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ABSTRACT

Rapid technological advancement has fundamentally transformed consumer purchasing
behavior, leading to the widespread adoption of online shopping channels. In this context,
timely product delivery has become a critical determinant of customer satisfaction and
loyalty in dual-channel markets. At the same time, growing environmental concerns have
increased the importance of integrating Corporate Social Responsibility into supply chain
decision-making. Motivated by these developments, this study develops a dual-channel
supply chain model that simultaneously incorporates customer loyalty, delivery-time
sensitivity, and Corporate Social Responsibility. The novelty of the study lies in its
integrated analysis of these three factors within two distinct payment schemes, namely real-
time payment and prepaid systems, under both decentralized and centralized decision-
making structures. Optimal decisions are derived analytically and numerically to determine
the pricing and operational strategies that maximize system profits in each setting.
Furthermore, sensitivity analysis is conducted to examine how customer loyalty, delivery-
time sensitivity, and Corporate Social Responsibility elasticity affect the decision variables
and profitability of the supply chain. The results show that increases in customer loyalty
and Corporate Social Responsibility elasticity enhance overall system profit. In addition,
Corporate Social Responsibility elasticity influences most decision variables, except the
wholesale price, manufacturer demand, and retailer demand. These findings provide new
insights into the role of payment mechanisms and sustainability-oriented strategies in
improving the performance of dual-channel supply chains.
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1. INTRODUCTION

The supply chain in the industrial sector includes the process of converting raw materials into finished
products and distributing them to consumers. According to Copra et al. [1], this chain is a network of various
interconnected divisions that share the same goal of organizing product supply effectively. Supply chain
management (SCM) is necessary to achieve this goal. SCM is a series of approaches used to effectively
integrate suppliers, manufacturers, warehouses, and stores so that products can be produced and distributed
perfectly [2], [3], [4]. Along with technological developments, the concept of supply chain has also evolved
into dual channel supply chain (DCSC) [5], [6], [7]. The advent of digital technologies and e-commerce
platforms has prompted businesses to simultaneously operate through online and offline channels. In addition
to expanding the market, this change creates additional difficulties for pricing, customer service, and
inventory management.

Manufacturers that utilize two channels, namely online and offline channels, DCSC can reach a wider
market, thereby increasing manufacturer revenue [8], [9], [10]. According to [6], the supply chain structure
becomes more complex when manufacturers implement DCSC. Major manufacturers in the world that have
implemented DCSC include IBM, Nike, Samsung, Apple, Dell, and Wal-Mart [11]. In Indonesia itself, there
are already many manufacturers that have implemented the DCSC concept, for example Gramedia, Zoya,
and Hartono Elektronik. [5] mention that based on a report from the New York Times, 42% of manufacturers
have redesigned their flow structure in order to reach a wider market. This change reflects of how crucial
omnichannel tactics and digital integration are becoming to contemporary business structures. Additionally,
synchronizing operations between the two channels now require the use of data analytics and real-time
monitoring. In order to be competitive, enterprises must create supply chain systems that are more responsive
and flexible.

In utilizing DCSC, there is horizontal competition between producers and retailers [12] According to
[5], consumer purchasing behavior will change under the DCSC environment. Many consumers still purchase
products through offline channels, but there are also many who have started to switch to online channels. [13]
explain that every product distributed through online channels requires delivery time. In a supply chain that
includes both online and offline channels, how long it takes to deliver goods is something retailers can change
on purpose to affect how customers act [14]-[17]. In the online market, delivery time thus becomes a crucial
element impacting customer loyalty and happiness. Additionally, merchants can use delivery time
optimization as a strategic tool to better manage inventory and balance demand across channels.

Faced with increasingly fierce business competition, manufacturers cannot compete optimally with
other manufacturers if they rely solely on DCSC. Manufacturers' social responsibility, or corporate social
responsibility (CSR), is one of the innovations that manufacturers can implement to build long-term
relationships in business [18]-[21]. [22] mention that Alibaba Group, Jingdong (JD), and Carrefour have
implemented CSR in the agricultural sector. CSR is a form of producer concern for the environment and
society. CSR also improves the reputation of producers, which leads to increased customer satisfaction. The
implementation of CSR binds producers and retailers in a cooperation contract to minimize losses for both
parties [21], [23].

The availability of payment methods in DCSC affects the level of retailer service, CSR level, and
objective function in corporate decision-making[22]. The choice of payment methods also helps retailers
distribute products without worrying about payment times and high product prices. Generally, this choice of
payment methods binds retailers in contracts with manufacturers. Contracts are made so that neither party is
disadvantaged, allowing cooperation between the two to run smoothly. In addition, when implementing this
choice of payment methods, retailers also receive discounts on the total payment to manufacturers.

Motivated by the studies of [5] and [13] on the DCSC models involving channel preference, consumer
loyalty, and delivery time, as well as the research of [22] on CSR and the differences between two payment
methods. Existing studies have not sufficiently examined these factors within a single integrated DCSC
framework, even though they jointly shape consumer behavior, channel competition, and firm profitability in
practice. In particular, limited attention has been given to how consumer loyalty, delivery-time sensitivity,
Corporate Social Responsibility, and alternative payment methods interact in determining optimal decisions
under dual-channel structures. To address this gap, this study constructs a DCSC model that incorporates all
of these elements and investigates the resulting profit-maximizing decisions. The main novelty of this study
is the development of a more comprehensive analytical framework that captures both market-oriented and
sustainability-oriented dimensions of supply chain decision-making under heterogeneous payment systems.
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By doing so, the proposed model offers a more realistic representation of contemporary corporate operations
and provides strategic guidance for manufacturers and retailers in formulating effective pricing and
operational policies.

