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ABSTRACT

The development of technology and the internet has encouraged industry players to develop
their businesses by adding online sales media, which previously only used offline sales media.
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Accepted: 29" November 2024 considering the green manufacturing level to maximize the profit of a system consisting of
Published: 13" January 2025 two manufacturers and one retailer.. Based on the model that has been constructed, the
optimal solution is determined so that maximum profits are obtained for each model actor in
centralized scenarios. After that, the model is applied and sensitivity analysis of its
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profits of the system. The change in the sensitivity value of the green manufacturing level for
each product shows an increase in system profits and retailer profits, where when the
sensitivity value of the green manufacturing level of product 1 is greater, the profit of
manufacturer 1 is also greater, but the profit of manufacturer 2 is smaller. Conversely, when
the green manufacturing level sensitivity value of product 2 becomes greater, the profit of
manufacturer 2 also becomes greater, but the profit of manufacturer 1 becomes smaller.
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1. INTRODUCTION

One of the mathematical models used in industrial economics is the supply chain (SC) model. Supply
chain (SC) is a system that includes a series of processes from manufacturing to selling products to consumers
[1],12]. The rapid development of technology and the internet means that manufacturers who previously only
sold products to consumers through retailers now have the opportunity to sell products to consumers directly
using online media |3]. The selling products using online media can expand market segments, control product
prices and increase profits [4]|. Therefore, based on sales media, supply chains are divided into two, namely
single-channel supply chain (SCSC) and dual-channel supply chain (DCSC). SCSC only uses one sales
media, such as offline or online media. The DCSC uses both types of media [5].

A product in the SC model is grouped into several types. Based on their use in relation to other
products, products are divided into substitute and complementary products. Substitute products are products
that will be chosen if the desired product is not available [6]), while complementary products are products
that complement each other in general use |7]. Applying the supply chain model to complementary products
has become an important operation for companies [8]. Complementary products can increase profits if the
company succeeds in combining a new product that is related to the main product. Liu [9] also added that the
level of complementarity of a complementary product has an impact on sales and pricing strategies.

When purchasing a product, consumers tend to choose to pay more for low-carbon, energy-saving and
environmentally friendly products [10]. This awareness certainly has a good impact on research which states
that SC has a significant influence on the environment, one of which is the manufacturing process which
results in carbon emissions [11].

If carbon emissions in the environment continue to be ignored, future generations will have difficulty
obtaining natural resources that are not polluted. To avoid this, green manufacturing is needed. Dheeraj and
Vishal [12] define green manufacturing as the application of fast, reliable and energy efficient manufacturing
processes and equipment aimed at minimizing waste and increasing productivity. Green manufacturing also
has a positive influence on company performance |2|. Lateradded that green manufacturing is carried out
throughout the product life cycle, including products that are not sold or returned on the market [13].
Therefore, the main reason for implementing green manufacturing is sustainability in the production of a
product [14].

Shan [15] discussed three SC model structures for complementary products by considering the level
of green manufacturing which is divided based on sales strategy, namely individual pricing model, pure
bundling model, mixed bundling model. the model is in the form of a Single Channel Supply Chain (SCSC).
The difference can be seen in product sales from retailers to consumers where retailers sell both products
separately in an individual pricing model, retailers sell both products combined in a pure bundling model,
and retailers sell both products separately and combined in a mixed bundling model. This research focuses
on the structure of the individual pricing model which was developed by adding a direct sales channel to
consumers at one of the manufacturers to become the DCSC model. The constructed DCSC model aims to
maximize the profits of a system consisting of two manufacturers and one retailer by considering the level of
green manufacturing in two scenarios, namely centralized. It is known that the centralized model is the best
model as shown by the profits in the centralized scenario being greater than the profits in the decentralized
scenario |16], but causing higher investment and operational costs than the centralized scenario [17].

2. RESEARCH METHODS

This research is quantitative research based on the results of a literature review. A literature review
was carried out by collecting reference materials in the form of books and journals regarding supply chain
models for complementary products, then model development was carried out, the optimal solution was
determined from the model obtained, and a sensitivity analysis was carried out to determine the effect of
changes in parameter values on the objective function.

