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1. Introduction

With the increasingly fierce competition in the global market, supply chain management (SCM) has come to play a crucial
role in enhancing a firm’s competitive edge (Li et al., 2006; Flynn et al., 2010; Liao et al., 2017). SCM can improve profits
by efficiently establishing a dynamic supply-and-demand network interconnecting upstream suppliers and downstream
buyers, thus forming a competitive and coordinated supply chain (Ketchen & Hult, 2007). Indeed, the supply chain is a
dynamic system that evolves with changes in the supply network and customer needs (Simchi-Levi et al., 2009). Developing
appropriate strategies for optimizing marketing and production decisions is therefore imperative for effectively leveraging
supply chains in different business environments.

In response to increasing concern about the impact of business activity on the environment, an increasing number of firms
have begun to engage in green SCM (GSCM), which strives to meet the requirements of environmental protection. GSCM
has become a popular topic in both business and academia during the last few decades, and firms have been adjusting their
strategies and supply chain designs to take into account environmental regulations, consumer environmental awareness, the
increasingly complex green business environment, and the growing market for green products (He, 2017; Khorshidvand et
al., 2021). Traditional supply chain designs focus on the forward flow of raw materials from suppliers to end consumers;
however, to extract reusable materials from returned products while reducing negative environmental effects, many firms
have started adopting reverse logistics coupled with forward logistics, which is known as a “closed-loop supply chain” (CLSC)
(Jabbarzadeh et al., 2018). CLSC management simultaneously takes into account both forward and reverse logistics. Forward
logistics involves a series of activities, including the development and design of new merchandise, procurement, production,

marketing and sales, and distribution; while reverse logistics involves repairing, reconditioning, remanufacturing, recycling,
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and disposing, so as to extend a product’s lifespan and facilitate the return of end-of-life items from customers so that the
manufacturer can recover valuable materials and return them to the supply chain (Ullah et al., 2021). In the last decade, CLSC
has become a primary research subject of SCM (Govindan & Soleimani, 2017). Several analytical and quantitative studies
have been carried out in various areas of CLSC, such as price policy (Modak et al., 2018; Liu et al., 2020; Khorshidvand et
al., 2021), inventory management (Mitra, 2013; Bhatia & Srivastaba, 2019; Wang et al., 2019 ; Assid et al., 2021), production
planning (Benedito & Corominas, 2013; Zhang et al., 2011; Assid et al., 2019; Assid et al., 2021), subsidy policy (Wang &
Hong, 2019; Zhu et al., 2019), acquisition management (Hong et al., 2015; He, 2017), and CLSC network design (Fallah et
al., 2015; Tsao et al., 2017; Haddadsisakht & Ryan, 2018; Sahebjamnia et al., 2018). CLSC couples the forward supply chain
network with reverse logistics, and in recent years has become one of the most significant strategies for achieving sustainable
manufacturing while staying competitive (Li et al., 2016; Battini et al., 2017; Govindan & Soleimani, 2017; Zhang & Chen,
2021). In recent years, various large firms, including Ford, Hewlett-Packard, FujiFilm, IBM, and Xerox, have implemented
CLSC management to effectively minimize waste and to maximize resource recovery, which in turn enhances their
profitability and social image (Mitra & Webster, 2008; Qiang et al., 2013). In addition, firms have begun to adopt
remanufacturing and dynamic pricing activities to improve their level of GSCM.

Additionally, advances in information technology (IT) have revolutionized traditional SCM (Gunasekaran et al., 2017) and
enabled supply chain members to gradually shift from traditional markets (TMs) to electronic markets (EMs), thereby gaining
significant economic benefits (Ren & Zhang, 2014; Alsaad et al., 2017). EMs represent internet-based transactions for sellers
and buyers, and can be viewed as an inter-organizational information system that has key functions (e.g., cataloging, matching,
and aggregating) which improve the efficiency of transactions between channel members (Jean, 2014) and reduce uncertainty
(Chang & Graham, 2012; Chandak et al., 2019). In comparison with the TM, the EM provides a virtual marketplace that
allows the participating sellers and buyers to exchange information about product offerings and prices, which in turn brings
such benefits as lower transaction costs, increased competition, and reduced search and coordination costs (Chang & Wong,
2010; Koch, 2010). Indeed, the increased efficiency of the EM reduces procurement costs by an average of 15% (Simchi-Levi
et al., 2009), thus attracting numerous firms into this market. According to Chandak et al. (2019), the e-business process
consists of operation efficiency, inventory management, supply chain flexibility, logistics performance, and supply chain
integration. Through implementing this process, a firm can improve its supply chain performance by reducing costs and
increasing customer satisfaction. The EM provides a coordinated platform which allows networks of sellers and buyers to
conduct their business more effectively, and electronic commerce (EC) has profoundly changed the business models and
consumption patterns of numerous firms in recent years (Gao et al., 2018). Indeed, EC has already become a major business
model globally because of its advantages in terms of paying, pricing, marketing, and replenishing services and goods.

On the other hand, to enhance inter-organizational interactions in terms of marketing, production, and remanufacturing, firms
have implemented various information systems (IS) or e-marketing services (Chong et al., 2016), so as to integrate internal
and external business operations, such as customer relationship management, the CLSC system, and the enterprise resource
planning (ERP) system. Moreover, the current prevalence of such EC tools as social media and digital media has greatly
impacted the operation of the business-to-business (B2B) supply chain. Social media can provide B2B partners with abundant
information, better communication channels, data-based optimization, and improved coordination and collaboration (Chae et
al., 2020). According to Krings et al. (2021), digital media can facilitate identifying potential buyers, sharing information and
maintaining knowledge, managing existing relations, and generating opportunities. The use of IS in SCM and the CLSC not
only enables the integration of processes, but also synthesizes a wide variety of data exchange between channel partners,
which in turn enhances the performance of the forward or reverse logistics network, so that it responds rapidly to changes in
market demand (Rai et al., 2006; Lee & Lam, 2012; Hu et al., 2014; Khor et al., 2015). Nevertheless, the benefits of IS cannot
be fully realized without a fine-tuned reconciliation and alignment among core business processes, system configurations, and
organizational requirements (Al-Mashari et al., 2003). The configurations of scheduling and planning in an IS are based on
static and fixed settings (Petty et al., 2000), such that the system may only provide sub-optimal solutions for lot size/scheduling
and pricing problems. Although earlier studies have proposed various application models and tactics (e.g., dynamic pricing
strategies, inventory control management, and production planning) for solving optimization problems in the supply chain
(Benedito & Corominas, 2013; Mitra 2013; Modak et al., 2018; 6zelkan et al., 2018; Wang et al., 2019; Zhang et al., 2011),
very little attention has been paid to the dynamic strategies of a hybrid manufacturing/remanufacturing mechanism in different
trading markets. Thus the purpose of this research is to elucidate the effect joint dynamic pricing-replenishing and decision-
making has on profits with shortages during a particular multi-period horizon, and to simultaneously present four business
schemes for dynamic manufacturing-only and hybrid manufacturing/remanufacturing systems in different trading markets
(TMs or EMs).

