredictable 
factors (Athanassoglou and Xepapadeas 2012; Masoudi 
et al. 2016).

To improve the quality of products and expand the mar-
ket, manufacturers and e-commerce platforms take the costs 
of research and advertisements, respectively. The cost func-
tions of manufacturers and e-commerce platforms, CM and CE , 
are modeled as quadratic functions (De Giovanni et al. 2016; 
Pnevmatikos et al. 2018),

where �M and �E are cost coefficients of manufacturers and 
e-commerce platforms, respectively.

Table 1 summarizes the notations for variables and param-
eters as follows.

Cooperation

If EFP manufacturers and e-commerce platforms cooperate 
with each other, they may determine the investments needed 
to maximize the entire expected profits. The exchange of inside 
benefits can be ignored. Therefore, the decision-making prob-
lem becomes one to solve the following optimization:

Proposition 1  Let St be a stochastic process satisfying Eq. 3. 
The expected value of St can be solved explicitly as follows:

(4)CM =
1

2
�MR

2
, CE =

1

2
�EA

2
,

(5)

max
R,A

�C = max
R,A

E

[
∫

∞

0

e−�tpDtdt − CM − CE

]

= max
R,A ∫

∞

0

e−�tpE[St](1 − p + �R)dt −
1

2
�MR

2 −
1

2
�EA

2
.

where s0 is the market potential at initial time t = 0.

For the proofs of propositions, see the Appendix for more 
details. Then, the optimization problem in Eq. 5 is solved.

Proposition 2  In the scenario of cooperation, EFP manu-
facturers and e-commerce platforms may make the optimal 
investments in research efforts RC and advertisement efforts 
AC , respectively:

With the optimal investment and promotion strategies in 
Eq. 7, manufacturers and e-commerce platforms can max-
imize the entire expected profits. How should the profits 
between two parties be allocated to ensure stable and last-
ing cooperation? A welfare allocation mechanism under the 
bargaining model is discussed in Section 2.4. In Section 3, a 
sensitivity analysis illustrates the impacts of parameters on 
the optimal strategies and profits.

Non‑cooperation

If EFP manufacturers and e-commerce platforms can not reach an 
agreement for cooperation, each party maximizes its own profits. 
In this situation, assume that the revenues are assigned between 
manufacturers and e-commerce platforms at a fixed proportion 
� , where � ∈ (0, 1) (Chintagunta and Jain 1992; Jørgensen and 

(6)E[St] = s0e
−�t −

�A

�
(e−�t − 1),

(7)

RC =
�Ep�s0�

2(� + �) + p2��2(1 − p)

�M�E�
2(� + �)2 − p2�2�2

,

AC =
�M�E�p(1 − p)�2(� + �)2 + �Es0�

2�p2�2(� + �)

�M�
2

E
�3(� + �)3 − p2�2�2�E�(� + �)

.

Table 1   Notations for Variables 
and Parameters

Notation Description

p The price at which e-commerce platforms sell EFP to consumers
W The willingness of consumers to pay for EFP
v The basic willingness of consumers to pay for EFP
R Investments in research and development made by manufacturers
� The utility coefficient of investments in product quality
A Investments in advertisements and promotions made by e-commerce platforms
� The utility coefficient of investments in promotions
S The total market potential of EFP
D The actual market demand for EFP
� The volatility parameter of the total market potential
� The natural decay rate of effects of promotions
C
M
,C

E
Costs of manufacturers and e-commerce platforms

�
M
,�

E
Cost coefficients of efforts made by manufacturers and e-commerce platforms

� The discount rate of profits over time
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Zaccour 2003). For example, � = 0.8 means manufacturers take 
80% of revenues of EFP, and e-commerce platforms take the rest.

The expected profit functions of manufacturers and e-com-
merce platforms can then be written as follows, and each party 
maximizes its own profits:

To balance the profits between manufacturers and e-com-
merce platforms, the assignment proportion � should satisfy 
the following equation:

Therefore, the equilibrium solution under the scenarios of 
non-cooperation can be obtained in Proposition 3.