2.1 Operational Step

The following are the operational steps used in this research.
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1. Determining the DCSC model assumptions that will be developed from the individual pricing
model studied as follows

a. change the original assumption that both manufacturers sell their products to retailers plus
one manufacturer also sells their products directly to consumers,

b. adding assumptions from previously only using a centralized scenario.

2. Determine the objective function in the form of a system profit function for two manufacturers
and one retailer with steps,

a. determine the number of requests for each product on the sales channels used,
b. determine total revenue at two manufacturers and one retailer, and
c. determine total costs at two manufacturers and one retailer.
3. Prove that the constructed DCSC model has a maximum global point with steps,
a. determine the partial derivative of the model regarding the independent variables,
b. construct the Hessian matrix,
c. determine the principal minor determinant of the Hessian matrix, and

d. the model has a global maximum point if the principal minor determinant of the Hessian
matrix is negative definite.

4. Determine the optimal selling price and level of green manufacturing for two manufacturers and
one retailer so that maximum profits can be obtained by determining the first partial derivative of
the model for the independent variables and the derivative result is equal to zero, then finding a
solution for the selling price.

5. Look for appropriate parameter values from previous studies, then substitute them into the model
that has been obtained. After that, the optimal solution is determined.

6. Analyze the sensitivity of parameters to the maximum profit of the system based on the results of
applying the model with parameter simulation. research method contains explanations in the form
of paragraphs about the research design or descriptions of the experimental settings, data sources,
data collection techniques, and data analysis conducted by the researcher. This guide will explain
writing headings. If your headers exceed one, use the second level of headings as below.

2.2 Model Structure and Assumptions

In this research, the DCSC model consists of manufacturer 1, manufacturer 2, and retailer. It is assumed
that manufacturer 1 produces product 1 and manufacturer 2 produces product 2. When combined, product 1
and product 2 will become products that complement each other in general use or are called complementary
products. The structure of product sales from manufacturers to consumers via online and offline media is
presented in Figure 1 with Dy denotes the demand for product 1 on online media at manufacturer 1, Dy
denotes the demand for product 1 at retailers, and D, denotes the demand for product 2 at retailers.

Manufacturer 1 Manufacturer 2
7 % %
: Wy : Dl Wo : Dz
1 \ H v !
H
E Retailer
1
po| 1 Do 2 A
! Py VD Dz ' D,
v ! v | v |
Consumer

Offline Channel

Online Channel
Figure 1. DCSC Model Structure

The following are the assumptions used to construct the model.
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1. The interaction between two manufacturers and one retailer follows a centralized scenario.

2. The two manufacturers have different product production costs ¢; for i = 1,2 and the wholesale
price per unit of different products w; fori = 1,2.

3. Complementary products have different values in market demand potential, product price
elasticity, and cross-price sensitivity.

4. Retailers sell two complementary products to consumers with an individual pricing model
strategy.

5. Consumer demand for a product has a positive linear relationship with the product's green
manufacturing level 8; for i = 1,2 which is a continuous variable.

6. Both manufacturers invest additional costs to develop green products of n82 where 7 is the
sensitivity of green product development costs. These development costs take the form of a
quadratic function because they reflect how initial changes towards green manufacturing can be
achieved easily, but subsequent changes are more expensive and difficult to achieve.

7. There is no waiting time for delivery on online sales media.
8. Selling prices pg, P1, P2, W1, and w, are greater than production costs ¢; andc,.
9. Manufacturer 1 sells products to consumers and retailers respectively for py and w; withp, > wy.

10. Retailers sell products offline to consumers at prices p; and p, where p; > wy and p, > w,.

11. Value min{uq, u,} > max{f;, 5. }.

12. All parameters are positive.

3. RESULTS AND DISCUSSION

3.1 Model Construction

Demand for product 1 consists of demand for product 1 in online media and offline media. Demand in
online media is demand for products directly from consumers to manufacturers 1, while demand in offline
media is demand for products from consumers to retailers. The basic demand for product 1 in online media
is ay. The unit demand for product 1 in online media decreases as the selling price of product 1 in online
media increases p,, which changes according to the elasticity of the selling price of product 1, which is y4,
so that p;p, is obtained. Changes in consumer preferences in purchasing product 1 in online media are
influenced by the selling price of product 1 from retailer p; so that the unit demand for product 1 in online
media increases along with the cross-price sensitivity of product 1 in both channels a to ap,. Because product
1 and product 2 are complementary products, the unit demand for product 1 in online media decreases as the
selling price of product 2 from retailer p2 increases with the cross-price sensitivity between the two products
in the two channels being f; to obtain 8, p,. The greater the level of green manufacturing in product 1, namely
6,, the unit demand for product 1 in online media also increases along with the sensitivity of the level of
green manufacturing in product 1 in manufacturing channel 1 in online media y, to y,6;. Obtained demand
for product 1 on online media is