This research contributes to the literature in several ways. To our knowledge, the present research represents the first attempt
to clarify the dynamic manufacturing-only and hybrid manufacturing/remanufacturing decision problems for decayed
merchandise. At the same time, this study deals with joint dynamic pricing-replenishing planning by using calculus with
dynamic programming (DP) under the dynamic manufacturing-only model and the hybrid manufacturing/remanufacturing
model with merchandise substitution. Moreover, the models considered in this research can make a pricing strategy more
responsive to changes in the market demand during a multi-period horizon in different trading markets, including TMs and
EMs. Finally, because shortages can be a valid cost control method for supervising decayed inventory, in this study we
examine the profit-maximization issue while considering the shortages approach.
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The remainder of this research is organized as follows. Section 2 outlines the problem considered and its context. The
development of the mathematical model is described in section 3. Section 4 consists of a comprehensive comparative
investigation of the solutions generated by the four policies, and reports the results of a sensitivity experiment conducted with
respect to key parameters. Finally, section 5 summarizes the findings of this study, discusses its limitations and managerial
implications, and proposes directions for future study.

2. Problem description

This research examines the new and remanufactured versions of decayed merchandise, with the production schedule/quantity
and selling price reviewed at time # periodically, where ¢ =0, 1, 2,..., H, at which H denotes the multi-period time horizon.

This research aims to optimize production order z,_, , where k=1, 2,..., n, at which stock depletion time/service level, selling
price, and lot size are decided at the same time to maximize the total profit during the multi-period horizon. Each period
begins with replenishment, and the inventory is held during [ Z,_, , ], followed by the shortage during [ ¥/, z, ]. Furthermore,

this research assumes that shortages are completely backordered and that the production rate is infinite. Under the dynamic
manufacturing-only model, the demand function considered in this research satisfies the following assumptions: (i)

D, (p,t)>0 and is continuous for p >0 and ¢ 20 ; (i) D, (p,t)<+e for p>0; moreover, (iii) D, (p,t) is non-
increasing in P (Rajan et al., 1992). At the same time, under the dynamic hybrid manufacturing/remanufacturing model, we

relate the subscript N to brand-new merchandise produced by the manufacturing organization, and relate the subscript R to
like-new merchandise produced by the remanufacturing organization. The demand function considered in the dynamic hybrid

model satisfies the following assumptions: (iv) Dy(py, pr»t) >0, Dy(pg.py.t)>0, and are continuous for py >0,
Pr >0 and 120 ;5 (v) Dy(py,pr.t)<+eo and Dy(py,py.t)<+e for py >0 and p, >0 ; moreover, (vi)
Dy (py, Pr»t) isnon-increasing in py and non-decreasingin p, , while Dy (py, py.t) isnon-increasingin p, andnon-
decreasing in p)y . In addition, CN = ¢ represents the manufacturing inputs cost from original raw materials and C, = oc,

0<0 <1 represents the remanufacturing inputs cost from returned cores. Furthermore, f , 0< d_‘f <1 represents the
returned rate of the end-of-period merchandise. In the EM setting, firms perform commercial transactions online. The
transaction fee per unit of merchandise (0,0 < p <1) in the EM may be a transaction-based payment, and generally is a
fraction of revenue. This research uses the following notations.

® = Production setup cost per run, ® >0

¢ = Production cost per unit of merchandise, ¢ = 0

h = Holding cost per unit of merchandise per unit of time, /2 >0

s = Shortage cost per unit of merchandise, s > 0

(= Transaction cost per unit of merchandise in the TM, @ 2 0

P = Transaction fee per unit of merchandise in the EM, 0 < P =< 1
& = Returned rate of the end-of-period merchandise, 0 < & <1
9(7(1)) = Merchandise decayed rate for stock on hand over 7 (t ) Jforte [z, X1
I(p,t) = Inventory at time ¢ given price p for r€ [z,_,, ¥ ]
S(p,t)= Shortage at time ¢ given price p forte [}, zZ, ]
0(7(t))I(p,t) = Decayed rate at time ¢ when the merchandise lifetime is 7(#) and the price is p
sz = Profit generated over period [0, z, ]

3. The model

This section shows the mathematical development of the decision model, which considers pricing, stock depletion time, and
lot size joint decisions for the dynamic strategies of a hybrid manufacturing/remanufacturing mechanism in different trading

markets over[Z,_,,Z, ].
3.1 The manufacturing-only system
3.1.1 The base scenario: Manufacturing-only TM (policy 1)

A base scenario was set up for benchmarking system performance, involving a brand-new version of a decayed piece of
merchandise under a manufacturing-only system in a TM. The cycle in the periodical stock review system begins with supply
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at z,_, and stock is held until ¥, followed by a time interval of shortages until the next stock supplementation at z, .
Therefore, the production quantity Q. (p, %) under the manufacturing-only TM scenario consists of the stock level over
time period [ Z,_;, ¥ ] and the shortage level over the period [ ¥/, z, ].

Qmo(pﬂZ) =]mo(p’zk—l)+Smo(p’Zk)

X JI O((u))dr(u)
= J. Dmo(p)t)e o

Zk-1

dt+ [ D, (p,0)dt. (1)
X

The associated cost ¥, ., ( P X ) over the length of time [ Z,_, , z, ] for the manufacturing-only TM scenario consists

of variable production costs, transaction costs, costs due to merchandise holding and decay, shortage costs, and production
setup costs, as follows:

fi L o) ¢ [
Vo ™z, (p, Z) = j (c+9) ej"‘" +h j eL du)D, (p,t)dt

+f(c+(p+s(zk —1))D,.(p,t)dt +@ . (2a)
Combining the terms of Eq.z(2a) yields the expression:
z z
Viorsize, (o) = | Coanis (0D, (.01 + [ Cpy1yy5 (DD, (p: 1)l + @ (2b)
where " ‘
Cor ()= (C N (P) eLk" 6((u)dr(u) h j- e'[jg(r(v))d‘r(v)du ’ o0
Cmo,TM,z(t)=C+(p+S(Zk_t)- (2d)

Egs. (2¢) and (2d) indicate the cost function during the selling period when net inventory is respectively positive and negative.
The selling revenue over the length of time [ z,_, , z, ] for the manufacturing-only TM scenario is as follows:

Upornz, (P2 1) = I pD._ (p,t)d . 3)

Zk-1

Based on above Egs. (2b)-(2d) and (3), the profit function over the length of time [ Z,_, , Z, ] is as follows:
ﬂ-mO»TMZH (pa Z) = Umo,TM,zH (pa Z) - l;”mo,TM,zH (pa Z)

V4 z;
= J‘ (p - Cmo,TM)l (t))Dmo(p5 t)dt + J. (p - Cmo,TM’Z (t))Dmo (p’ t)dt - ¢ . (4)
Zk-1 X
The optimal selling price P and depletion time ¥ for the manufacturing-only TM scenario over the length of time [z, _, ,

