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Abstract. This paper discusses risk management regarding the uncertainties in product demand and collectable
quantity of used products occurring in green supply chain(GSC)’s operations and clears how two uncertainties as
risks affect the optimal operation in a GSC with a retailer(R) and a manufacturer(M). R pays an incentive for
collection of used products and sells a single type of products in a market during a single period. M produces an
order quantity of products using recyclable parts with acceptable quality levels and covers a part of R’s incentive
as to the recycled parts. R faces the uncertainties in the product demand and the collectable quantity. Mean-
variance analysis is conducted forthree risk attitudes on two uncertainties: risk neutral attitude, risk-averse attitude,
risk-prone attitude. The optimal decisions for product order quantity, sale price, maximum collection quantity,
unit collection incentive and lower limit of quality level are determined under the decentralized GSC(DGSC) and
the integrated GSC(IGSC). DGSC optimizes each member’s utility function, meanwhile IGSC does the whole
system’s. The analysis numerically illustrates how three risk attitudes affect the optimal operations in a GSC. The
benefit of supply chain coordination adopting Nash Bargaining solution to shift from DGDC to IGSC is discussed.
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1. INTRODUCTION

From social concerns about 3R (reduce, reuse, recycle)
activity worldwide, it is urgently-needed to construct a green
supply chain (GSC) from collection of used products through
recycling of them to sales of the products using the recycled
parts (Schenkel et al., 2015; Cannella et al., 2016). In general,
it is considerable for the systemoperation in a GSC to face the
uncertainties in demand ofa single type of products and quality
of a single type of used products collected from a market. The
following previous papers: Aras et al. (2004), Ferguson et al.
(2009), Kusukawa and Alozawa (2015) and Zikopoulos and
Tagaras (2015) verified how the uncertainties in product
demand and the quality of the used products affected the
optimal operation and the expected profits in a GSC. The
incorporation of the game theory into supply chain
coordination in a GSC have been discussed by Nagarajan and
Sosic (2008), Hong et al. (2015), Ghosh and Shah (2015),

Kusukawa and Alozawa (2015). Those previous papers
mentioned above determined the optimal operations in a GSC,
which maximized the expected profits of a retailer, a
manufacturer, and the whole systemin the GSC. This implies
that the above papers don’t consider the effect of variance of
the individual profit on the optimal operation in a GSC.

In order to solve this above problem, mean-variance
analysis (Choi et al., 2008; Chiu and Choi, 2016) is
incorporated into the optimal decision for a single type of
products to sell in a single period. The motivation of this paper
is to incorporate mean-variance analysis on the uncertainties in
product demand and the collectable quantity of the used
products into the modeling and the theoretical analysis in a
GSC, and determine the optimal operation. Concretely, this
paperdiscusses riskmanagement regarding the uncertainties in
product demand and collectable quantity of the used products
occurring in GSC’s operations and clears how two
uncertainties as risks affect the optimal operation in a GSC



with aretailer (R) and a manufacturer (M). R pays an incentive
for collection of the used products from customers and sells a
single type of products in a market during a single period. M
produces an order quantity ofthe products using the recyclable
parts with acceptable quality levels and covers a part of the R’s
incentive as to the quantity of the recycled parts. R faces the
uncertainties in the product demand and the collectable
quantity. Mean-variance analysis is conducted for three risk
attitudes regarding two uncertainties: risk neutral attitude, risk-
averse attitude, risk-prone attitude. The optimal decisions for
the product order quantity, the sale price, the maximum
collection quantity, the unit collection incentive and the lower
limit of quality level are determined under the decentralized
GSC (DGSC) and the integrated GSC (IGSC). DGSC
optimizes each member’s utility function, meanwhile 1GSC
does the whole system’s. The analysis numerically illustrates
how three risk attitudes affect the optimal operations in a GSC.
The benefit of supply chain coordination (SCC) adopting Nash
Bargaining solution to shift from DGDC to IGSC is discussed.

The contribution of this paper provides the following
managerial insights that (i) the optimal operation in a GSC
should be determined as to risk attitudes introduced into not
only the product demand but also the collectable quantity of
the used products: risk-neutral attitude which maximizes the
expected profits in a GSC, risk-averse attitude and risk-prone
attitude which maximize the utility function with the
expectation and variance of profits in a GSC, (ii) supply chain
coordination should be conducted by taking balance between

the expected profits of R and M using Nash bargaining solution.