Dy = ag — u1po + ap; — 1Pz + vob1 (D

The basic demand for product 1 at retailers is a,. The unit demand for product 1 at the retailer decreases
as the selling price of product 1 from retailer p; increases, which changes according to the selling price
elasticity of product 1 of ¢4 so that y;p; is obtained. Changes in consumer preferences in purchasing product
1 at retailers are influenced by the selling price of product 1 from manufacturer 1 pg so that the unit demand
for product 1 at retailers increases along with the cross price sensitivity of product 1 in both channels a to
ap,. Because product 1 and product 2 are complementary products, the unit demand for product 1 at the
retailer decreases as the selling price of product 2 from retailer p, increases with the cross-price sensitivity
between the two products in the two channels being 8, so that 8, p, is obtained. The greater the level of green
manufacturing in product 1, namely 6,, the unit demand for product 1 at retailers also increases along with
the sensitivity of the level of green manufacturing of product 1 in the retail channel y; to y;6;. Therefore, the
demand for product 1 at retailers is
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Dy = ay — yp1 + apg — P20z + v161 2

The basic demand for product 2 at retailers is a,. The unit demand for product 2 at the retailer decreases
as the selling price of product 2 from retailer p, increases, which changes according to the selling price
elasticity of product 2 of p, so that u,p, is obtained. Because product 1 and product 2 are complementary
products, the unit demand for product 2 at the retailer decreases as the selling price of product 1 from the
manufacturer 1 p, increases with the cross price sensitivity between the two products in the two channels
being B so that 51 p, is obtained and the unit demand for product 2 at the retailer also decreases as the selling
price of product 1 from retailer p; increases with the cross price sensitivity between the two products in the
two channels being 3, to obtain ,p,. The greater the level of green manufacturing in product 2, namely 6,,
the unit demand for product 2 at retailers also increases along with the sensitivity of the level of green
manufacturing of product 2 in the retail channel y, to y,6,. Thus, the demand for product 2 at retailers is

Dy = a; — p2p2 — P1Po — B2P2 + V20> (3)

From the model structure shown in Figure 1, the profit function of manufacturer 1, manufacturer 2 and

retailer can be determined. Profits can be obtained from the amount of income minus the amount of expenses.

The total income from manufacturer 1 obtained through online sales to consumers is pyD, and sales to

retailers is wy D . The total expenditure from manufacturer 1 is obtained from the production costs per product

multiplied by the number of requests from manufacturer 1 of ¢, (D, + D;) and green product development
costs of n;6%. Therefore, the profit function of manufacturer 1 can be written as

My, = (po — ¢1)Do + (Wy — ¢1)Dy — 167, 4)

The total income from manufacturer 2 obtained through sales to retailers is w, D,. The total expenditure
from manufacturer 2 is obtained from the production costs per product multiplied by the number of requests
from manufacturer 2 amounting to ¢, D, and green product development costs amounting to 17,62 Therefore,
the profit function of manufacturer 2 can be written as

[y, = Wy —¢;)D; — 712922- Q)

Total income from retailers obtained through sales to consumers for product 1 is p; D; and for product
2 is p,D,. The amount of expenditure from retailers is obtained from the cost of purchasing the product
multiplied by the number of requests to manufacturer 1 equal to wy D, and to manufacturer 2 equal to w,D,.
Therefore, the retailer's profit function can be written as

Mg = (p1 —w1)D;1 + (p2 — w3)D;. (6)

3.2 Optimal Solution

The optimal solution in the centralized scenario is obtained by maximizing system profits. The system
profit function is obtained from the sum of Equation (4) for manufacturer 1, Equation (5) for manufacturer
2, and retailer's profit in Equation (6) to obtain