Z, ] can be gained through resolving the first order differential equation of Eq. (4) with respect to P and J separately as

follows:
%n (2:2) j (Do (p1) + (P Cmo,m,l(r))%Dm@,r))dt
+I<Dmo<p,r>+<p—cmo,m,za»%Dmo<p,z>>dr=o, -
and
%nM (9:2) =(Coorysa ()~ Cours OIDoo (9> 2)=0 )

From Eq. (62) and assumption (i): D (p, ¥) >0, we have
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Cmo,TM,Z (Z ) - Cmo,TM,] (Z ) =0. (6b)

To show the uniqueness of the solution for the manufacturing-only TM setting requires proving that the profit function

T o.Mz, (p, ¥) given in Eq. (4) is concave on p and ¥ . Next, the propositions 1 to 3 are listed below and the proofs are

mentioned in the appendix.
Proposition 1 The function 7 o, T™z, (p, ¥) given in Eq. (4) is concave in p for the manufacturing-only TM scenario,

given the market demand form: D, (p,t)=(M — p)eﬂt ,in which M >0 and pe[0,M) .
This market demand form was chosen since it is regularly applied in related research.

Proposition 2 The function 77, 1y 2 (p, ¥) given in Eq. (4) is concave in ¥ for the manufacturing-only TM scenario.
Proposition 3 The function T o.Mz, , (p, ) given in Eq. (4) is concave in p and } jointly for the manufacturing-only

TM scenario, given the market demand form: Dmo( J28 t) = (M — p)eﬂt ,in which M >0 and pe[0,M) .

The single period model is based on a given cycle over the length of time [ z,_,, z, ]. The optimal track of selling price and

depletion point during a multi-period time horizon can be decided by using a DP method:

sk

1_[mo,TM,zk = n;laX{HmO,TM,zk_, F 7 oMz, (p,x): 0=z ,<z,<H } , 7
k-1
with boundary condition Hmo,TM,0: 0. The recursive series of steps operate in a forward fashion to decide the maximal profit

during the premeditated time horizon. The final phase of this series of steps yields the maximal total profit H:O,TM, y during
the multi-period planning horizon. Following the track backwards from times H to 0 determines the optimal replenishment

sequence Z,:l and associated depletion point and price over the planning horizon.
3.1.2 Manufacturing-only EM scenario (policy 2)

Under the manufacturing-only system in the EM, the associated cost ¥/, gm o ( DX ) consists of variable production costs,
costs due to merchandise holding and decay, shortage costs, transaction fees, and setup costs over the length of time [z, _,,

z, ] as follows:

& J'[ 0(z(u))dr(u) L[ ace(vdz()
W moEM;, (p.x) = I (ce™ +h j ejw du)D, (p,t)dt

+[(e+ sz =)Dy (po0)dt + [ ppD,,(p,1)dt +@ . (8a)
X Zk-1
X Zy
= I Cmo,EM,l (t)Dmo(p’ t)dt + _[ Cmo,EM,Z(t)Dmo (p’ t)dt + q) > (8b)
Zk-1 X

where

3 t ¢
- O(z(u)dr(u) O(z(v))dz(v)
j"’*‘ +h .[ eL

Cmo,EM,](t) = pp +ce dZ/l 5 (SC)

Zk-1
Croama) = pp+c+s(z,—1). (8d)
The revenue during the length of time [ Z,_, , Z, ] for the manufacturing-only EM scenario is as follows:

Zk

Vnosntzy, (P 2) = [ PDo(pot)dt ©)

Zk-1

Based on above Egs. (8b)—(8d) and (9), the profit function over the length of time [z, _, , z, ] is as follows:
”mO,EM,zk_l (p’ Z) = vmo,EM;k_l (p, Z) - l//mo,EMgk_l (p? Z)



390

X z
= J- (p - Cmo,EM,l (t))Dmo(p’ t)dt + J‘ (p - Cmo,EM,Z (Z))Dmo (p’ t)dt - q) . (10)

Zk-1 X
As for the manufacturing-only EM scenario, the optimal price P and depletion time J} can be calculated by resolving the

first order differential equation of Eq. (10) with respect to p and } separately over the length of time [ z,_, , Z, ] as follows:

d % d
~oimz,, (P2 X) = I (1= p) Dy (s ) + (P = Cpoon () ==D_(p,1))dt
op A dp

k-1
Z;

¢ 0
+[(1=p) Dy (P 1) +(p - Coorna()5 D, (po£)di =0 an
X
and

0
a ”mO,EM,zkfl (p’ Z) = (Cmo,EM,Z (Z) - Cmo,EM,l (I))Dmo (p’ Z) =0. (lza)

From Eq. (12a) and assumption (i): D(p, ¥) > 0, we have

Cropmz2 (1) = G (1) =0. (12b)

Demonstrating the uniqueness of the solution for the manufacturing-only EM scenario requires proving that the profit function
T o fM (p, ) given in Eq. (10) is concave on p and J in a fashion similar to that used for the manufacturing-only TM
scenario (policy 1). The propositions 4 to 6 are stated forthwith and the proofs are presented in the appendix.

Proposition 4 The function 77y o (p, ¥) given in Eq. (10) is concave in p for the manufacturing-only EM scenario,
given the market demand form: Dmo(p, H=M —p)eﬂt ,in which M >0 and pe[0,M) .

Proposition 5 The function 77, gy o (p, ) given in Eq. (10) is concave in ¥ for the manufacturing-only EM scenario.
Proposition 6 The function 7,z o (p, ) given in Eq. (10) is concave in p and } jointly for the manufacturing-only

system EM scenario, given the market demand form: D, (p,t) =(M — p)e”inwhich M >0 and pe[0,M).

The optimal track of selling price and depletion point during a planning time horizon for the manufacturing-only EM scenario
can be decided by applying a DP method in a similar dynamic manner:

sk

Hmo,EM,zk = n;lflx{H*mo,EM,zk_1 + 7[110,EM,zk_1 (p,x): 0=z ,<z,< H} ) (13)
with boundary condition Hmo,EM,o =0.