2. RESEARCH METHODS

This research began with the construction of a mathematical model of DCSC, taking into account
customer loyalty, delivery time, and CSR. Next, we established the existence of an optimal solution by
solving a system of multivariable equations. The obtained model and solution are applied to a case with
parameter values taken from several journals. Finally, parameter sensitivity analysis is performed to
determine the parameters that play a major role in maximizing profits.

2.1 Assumptions and Notations

In this section, two DCSC models are constructed, namely the DCSC model with a timely payment
system and the DCSC model with a prepaid system. The timely payment system requires retailers to pay
manufacturers for products at the same time as they pick up the products. Meanwhile, in the prepaid system,
retailers pay a deposit to manufacturers before picking up the products. Manufacturers use this deposit for
investment. The difference between these payment systems is denoted as “O” and “P” which represent the
on-time payment system and the prepaid system, respectively. Decision-making in both models is based on
centralization and decentralization scenarios. In the centralization scenario, decision-making is carried out
centrally. However, in the decentralization scenario, each supply chain actor makes decisions separately. The
symbols “C” and “D” represent the centralized and decentralized scenarios, respectively. The DCSC
distribution flow in this study is shown in Fig. 1.

Manufacturer Manufacturer ———» Offline channel
! ! ~-» Online channel
w, i w i
' .
1 ]
Retailer Pmil-p Retailer Pmi1—p
1 ]
1 1
pr|p : pro|p ;
‘ '
Consumer Consumer

Figure 1. DCSC Distribution Flow for Model O (Left) and Model P (Right)

The following assumptions are required in constructing the profit function of the DCSC model.

1. The quantity of production is equal to the total demand for the product.

2. The wholesale price w is higher than the production cost c,, but lower than the selling price of
the product in online and offline channels.

3. Changes in demand by each supply chain actor are influenced by changes in the selling price of
the product, which is parameterized by the demand elasticity .

4. Cross-channel price competition is not considered.

5. Consumer loyalty s to both channels is indicated by the rating given by consumers.

6. Delivery time [ only exists in the online channel, service and delivery costs are ignored.

7. Market demand is influenced by the CSR level of producers (0 < y,,, < 1) and retailers (0 < y, <
1) with demand elasticity CSR b greater than zero.

8. The CSR input costs for the online and offline channels are %ccmy,?1 and %CcrYrZ where ¢, and

c. are the manufacturer and retailer CSR cost coefficient greater than zero.

9. The value of b must be smaller than the values of 8,,, B, ccm, and c.-, which represent the price
elasticity of online and offline channel products, as well as the CSR cost coefficients of online
and offline channels, respectively.

10. Product shortages in both channels are not considered.

11. All parameters are positive.

Meanwhile, the following notations are used in constructing the DCSC model.
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w : wholesale price per unit

Pm : product selling price per unit in online channels
Dy . product selling price per unit in offline channels
Cp - production cost per unit

o : basic demand market

o) : product demand ratio
Bm, B : elasticity of demand for online channels, offline channels
Um, W > consumer loyalty sensitivity for online channels, offline channels

Ym : delivery time sensitivity for online channels

b : CSR elasticity

] : return on investment for prepaid systems

k : down payment proportion in the prepaid system

T : discount rate in the prepaid system

sm»Sr . level of consumer loyalty to online channels, offline channels
Ly, : delivery time for online channel

Ym, Yr - CSR level for online channels, offline channels
D, D, = demand function of manufacturer, retailer
I1,,,, I, : profit function of manufacturer, retailer.

2.2 Demand Function

The number of online channel requests D,, is influenced by the potential market demand of (1 — p),
where o and (1 — p) are the basic market demand and the proportion of demand on online channels,
respectively. D,, is inversely proportional to the selling price of product p,, with a demand elasticity of §,,.
The higher the price elasticity, the greater the responsiveness of product demand to price changes. An increase
in price leads to a substantial decline in consumer demand, whereas a decrease in price encourages higher
product purchases. However, demand for online channels is directly proportional to consumer loyalty to
online channels s,, with consumer loyalty sensitivity u,,. When consumers have high loyalty to online
channels, as indicated by giving ratings to these channels, the demand for products increases in line with the
increase in consumer loyalty. When consumers have high loyalty to the online channel, as indicated by their
ratings of this channel, the demand for the product increases in line with the increase in consumer loyalty.
Conversely, if the online channel receives a low rating, product demand will decrease. Online channel
demand is inversely proportional to product delivery time [,,,, which has a sensitivity of y,,. The longer it
takes for producers to deliver products, the fewer products consumers will purchase. Therefore, delivery time
management by producers is necessary so that products are received by consumers immediately. Online
channel demand is also influenced by the level of CSR in online channels with CSR elasticity b. This level
of CSR results in an increase in the manufacturer's reputation among consumers. This leads to increased
consumer loyalty to online channels. The higher the level of CSR, the greater the demand for products in
online channels. Thus, the amount of online channel demand can be written as