Proposition 3  In the scenario of non-cooperation, EFP man-
ufacturers and e-commerce platforms may make the optimal 

(8)

max
R

�NC

M
= max

R
�∫

∞

0

e−�tpE[St](1 − p + �R)dt −
1

2
�MR

2
,

max
A

�NC

E
= max

A
(1 − �)∫

∞

0

e−�tpE[St](1 − p + �R)dt −
1

2
�EA

2
.

(9)�NC
M

= �NC
E

.

investments in research efforts RNC and advertisement efforts 
ANC , respectively:

and the optimal assignment proportion �∗ is equal

Eq. 10 shows that the optimal strategies RNC and ANC 
depend on the assignment proportion � , while the optimal 
assignment proportion �∗ depends on the promotion strategies 
R and A. The two equations are coupled with each other, mak-
ing it hard to solve them explicitly. An iterative algorithm is 
developed to solve the equations numerically, as can be seen 
in Algorithm 1.

(10)

RNC =
��Ep�s0�2(� + �) + �(1 − �)p2��2(1 − p)

�M�E�2(� + �)2 − �(1 − �)p2�2�2
,

ANC =
(1 − �)�M�E�p(1 − p)�2(� + �)2 + �(1 − �)�Es0�2�p2�2(� + �)

�M�2
E�3(� + �)3 − �(1 − �)p2�2�2�E�(� + �)

,

(11)

�∗ =
2p(1 − p + �R)(�s0 + �A) + �(� + �)(�MR

2 − �EA
2)

4p(1 − p + �R)(�s0 + �A)
.

Welfare allocation mechanism

The welfare allocation mechanism between EFP manufac-
turers and e-commerce platforms is used to guarantee stable 
and lasting cooperation. A robust welfare allocation mecha-
nism can form the linchpin of the promotion strategies of 
EFP by eliminating instability in a cooperation alliance and 
supporting continuous cooperation. It should satisfy the con-
ditions of both holistic rationality and individual rationality. 
Holistic rationality ensures that the overall welfare can be 
improved through cooperative alliance. Individual rationality 
requires that the benefits gained from cooperative strategies 
for two parties should be greater than those of non-cooper-
ative strategies.

The bargaining model theory is introduced to meet the 
principles mentioned above (Rubinstein 1982). Assume that 
the proportion of profits that EFP manufacturers take in the 
cooperative case is � , where � ∈ [0, 1] , and that e-commerce 
platforms take the rest (1 − �) . Therefore, individual ration-
ality requires

The general solution is � ∈

[
�NC

M

�C
,
�C−�NC

E

�C

]
 , which is the 

critical interval of the portion � . According to the Rubinstein 
bargaining model, the discount factors �M , �E are extracted 
to compute the welfare allocation ratio � , where �M , 
�E ∈ [0, 1] characterize the “patience level” and “bargaining 
power” of manufacturers and e-commerce platforms, 
respectively.

Because EFP materials flow downstream, manufacturers 
could dominate the bargaining process. According to the 
Rubinstein indefinite periodic bidding game on the interval 
[
�NC

M

�C
,
�C−�NC

E

�C
] (Rubinstein 1982), the optimal allocation 

ratio can be solved as a refined Nash equilibrium:

(12)
{

��C ≥ �NC
M

,

(1 − �)�C ≥ �NC
E

.

(13)�∗ =
1 − �E

1 − �E�M
(
�C −�NC

E

�C
−

�NC
M

�C
) +

�NC
M

�C
.
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Hence, the welfare of two parties under a robust dynamic 
allocation mechanism can be written as

Results and discussion

Numerical simulations and a sensitivity analysis were per-
formed to demonstrate the results. This provided insights 
into the influence of each parameter on the optimal strat-
egies of manufacturers and e-commerce platforms. This 
paper focuses on the relationship among different param-
eters rather than specific values. The parameter values were 
initially set, as shown in Table 2, to illustrate the impacts on 
optimal strategies.