3.2 The hybrid system with remanufacturing

3.2.2 Hybrid remanufacturing TM scenario (policy 3)

The profit under the hybrid system with a remanufacturing TM scenario for the new merchandise over the length of time
[z,_,,Zz,]is selling revenue minus related costs (including merchandise holding and decay costs, variable production costs,
and setup, shortage, and transaction costs) and is described as:

AN 1
TN heT™z, (Px>Xn) = J (pn— CN,hr,TM,l(t))DN (py,t)dt + _f (pn— CN,hr,TM,3(t))DN (py,1)dt

Zk-1 AN

+ [ (Py = Cueris (DD (P> Pro Dt =@ for 2, =0and g <1 (14al)
1

1 AN
= I (pN - CN,hr,TM,l(t))DN (pNﬂt)dt + J. (pN _CN,hr,TM,2(t))DN (pN’pR’t)dt
Zk-1 1
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+ [ (Px = Capras OIDy (P Pro )t =@ L for 2, =0and g, > 1 (1422)
AN
N z;
= I (pN - CN,hr,TM,l(t))DN (pN’pR’t)dt + J. (pN - CN,hr,TM,z(t))DN (pN’pR’t)dt
Zpy V4%
-®  for z, | =1,2,...H-land z, | < ¥\ <2Z,, (14b)
where
I/ O((u)dz(u) ! J./B(‘r(v))d‘r(v)
Cupernn () =(cy +@)e +h [e" du, (140)
J’b(r(u))dr(u) f J"s(r(v))dr(v)
Crmrz () =(cy +@)e” + hIe - du , and (14d)
1
CN,hr,TM,3(t) =Ccyto+ S(Zk - t)- (14e)

The profit under the hybrid system with a remanufacturing TM scenario for the remanufactured merchandise over the length
oftime [ Z,_,, z, ]is selling revenue minus related costs (including merchandise holding and decay costs, variable production

costs, and setup, shortage, and transaction costs) according to the following equation:

AR Zk
TR e, T™ 2, (Pr>Xr) = _[ (Pr — CR,hr,TM,2(t))DR (Pr>Px-D)dE+ J. (pr — CR,hr,TM,3 ())Dg (pg, Py, t)dt
1 AR
-® ,for z, |=0and y, >1; (15a)

AR Z
= I (Pr = Crpmrnt (DD (Py> Py D)l + j (Pr = Crprns (D)Dg (Pr, Py 1Al
Zy AR
-® for z, \=1,2,..,H-land z, |, < p <z, (15b)

where

13 t t
e(z(w)dT(u) O(r(v))dz(v)
eIH +h J. eI”

Crprmi (1) = (CR + (0) ) du, (15¢)

Zk-1

du , and (15d)

t t t
O(z(u))dz(u) O(z(v))dz(v)
CR,hr,TM,Z(t) =(CR +(P) ejl +h.|.eL

|
CR,hr,TM,}(t) =Cy to+ S(Zk - t)- (15¢)

Based on the above definitions, the profit generated via the new and remanufactured merchandise over the length of time
[Z,_,, 2, ] for the hybrid remanufacturing TM scenario can be calculated as:

max q)hr,TM,z,H (Pxs Prs Xns o) = TN e ™™z, (Pxs )+ TR b, TM 2, (PrsXr)> (16a)
subject to
QR,hr,TM,[l,zk](pR9pN7t) < &x DN,hr,TM,[zk_l,l](pNspRa 1), for z;,_;=0; (16b)

QR,hr,TM,[zk_l ] (Pr> Do) <8x( DN,hr,TM,[(Zz,{_lfzk )Zit] (Pxs PR+ DR,hr,TM,[(2zk_lfzk )Zet] (P> Pro0)),

for z,_,=1,2,...,H-1 and if (2Zk_1 — Zk) <0 then (2Zk_1 —Zk) =0. (16¢)
The optimal selling prices p, and p,, and the depletion time points Y, and ), for the hybrid remanufacturing TM
scenario over the length of time [ z,_, , z, ] can be calculated by resolving the first order differential equation of Eq. (16a)

with respectto p,,, Pp, ¥y,and Y, separately, as follows:
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d a 0
_q)hr,TM,z,H (PN > Pr> XN aZR) = _[ (DN (pN:t) +(PN - CN,hr,TM,l(t))_DN(pN’t))dt
dpx apN

Z-1
1

0
+ [ (Dy(py> o)) + (P - Cupers (D)5~ Dr(pro el

N N

Z a
+ I (Dy(pys> PrsD) +(Py — CN,hr,TM,B(t)) JDN (Pn> Pr>1))dE =0,
|

N
for z,_;=0and ¥\ <I;

1

= [ (Dupo+ —CN,hr,TM,l(r»%DN(pN,t))dr

Zk-1 N

AN a
+ J. (Dx(pys Prst) +(py _CN,hr,TM,Z(t))a_DN(pN’pR’t))dt
1

PN

Zk a
+ [ (DW(pa> P +(py = Caters ()3 =Dy (P o)l

AN N

IR a
+ [ (Pr = Crpnaa () 5— Dy (P> Py D)t
1 dp

N

Zk a
# | (= Caaeras )5 = Du(pro o)t =0,
AR pN

for z,_ =0, ¥y >1and p, >1;

AN a
= I (DN (pN,pR,t) + (pN - CN,hr,TM,l(t))a_DN (pNapRat))dt

Zp_y N

Zk a
+ [ (DW(pa> D) + (g ~Cums() 3 =Dy (P Pr )l

AN N

AR a
+ j ((pg _CR,hr,TM,l(t))a_DR(pRapNat))dt
o p

N

z a
# J (= Coseras )5 =D (P P et =0,
P PN
forz,_ =1,2,.. . H-1,z,_ < ¥y <Zz,and z,_, < ¥ <Z,,
d it d
5 Prrwz, (Pno Pro Mo X)) = I (Pn = Cuperms (D) Dy (P> Py 1)t =0,
apR 1 apR

for z,_ =0, yy <land y, >1;

AN a
= [ (P = Capaa (0)=— D (py> Prs 1))t
1 dpy

Zk a
# | ((p = Cunaa () 5= Dy (s prs )
P Pr

AR

0
+ [ (Du(p o) + (P = Cugniz ()5 = Di (P o)l

1 R

(17al)

(17a2)

(17b)

(18al)
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Zk a
+ I (Dg(prs> x>0+ (P — CR,hr,TM,3(t))a_DR (Pr> Px-1))dE =0,

AR R
for z, =0, yx>1and y >1; (18a2)

AN a
= J. ((pN _CN,hr,TM,l(t))a_DN(pN’pR’t))dt
Zk-1 pR

Zy a
+ [ oy = Cuns )3 =Dy (P pac el
AN

R
AR a
+ j (D (pr>pnst) + (g — CR,hr,TM,l(t))gDR (pr>px-1))dt
Zk-1 R
z; a
+ I (Dg (Pr> Pxs) + (P = Crperna (D) =— Dy (Pg > Py»1))dt =0,
P apR
forz,_ =1,2,..,H-1,z,_ < yy<Zz,and z,_, < ¥, <Z, (18b)
and
0
Jq)hr,TM,z,H (PN > Pro> AN »XR) = (CN,hr,TM,3(ZN) - CN,hr,TM,l (ZN ))DN (pN ’ZN) =0,
N
for z, ,=0and y, <I; (19al)
= (CN,hr,TM,3 () - CN,hr,TM,Z () Dy (P> Prs> Xn) =0,
for z,_,=0and y >1; (19a2)
= (CN,hr,TM,S(ZN) - CN,hr,TM,l () Dy (P> Pr> Xn) =0,
for z,_ =1,2,...,H-1and z,_, < ¥\ < Z,. (19b)

From Eq. (19) and assumption (iv): Dy (py,?) >0 and Dy (py,Pr.t) >0, we have
CN,hr,TM,3 (ZN ) - CN,hr,TM,Z (ZN ) =0,

for z, ;=0and y >1; (19¢)
CN,hr,TM,3 (ZN) - CN,hr,TM,l (ZN ) =0,
for z,_=0and yy <l,andfor z,_,=1,2,...,H-1and z, | < ¥ <Z,. (19d)