Dy, = o(1— p) = BmPm + UmSm — Ymlm + bYm. (1)

The basic market demand o determines the amount of product demand in the offline channel D, with
a product demand proportion p. Product demand in the offline channel is inversely proportional to changes
in the selling price of the product in the offline channel p,. by B,. The high or low selling price of this product
is an important factor that affects the amount of product demand in the offline channel. The higher the price
of the product in the offline channel, the lower the amount of product demand. This is because consumers
have a high tendency to switch to buying products on online channels after comparing product prices between
channels. In addition, D,. is also influenced by the level of consumer loyalty to offline channels s, with a
sensitivity of u,.. Consumer loyalty to offline channels is a form of consumer loyalty to purchase products on
offline channels after receiving services provided by retailers. The better the retailer's service to consumers,
the higher the level of consumer loyalty. This means that product demand in offline channels is directly
proportional to consumer loyalty. Product demand in offline channels is also directly proportional to the CSR
level y,., which has an elasticity of b. The higher the CSR level, the higher the product demand. The amount
of offline channel demand can be written as follows

Dy, = ap = Brpr + trSy + by )
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2.3 Profit Function

Based on the product distribution flow in Fig. 1 and the assumptions in Subsection 2.1, the profit functions
of manufacturer and retailer for model O with the on-time payment system are written as

0 1 2
Hm(W' Pm, Ym) = mem + WDr - Cpo - CpDr - Ecchm: (3)
(0] 1 2 4
17 (@r, yr) = prDr — WD, — Eccryr- 4)
The total revenue dan cost of manufacturer are p,,Dy,, +wD, and c,Dy, +c,D, + %ccmyﬁ,,

respectively. Meanwhile, the total revenue and cost for retailers are p,.D,- and wD,. + % cer Y2, respectively.

For the prepaid system in model P, the profit function of manufacturer and retailer are written as

1
H%(W' Pmo ym) = pmDm + wD; + wD, k6 — Cpo —wD,r — ECcmy%: ()

1
H,Q (pr' yr) =p Dy —wD, + wD,r — Eccryrz- (6)

The total revenue of manufacturer in model P is p,,, D, + wD,- + wD,.k6 and the total cost is ¢, D, +
wD,r + %ccmy,fl. Retailers must pay manufacturer wD,.. In addition, retailers must also pay a product down

payment with a proportion k of the total wD,.. Manufacturer use the down payment to invest with a rate of
return of 6. Thus, manufacturer earn wD,.k6 income from investments using product down payments by
retailers. When implementing a prepaid system, manufacturers give retailers a discount of r from the total

wD,. paid by retailers. CSR input costs are %Ccmyr%z for manufacturer and %Ccr}/rz for retailers.

3. RESULTS AND DISCUSSION

This section determines the optimal solution for product selling prices and CSR levels in online and
offline channels. The optimal solution aims to maximize profits for both producers and retailers. This study
consists of four optimal solutions, namely optimal solutions with decentralized and centralized scenarios for
on-time payment systems and prepaid systems.

3.1 The On-Time Payment System

The DCSC model for manufacturers and retailers for the on-time payment system is written as

maximize Hﬁlo W, Do Ym) = PmDm + WD, — ¢pDm — cpDy — > Ccm}’%, (7
DO 1 2
7%y, yr) = prDr —wD, — 2 Cerdr (8)
for decentralized scenario and
N 1, 1 ., (9)
maximize nc (pm: Ymo pr'yr) = (pm - Cp)Dm + (pr - Cp)Dr - E CemYm — E CerYr

for centralized scenario with w = Ap,,,. In a decentralized scenario, decisions are made separately by each
supply chain actor, with the manufacturer acting as the leader. The optimal solution is obtained with the
retailer determining the offline channel product selling price p,- and CSR level y,.. After that, the manufacturer
determines the wholesale price w, the online channel product selling price p,,, and the CSR level y,,,. Unlike
the centralization scenario, decision making is carried out centrally with the aim of achieving maximum profit
for both supply chain actors.

The profit margin of the on-time payment system is only affected by the selling price of the product
and the CSR rate. The optimal solution of the DCSC model with on-time payment system is written as
follows.
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Theorem 1. If 0 < b? < 2min{B,Cem, Brcer}, then the optimal solution of the centralized DCSC model in
Eq. (9)is

CO* bch - Ccm(a + Cp.gm — lnYm —an + Sm.um)

= 10
Pm b—2c. B (10)
pc0r = b%c, — cer(cpBr + an + sppy) (11
" b2 —2 Ccrﬂr '
COx b(cpﬁm + lm¥m + 05(77 - 1) - Sm/im)
Ym = ’ (12)
b? —2 Ccmﬁm
cox _ b(cpﬁr —an-— Sr:“r) (13)
o b? -2 CerBr ’
COx Ccmﬁm(cpﬁm + ln¥Vm + 06(71 -1) - Smﬂm)
DEO* = ) (14)
b2 —2 Ccm,Bm
DCO* — Ccrﬁr(cpﬁr —an— Srﬂr) (15)
’ b2 —2 Ccr,Br '
1
HrCr‘LO* = (WCO* - Cp)DEO* + (ngO* - Cp)Drc;lO* - Eccm(yrglo*)z' (16)
1
10" = (pf" — wEOIDEO" — ~c — er (7EOY?, (17)
ME0* = M§2* + MEo~. (18)