Analysis of equilibrium state trajectories

The trajectories of the state variable St in two scenarios were 
compared. Because the stochastic differential equations in 
Eq. 3 cannot be solved analytically, their evolution path 
is characterized by simulations (Prasad and Sethi 2004). 
According to Eq. 3, the stochastic differential equations of 
St in two scenarios can be written in the discrete forms:

(14)

{
�C

M
=

1−�E

1−�E�M
[�C − (�NC

E
+�NC

M
)] +�NC

M
,

�C
E
=

�E(1−�M)

1−�E�M
[�C − (�NC

E
+�NC

M
)] +�NC

E
.

(15)St+� = St + (�A − �St)� + �
√
St

√
� ⋅ �t,

where �t ∼ N(0, 1) are i.i.d random variables. The tiny time 
step is set as � = 0.01 . Then, the evolution path and expec-
tation of St can be simulated by R language, as shown in 
Fig. 1.

Figure 1 shows that the total market potential of EFP 
in the cooperation scenario is much higher than that in the 
non-cooperation scenario. This holds for all studies of sim-
ulations, which indicates that cooperation between manu-
facturers and e-commerce platforms benefits both parties 
in terms of expanding the total market potential. Without 
such cooperation, manufacturers and e-commerce platforms 
would be more likely to reduce investments for their own 
benefit. Moreover, variation in the total market is signifi-
cantly affected by several unpredictable factors. The confi-
dence interval is used to describe the variation range of the 
EFP market potential (Zwillinger 1998). At a 95% confidence 
level, the confidence interval of EFP market potential should 
be (E[St] − 1.96

√
Var[St],E[St] + 1.96

√
Var[St]) , where 

E[St] and Var[St] denote the expectation and variance of St , 
respectively. Figure 2 depicts the confidence interval of the 
total market potential and shows how it helps to improve the 
predictive power of diagnostic tools for manufacturers and 
e-commerce platforms.

Effects of assignment proportion on profits

The impact of assignment proportion parameter � on the 
profits is illustrated when manufacturers and e-commerce 
platforms do not reach a non-cooperative contract of equal 
profits �NC

M
= �NC

E
 . For any given assignment proportion 

Table 2   Parameter Setting p � � � �
M

�
E

� � s
0

0.8 0.9 0.7 0.04 1.3 1.1 0.9 0.9 1000

Fig. 1   The evolution path of EFP total potential market S
t
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� , Fig. 3 shows the profits of manufacturers and e-commerce 
platforms, respectively, in both cooperation and non-coop-
eration scenarios.

Figure 3 demonstrates that in the non-cooperation sce-
nario, the profit of EFP manufacturers increases with the 
assignment proportion � monotonically, whereas the profit 
of e-commerce platforms increases at the beginning and then 
decreases with the increase in � . The intersection of two 
curves illustrates the equilibrium state that �NC

M
= �NC

E
 , 

which was discussed in Proposition 3.
Figure 3 also shows the leadership status of manufactur-

ers in the supply chain of EFP production and promotion. If 
� is small, manufacturers have no motivation to invest in and 
improve the quality of EFP. This results in few consumers 
choosing to pay for EFP, no matter how much e-commerce 
platforms promote it. With the increase in � , manufacturers 
obtain higher revenue shares and are therefore more willing 
to invest in the quality of EFP. This improvement entices 
more consumers to pay for EFP, thereby expanding the 
actual market potential. Because EFP manufacturers ben-
efit from both factors, their profits increase monotonically 

with � . E-commerce platforms benefit from the gain of the 
actual market potential when � is increasing. However, as 
revenue shares go down, they reduce their the investments 
in promotions.

Therefore, to balance the interests of both sides, manu-
facturers and e-commerce platforms bargain and negoti-
ate with each other in the long term. The equilibrium state 
�NC

M
= �NC

E
 is a point that both sides can accept. In the 

simulation setting, the equilibrium state is � = 0.66 , which 
matches the numerical result solved by Algorithm 1.