In the same manner, we have

CR,hr,TM,3 =)— CKhr,TM,Z () =0.

for z,_;=0and }, >1; (20a)
Crirns (e)— Crperi (Xr) =0,
for z,_ =1,2,...,H-1and z, | < }, <Zz,. (20b)

In view of the fact that the profit function max®,, ;. (Py, Pr> x> Xz ) given in Eq. (16a) under the hybrid remanufacturing

TM scenario is the high-power expression and the sufficient condition depends to a large extent on the parameter values, the
closed-form solution to the profit maximization cannot be analytically verified (Wang et al., 2004). Instead, numerical
experiments and examples are used to show the model’s characteristic for the proposed scenarios. The optimal track of selling
price and depletion point for the total profit generated via the new and remanufactured merchandise for the hybrid
remanufacturing TM scenario over a planning time horizon can be decided in a similar dynamic manner by applying the DP
method:

ok *

1_[hr,TM,zk = maX{Hhr,TM,zA_l +(Dhr,TM,zk_, (Pns Prono Xr) 052, <z, < H} > (1)

Zk-1

with boundary condition Hhr’TM 0=0.
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3.2.3 Hybrid remanufacturing EM scenario (policy 4)

Under the hybrid system with remanufacturing in the EM setting, the profit over the length of time [z, _,, z, ] for the new

merchandise is the selling revenue minus the related costs, including variable production costs, costs due to merchandise

holding and decay, shortage costs, transaction fees, and setup costs, as follows:

AN 1
Txmeems,, (Prs In) = J. (Px = Ot (D)Dy (P )dt + I (Px = Cupens (D)Dy (P, 1) dt

Zpy N

+ I (Pn— CN,hr,EM,3(t))DN (Pns Prot)dt—D [ for z, ,=0and ¥\ <1; (22al)
1

1 N
= [ (P = s D (Pro8)dt + [ (D = Cogppna s (D)Dy (Pr- Pro )t
Zk-1 1

+ I (pn— CN,hr,EM,3(t))DN (Px> Prs D)l =@, for z, = 0and gy >1; (22a2)
AN

AN 2
= .[ (pN - CN,hr,EMJ(t))DN (pN,pR,t)dt + I (pN - CN,hr,EM,3(t))DN (pN,pR,t)dt

Zp_ AN
-®  for z, | =1,2,...,H-land z, | < ¥\ <Z,,

where

s

J-z O(r(u))dt(u) t _[ZH(T(V))dr(v)
CN,hr,EM,l(t) :ppN + cNe k-1 +h Jle u du

Z-1

13 t t
O(z(u))dz(u) O(z(v))dz(v)
CN,hr,EM,z () =ppy + CN@'[1 + h_[ e".“ du , and
|

CN,hr,EM,3(t) =pPpy T Cy +S(Zk _t)-

(22b)

(22¢)

(22d)

(22¢)

Under the hybrid remanufacturing EM scenario, the profit over the length of time [ z,_,, z, ] for the remanufactured

merchandise is the selling revenue minus the related costs, as follows:

AR Zk
”R,hr,EM,zk,, (pR5ZR) = _[ (pR - CR,hr,EM,z(t))DR(pR’pNat)dt"' .[ (pR -
1

AR
-® ,for z, |=0and y, >1;

AR Z
= I (pe — CR,hr,EM,l(t))DR(pR7pNat)dt+ I (Pr —

Z-1 IR
-® for z, |=1,2,..,H-land z, | < ¥ <z,
where

[ o [laeonine
CR,hr,EM,l(t) =pPpg tcre ™ +h J.e " du

i

Zk-1

t t t
O(z(u))dr(u) O(z(v)dz(v)
CR,hr,EM,l (?) =ppr t CReL + hjej“ du , and
1

CR,hr,EM,Z(t) =PPr *Cr +S(Zk _t)»

CR,hr,EM,s (1))Dy (pg» py-t)dt

(23a)

CR,hr,EM,3 (0)Dy (pg» py-t)dt

(23b)

(23c)

(23d)

(23e)

The profit generated via the new and remanufactured merchandise for the hybrid remanufacturing EM scenario over the length

oftime [ Z,_,, Z, ] can be calculated as follows:

max D, i (Pns Pro Mo M) = Pz, , (P ) F Trpeintz, , (Pro Ar) (24a)
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subject to

QR,hr,EM,[l,zk](pR’pN ,1) <& DN,hr,EM,[z,H,l](pN s Pyst), for z,_,=0; (24b)

QR,hr,EM,[zk,l ] (Pr> Pxst) <8x( Dy emg2, 2011 (Pxs PrsD)+ Dy pimgan, —a)e (P> PxoD),
for z, \=1,2,..., H-1and if (22, , —z,) <Othen(2z, , —z,)=0. (24c)

Similarly, the optimal prices p, and p,, and depletion time points ¥, and )y, over the length of time [ Z,_, , Z, ] for the
hybrid remanufacturing EM scenario can be calculated by solving the first order differential equation of Eq. (24a) with respect
to Py, Prs Xy and ¥, separately as follows:

Jd A 0
?cbhr,EM,z,{,1 (pN > Pro> AN ’ZR) = J. ((1 - p)DN (pN ’t) + (pN - CN,hr,EM,l(t))a_DN (pNat))dt
N Zp_y N
1
0
+ J. ((1 _p)DN(pN’t) +(px— CN,hr,EMJ(t))?DN(pNat))dt
AN N
Zk a
+ .[ ((1 _p)DN(pN’pR’t) +(px— CN,hr,EM,3(t))$DN(pN’pR’t))dt:()s
1 N
for z, ,=0and y <1; (25al)
1
)
= J. ((1 - p)DN(pN’t) +(py— CN,hr,EM,l(t))a_DN(pNat))dt
Zp N
ZN a
+ .[ ((1 - p)DN (P> Pr>D) + (P — CN,hr,N,EM,z (t))aDN (x> Drs1))dt
1 N
Z]( a
+ J. ((1 - p)DN(pN,pR,Z) +(py— CN,hr,EM,3(t))$DN (Px> Pr-D))AE
AN N
AR a
# [ (= Caanarna ()5 — D (P Py )t
| /%N
Z]( a
+ J. ((pr — CR,hr,EM,S(t))a_DR (P> P, 1))dt =0,
IR pN
for z, =0, yy>1and y; >1; (25a2)
AN a
- J. ((1 _p)DN(pN’pR’t) +(py— CN,hr,EM,l(t))gDN(pNapRJ))dt
Zp_ N
Z]( a
+ J. ((1 - p)DN(pN,pR,Z) +(py— CN,hr,EM,3(t))$DN (Px> Pr-D))AE
AN N
AR a
+ [ (Pr = Cuseana 0) 5 —DuPr Pt
Z-1 PN
Zk a
+ J- ((pr — CR,hr,R,EM,3 (t))a_DR (Pr> Px-1))dt =0,
AR pN
forz,_ =1,2,..,H-1, z, | < ¥y <z,and z,_, < Y, < Z,, (25b)
0 * 0
a_ q)hr,EM,z/;fl (Pxs Pros Xno Xr) = J- (px— CN,hr,TM,3(t))_DN (Px> Py 1)dE=0,
pR 1 apR

for z, =0, ¥y <l and y; >1; (26al)
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N a
= [ (py ~Cua ()3 =Py Pro el
1