2. MODEL DESCRIPTIONS

First, the operational flow of a GSC is discussed. A GSC
consists of a retailer (R) and a manufacturer (M). The
operational flow of the GSC consists of the transfer from the
collection of a single type of used products through recycling
the used products into a single type of recycled parts to sales
of a single type of products produced from both the recycled
parts and new parts in a single period. This paper focuses ona
single type of products such as consumer electronics (mobile
phone, personal computer), semiconductor, and electronic
component.

(1) R pays the unit collection incentive ¢ to collect the used
products from consumers under the maximum collection
quantity S, of the used products.

(2) Unless the collectable quantity Xr of the used products
exceeds Sr,all theused products Xr are delivered to M at the
unit cost ct. R incurs the opportunity loss cost Cc per used
products which exceeds S, and are not collected. R incurs
the unit shortage penalty cost Sw of the used products which
does not satisfy S;.

(3) M disassembles the used products and inspects all the
recyclable parts with the unit cost ca. After that, M classifies

therecyclable parts into quality level ¢(0</<1). Thelower
limit of quality level u (0<u<1) for the recyclable parts
is optimally determined. M remanufactures all the
recyclable parts with quality level [ more than u. M
disposes all the recyclable parts with the lower quality level
than u with the unit cost cq.

(4) As areward for R’s cooperation to M’s recycling activity,
M pays compensation R(t) to R’s collection costs ofthe used
products based on the unit collection incentive t as to the
quantity of the recycled parts.

(5) The unit collection incentive ¢ and the product order
quantity Q of a single type of products to M are optimally
determined under the uncertainties in the collectable
quantity and the product demand. R orders the order
quantity Q from M.

(6) M produces the products at the unit cost ¢ to satisfy the
order quantity O from R. R orders the order quantity O of a
single type of products from M. If the required quantity of
parts to produce Q is unsatisfied with the quantity of the
recycled parts, M procures the required quantity ofnew parts
at the unit cost ¢, from an external supplier.

(7) M sells the quantity O of the products to R at the unit
wholesale price w.

(8) R sells the products in a market with the unit sale price p
during a single period. R incurs the unit inventory holding
cost hr of the unsold products, while R incurs the unit
shortage penalty cost sc of the unsatisfied product demand.

Next, model assumptions in a GSC is shown.

1) The product demand from consumers x iS uncertain. x is
modeled as x=D(p)+¢, . D(p) is the expected amount of
the product demand and is a monotone decreasing function
in terms of p. &4 is the additional variation and follows the
normal distribution N 0,05‘).

2) The collectable quantity Xr is uncertain. Xy is modeled as
x, =A(t)+e,. A(t) is the expected amount of the collectable
quantity and is a monotone increasing function in terms of'z.
From the aspect of the R’s profit, the feasible range of ¢ is
0<t<t,<p. €ais the additjonal variation and follows the
normal distribution N 0,053

3) ed and ¢a are independent each other.

4) Theunit of a single type of recyclable parts is extracted from
the unit of a single type of used products. M remanufactures
a single type of products using a single type of recyclable
parts with acceptable quality levels.

5) The variability of quality level ! ofthe recyclable parts is
modeled as a probabilistic distribution with the PDF  q(¢) .

6) The unit remanufacturing cost ¢, (¢) oftherecyclable parts
with the quality level [ varies as to the quality level
¢ (0<¢<1). Thelower quality level [ is,thehigher the unit
remanufactured cost c,(¢) is. Here, (=0 indicates the
worst quality level of the recyclable parts, meanwhile /=1
indicates the best quality level of the recyclable parts. Thus,
c,(¢) is a monotone decreasing function in terms of /.



Note that each quality of the recycled parts produced from
therecyclable parts is as good as that of new parts produced
from new materials.

7) The unit wholesale price W is calculated from the unit
procurement cost ¢, of new parts, the unit production cost cx
of'the products, and the unit margin m, from wholesales.

3. EXPECTATION AND VARIANCE OF PROFITS
INAGSC

From section 2, the retailer(R)’s profit consists of the
collection cost of the used products from consumers, the
delivery costof the used products to the manufacturer (M), the
opportunity loss cost of the used products which exceeds the
maximum collection quantity, the shortage penalty cost of the
used products which is unsatisfied with the maximum
collection quantity, the compensation revenue of collection of
the used products, the product sales, the procurement cost the
of products, the inventory holding cost of the unsold products,
and the shortage penalty cost for unsatisfied product demand
in a market. Taking expectations of the productdemand x and
the collectable quantity of used products xr, the R’s expected
profit E[z,(Q,p,S,.t,u)] for O, p,S,, tandu canbe derived as

E[7,(Q.p.S,.Lu) }z{—t—ct+R(t)j:q(€)d€}S,
_{—t—ct +R(t)j:q(€)d€+sw} E[S, -x| -c.E[x -S.]