Ns(Po, D1, P2,61,62) = (Po — c1)Do + (p1 — ¢1)D1 + (P2 — ¢2)D; — 771912 - 772922- @)

Based on model in Equation (7), the Hessian matrix (H) is determined and then the principal minor
determinant of the Hessian matrix is obtained as follows

|Hyq| = —2p4,

|Hyy| = —4ay + 4ui,

|Has| = 8Qapi B, + Biu + B5us + a’uy — piny),

|[Hygl = —8B1B2P — 4B5] + 4B7K — 4Mu,,

|Hss| = —8(B2vo — B1v1)?n2 + 640 — 2(v§ + vD)vsun + 32(BY + B3)ninauq + 8y5nius + Q

with | = y§ —4nyuy, K =y — 40y, L =y3 — 4nyip, M = 2ayeys + 4azn, + N, N = y§ +
Yi —4mps, O = aPByfomina, P = yoyy + 4any, and Q = 8n,u; Ny — 4ayyy, L — 8a?nL.

2
Based on assumptions 11 and 12, we obtain f; < /_aﬂuz + pqpy so that Hy; < 0,Hy; > 0,Hzz <
1

0,H,, > 0,and Hss < 0. Thus, the system profit function is a strict concave function so that it is guaranteed
to have a single optimal solution. The optimal solution of Equation (7) is obtained from the first partial
derivative of Equation (7) for each independent variable and is written
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=0,—=0—=0—=0,—=0. (8)

The solution of system in Equation (8) obtains optimal values

1
W <C252Y0V1V22 + agYivs — C2P1yivs + 4cyaBayin — 4axBavoyanz + 4azfrving

— 16azafoniny — 16a9B3n1n2 — 4agy3niiy + 42 B1yinpy — 16a;B1m1M2 41
—4aonKpp + a4 (‘VonL +4n, (—ay3 + 4B1 o, + 40”72#2))

+ ¢y (4BFvEn; — 4B Bav1 (30 + vInz + 2v8vEm + vovaviim + vivim
—16p7mmpus — 4yimupi + 4B (vo2yo +v1) — 4napy)

— 4o, (2Y§ + Yoy + Ky + 4ayn L + a(=32B:B,m1m2 +v1(Byo + V1)L))>;

(%) _
0

(cx) _ 1 2.2 2 2 2 2 2
Po = W(‘Czﬁﬂ/o YZ — QoYoV1V3z + C2f1YoY1Vs — 4agyYan + 4cafiying + 4azv6m:2

— 4a,B1Yo¥1N2 — 16a,aB1n1m; + 16401 Bamin, + 4caBayaniiy — 16a,B2n1M214
+ 4ay(yoyy + 4an )Ny + a1 (—16BEnm, +JL)

+¢ <4E§V§nz — 41 Bavo (Vo + 3v)m2 + ¥5Viia + YovaVit + 2vivim

— 16p3mmams — 4vEnud + 4870 (1 (Yogy, ) — 4t

— 4nau (V6 + vovs + 2v — 4nyug)p, + 4a’n,]

+ a(=32B182mn2 + vo(yo + 311 )U)).

N1
Py = }(2712(2“2]/0)’1 — aoBa¥oy1 + Aoy ¥i — 4aza’ny — 4agafyny — aifi(Voys + 4an;)

—a,(¥§ + yPuy — 4aofinipy + 4agn, i
+ c1(vo + v1)(@B2vo + aBiyv1 + B1Yols + B2yiks) + a1B2))
+c (—4ﬁ1ﬁzyohnz +y5vim + 2B5mz) + BNz + v3u)K — 2nou1(vs + K)p,

+ 4a’n,(vs — 2nau0) + 2a (—85152771772 +vor1 (s — 2772.“2))));

. 1
91(C )= Y(Cza’ﬁz]/oyzz - ao“)’ﬂ’zz + Cza’.Blyl)/zz —4azafryon; — ao.BZZYonz —4ayafyin24a0B1 821112

— AgYoVil + C2P1YoVala + C2B2Y1YVa iy — 4azB1Vonaiy — 44z B2Y1N21
— ay(ayoys + 4B (Bayvo + Biy)nz + vavima) + 4agn,(ays + vora) i,
+ 4aim;(ayo + i) iz

—c1(vo +71) <—8aﬂ1ﬁ2772 +a’L+ (—szlll —4n,(Bt + A)))).