R

Z/( a
+ [ (23 = Cupras (D) 5— Dy (P> D)t
AN ap

R

AR a
+ I (1= ) D (pr,> Pr>t) +(py — CR,hr,TM,Z (t))gDR(pR7pN’t))dt
1

R

Z/( a
+ J. (1= p)Dg (pr> Px-t) + (P — CR,hr,TM,}(t))gDR(pR’pN’t))dt =0,
AR

R

for z, =0, ¥y >1and y, >1; (26a2)

AN a
= [ (Px = Casmrna ()5 =Dy (D P01
Zk-1 pR
z; a
+ J. ((px — CN,hr,TM,S(t))a_DN (Pns> Pro1))dt
AN pR

AR a
+ I ((l_p)DR(pRnpNat)+(pR _CR,hr,TM,l(t))gDR(pR7pN’t))dt
R

Zk-1

Zk a
+ I ((1 _p)DR(pR’pN’t)+(pR _CR,hr,TM,3(t))$DR(pR’pNat))dtzoa

IR R
forz,_ =1,2,..,H1,z < yYy<z,and z,_, < ¥, <Z, (26b)
and
0
yq)hr,EM,z,H (P> P> Xns Xr) =(Cpeins (W) = Cripenns () Dy (P> ) =0,
N

for z,_;=0and y, <l; (27al)

= (CN,hr,EM,3 () - CN,hr,EM,Z () Dy (Pys Prs Xn) =0,

for z,_=0and y, >1; (27a2)
= (CN,hr,EM,3 (ZN) - CN,hr,EM,l(ZN ))DN (pN’pR ’ZN)zo’
for z,_ =1,2,...,H-land z,_, < ¥ < Z,. (27b)

From Eq. (27) and assumption (iv): Dy (py,¢) >0 and Dy(py, Pr.-t) >0, we have

(CN,hr,EM,S (ZN ) - CN,hr,EM,z (Z N )) =0,

for z, ;=0and y >1; (27¢)
(CN,hr,EM,3 (ZN ) - Chr,N,EM,l (Z N )) =0,
for z,_ =0and ¥\ <l,andfor z, | =1,2,...,H-1and z, , < ¥\ < Z,. (27d)

In the same way, we have

(CR,hr,EM,S (Z R ) - CR,hr,EMz (I R )) =0,

for z, ;=0and ¥, >1; (28a)
(CR,hr,EM,3 (Z R) - CR,hr,EM,l (Z R )) =0,
for z,_ =1,2,...,H-1and z, | < } <Z,. (28b)

As discussed in policy 3 (the hybrid remanufacturing TM setting), the concave property of the profit function
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CDhr,EM e ( DPno> Pro> Ao }{R) given in Eq. (24a) for the hybrid remanufacturing EM scenario cannot be analytically

confirmed. As an alternative, a numerical analysis was conducted.

The optimal track of selling price and depletion point for the total profit generated via the new and remanufactured
merchandise under the hybrid remanufacturing EM scenario over a planning time horizon can also be decided by applying
the DP approach in a similar way:

%

H:;,EM,zk = maX{Hhr,EM,zH + (I)hr,EM,z,H (Pxs Prons Xr) 05z, <z, < H} ) (29)

Zk-1

with boundary condition TT, g\, ,=0.

3. Numerical study

The performance and properties of the DP models developed in section 3 were determined in numerical experiments. It was
found that the DP models developed in section 3 are valid for all general decayed merchandise and demand functions, provided
that conditions (i)-(vi) in section 2 are met. However, for simplicity, in the remainder of this study only a constant decay rate
of 8(z(¢)) = will be considered. Additionally, demand functions in dynamic scenarios are specified to be additive-

deterministic, time-variant, price-dependent, and substitutable between both brand-new and like-new decayed merchandise.

The demand function forms are: D, (p,t)=(M — p)eﬂt for the manufacturing-only system, in which M represents the

total potential market; Dy ( Paot )=(M — PN )eﬂl with only brand-new decayed merchandise being offered over the first

period, and Dy (py, Pr.1) =(My = py +ﬂpk)eﬂt and Dy (pr, py-t) =My — py +ﬂpN)eﬂt with brand-new

and like-new decayed merchandise being produced for the hybrid remanufacturing system over subsequent periods, in which
M, (e, oM ) and M R (le., (1 - Ol)M ), 0 < <1, denote the market sizes of brand-new and like-new decayed

merchandise, respectively, and [ denotes the demand cross-sensitivity coefficient, 0 < < 1, employed by Ingene and

Parry (1995). The demand functions satisfy the conditions (i)—(vi) in section 2 because e is non-negative. In this research,
a number of trials were developed to qualitatively understand the structures of the proposed scenarios and their sensitivity
with respect to major parameters. The dynamic solution procedures were implemented using Windows 10 running
Mathematica for the four scenarios.

4.1. A demonstrative example

During the experimentation, the base settings were specified as follows: demand parameters M =75, M =50, p=
0.3 and 0.6, and A =—0.2; cost parameters ® =200,c¢=40, h=0.1, s=0.25,9=5, p=0.005, 0=0.3 and 0.6;

decay rate 6 =0.25; returned rate f =0.5; and number of periods H =12 . Tables 1-4 list the numerical results
generated by policies 1-4. Under a manufacturing-only system (Tables 1-2), the EM (policy 2) increased the total profit by
12.63% increments, compared to the TM (policy 1) (7577.9 vs. 6728.1). Under the hybrid remanufacturing system (Tables 3—
4), the numerical results were similar. The performance improvements in the hybrid remanufacturing EM setting (policy 4)
increased the total profit to 17.35%, 21.74%, 6.3%, and 6.1%, respectively, increments comparable to the hybrid
remanufacturing TM setting (policy 3) when = 0.3 and 0.6, and 0=0.3 and 0.6 (i.e., 4803.3 vs. 4093.2 for =03 and

0=10.3;4403.2 vs. 3616.8 for #=0.3 and 0=0.6; 10615.1 vs. 9984.7 for F=0.6 and 0=0.3; 9985.3 vs. 9413.8 for [=

0.6 and J = 0.6). On comparing the outcomes generated by the four policies (Tables 1-4), the hybrid model with
remanufacturing under a general setting does not surpass the manufacturing-only model, but attains better performance under
certain conditions with a larger substitute rate (i.e., intensity of competition) between both brand-new and like-new
merchandise ( /) and/or a smaller remanufacturing cost.