Proof. It needs to be proven that model in Eg. (9) has a unique solution or that the function is strictly concave.
The Hessian matrix of model in Eq. (9) is

2B O b 0

0 -2 0 b
H(HCCO) — b O,Br e 0
m
0 b 0 —Ccr

Based on the Hessian matrix H(I1¢9), we get the principal minor determinant Hy; = —28,, > 0,
Hyp = 4BmBr >0, Hsz = 2b*By — 4CemBinfBr < 0 if b? < 2¢emBm, and Hay = (b? — 2¢cmfim) (b —
2¢e-Byr) >0 if b2 < 2 ¢cop . Since 0 < b? < 2min{Bp,Cem, Brcer}, then the Hessian matrix H(I1E°) is
negative definite. Thus, the function 19 is strictly concave and has a unique solution. Next, we determine
the first partial derivatives of Eq. (9) with respect to p,,, pr, ¥m, and y,, which are set equal to zero. Thus,
we obtain a system of equations with four variables, namely

ongo

ap = bym — PmPm — (pm - Cp).Bm = lmym + a(l - 77) + Spim =0,
m

ongo

op = by, —prBr — (pr - W)ﬂr - (_Cp + W).Br +an + sy =0,
r

OHCO

ay:n = b(pm - Cp) — CemYm =0,

onge

6; =b(p, —w) +b(w —c,) — ceryr = 0.
T

The optimal solution is obtained by solving the above system of equations, and we get as written in
Egs. (10) and (13). The optimal demand function is obtained by substituting Eqs. (10) and (13) into Eqgs. (1)
and (2), yielding Egs. (14) and (15). While the optimal profit function is obtained as written in Egs. (16) and
(18). m

Theorem 2. If 0 < b? < 2min{B,Cem, BrCer }, then the optimal solution of the decentralized DCSC model
in Egs. (7) and (8) is

DO+ _ bch - Ccm(a + Cpﬁm —lm¥Ym —an + Smﬂm) (19)
Pm b2 —2 Ccmﬁm ’
pDO* _ bz(cp.Br + an + Srllr) - Ccr(cpﬁr + 3“’7 + 357"“1’) (20)
= =

Zﬂr(bz —2 Ccrﬁr) ,
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DO* __ b(cp.Bm +lnYm+a(n—1) - Smﬂm) (21)
ymo = b% —2 Ccmﬁm ’
b <—a'17 — Sply + % (cpﬁr +an + srur)> (22)
DO* _
7 B b -2 Ccrﬁr ’
yDO* — CpPr +an + sy, (23)
2,
DDO* _ Ccmﬁm(cpﬁm + lmym + 06(71 - 1) - Sm:um) (24)
™ b% -2 Ccmﬁm '
pPO* — Ccr.Br(Cpﬁr —an— Sr.ur) (25)
PO =

Z(bz — 2 ¢erBr) '

50" = (WEO = 6,)DE%" + (p59" = )DEY" =5 cem Y%, 9
1
20" = (pf%" — wEOIDEY" = S = cer G5, @

Proof. Let's start with the function 12 (p,, y,.) in Eq. (8). The Hessian matrix of the function 129 (p,, y,.) is
H(H,[]O) — <_iﬁr b )

—Cer
Based on the Hessian matrix H(I12?), we obtain the principal minor determinant H;; = —28, < 0 and
H,, = —b? + 2c, B > 0 because b? — 2c,.f, < 0. In other words, the Hessian matrix H (I12°) is negative
definite, so the function T2 is strictly concave. The solutions p, and y,. are obtained by solving the system
of equations obtained by determining the first partial derivative IT2° with respect to p, and vy, then setting it
equal to zero, namely

DO _ b*w — CCT(W.[’)r +an + Srﬂr) DO _ b(W.Br —an — Sr.ur) (28)
Pr b2 —2c,B, G b2—2¢c.B,
Next, we substitute p2° and y,?9 in Eq. (28) into D,. in Eq. (7). The Hessian matrix of 159 is
2¢.r 32
ZL’BT 0 0
H(]’]%O) = b% = 2ccr By

0 28, b
0 b —Cm

2 2
with the principal minor determinant Hqy; = Zeerbr 0, Hy = Serbmbr -, 0, and Hi3 =

b2-2ccrBr
—zc"ﬁjz(i;zr;frmﬁm) < 0 because 0 < b? < 2min{B,Cem, Brcer}. Since the hessian matrix H(T120) is
negative definite, then the function 20 is strictly concave. Similarly, the first derivative of the Pi function
with respect to w, p,,,, and y,,, is set to zero, yielding the solution p22*, y20* and wP%* in Eqgs. (19), (21),
and (23). Next, we substitute w?%*into Eq. (28) and we get the optimal solution p?°* and y2°* in Egs. (20)
and (22). By substituting w?0*, pb0* yD0* pDP0* and yP%* into Egs. (1), (2), (7), and (8), we obtain the
optimal solution for demand function in Eqgs. (24) and (25), and profit function for manufacturer and retailer
in Egs. (26) and (27). m

3.2 The Prepaid System

The profits of manufacturers and retailers in the prepaid system are influenced not only by the selling
price of the product, the wholesale price, and the level of CSR, but also by the size of the discount.
Manufacturers also receive additional profits from the rate of return on investment. Based on the profit
function of manufacturers and retailers in Eqs. (5) and (6), the DCSC models for prepaid systems are

Maximize 3F W, Py Ym) = PmDm + wDy + wD, k6 — ¢, Dy — WD, — %ccmy%, (29)
ng(prv }’r) = prDy —wD, + WD, 1 — %Ccryrz- (30)

for decentralized scenario and
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.. 1 1
Maximize nccp(pm' Ym» Prs yr) = (pm - Cp)Dm + (pr - Cp)Dr + wD; k6 — Eccmygl - Eccryrz' (31)
for centralized scenario with w = Ap,,.