. 1
gz(c )= }(Vz (_02,322]/5 — 2a,ayoy1 — QoPBaYo¥a + 2¢2B1BaYoYs + aoBryi — C2BTYE — 4azatn,
— 4agaP,ny + 8cafyfony — Az¥G iy — Az¥EHy — 4aoBinipy + 4 BENii

+ 4cy BN g + 4agn i
+ c1(vo + v1)(@B2vo + aByyv1 + B1vots + Bavits + a1 (B (Yov: + 4any) + B2))

+ CZM#Z))):
with

w = 2(—8ﬁlﬁzyomfzz —320 +y§v5m + 4B5ny) + (4BEn + viu)K — 4npu Nuy + 2ayoys L
+ 4’0! nlL):

X = =8B1BrYo¥1V2 — 32aB1Baniny + VEVsta + 4B5n2) + (47, +vEu)K — 4o (vG + Ky
+ 2ayoy L + 4a®n,L.
Next, the values Wl(c*) and WZ(C*) are obtained by substituting péc*),pic*),pgc*), Gl(c*) and 92(6*) to
Equation (1), Equation (2), and Equation (3). After that, all the optimal values that have been obtained are
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substituted into the demand function for manufacturer 1 in the online channel, retailer for product 1, and
retailer for product 2 respectively as follows

D) = ag —mpg ) +apy) = Bips”) + 100,

D) = a; — (™ + apg) = Bopy ) + 116,

D§C ) = a; — #ngc ) - ,8129(()6 ) - ﬁngc )+ Vzez(c ),

Then the optimal values obtained are substituted into the profit function of each actor so that the
maximum profit function is obtained for manufacturer 1, manufacturer 2, retailer and system respectively as
follows

HI(WC:) - (péc*) - Cl) Déc*) + (W1(C*) - C1) ch*) — (91(6*))2 )
HI(V;ZI) = (WZ(C:) _ cz)*Déc*) *_ 1, (92(6:))2 . *
17 = (i )07 (5wt )1

ne? =ni) +ng + 0.

3.3 Numerical Simulation

In this section, a numerical simulation is conducted to show the optimal values for the decision, demand
and profit variables for each actor. Determination of parameter values was taken from research by Shan [15],
Ren [18], and Sharma [19]. The parameter values obtained can be seen in Table 1.

Table 1. Parameter Values Used in the Numerical Simulation of the DCSC Model

Parameter Value Parameter Value
ao 650 unit Yo 0.35 unit/§
a, 600 unit Y1 0.8 unit/$
a, 1000 unit Y2 0.5 unit/$
Uy 4 unit/$ M1 0.4
Uy 6 unit/$ M2 0.2
a 0.8 unit/$ 1 80 $/unit
B 0.2 unit/$ [ 20 $/unit
B2 0.6 unit/$

The parameter values in Table 1 are substituted for the optimal solution in the centralized scenario.
The optimal solution for the DCSC model in the centralized scenario is presented in Table 2.

Table 2. Optimal Solution of the DCSC Model

Decision Variable Optimal Solution
Wy 107.01
w, 59.80
Po 139.21
D1 131.44
D> 84.23
0, 77.35
0, 80.28
Optimal Demand
Dy 208.54
D, 196.94
D, 428.07
Maximum Profit
My, 15273.79
My, 15748.21
I 15268.99

Mg 46291.00
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Based on Table 2, the selling price of product 1 in online media for each DCSC model is higher than
by the selling price of product 1 from retailer in the centralized scenario. However, the total demand of
manufacturer 1 is lower than the total demand of manufacturer 2. In addition, the profit of manufacturer 2 in
the centralized scenario is higher than the profit of manufacturer 1. The system profit in centralized scenario
is obtained $46291.

3.4 Sensitivity Analysis

In this section, a sensitivity analysis of parameters related to the demand function is done, such as
selling price elasticity (44 and u,), cross-price sensitivity of product 1 in online and offline media («), cross-
price sensitivity of product 1 and product 2 (£; and ;) , and the sensitivity of demand to the level of green
manufacturing (¥, Y1, and ¥,). The purpose of this analysis is to determine the effect of changes in parameter
values on each actor's profits.

a. Analysis of Selling Price Elasticity

The influence of changes in the selling price elasticity value of product 1 in online and offline channels
on the profits of each actor as well as system profits is shown in Table 3.