Table 1
Joint decisions and profits of the manufacturing-only TM setting (policy 1) under representative scenarios
o . *k sk sk sk
[z 2 ] p X Q T
[0, 5] 85.353 0.106 125.4 4768.0
[5,12] 85.519 5.148 54.8 1960.1

> 180.2 6728.1
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Table 2

Joint decisions and profits of the manufacturing-only EM setting (policy 2) under representative scenarios

sk

*k

Kk

ok

ok

kk *:
(2152, ] P X Q T
[0,5] 82.954 0.119 133.0 5359.5
[5,12] 83.120 5.166 58.1 2218.4
> 191.1 75779
Table 3
Joint decisions and profits of the hybrid remanufacturing TM setting (policy 3) under representative scenarios
0=0.3 0=0.6
ok ok *%k ok *k Ak o ok Kk EXY EXY Kk ok ok *x **k *k % ok o ok Kk EEY EXY Kk ok
[ZN,k—l s 2Nk ] pN ZN QN ﬂ-N [ZR,k—erR,A ] pR ZR QR ﬂ-R HH [ZN,k—l s 2Nk ] pN ZN QN ”N [ZR,k—erR,A ] pR ZR QR ﬂ-R HH
[0,4] 76.132  0.085 77.1  2150.9 [1,4] 63.043 1.036 181 6258 4093.2 [0,6] 75.646 0.127 942 25899 [1,6] 65.704 1.072 18.1  451.1 3616.8
g [4,7] 72102 4062 177 2722 [4,7] 48493 4158 235  529.6 [6,12] 72354 6.125 20.1 3316 [6,12] 54755 6.191 179 2442
£ [7,12] 72304 7106 13.5 1586 [7,12] 48.673 7263 18.0  356.1
3 1083  2581.7 59.6 15115 1141 29215 360 6953
[0,2] 91.143  0.042 545 22986 [1,2] 80.299  1.023.18.1 9432 9984.7 [0,3] 93.727 0.067 78.3 3582.4 [1,3] 92839 1.022 18.1  949.6 9413.8
[2,3] 104.106 2.021 127 5474 [2,3] 83272 2045 177 9732 [3,4] 104.468 3.020 11.8 500.4 [3,4] 88.661 3.031 119  511.3
©° [3,5] 104.531 3.042 18.2 877.5 [3,5] 82.711 3.106 27.2 1577.0 [4,6] 104.661 4.043 17.5 840.4 [4,6] 88.846 4.065 17.7 857.1
S [5.6] 104.480 5.019 6.7 198.2 [5,6] 82.665 5.052 100  456.1 [6,8] 104.610 6.040 11.8 497.4 [6,8] 88.794 6.062 119  508.6
& [6,7] 104411 6.019 5.5 125.9 [6,7] 82.584 6.051 8.2 3372 [8,12] 104.677 8.084 132 577.5 [8,12] 88.885 8.130 133  589.1
[7,11] 104.660 7.084 13.6  604.5 [7,11] 82.841 7209 204 11284
[11,12] 104.605 11.017 2.0 -80.1 [11,12] 82.809 11.053 3.0 2.4
> 1132 4572 104.6  5412.7 132.6 5998.1 729 34157
Table 4
Joint decisions and profits of the hybrid remanufacturing EM setting (policy 4) under representative scenarios.
0=0.3 0=0.6
[z;*_kfl,z:,k] Kk sk EES Kok [z;*.kfl,z:_k] #k *k ®k *% H** [z;,t‘,(fl,z;*.k] EXY EXY EXY ok [Z;*.k—lbz;‘,k] *k *k *k *% H**
Pn v On N P Xk Or 7, H Px In On 7y Pr Xr Ok 7 H
[0,3] 74.692 0.071 69.6 2153.9 [1,3] 58.193  1.030 19.2 675.6 4803.3 [0,2] 77.110 0.048 539 1762.2 [1,2] 54.176 1.039 14.1 2189 4403.2
o [3,5] 69.681 3.048 173  302.8 [3,5] 45988 3.147 226 5554 [2,6] 69.604 2.095 39.0 920.1 [2,6] 52.4852.136 34.0 740.1
T [5,8] 69.705 5.070 159  259.0 [5,8] 46.018 5215 207 4903 [6,12] 69.968 6.140 21.8 427.1 [6,12] 52307 6227 197 3348
Q [8,12] 69.792  8.093  10.6  105.9 [8,12] 46.120 8288 13.8  260.4
> 1134 28216 763 1981.7 1147 3109.4 67.8 12938
[0,2] 88.758 0.048 57.1 2543.9 [1,2] 77.414 1.022 19.2 1044.5 10615.1 [0,3] 91.468 0.071 81.6 3929.8 [1,3] 90.666 1.028 19.2 1065.3 9985.3
[2,3] 101.678 2.023  13.1  596.6 [2,3] 80.265 2.062 18.7 10653 [3,4] 102.075 3.023 123 5539 [3,4] 86.242 3.037 124 5672
[3,4] 102.111 3.023 105 4427 [3,4] 80.214 3.073 155 8456 [4,6] 102.150 4.046 182 919.6 [4,6] 86.294 4.076  18.5 940.6
© [4,6] 102.253 4.048 155  754.7 [4,6] 80.363 4.147 23.0 13543 [6,8] 102.149 6.045 122 5505 [6,8] 86.294 6.075 12.4 5645
i [6,7] 102.151 6.021 57 1529 [6,7] 80276 6074 85 3737 [8,11] 102280 8.072 112 487.5 [8,11] 86461 8.114 114 4992
Q [7,9] 102215 7.046 8.5 323.9 [7.9] 80.316 7.146 126  653.1 [11,12]  102.209 11.019 2.5  -479 [11,12]  86.333 11.036 2.5  -449
9,111 102209 9.045 57 1512 9,111 80311 9.145 85 3718
[11,12]  102.064 11.022 2.1 -69.7 [11,12]  80.300 11.076 3.1 10.6
> 118.2  4896.2 109.1  5718.9 138.0 6393.4 76.4  3591.9
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4.2. Sensitivity analysis

A sensitivity experiment was conducted to determine the percentage differences between profits in a hybrid remanufacturing
EM setting (policy 4) and a manufacturing-only EM setting (policy 2) with respect to key factors: M, M, B.90,c,
P and f The base parameter settings for the seven key factors were as follows: MN =75, MR =50, ﬂ =05, 0=0.5, ¢
=40, P =0.005, and d_‘f =0.5. These parameters varied from their basic settings by up to 225% . Figure 1 demonstrates that
policy 4 yields a larger pie and more profit than policy 2 under larger £, ¢ and M x »and smaller M and 0 . Briefly, the

hybrid remanufacturing strategy is preferable if there is intense competition for brand-new and like-new merchandise, the
manufacturing inputs cost is large, the brand-new merchandise has a large market size, the like-new merchandise has a smaller
market size, and/or the remanufacturing inputs cost is smaller.
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Fig. 1. Impact of key parameters on profit growth: policy 4 vs. policy 2

5. Concluding remarks

We summarize here the results of this study on the dynamic decision-making planning of a hybrid production system
incorporating manufacturing and remanufacturing procedures for decayed merchandise in EMs and TMs, respectively.
Furthermore, in this research we propose four decision-making models that represent the manufacturing-only and hybrid
remanufacturing systems as multivariable profit maximization problems under dynamic schemes. The results indicate that
solutions generated within EMs surpass those within TMs in terms of maximizing profits. Additionally, comparing solutions
generated by the four policies, the hybrid model with remanufacturing under a general setting does not surpass the
manufacturing-only model, but attains better performance under certain conditions with intense competition (i.e., substitute
rate) between brand-new and like-new merchandise, a smaller remanufacturing cost, a larger brand-new merchandise market
size, and/or a smaller like-new merchandise market size.