+(p_W)Q_(p+hr>E[Q_X]+_ScE[X_Q]+- )

Here, E [Q - X]+ indicates the expected excess quantity ofthe
products when Q> X, and can be derived as
+ Q-D(p)
E[Q-x] = JLD(p) Fy(g4)ds, - (2)

E[X—Q]+ indicates the expected shortage quantity of the
products when Q<X, and can be derived as

E[x-Q]" =D(p)-Q+ [ ()p)Fd(gd)dgd. 3)

E[Sr - Xr] indicates the expected excess quantity of the used
products when S, > x,, and can be derived as

E[Q-x] = [ 7F (5)dz - @

E[Sr -X ]+ indicates the expected shortage quantity of the
used products when S, <X, , and can be derived as

E[x, —S,] = A(t)-S, +f;(’:(‘)ea(ga)dga. (5)

From Egq. (1), variance of the R’s profit for Q, p, S, tand u can

be derived as
V[ (Q. 0.5, tu)]=2(Q-D(p)]

x{(p+hr) -8l +sc(p+hr+sc)}'[_9;(2<)p)

Q-D(p)
+2{SC2 —(p+h, )Z}j_D(p)p g4Fy (84)de,

_ 2
~(p+h +s,) {I?D(Zip) Fy (&4 )dgd} +sL V[, ]

Fy (&4)de,

S, —A(t)

+2{Sr—A(t)}{kf—cf+cc(kl+cc)}J:A(t) G, (¢,)de,

r2fet -k} e, (e, e,

2 [ [Se-Al) 2,
~(re {506 (s ) dan etV 2], ©)
k =-t-c +R(t)[ a0l +s,. 7)

From section 2, the M’s profit consists ofthe disassembly
and inspection costs of the used products, the remanufacturing
cost of the recyclable parts, the disposal cost of un-recycled
parts, the compensation cost, the procurement cost of new parts,
the production cost ofthe products, and the product wholesales.
Taking expectations of x and Xr, the M’s expected profit

E[7,(Q,p,S,.t,u)] for O, p, S t and u canbe derived as

E[ 7y (Q.p.S,.t.,u ]z—{ca+rc

+R(t jq d€+cdj'q £)de- cJ'q }

{c +j d€+R()j q(0)de

+ch' q(¢)de- c.[q } E[S, —x]
—-C¢,Q-C,Q+wQ. (®

From Eq. (8), variance of the M’s profit for Q, p, S», ¢t and u can
be derived as
s,.t0)]={e, + [ (

V[z, (Q P,
+R(t)[a(r)de+c, [ e)de—cnjuq(é)de}2
X[z{s,—A(t)}jsAA G(z,)de,
~2f* "2,6(2,)dz, —{js;(:(”e(ga)dga}z] ©)

As the sumof both members’ expected profits in Eqs. (1)
and (8), the expected profit of the whole system (S)
E[7,(Q,p,S,.t,u)] for O, p, Sr, t and u is obtained as

[ﬂS(Q pSr' ! )]

=E[7(Q p.S,.t,u)|+E[ 7, (Q.p.S, t.u)] (10)
=pQ-c,Q-¢Q
—(p+h ) E[Q—x] —s.-E[x-Q]
+k,S, = (s, +k,)-E[S, x| -¢.-E[x.-S,] . (11)
-c, —jlc (O)a(¢)de—c,
—cd.f q(¢)de+c _[ q(e (12)

From Egs. (1), (8), (11) and (12), variance of the S’s profit for
0, p, Sr,t and u can be derived as



V7 (Q p.S, tu)]
=2{Q-D(p)}{(p+h ) -5 +5. (p+h +5,)]

Q-D(p)
X IﬁD(p) F, (g4 )de,

Q-D(p)
+z{s§ —(p+h,)2}ij(p)" £Fy (24)de,

Q-0(p) 2
_( p+h, +Sc)2 {JlD(p)p F, (Ed )dsd} +sc2 Vv [gd]

+2{Sr - A(t)}{(k2 "'Sw)2 _Ccz +C, (kz + Sy +Cc)}
S, —A(t)
XJ-_A(‘) G, (&, )de,
S, —A(t)

valel ~(k+s, [ 68 (e)de,

S, —A(t)