The optimal solution for the DCSC model with a prepaid system for both centralized and decentralized
scenarios is presented in the following theorem.

Theorem 3. If 0 < b? < 2B,¢c. and (—1 +7r — k@) < 0, then the optimal solution of the decentralized
DCSC model in Egs. (29) and (30) is

wDP* — Cp(ﬂr B rlgr) —(-1-r+ k9)(m7 + Sr.ur) (32)
- 2B, (=1+1)(—=1 -1+ k6) ’
pDP* _ bch - Ccm(a + Cp.Bm - lme —an + Sm.um) (33)
" bz -2 Ccmﬂm '
oo CrBr (epBr1 =) =3(=1=r+ kb)(an +s,u)) b? (cp(r = DB, + (1=7 +kO)(an +s1))  (34)
P = 26, (b7 — 2 o f) (=1 — 1 + k6) 28,(b7 — 2 cer Br)(—1— 7 + KO)
DPx b(cp:Bm + lm)/m + a(’? - 1) - Sm.um) (35)
Ym = )
b2 -2 Ccmﬁm
oo D (oBr =1 = (=1 =+ kO)(an + 51 (36)
o= 2002 =2 cy ) (=1 —1 + k) '
DDP* _ Ccmﬁm(cpﬁm + lmym + 0((—1 + 77) - Sm.um) (37)
"o b2 — 2Ccmﬁm '
Dore_ Cerbr (ol = DA (L =1+ k6)(an + syia) (38)
T 2(b2 =2 corfr)(—=1 — 1 + kB) ’
DPx DPx* DPx* DPx* DPx* DPx nDPx* 1 DPx\2 (39)
My " = (pm - cp)Dm + (W - cp)Dr + wPT DR (kO — 1) — Eccm(ym )4,
(40)

1
PP = (2P = wPPIDPP” + rwPP” DPP" =y (PP,

Proof. In a decentralized scenario, manufacturers act as leaders and retailers act as followers in determining
pricing policy. In the same way as the proof in Theorem 2, we start from the function TI2% in Eq. (30). The
Hessian matrix of the function 27 is equal to H (I129) with principal minor determinant H;; = —28, < 0
and H,, = —b? + 2c.,-B, > 0 because b? — 2c.,.B < 0. So, the function I2* is strictly concave and has a
unique solution, namely

DP _ bZW(l - T') + Cr(Wﬁr(r - 1) —an — Sr.ur) (41)
r = b? — 2¢ccrBr '
yPP = _ b(wp,(r —1) + an + s,p; )

" b? — chrﬁr . (42)

Next, p2? and yPP in Eqgs. (41) and (42) are substituted into the Eq. (29) and the Hessian matrix of function
2P is obtained as

2 cer(r—1DPE(—1+ 7 —k0)

0 0
H(HDP) = b% — 2¢crBr
m 0 —2B, b
0 b —Ccm
The principal minor determinant of matrix H(I127) are
_ Cer (=1 +1)BE(=1 +71 — k6) <0,

e b? — 2¢crBr
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T 4 (1 + 1) BpmPBE(—1 + 1 — kB) >0
22 bz_ZCcrﬁr '

and

2¢ (=1 +1)(b% = 2c, ) B2 (=1 + 1 — kB) <0
b% — chr.Br ’

because 0 < b? < 2B,c. and (—1 +r — k8) < 0. Thus, the function 127 is strictly concave and has an
optimal solution as written in Egs. (32), (33), and (35). Next, we substitute Egs. (32), (33), and (35) into Eqgs.
(41) and (42) so we obtain the optimal solution in Eqs. (34) and (36). By substituting Eqgs. (31)-(36) into the
demand function in Egs. (1) and (2) and the profit function in Egs. (29) and (30), the optimal solution is
obtained as in Eqs. (37) and (40). m

Theorem 4. If 0 < b? < 2min{B, Ccm, Brcer}, then the optimal solution of the centralized DCSC model in
Eq. (31) s

H33 = —

cpe _ b%c, — cem(a + cpPBm — lm¥Ym — an + Syt ) (43)
Pm b? — chmﬁm '
o 1 , koA (bch - ccm(a + B — lm¥Vm — an + smum)) (44)
o= b% — chrﬁr b P b* — chmﬁm
kOAB, (bch - ccm(a + ¢pBm = lnVm — an + smum))
— Cer Cpﬁr +an — b2 —2¢ ,8 + Sr:ur) ’
CP+ _ b(cpﬁm + lmym + a(_l + 7’) - Sm#m) (45)
Ym = b2 — chmﬁm '
, kOAB, (bch — cem(@ + cpBm = bV — an + sm,um)) (46)
CpPr —an — bZ — 2ComPrm ~ Srir
CP* _
Ir b2 — chrﬂr '
DCP* _ Ccmﬁm(cp.gm + lmym + a(_l + 77) - Smllm) (47)
mo b% — 2¢cem P '
cmPm
pers cerBr(A+ B +C) (48)