Sensitivity analysis

A sensitivity analysis was performed to explore the effects 
of parameters on the optimal strategies, such as advertising 
investments, research investments, and the corresponding 
profits of manufacturers and e-commerce platforms. This 
paper considers six parameters, namely the cost coefficients 
( �M , �E ), the decay rate of promotion ( � ), the marginal util-
ity of the EFP ( � , � ), and the selling price (p). The equilib-
rium states for different parameter settings are solved for the 
cooperation and non-cooperation scenarios. For non-coop-
eration scenarios, the assignment proportion � is determined 
by the equilibrium constraint �NC

M
= �NC

E
.

Figures 4, 5, and 6 depict the effects of the six parameters 
on the advertising investments A, research investments R, and 
the corresponding profits � , respectively. Cooperation and 
non-cooperation scenarios are compared in the three figures.

Figures 4, 5, and 6 show the variations in parameters 
cause similar trends in investment strategies and profits. � 
and � denote the marginal utility of the EFP. Given that other 
parameters remain unchanged, higher � and � mean larger 
market potential and more environmentally friendly consum-
ers. It encourages manufacturers and e-commerce platforms 
to invest more in research and promotion. Manufacturers and 
e-commerce platforms also benefit from the higher selling 
price p, by gaining higher profits from EFP production. In 

Fig. 2   The confidence interval of EFP market potential under two scenarios

Fig. 3   The profits of manufacturer and e-commerce platforms under 
different assignment proportions



International Journal of Environmental Science and Technology	

1 3

general, increased � , � , and p have positive effects on the 
optimal strategies.

However, the increase in cost coefficients �M , �E and the 
decay rate of promotion � discourage manufacturers and e-com-
merce platforms from investing in promotional activities. This 
means higher costs and lower effectiveness for both parties. 
Resultantly, they may reduce their budgets on investments, 
which would depress the EFP market. Therefore, increased �M , 
�E and � have negative effects on the optimal strategies.

Figs. 4, 5, and 6 further show that cooperation encourages 
manufacturers and e-commerce platforms to conduct more 
research and invest more in advertising than in the non-coop-
eration scenario. Manufacturers and e-commerce platforms 
both benefit from cooperation in all parameter settings and 
may gain higher profits than in the non-cooperation scenario.

The sensitivity analysis of parameters is summarized in 
Table 3. In the table, a + sign denotes the positive relation-
ship, and a − sign denotes the negative relationship.

Fig. 4   Optimal advertising investments on the equilibrium states

Fig. 5   Optimal research investments on the equilibrium states
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Conclusion

This paper proposed a stochastic differential game for the 
promotion strategies of green packaging. The optimal invest-
ment strategies were derived from the perspectives of EFP 
manufacturers and e-commerce platforms. This paper intro-
duced stochastic theory to capture the uncertainty of factors 
that affected the potential market, thereby creating a more 
real-world model. This was the first study to introduce the 
stochastic differential game into the supply chain manage-
ment of EFP.

This paper showed that cooperation between EFP man-
ufacturers and e-commerce platforms stimulated invest-
ments in product quality and promotion, thereby leading to 
higher profits and better environmental results in all of the 
parameter settings. Thus, manufacturers and platforms were 
motivated to cooperate. A welfare allocation mechanism for 
stable cooperation was also discussed. The optimal revenue 
assignment proportion was calculated for holistic ration-
ality as well as individual rationality conditions. Through 

numerical simulations and a sensitivity analysis, this paper 
demonstrated the impacts of six parameters in the coopera-
tion and non-cooperation scenarios. The results showed that 
the EFP market would benefit from higher utility coefficients 
and selling prices, but suffered when cost coefficients and 
the decay rate were increased.

Accordingly, a government can create several policies to 
promote the use of EFP. These include allowing additional 
tax deductions for research and development investments; 
reducing the cost coefficients of manufacturers to expand 
the EFP market; and offering a subsidy for the consumption 
of EFP, which would increase the consumer willingness to 
pay for EFP. This would thus reduce the amount of packag-
ing waste.

Some interesting problems can be explored in the future, 
for example, the variation in consumer attitudes toward the 
cooperation between manufacturers and e-commerce plat-
forms, and other factors affecting consumer behaviors except 
the selling price.