~(krs, e {7 Ga(ga)dga}2+cf~v[ga]. (13)

4. MEAN-VARIANCE ANALYSIS OF PROFITS IN
A GSC FOR TWO UNCERTAINTIES

Mean-variance analysis (Choi et al., 2008; Li and Cai,
2009) is conducted for individual profits in a GSC with the
uncertainties in the product demand and the collectable
quantity of the used products. Concretely, by using utility
functions of a retailer (R), a manufacturer (M), and the whole
system(S) in a GSC, the risk analysis is conducted for three
risk attitudes regarding two uncertainties mentioned above :
risk-neutral attitude (N), risk-averse attitude (A), and risk-
prone attitude (P). The attitude N makes a decision without
consideration of variance of profit in a GSC. The attitude A,
with negative consideration of variance of profit in a GSC,
hopes to stabilize the profit. The attitude P, with positive
consideration of variance of profit in a GSC, weighs heavily
improvement in chances to generate large profit rather than
stability of the profit. Therefore, utility functions of member
(e{R.M,s}) in attitude j(e{N,AP}) for O, p, S, ¢ and u
are defined as

U[ T mper (Q1 P, S, 1, U)J(j {N,AP},member € {R,M,S})
- E|: 7T member (Q p’Sr’tlu):|+7/d V[ﬂ.r:.]ember (Ql p)]

+7aV|: member(S tU):| (14)

Here, j.(ked,a) denotes a degree of risk attitude.
Accordingly, y,=7,=0 indicates the risk-neutral attitude
(=N), 7,<0, y,<0 indicates the risk-averse attitude (j=A),
and y, >0, y, >0 indicates the risk-prone attitude (j=P).

5. OPTIMAL OPERATIONS UNDER DGSC

In decentralized GSC (DGSC), the optimal decision
approach for the Stackelberg game (Nagarajan and Sosic,
2008) is adopted. This paperregards a retailer (R) as the leader
of the decision-making under DGSC and a manufacturer (M)

as the follower of the decision-making of R under DGSC. R
determines the optimal order quantity Q) (j{N,AP}), the
optimal sale price p! , the optimal maximum collection
quantity S andtheoptimal unit collection incentive tJ so
as to maximize the R’s utility function in Eq. (14) in risk
attitude j (e {N,A P}). M determines the optimal lower limit
of quality level u! soastomaximize the M’s utility function
in Eq. (14) under QJ, p), S, and t} .The procedures for
the optimal decisions (Q},p,.S,.,ti,ui) under DGSC in
attitude j (e {N,A P}) are shown hereinafter.

5.1 Optimal Operation in Attitude N

[Step 1] The R’s expected profit in Eq. (1) is the concave
function in terms of O under p. Determine the provisional
order quantity QJ (p) underp as

N S -WHp+s,
Q (p)=D(p)+F, [p+hr+sc]' (15)
[Step 2] From Eq. (1), Q}(p) under p are unaffected by Sy, ¢
and u. Find the optimal combination of the order quantity and
the sale price (Qy,py) to maximize the R’s expected profit
in Eq. (1) though numerical search. By changing p, satisfying
conditions p>0 and D(p)>0 , QY(p) and p are
substituted into Eﬂ %1; under Sr, t and u. The optimal
combmaton (pD +Po can be determined as
& (p),p> which _maximizes the R’s expected profit
7o(Q) p|St,t U] in Eq. (1) underS;, t and u.
[Step 3] The R’s expected profit in Eq. (1) is the concave
function in terms of S, under ¢ and u. Determine the
provisional maximum collection quantity S} (t,u) under ¢
and u as

R() [ q(¢)dr-t—c +c,
R(t)j:q(/é)dﬂ,—t—ct +C, +S5,

1
if the condition R(t)J'uq(é)M >t+c—(c +s,) is satisfied.
[Step 4] The first order derivative of the M’s expected profit in
Eq. (8) in terms of u under Qs Py, S.h(tu) andtis

dE[ﬂ'M (u)1Q5. Py, S, (t,u), ]/du
[5 17 6, (e, e, | a(u) e () + RO, o)

From model assumption 6) in section 3, ¢, (u) is a monotone
decreasing function in terms of u. Determine the provisional
lower limit of quality level uf(t) under?soas to satisfy the
following condition

¢, (u)+R(t)—c,—c,=0. a7
u satisfying Eq. (17) is obtained as uj(t). From Eq. (17),
uy (t) is affected by ¢.