(bz - chmﬁm)(bz - chrﬁr)

* 1 49
ngP = (WP — ¢, )DEP* + (p§F™ — ¢ )DEE + wEP*DEP* (k6 — 1) — Eccm(%ﬁp*)z. (49)
* * * * * * 1 * 50

HEP — (ng _ WCP )DTQ‘P +TWCP DTCP _Eccr(YTCP )2, ( )

TSP+ = ISP+ + ISP, (51)

where A = —b?(an + cpBr(—1 +k62) + Sr,ur), B = cem <2aﬁmn —kaB (=1 +n)0A+ cpfmPr(—2 +
ko /1)), and C = kBrOA(=lm¥m + Smbm) + 25 Bmthr.

Proof. In the same way as the proof in Theorem 1, we first prove that the function TIS? in Eq. (31) is strictly
concave and has a unique solution. The Hessian matrix of the function I1¢7is

28, O b 0
0 -2 0 b
b 0 —¢n 0
0 b 0 _Ccr

H(IIEP) =
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Since 0 < b? < 2min{B,Cem, BrCer}, We obtain the principal minor determinant of the Hessian matrix
H(ng) are Hyy = =2, <0, Hyy =4BmPr >0, Hzz = Zﬂr(bz — 2¢cmPm) <0, and Hyy = (b* -
2CemPBm) (b% — 2¢.-B,). Thus, it is clear that function ISP is strictly concave and has a unique solution. Next,
we determine the first partial derivatives of Eq. (31) with respect to p,,, Py, ¥m, and y,., which are set equal
to zero. Thus, we obtain a system of equations with four variables, namely

oner

ap = bYm — PmPm — (pm - Cp),Bm —lm¥Ym + a(l - 77) + Spitm =0,
m

ongr

ap = by, — prPr — (or — W)y — (_Cp + W)Br — 1w, + an —wh (=1 + k0) + syu = 0,
r

(?HCP

ayc = b(pm - Cp) — CemYm = 0,
m

angr

By =b(p, —w)+ b(w - cp) + brw — ¢y + bw(—r + k) = 0.
-

The optimal solution is obtained by solving the above system of equations, and we get as written in the Egs.
(43)-(46). The optimal demand function is obtained by substituting Eqgs. (43)-(46) into Egs. (1) and (2),
yielding Eqgs. (47) and (48). While the optimal profit function is obtained as written in Eqs. (49)-(51). m

3.3 Numerical Simulation and Sensitivity Analysis

In this section, the application is carried out through simulation on the DCSC model, taking into
account consumer loyalty, delivery time, and CSR that has been obtained. Numerical simulation aims to
determine the selling price of products, wholesale prices, CSR levels, and optimal profits for each supply
chain actor. The parameter values used in numerical simulation are taken from several sources as presented
in Table 1.

Table 1. The Parameter Values Used in Numerical Simulation

Parameter Value Source Parameter Value Source

Cp $10 [24] Uy 0.7/unit [25]
L, 5 days [26] n 0.4 [13]
A 0.46 [26] a 100 unit [22]
Bm 0.8 unit*/$/year [19] b 0.5/unit [22]
By 0.75 unit?’/$/year  [19] Com $20 [22]
Yim 0.7 unit/day [19] Cer $25 [22]
Sm 4.2 [27] 9 0.01/month  [22]
Sy 45 [28] k 0.55 [29]
L 0.3/unit [25] r 0.05 [30]

Next, the parameter values in Table 1 were substituted into the optimal solution of the DCSC model
obtained in Theorems 1 - 4. The optimal solution for the DCSC model, taking into account customer loyalty,
delivery time, and CSR, is presented in Table 2. The notation “O” indicates a timely payment system and “P”
indicates a prepaid system.

Table 2. The Optimal Solution of DCSC Model in Decentralized and Centralized Scenario
Decentralized Scenario  Centralized Scenario
(@) P (©) P

Decision Variables

w $33.77 $3551  $19.02  $19.02
o $41.35 $41.35  $4135  $41.35
pr $45.73 $4572  $33.93  $33.93
Vim 0.78 0.78 0.78 0.78
y, 0.24 0.24 0.48 0.48
Dy, 25 25 25 25

D, 9 9 18 18
My, $993.10  $994.86  $941.70  $926.83
I, $106.62  $106.88  $264.65  $281.39
1 $1099.72  $1101.74 $1206.34 $1208.22

)
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Based on Table 2, it appears that the product selling price per unit in online channels p,,,, CSR level
for online channels y,,,, and demand function of manufacturer D,,, obtained the same values of $41.35, 0.78,
and 25 for the on-time payment system and the prepaid system in both the decentralized and centralized
scenarios. The selling price of products on online channels in a decentralized scenario is lower than the selling
price of products on offline channels. Conversely, in a centralized scenario, the selling price of products on
online channels is higher than the selling price of products on offline channels. The optimal CSR level on
online channels is always higher than on offline channels in both scenarios. Similarly, the optimal product
demand on online channels is always higher than on offline channels. This results in the optimal profit on
online channels also always being higher than offline channels. The profit of online channels in a
decentralized scenario is also higher than in a centralized scenario. However, conversely, the profit of offline
channels is higher when applying a centralized scenario than a decentralized one.