Although earlier studies have developed various application tactics and models to solve the optimization problems in the
supply chain (i.e., Modak et al. 2018; 6zelkan et al. 2018; Wang et al. 2019), very little attention has been paid to the dynamic
strategy of hybrid manufacturing/remanufacturing mechanisms in different trading markets. This research is the first attempt
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to propose a model to investigate the joint decision-making effect of dynamic pricing combined with shortages on profit
maximization during the considered multi-period horizon for decayed merchandise. At the same time, this study also proposes
several solutions by using calculus coupled with DP based on different pricing strategies for the dynamic manufacturing-only
and hybrid manufacturing/remanufacturing systems with merchandise substitution in different trading markets (TMs or EMs).
Furthermore, because shortages can be a powerful cost control for administering decayed merchandise, this research presents
the profit-maximization issue by considering the manner of the shortage. In the future, the four decision models will be
extended to consider closed-loop channel coordination and information asymmetry. Other future research directions can
consider the development of more general demand functions, including uncertain and random demands.
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Appendix

Proof of Proposition 1

The second derivative of the function 7, 1 s (p, ¥) given in Eq. (4) with respect to p for the manufacturing-only

system in the TM can be expressed as follows:
2

0 £ 0 0
yﬁmmzw 02%2) =Zj (2$Dmo(p, N+(p— Cmo,m,l(f))a?DmO(P»t))dt

i1

T 0 0
+.[ (Za—Dmo(p, N+(p- Cmo,TM,z(I))a—szo(}?, 1)dt . (Ala)
S op p

Substituting demand function D, (p,? )=(M — p)e’u into Eq. (Ala) yields:

2

J ou
Wﬁ.mo,TM,z,H (p5 Z) = _2 J. eﬂ dt

Zk-1
=2(e™ —e* )/ 4. (Alb)
Since (eﬂz" - eﬂz"") /A >0 for z, >z, |, regardless of the value of A, Eq. (Alb) is negative.

Proof of Proposition 2

The second derivative of the function 77, (p, ) given in Eq. (4) with respect to ¥ for the manufacturing-only

mo,TMz,_,
system with a TM setting can be expressed as:
2

d
a_lzﬂ-mo,TM,zk_] (pﬂ I)

0
= E Dmo (p, I)(Cmo,TM,z (Z) - Cmo,TM,l (Z))

[© ez 4 [“opara)
Zk-1 J‘el

=D, (P, X)(s +(c+ ) 8(z(x))e +h(1+6(7(y)) dr)). (A2a)

Zk-1
From Eq. (6b), the Eq. (A2a) can be simplified into:
2

J
a_fﬂ.mo,TM,zk_] (pﬂ Z)

L’:_] o(z(1)d(1) O(z(u)dr(u)

dr)) . (A2b)

—D,(p. 25 +(c+9)0((2)e +h(1+0(z(2) | ¢

O(r(u))dr(u)

Xz
Since D_ (p, ¥)>0 for p>0, j ejf dt >0 for y >z, ,,andall parameters: s, ¢, ¢, h, and 8(7(¥))

Zk-1

are non-negative, Eq. (A2b) is negative.

Proof of Proposition 3

To prove that the function 7, 1 2 (p, ) given in Eq. (4) is jointly concave in p and } for the manufacturing-only
system with a TM setting, the determinant of the Hessian matrix needs to be examined further. The second derivative of the

function 77 (p, ) given in Eq. (4) with respect to p and J can be expressed as follows:

mo,TMg,_,
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9’ 09’

.7 > :—ﬂ.mo s
Ipdy mo,TM,z,_, (p,x) d10p M.z, (p. %)
0
=(Cmo,TM,2(Z) - Cmo,TM,1(Z))$D(paZ)' (A3a)
From Eq. (6b), we have
82
= Tormz, (D> X) =0. (A3b)
dpdy
From propositions 1 and 2, it can be easily shown that the determinant of the Hessian matrix is:
82 az az ) .
((apj jz.mo,TM,z,(,1 (p5 l))(azz ”mo,TM,zA;] (pa Z)) - (@ ﬂ.mO,TM,Zk,l (p, /'{)) ) > 0. Hence, the function

T o.Mz, (p, ) is jointly concave in both p and Y .

Proof of Proposition 4

The second derivative of the function 77,k - (p, ) given in Eq. (10) with respect to p for the manufacturing-only

system in the EM can be expressed as below:

az X a a
ap?”mo,EM,Z;H (p: Z) = Z:[] ((2 - p) gDmo (p: t) + (p - Cvmo,EM,l (t))a’7Dmo (pﬂ t))dt

zi 0 0
+ [ (2= )= Doy (21 + (P = Coinin (D) 57 D (9 1)t (Ada)
o dp dp
Substituting demand function D, (p,t)=(M — p)eﬂl into Eq. (Ada) yields
0’ T
yﬂmO,TM,Z,H (p,Z) =—(2 — p) I e/1 dt

=—2-p)e* ")/ . (A4b)
Since 0< p <1, and (eﬂz" — et )/ A >0 for z, > z,_, , regardless of the value of A, Eq. (A4b) is negative.

Proof of Proposition 5

The second derivative of the function 77, gy - (p, ) givenin Eq. (10) with respect to } for the manufacturing-only

system with an EM setting can be expressed as:
2

0
_ﬂ-mo,EM,zk_] (p9 2,/)

oy’
0
:a_Dmo (p, Z)(Cmo,EM,z () - Cmo,EM,1(Z))
X
[© oz L [Foundr
=D, (p, ¥)(s +cO(z(x))e ™" +h(1+6(7(x)) J e’ dr)). (ASa)
From Eq. (12b), the Eq. (A5a) can be simplified into: B
82
a_f”mo,EM,zk,l (p’ Z)
j'j O(z(1)dz(t) t jla(r(u))dr(u)
=—D, ,(p, ¥)(s +cO(t(x))e ™" +h(1+6(7(x)) J e’ dr)). (ASb)
O(t(u))dr(u)

V4 z
Since D_ (p, %) >0 for p>0, I eI‘ dt >0 for ¥ >z, ,, and all parameters s, ¢, b, and 8(7(}))

Zk-1

are non-negative, Eq. (A5b) is negative.
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Proof of Proposition 6

Proposition 6 can be proved in a similar way to Proposition 3.
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