[Step 5] s,5(t,u), uj(t) and ¢ are unaffected by Q and p.
Find the optimal combination of the unit collection incentive,
the maximum collectlon quantity and the lower limit of
quality level (tD ,SrD, D) to maximize the M’s expected

S,p (t,u)=A(t)+G,*

(16)



profit by changing ¢ in Eq. (8) though numerical search. By
varying 7 within the range where 0<t<t,,?, s}(t,u),and
ub(t) are substituted intoEq (1) under QN and p). Th
optimal combination g (NtD2 rD( HATIN D))) can be
determined as (t,u[“,(t), poltu )3 which maximizes the
R’s expected profit E[;rR t,uy (t),SrD(t,u ))‘QD,pD} in
Eq. (1) under Q) and p}.

(¢}

5.2 Optimal Operations in Attitudes A and P

The optimal decision procedures under DGSC in attitudes

A and P are provided as follows:

[Step 1] The optimal decisions for Q and p in attitudes Aand P
are unaffected by S, t and u. Find the opgimal combjnation
of the order quantity and the sale price (QD’ poj an p;j
so as to maximize the R’s utility function in Eq. (14) when
y4 <0 inattitude A and y, >0 in attitude P by numerical
calculation and the numerical search.

[Step 2] The optimal decisions for S, ¢ and  in attitudes A and
P are unaffected by Q and p. Find the optimal combination of
the unit collection incentive, the maximum collection

.. . A A A

uantlty nd the lower limit of quality level (S,D.tgluj ,
?SrD,tD,U j when y,<0 in attitude A and »,>0 in
attitude P by numerical calculation and numerical search.
Concretely, first, find and record u under each S,, and 7 so as
to maximize the M’s utility function. Next, find the S, and ¢
from recorded combinations so as to maximize the R’s utility
function.

6. OPTIMAL OPERATIONUNDER IGSC

In integrated GSC (IGSC), theoptimal decisions for Q/,
pi, S, t and u/ are made so as to maximize the utility
function of the whole system(S) in Eq. (14) in risk attitude
i(e{N.AP}). The procedures for the optimal decisions
(Q!,p},S,it},u}) underIGSC in attitude ] are shown below.

6.1 Optimal Operation in Risk Attitude N

[Step 1] The S’s expected profit in Eqs. (11) and (12) is the
concave function in terms of Q under p. Determine the
provisional order quantity Q' (p) underp as

N o[ —C,—C,+p+s,
Q' (p)=D(p)+F, ( oih s, j
[Step 2] From Egs. (11) and (12), QY(p) under p are
unaffected by S, ¢ and u. Find the o t1ma1 ombination of

order the quantity and the sale price ()Q| Py ‘j to maximize
the S’s expected profit in Egs. (11) and (12) though numerical

search. By changing p, satisfying conditions p>0 and

D(p)>0, Q(p) and p are substituted into Eqs. (11) and

under Sr, t and u. The opti inati

(12) | combination
( |( )D|N) can be determined as ZQBI (P).p)  which

(18)

maximizes the S’s expected profit [ﬂs @Q'(p |St|t U]
under S,, ¢ and u.

[Step 3] The S’s expected profit in Eqs. (11) and (12) is the
concave function in terms of S, under # and u. Determine the
provisional maximum collection quantity s M (t,u) under ¢

and u as
S (tu)= A(t)+Ga’1(k3/(k3+sw)), (19)
ks =~t-c,~ [.c,(Na(0)dr

—Cy Iouq(€)d€—ca Jrc,1.[:q(€)d€+cC (20)

if the condition
1 1 u
¢, [ aOde>t+c+ [ ¢ (Oade+c, [ ade+c, - (c. +s,)

is satisfied.
[Step 4] The first order derivative of the S’s expected profit
Egs. (11) and (12) foruunder Qs p', S.M(tu) andtis

dE[ 7 (u)[QY, .S, (t.u),t]/du
=[5, [ 6, (0,)d5, o) e, (0) ¢, ¢,

As with DGSC, determine the optimal lower limit of quality
level ul' soas to satisfy the following condition

¢ (u)—-c4—c,=0. (21)
u satisfyin . (21) is obtained as u}®

[Step 5] S tuj , u} and ¢ are unaffected by O and p.
Find the optimal combination of the unit collection incentive
and the maximum  collection quantity (t',S,)') tomaximize
the S’s expected profit by changing 7 in Eqs. (11) and (12) by
numerical search. By varying ¢ within the range where
o<t<t,,tand S (t) aresubstitutedinto Eqs.(11) and (12)
under Q" , p' and u/ . The optimal combination
(1.8 (t")) can be determined as (t,S,'(t)) which
maximizes the S’s expected profit
E[;zR (ts) (), p,”,u,”} under Q", p!' and u)'.