Furthermore, a sensitivity analysis was conducted to determine the effect of parameter changes on the
solution of the DCSC model. Changes in parameter values were made to parameters that affect the demand
function, including consumer loyalty (s,,), delivery time (l,,,), and CSR elasticity (b). Changes in consumer
loyalty (s,,) affect product prices, demand, and the profits of supply chain actors, as shown in Table 3 for the
decentralization scenario and Table 4 for the centralization scenario.

Table 3. Sensitivity of s, in Decentralization Scenario

sy WU pR0 PO yp0C YOt DR DR Mgt mpr e
41 3377 4133 4573 078 0.24 25 9 992.16 106.62 1098.78
4.3 33.77 4136 4573 0.78 0.24 25 9 994.04 106.62 1100.66
4.5 33.77 4140 4573 0.79 0.24 25 9 995.93 106.62 1102.55
4.7 33.77 4144 4573 0.79 0.24 25 9 997.81 106.62 1104.43
4.9 33.77 4148 4573 0.79 0.24 25 9 999.70 106.62 1106.32
O G LA A L) G (1 G G 2
4.1 3551 4133 4490 0.78 0.26 25 9 993.92 106.88 1100.80
43 3551 4136 4490 0.78 0.26 25 9 995.80 106.88 1102.68
4.5 3551 4140 4490 0.79 0.26 25 9 997.68 106.88 1104.56
4.7 3551 4144 4490 0.79 0.26 25 9 999.57 106.88 1106.45
49 3551 4148 4490 0.79 0.26 25 9 1001.45 106.88 1108.33

Table 4. Sensitivity of s, in Centralization Scenario

Sm__ wPO  pp*  pP%  yp?t  ypor Dpft  DPOr N> 1P nee

41 1901 4133 3393 078 048 25 18 940.60 26480  1205.40
43 1903 4136 3393 078 048 25 18 942.80 26449 120729
45 1905 4140 3393 079 048 25 18 944.99 26418 1209.17
47 1906 4144 3393 079 048 25 18 947.19 263.87 121105
49 1908 4148 3393 079 048 25 18 949.39 263.86  1212.94
Sm__ wPP pp’t  p2P oyt yPP Dpft DRt Mg mp?” e’

41 3551 4133 3387 078 048 25 18 925.74 28154  1207.28
43 3551 4136 3387 078 048 25 18 927.92 28124 1209.17
45 3551 4140 3387 079 048 25 18 930.10 28095  1211.05
47 3551 4144 3387 079 048 25 18 932.29 28065  1212.94
49 3551 4148 3387 079 048 25 18 934.48 280.35  1214.83

Table 3 shows that an increase in the value of s, results in an increase in online channel profits and
system profits. An increase in the value of s,,, in the decentralization scenario causes the profits of each supply
chain actor and system profits in model O to be lower than in model P. Table 4 shows that the online channel
profit in model O is higher than in model P. However, the offline channel profit and system profit in model
O are higher than in model P. An increase in the value of s, causes the online channel profit and system
profit in both models in the centralization scenario to always increase. Furthermore, the effect of delivery
time sensitivity on wholesale prices, product selling prices, demand, and profit margins for decentralization
and centralization scenarios are presented in Tables 5 and 6.
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Table 5. Sensitivity of L, in Decentralization Scenario

Ly wPOT  phO" pPOt yR0C yPOT ppot pPOT MR M mp
1 3377 4311 4573 083 0.24 25 9 1083.62 106.62 1189.96
2 33.77 42,67 4573 082 024 25 9 1060.32 106.62 1166.94
3 3377 4223 4573 081 0.24 25 9 1037.60 106.62 1144.22
4 33.77 4179 4573 079 0.24 25 9 1015.20 106.62 1121.82
5 3377 4135 4573 078 0.24 25 9 993.10 106.62 1099.72
by w2 pp”  pP™ yptt oy Dpt DPP” My npr ner:
1 3551 4311 4490 083 0.26 25 9 1085.09 106.88 1191.97
2 3551 42.67 4490 082 0.26 25 9 1062.07 106.88 1168.95
3 3551 4223 4490 081 0.26 25 9 1039.36 106.88 1146.24
4 3551 41.79 4490 079 0.26 25 9 1016.95 106.88 1123.83
5 3551 4135 4490 0.78 0.26 25 9 994.86 106.88 1101.74
Table 6. Sensitivity of [, in Centralization Scenario
Ly wPOpRo pPOT yROT ypOt phot POt MR mpe  mp”
1 19.83 4311 3393 0.83 048 26 18 1046.49 250.09 1296.58
2 19.63 42.67 3393 0.82 048 26 18 1019.83 253.73 1273.56
3 1942 4223 3393 081 048 25 18 993.48 257.37 1250.84
4 19.22 4179 3393 0.79 048 25 18 967.43 261.01 1228.44
5 19.02 4135 3393 0.78 0.48 25 18 941.70 264.65 1206.34
by WP pp’ p?™ gt yP™ Dyt DR 1 neP neP:
1 19.83 43.11 3387 0.83 0.48 26 18 1031.02 267.52 1298.54
2 19.63 42.67 3387 0.82 048 26 18 1004.51 270.98 1275.50
3 19.42 4223 3387 081 048 25 18 978.31 274.45 1252.76
4 19.22 4179 3387 079 048 25 18 952.42 277.92 1230.34
5 19.02 4135 3387 0.78 048 25 18 926.83 281.39 1208.22

Table 5 shows that there is no effect of changes in [,,, value on retailer profits. An increase in [,,, value
results in a decrease in producer profits and system profits. The P model in the decentralization scenario
generates greater profits for supply chain actors. Table 6 shows that an increase in L, causes a decrease in
producer profits and system profits. However, this increase in L,,, results in an increase in retailer profits. As
in the decentralization scenario, the P model in the centralization scenario also generates greater profits than
the O model.