Table 3. The Influence of i, on the Profits of Each Actor and System

Centralized Scenario

i My, M, i I

3.1 35490.60 13890.17 18471.64 67852.41
3.2 32187.27 14184.72 17957.39 64329.38
3.3 29232.74 14449.51 17503.57 61185.82
3.4 26579.22 14688.81 17099.98 58368.02
3.5 24187.30 14906.12 16738.53 55831.95

Based on Table 3, it can be seen that in the centralized scenarios, an increase in the value of y; causes
an increase in profits for manufacturer 2. However, profits for manufacturer 1, retailers, and the system
decrease. The largest decrease occurred in manufacturer 1 with an average difference of $2260.66 in the
centralized scenario. Furthermore, the effect of changes in the selling price elasticity value of product 2 at
retailers on the profits of each actor as well as system profits is shown in Table 4.

Table 4. The influence of u, on the profits of each actor and system

Centralized Scenario

Mz M, m,, i e

8.1 16018.05 9551.74 12535.80 38105.59
8.2 16047.01 9342.73 12439.55 37829.29
8.3 16075.24 9139.29 12345.76 37560.29
8.4 16102.74 8941.22 1225434 37298.30
8.5 16129.57 874831 12165.20 37043.07

Based on Table 4, it can be seen that in the centralized scenarios, an increase in the value of u, causes
an increase in profits for manufacturer 1. However, profits for manufacturer 2, retailers, and the system
decrease. The largest decrease occurred in manufacturer 2 with an average difference of $160.69 in the
centralized scenario.

b. Analysis of Cross Price Sensitivity

The effect of changes in the cross-price sensitivity value of product 1 in online and offline media on
the profits of each actor as well as system profits is shown in Table 5.

Table 5. The Influence of a on the Profits of Each Actor and System

Centralized Scenario

* My, M, i I

0.1 7776.34 16538.20 14131.34 38445.87
0.2 8581.55 16444.79 14277.21 39303.55
0.3 9457.64 16345.97 14431.81 40235.41
0.4 10411.27 16241.18 14596.06 41248.51

0.5 11449.93 16129.82 14771.07 42350.82
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Based on Table 5, it can be seen that in the centralized scenarios, an increase in the value a causes a
decrease in profits for manufacturer 2. However, profits for manufacturer 1, retailers, and systems have
increased. The largest increase occurred in manufacturer 1 with an average difference of $734.72 in the
centralized scenario. Furthermore, the effect of changes in the cross-price sensitivity value of product 1 in
online media and product 2 in retailers on the profits of each actor as well as system profits is shown in Table
6.

Table 6. The Influence of 8, on the Profits of Each Actor and System

Centralized Scenario

B My, My, Mg I

0.1 15619.99 16378.12 15716.01 47714.12
0.2 15167.32 15748.67 15374.40 46290.40
0.3 14735.95 15145.06 15046.21 44927.21
0.4 14324.71 14565.71 14730.59 43621.01
0.5 13932.59 14009.15 14426.77 42368.51

Based on Table 6, it can be seen that in the centralized scenarios, an increase in the value of 8, causes
a decrease in the profits of each actor and system. The largest decrease occurred in manufacturer 2 with an
average difference of $473.79 in the centralized scenario. Furthermore, the effect of changes in the cross price
sensitivity values of product 1 and product 2 at retailers on the profits of each actor as well as system profits
is shown in Table 7.

Table 7. The Influence of 8, on the Profits of Each Actor and System

Centralized Scenario

B2 i M,y My in

0.1 17034.94 18796.15 17599.53 53430.62
0.2 16628.12 18128.85 17114.76 51871.73
0.3 16239.01 17492.21 16651.20 50382.42
0.4 15866.52 16884.39 16207.44 48958.36
0.5 15509.61 16303.73 15782.23 47595.57

Based on Table 7, it can be seen that in the centralized scenarios, an increase in the value of 8, causes
a decrease in the profits of each actor and system. The largest decrease occurred in manufacturer 2 with an
average difference of $498.48 in the centralized scenario.

c. Analysis of Green Manufacturing Level Sensitivity

The effect of changing the sensitivity value of the green manufacturing level of product 1 in the online
channel on the profits of each actor as well as the system profits is shown in Table 8.