6.2 Optimal Operation in Attitudes A and P

The optimal decision procedures under IGSC in attitudes

Aand P are provided as follows:

[Step 1] The optimal decisions for Q and p in attitudes Aand P
are unaffected by S, t and u. Find the optimal combinations
of the order quantity and the sale price (Q,A p,A) , (Q,P, p,P)
so as to maximize the S’s utility function in Eq. (14) when
7, <0 in attitude A and y, >0 in attitude P by numerical
calculation and the numerical search.

[Step 2] The optimal decisions for Sy, zand u in attitudes A and
P are unaffected by Q and p. Find the optimal combination of
the unit collection incentive, the maximum collection
quantity and the lower limit of quality level (S,, At A)
(Srlp,t u, ) so as to maximize the S’s utility function in Eq.
(14) When 7. <0 in attitude A and y,>0 in attitude P by
numerical calculation and the numerical search.



7. SUPPLY CHAIN COORDINATION

As supply chain coordination (SCC) to guarantee the
profit improvement for each member under IGSC, theeffect of
profit sharing approach on the expected profit of each member
for the optimal decision as to attitude j(e{N,AP}) under
IGSC is discussed. In this paper, the unit wholesale price w/
and compensation per used product Ri(t) are coordinated
between both members as to attitude j under IGSC. w and R(¢)
are set as w=w(m,)=c,+cp+m, and R(t)=(1+a)t. The
degree a of compensation and the margin m, for wholesale per
product are coordinated as o/ and m./" by adopting the Nash
bargaining solutions (Nagarajan and Sosic, 2008) as to attitude
junder IGSC. w’/ and RI(t) are calculated by substituting ¢/ and
md"N into w and RI(t). &V and m,/" are determined so as to
maximize Eq. (22) satisfying the constrained conditions in Egs.
(23) and (24):

Max T (™, ml ) ={E™ [z, (@™, m)"
—E'[7a (M, |Q3 P5. S, 15, U)T}
x{E™ [y (alema{N Qlj’ p|j’sr|j ’tlj’ulj )]

Q. Py, S th U}, (22)

Q|j! pIJ’SrIJ ltIj’ulj)]

- Ej [ﬂ.M (a’ ma
subject to
EN[z, (a'N,ma{N Q. pl,s,)tul )]

—E'[z5 (., Q3. pb.S,5,15, U4 150, (23)
EjN [ﬂ-M (aJN ! ma{N |QIJ ! plJ ! SrIJ ’tlj 'ulj ]

-E'[n, (a,ma|Q,§,pé,Sré,té,ué)]>0 : 24)
Egs. (23) and (24) are the constraint conditions to guarantee

that the expected profit of each member in attitude j under
IGSC with SCC is always higher than that under DGSC.

8. NEMERICAL EXPERIMENTS

The analysis numerically illustrates how the risk attitude
affects the optimal decisions of the order quantity, the sale
price, the maximum collection quantity of the used products,
the unit collection incentive and the lower limit of quality level
under DGSC and IGSC. The optimal operation and the
expected profits under DSGC are compared with those under
IGSC. Supply chain coordination to enable the shift of the
optimal operation under IGSC from that under DGSC is
discussed. The unit wholesale price and the compensation are
coordinated between a retailer (R) and a manufacturer (M)
under IGSC, by adopting Nash Bargaining solution.

8.1 Numerical Examples

The numerical examples are provided as s, =175,
h =15, ¢ =1, s,=1, ¢,=1, c¢,=1, ¢=1, ¢ =35,
c,=2, m,=15. D(p) and ¢, are set at D(p)=1500-5p
and £,?=300.A(t) and £? aresetat A(t)=100+50t and
£, =30. The unit remanufacturing cost of the recyclable parts

with quality level ¢ is setas c (¢)=40(1-0.9¢). «=07 is
set form the aspect of the profits of R and M.