Fig. 6   Optimal profits on the equilibrium states

Table 3   Sensitivity Analysis of 
Parameters

Para A
C

R
C �C

A
NC

R
NC �NC

� + + + + + +

� + + + + + +

� − − − − − −
�
M

− − − − − −
�
E

− − − − − −
p + + + + + +
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Appendix: Proofs of propositions

Proposition 4  By taking the expectation for both sides of 
Eq. 3, it leads to an ordinary differential equation with lin-
ear constant coefficients:

Thus, it has the general solution

where C is a undetermined coefficient. Since S0 = s0 , it has

Proven.

Proposition 5  By taking the derivatives of �C with respect 
to R, it has

Similarly, by taking the derivatives of �C with respect 
to A, it has

Then, the following equation system is solved to obtain the 
optima:

Proven.

Proposition 6  By taking the derivatives of �NC with respect 
to R, it has

{
dE[St] = (�A − �E[St])dt,

S0 = s0.

E[St] = Ce−�t +
�A

�
,

E[St] = s0e
−�t −

�A

�
(e−�t − 1).

��C

�R
= p� ∫

∞

0

e−�t
(
s0e

−�t −
�A

�
(e−�t − 1)

)
dt − �MR

= p�

(
s0 −

�A

�

� + �
+

�A

�

�

)
− �MR

=
p�s0

� + �
+

p��

�(� + �)
A − �MR.

��C

�A
= ∫

∞

0

e−�tp
�

�
(1 − e−�t)(1 − p + �R)dt − �EA

=
p�

�

1

�
(1 − p + �R) −

p�

�

1

� + �
(1 − p + �R) − �EA

=
p�(1 − p + �R)

�(� + �)
− �EA.

�
p�s0

�+�
+

p��

�(�+�)
A − �MR = 0,

p�(1−p+�R)

�(�+�)
− �EA = 0.

⇒

⎧⎪⎨⎪⎩

RC =
�Ep�s0�

2(�+�)+p2��2(1−p)

�M�E�
2(�+�)2−p2�2�2

,

AC =
�M�E�p(1−p)�

2(�+�)2+�Es0�
2�p2�2(�+�)

�M�
2

E
�3(�+�)3−p2�2�2�E�(�+�)

.

Similarly, by taking the derivatives of �NC with respect 
to A, it has

According to Eq. 9, it has

Then, the following equation system is solved to obtain the 
optima:

and the optimal �∗ is equal

Proven.
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��NC

�R
= �p� ∫

∞

0

e−�t
(
s0e

−�t −
�A

�
(e−�t − 1)

)
dt − �MR

=
�p�s0

� + �
+

�p��

�(� + �)
A − �MR.

��NC

�A
= (1 − �)p∫

∞

0
e−�t

�
�
(1 − e−�t)(1 − p + �R)dt − �EA

= (1 − �)
p�
�

1
�
(1 − p + �R)

− (1 − �)
p�
�

1
� + �

(1 − p + �R) − �EA

=
(1 − �)�p�(1 − p + �R)

�(� + �)
− �EA.

� ∫
∞

0

e−�tpE[St](1 − p + �R)dt −
1

2
�MR

2

= (1 − �)∫
∞

0

e−�tpE[St](1 − p + �R)dt −
1

2
�EA

2
.

�
�p�s

0

�+�
+

�p��

�(�+�)
A − �

M
R = 0,

(1−�)p�(1−p+�R)

�(�+�)
− �

E
A = 0.

⇒

⎧
⎪⎨⎪⎩

R
NC =

��
E
p�s

0

�2(�+�)+�(1−�)p2��2(1−p)

�
M
�
E
�2(�+�)2−�(1−�)p2�2�2

,

A
NC =

(1−�)�
M
�
E
�p(1−p)�2(�+�)2+�(1−�)�

E
s
0

�2�p2�2(�+�)

�
M
�2

E
�3(�+�)3−�(1−�)p2�2�2�

E
�(�+�)

,

�∗ =
2p(1 − p + �R)(�s0 + �A) + �(� + �)(�MR

2 − �EA
2)

4p(1 − p + �R)(�s0 + �A)
.
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