Table 8. The Influence of ¥, on the Profits of Each Actor and System

Centralized Scenario

Yo

Iy, Iy, I, Ilg
0.1 14365.26 15865.24 15108.24 45338.74
0.2 14644.03 15822.70 15209.03 45675.76
0.3 14977.87 15774.84 15317.07 46069.79
04 15373.02 15720.85 15434.29 46528.16
0.5 15837.57 15659.71 15563.00 47060.28

Based on Table 8, it can be seen that in the centralized scenarios, an increase in the value of y, causes
a decrease in profits for manufacturer 2. However, profits for 1, retailers and the system increase. The largest
increase occurred in manufacturer 1 with an average difference of $294.46 in the centralized scenario.
Furthermore, the effect of changes in the green manufacturing level sensitivity value of product 1 at retailers
on the profits of each actor as well as system profits is shown in Table 9.

Table 9. The Influence of y; on the Profits of Each Actor and System

Centralized Scenario
Y1 l-111’11 HMZ nR Hs
0.1 14053.38 16026.51 14508.13 44588.02
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Centralized Scenario

Y1 My, M, T I,

0.2 14158.36 16005.43 14565.41 4472920
0.3 14278.77 15979.18 14640.32 44898.27
0.4 14415.89 15947.31 14734.78 45097.97
0.5 14571.27 15909.22 14851.35 45331.84

Based on Table 9, it can be seen that in the centralized scenarios, an increase in the value of y; causes
a decrease in profits for manufacturer 2. However, profits for 1, retailers and the system increase. The largest
increase occurred in manufacturer 1 with an average difference of $103.58 in the centralized scenario.
Furthermore, the effect of changes in the green manufacturing level sensitivity value of product 1 at retailers
on the profits of each actor as well as system profits is shown in Table 10.

Table 10. The Influence of ¥, on the Profits of Each Actor and System

Centralized Scenario

LC l-111’11 HMZ nR Hs

0.1 15305.03 15267.19 14544.09 45116.30
0.2 15288.60 15326.59 14641.25 45256.44
0.3 15260.73 15426.13 14807.20 45494.06
0.4 15220.68 15566.51 15048.34 45835.54
0.5 15167.32 15748.67 15374.40 46290.40

Based on Table 10, it can be seen that in the centralized scenarios, an increase in the value of y, causes
a decrease in profits for manufacturer 1. However, profits for manufacturer 2, retailers and the system
increase. The largest decrease occurred in manufacturer 2 with an average difference of $166.06 in the
centralized scenario.

4. CONCLUSIONS

Based on the results of the discussion described in the research, it can be concluded as follows.

1. A dual-channel supply chain model for complementary products was developed by considering the level
of green manufacturing. From this model, the maximum profit can be determined in centralized scenarios
by proving that the profit function of the model is a strict concave function so that it has a single solution.

2. Based on numerical simulations the profit of manufacturer 2 in the centralized scenario is higher than
the profit of manufacturer 1 as well as the total demand of manufacturer 1 is lower than the total demand
of manufacturer 2.

3. Based on sensitivity analysis of selling price elasticity parameters and cross price sensitivity, one of the
complementary products sold in two channels influences the increase or decrease in profits of each actor
and system profits. However, changes in the value of cross-price sensitivity between two complementary
products indicate a decrease in the profits of each actor and the profits of the system. The change in the
sensitivity value of the green manufacturing level for each product shows an increase in system profits
and retailer profits, where when the sensitivity value of the green manufacturing level of product 1 is
greater, the profit of manufacturer 1 is also greater, but the profit of manufacturer 2 is smaller.
Conversely, when the green manufacturing level sensitivity value of product 2 becomes greater, the
profit of manufacturer 2 also becomes greater, but the profit of manufacturer 1 becomes smaller. In
further research, it can be developed by adding direct channels from manufacturers to consumers. Apart
from that, research can also be developed by changing the sales strategy for complementary products to
a pure bundling model or mixed bundling model.
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