The quality distribution of recycle parts with ¢(0</¢<1)
is modeled by using the beta distribution B(¢|a,b) with
parameters aand b. Here, the case B(¢[L,1) where each quality
of the recyclable parts is uniformly distributed are used. When
parameters a and b vary, a variety of quality distribution of
recycle parts with ¢ (0<¢<1) is expressed.

8.2 Results of Numerical Analysis

8.2.1 Effect of Risk Attitude on the Optimal
Operations and the Expected Profits under DGSC
and IGSC

The effect of the degree of risk attitude y,(ked,a) on
the optimal decisions for the order quantity, the sale price, the
maximum collection quantity, the unit collection incentive, the
lower limit of quality level and the expected profits under
DGSC and IGSC are discussed. Table 1 shows the effect of
7, on decision variables under DGSC and IGSC. Table 2
shows the effect of », on the expected profits of R, M and
the whole system(S) under DGSC and IGSC.

From Table 1, the following results can be seen.

e The higher y, is, the more optimal order quantities are
under DGSC and IGSC. Accordingly, y, <0 indicates
that a decision-maker with attitude A tends to decrease the
optimal order quantity, while », >0 indicates that she
with attitude P tends to increase it under DGSC and IGSC.

e The optimal sale prices under DGSC and IGSC few change
depending for y, .

e The higher y, is, the more optimal maximum collection
quantities under DGSC, but that under IGSC are not
affected by 1, .

e The higher p, is, the less optimal unit collection
incentives under IGSC, but that under DGSC are few
affected by , .

o y  few affects the optimal lower limit of quality level.

From Table 2, the following results can be seen.

e Thehigher y, is, the expected profits of R under DGSC,
M and S underDGSC and IGSC tend to decrease.

e The expected profits of R under DGSC and IGSC, and S
under IGSC are quite low when y, =5.0x10"°. Therefore,
it is necessary for R under DGSC and IGSC, and a policy
maker of S under IGSC with attitude P to estimate carefully
the degree y, ofrisk attitude.

8.2.2 Comparisons of Optimal Operations and
Expected Profits under DGSC and IGSC

The optimal decisions forthe order quantity, the sale price,
themaximum collection quantity, the unit collection incentive,
and the lower limit of quality level under DGSC are compared



Table 1: Effect of the degree of risk attitude », on decision variables

Risk | Degree of risk attitude Q p Sr t u
attitude | 4, (Qp) | 7. (Srtu) | DGSC | IGSC | DGSC | IGSC | DGSC | IGSC | DGSC | IGSC | DGSC | IGSC
A -1x10 -0.01 721 794 178 179 222 340 2.74 5.03 240 111
-1x106 -0.005 872 957 177 169 221 347 2.74 4.94 240 111
N 0 0 887 973 177 169 219 367 2.74 4.63 240 111
p 5x107 0.0005 894 980 177 169 219 369 2.74 4.57 240 111
5x10® 0.05 965 1051 177 169 207 317 2.93 2.50 249 111
Table 2: Effect of the degree of risk attitude », on expected profits
Risk Degree of risk attitude Retailer Manufacturer Whole System
attitude 7, (Q,p) 7, (Sr,tu) DGSC IGSC DGSC IGSC DGSC IGSC
A -1x10 -0.01 45371 47824 12626 13158 57997 60982
-1x10°6 -0.005 48433 48584 14885 15893 63318 64477
N 0 0 48468 48019 15098 16497 63566 64516
p 5x10”7 0.0005 48460 48150 15203 16426 63663 64576
5x10°6 0.05 47548 45968 16149 17686 63697 63654
Table 3: Effect of supply chain coordination on the expected profits under IGSC
Risk Degree of risk attitude R’s expected profit M’s expected profit SCC
attitude 7, (Q,p) 7. (Sr,t,u) DGSC IGSC (SCC) DGSC IGSC (SCC) Mg a
A -1x105 -0.01 45371 | 46987(+1616) 12626 14247(+1621) 14.9 0.11
-1x10°6 -0.005 48433 49030(+597) 14885 15492(+607) 13.6 0.10
N 0 0 43468 48976(+508) 15098 15619(+521) 135 0.14
P 5x107 0.0005 48460 48916(+456) 15203 15669(+466) 13.4 0.10

with those under IGSC.
(i) The optimal decisions for order quantity and sale price
From Table 1, it is verified that the optimal order quantity
under DGSC tends to be larger than that under IGSC. There
are few differences of the amount of change for y,(ked,a)
between DGSC and IGSC.
The optimal sale price under IGSC is higher than that

under DGSC. The optimal sale price few changefor y, .