Next, changes in CSR levels affect the profits of both channels. This is because both supply chain
actors implement CSR. Changes in CSR levels are caused by changes in CSR elasticity values. The effect of
CSR elasticity on wholesale prices, product selling prices, demand, and profit margins for decentralization
and centralization scenarios are presented in Tables 7 and 8.

Table 7. Sensitivity of b in Decentralization Scenario

b wPOT pfoT ppor yEot POt DRt pPOT T mp  mp
0.1 3377 4111 4565 016 0.05 25 9 985.89 105.94 1091.83
0.2 33.77 4114 4566 031 0.10 25 9 986.78 106.02 1092.81
0.3 33.77 4119 4568 047 0.14 25 9 988.28 106.17 1094.45
04 3377 4126 4570 063 0.19 25 9 990.38 106.36 1096.75
0.5 33.77 4135 4573 0.78 0.24 25 9 993.10 106.62 1099.72
b WP R PP R P Dpr DY mpr mpr
0.1 3551 4111 4481 0.16 0.05 25 9 987.63 106.20 1093.83
0.2 3551 4114 4482 031 0.10 25 9 988.53 106.28 1094.81
0.3 3551 4119 4484 047 0.15 25 9 990.03 106.42 1096.45
0.4 3551 41.26 44.86 0.63 0.20 25 9 992.13 106.62 1098.76
05 3551 4135 4490 0.78 0.26 25 9 994.86 106.88 1101.74

Table 8. Sensitivity of b in Centralization Scenario

b WP pRDT POy POt Dot pROT Mg mpr
0.1 1891 4111 3378 016 010 25 18 932.88 250.09 1296.58
0.2 18.92 4114 3379 031 019 25 18 933.98 253.73 1273.56
0.3 18.95 41.19 3382 047 0.29 25 18 935.80 257.37 1250.84
0.4 1898 4126 33.87 0.63 0.38 25 18 938.37 261.01 1228.44

0.5 19.02 4135 3393 0.78 0.48 25 18 941.70 264.65 1206.34
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b wDP* pDP pDP yDP* y,DP DDP DPP* 2P~ 2P~ 2P~
0.1 19.83 4111 3372 0.16 0.10 25 18 918.19 281.43 1199.62
0.2 19.63 4114 3374 0.31 0.19 25 18 919.26 28143 1200.69
0.3 19.42 4119 33.77 0.47 0.29 25 18 921.06 281.42 1202.47
0.4 19.22 4126 3381 0.63 0.38 25 18 923.58 281.40 1204.98
0.5 19.02 4135 33.87 0.78 0.48 25 18 926.83 281.39 1208.22

Table 7 shows that a significant increase in CSR results in increased profits for actors and system
profits. In this decentralization scenario, model P generates greater profits than model O. Based on Table 8,
it can be seen that in the centralization scenario, the higher the level of CSR, the greater the profits obtained
by supply chain actors. Table 8 also shows that model O is more profitable than model P, because it generates
greater profits. Based on sensitivity analysis, we found that consumer loyalty and delivery time only affect
changes in product selling prices in online channels, CSR levels for online channels, and manufacturer profits
in decentralized scenarios, while product selling prices in offline channels, CSR levels for offline channels,
and manufacturer and retailer demand are not affected in centralized scenarios. CSR elasticity has an effect
on almost all decision variables except wholesale prices, manufacturer demand, and retailer demand.

4. CONCLUSION

In this paper, we analyzed pricing decisions in a single-product dual-channel supply chain involving a
manufacturer and a retailer operating through online and offline channels. The main contribution of this study
lies in integrating customer loyalty, delivery time, and Corporate Social Responsibility into a unified pricing
framework under two payment schemes, namely the on-time payment system and the prepaid system. The
model was examined under both centralized and decentralized decision structures, with the manufacturer
acting as the Stackelberg leader in the latter case. Numerical and sensitivity analyses were conducted to
complement the analytical results. The findings indicate that customer loyalty and delivery time mainly
influence online selling prices, the Corporate Social Responsibility level in the online channel, and the
manufacturer’s profit in the decentralized setting, while several decision variables in the centralized setting
remain unchanged. In addition, Corporate Social Responsibility elasticity affects most decision variables,
except the wholesale price and the demand levels of both channel members. Overall, the results enrich the
literature on dual-channel supply chain pricing by showing how payment mechanisms and behavioral factors
jointly shape optimal decisions. Future research may extend the proposed framework by incorporating service
competition, green investment, product returns, demand uncertainty, and dynamic decision-making in more
realistic and sustainable supply chain environments.
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