(i) The optimal decisions for maximum collection quantity,

unit collection incentive and lower limit of quality level

From Table 1, the following results can be seen:

e The optimal maximum collection quantity under IGSC is
larger than that under DGSC in any y(ked,a) .
Therefore, the shift to IGSC promotes the collecting
activity.

e The optimal unit collection incentive under IGSC is higher
than that under DGSC. Therefore, the shift to 1GSC
promotes the collecting activity.

e The optimal lower limit of quality level under IGSC is
lower than thatunder DGSC in any y, . It means increment
in remanufacturing ratio. Therefore, the shift to IGSC
promotes the remanufacturing activity. Moreover, the
optimal lower limit of quality level under IGSC is

unaffected by y,(ked,a).
(iii) The expected profits of R, M, and S

From Table 2, it can be seen the S’s expected profit under
IGSC is higher than that under DGSC except for
74 =50x10"° and 7, =0.05. When y, =5.0x10"° and », =0.05,
the S’s expected profit under IGSC is lower than that under
DGSC due to maximization of the S’s utility function. In this
case, the shift from the optimal operation under DGSC to that
under IGSC shouldn’tbe conducted.

Also, under the situation where the S’s expected profit
under IGSC is higher than that under DGSC, even if the M’s
expected profit under IGSC is higher than that under DGSC,
the R’s expected profit under IGSC is lower or slightly higher
than that under DGSC. Under the situation, supply chain
coordination is incorporated into IGSC to guarantee the
increase of the expected profit of R and M under IGSC.

8.2.3 Effect of Supply Chain Coordination on the
Expected Profits under IGSC

Incorporating supply chain coordination (SCC) into IGSC,
the unit wholesale price and the degree of compensation for the
unit collection incentive are adjusted as Nash bargaining



solutions by Eqgs. (22)- (24) in Section 7. Table 3 shows the
effect of SCC on the expected profits under IGSC. From Table
3, it can be seen that SCC can guarantee that the expected
profits of R and M under IGSC are higher than those under
DGSC when the S’s expected profit under IGSC is higher than
that under DGSC. Therefore, it is verified that the
incorporation of SCC into the optimal operation under IGSC
enables to shift from DGSC to IGSC, when S’s expected profit
under IGSC is higher than that under DGSC.

9. CONCLUSIONS

This paper discussed risk management regarding the
uncertainties in productdemand and collectable quantity of the
used products occurring in green supply chain(GSC)’s
operations and cleared how two uncertainties as risks affected
the optimal operation in a GSC with a retailer(R) and a
manufacturer(M). R paid an incentive for collection of the used
products from customers and sold a single type of products in
a market during a single period. M produced an order quantity
of the products using the recyclable parts with acceptable
quality levels and covered a part of R’s incentive as to the
quantity of the recycled parts. R faced the uncertainties in the
product demand and the collectable quantity. Mean-variance
analysis was conducted for three risk attitudes regarding two
uncertainties: risk neutral attitude, risk-averse attitude, risk-
prone attitude. The optimal decisions forthe order quantity, the
sale price, the maximum collection quantity, the unit collection
incentive and the lower limit of quality level were determined
under the decentralized GSC(DGSC) and the integrated
GSC(IGSC). DGSC optimized each member’s utility function,
meanwhile IGSC did the whole system’s. The analysis
numerically illustrated how three risk attitudes affected the
optimal operations in a GSC. The benefit of supply chain
coordination adopting Nash Bargaining solution to shift from
DGDC to IGSC was discussed. Results of theoretical analysis
and numerical analysis in this paper verified the following
managerial insights: (1) the optimal operation in a GSC should
be determined as to three risk attitudes introduced into notonly
the product demand but also the collectable quantity of the
used products: risk-neutral attitude which maximizes the
expected profits in a GSC, risk-averse attitude and risk-prone
attitude which maximize the utility function with the
expectation and variance of profits in a GSC , (II) supply chain
coordination should be conducted by taking balance between

the expected profits of R and M using Nash bargaining solution.

(1) the optimal decision for unit collection incentive and
lower limit of quality level of the used products is unaffected
by risk attitudes for the uncertainty in product demand when
the uncertainty in product demand is independent of that in
quality of the used products.

As future researches, it will be necessary to incorporate
the following topics into a GSC model in this paper:
e Adding new frameworks of a GSC to encourage the

collection and the remanufacturing of used products,
e The situation where the multiple types ofthe used products
and the products are handled in the GSC.
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