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Abstract

This paper develops an integrated inventory model for a closed-loop supply chain (CLSC) system consisting of a manu-
facturer and a retailer. The demand and the returns of used products are assumed to be stochastic in nature. A carbon tax
policy is implemented to cut down the emissions from transportation, production, and storage. To lessen the emissions from
the operations, the manufacturer invests in green technologies. In addition, the take-back investment is also done by the
manufacturer to increase the number of returned products collected from the market. A mathematical model is proposed
to minimize the joint total cost incurred by the supply chain. An iterative procedure is employed to find the optimal values
of the number of shipments, amount of investments, safety factor, shipment quantity, and the collection rate. A numerical
example and a sensitivity analysis are presented to show the application of the model and to investigate the influence of key
parameters on the performance of the model. The results show that by adjusting the production rate flexibly and setting the
appropriate level of collection rate, the supply chain can maintain the emissions and cost. Furthermore, the green invest-
ment and take-back investment can be used as mechanism to cut down the emissions and to manage the requirement of used

product in the production process.

Keywords Closed-loop supply chain - Take-back investment - Green investment - Carbon tax - Emissions

Introduction

The challenging issue in the supply chain management is the
investigation of carbon emission reduction for achieving envi-
ronmental sustainability. Efforts to reduce emissions need to
be carried out because several important activities in the sup-
ply chain, such as production, transportation, and storage are
sources of carbon emissions. To lessen the emissions, regu-
lators often implement a strict carbon regulation on carbon
emitters. One of the carbon regulations that has been success-
fully implemented in many countries to reduce the emission
rates is a carbon tax. For example, China already has a plan
to reduce its carbon emissions by 2030 to 68% below 2005’s
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emission level and Canada has a plan to reduce emissions
by 30% below the 2002 emission level (Bai et al. 2020). The
regulators’ policies on carbon reduction have brought pres-
sure on manufacturers. Hence, the manufacturers seek ways to
reduce the emissions from their operations by making a green
investment. Green technologies that are proven to generate
less emission are adopted and used in various operations.
The governments also encourage the manufacturers to
manage their end-of-life products. In some countries, regu-
lators often use take-back regulations to push the manu-
facturers to take back a proportion of products sold to end
customers. This puts pressure on companies to implement
CLSC management in their operations. To deal with such
regulation, the manufacturers seek strategies to increase the
number of used products collected from the market. One of
the best strategies is to make investment in collection efforts.
With this investment, companies can carry out promotions
to increase consumer’s willingness to return used products.
In fact, the returns of used products from end customers
are generally stochastic. Consequently, the efforts on used
products collection become more complex and should be
synchronized with remanufacturing requirements.
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The manufacturers’ decisions on adopting green tech-
nologies and making investment in collection efforts will
influence the inventory decisions in CLSC. The decision
on how much money to be invested in green technologies
and collection efforts must be synchronized with decisions
made by other supply chain’s parties. A joint economic lot
size problem (JELP) was known to be an effective method to
determine the inventory decisions in the supply chain. JELP
is believed to be one of the key success factors in reducing
carbon emissions in the supply chain (Schaefer and Konur
2015). Accordingly, the increasing concerns on environ-
mental protections and reused products from customers and
practitioners have driven the development of JELP toward a
low carbon CLSC. The essence of the model is to coordinate
the inventory decisions among parties involved in the CLSC
by taking into account the carbon emissions.

The first integrated inventory model dealing with carbon
emissions was studied by Wahab et al. (2011). They exam-
ined the impact of carbon emissions and imperfect manu-
facturing system on inventory decisions. Panja and Mondal
(2019) developed a mathematical inventory model for sup-
plier-manufacturer-retailer system and investigated the influ-
ence of delayed in payment and green degree of products on
supply chain performances. Ghosh et al. (2017) proposed a
two-stage inventory model and focused their study on formu-
lating strategy to cut down the emissions from supply chain’s
operations. They proposed a carbon cap regulation to control
the emissions resulting from transportation, production, and
storage. Later, Wangsa (2017) used a penalties and incen-
tives regulation to control the emissions from the supply
chain. Saga et al. (2019) proposed a vendor-buyer inventory
model with stochastic demand and periodic review policy.
The shortages are controlled by a service level constraint
and the emissions are lessened by a penalties and incentives
regulation. Some researchers focused their studies on inves-
tigating the carbon emissions in CLSC system. Sarkar et al.
(2019) proposed a multi attribute CLSC model for returnable
transport packaging with capacity and budget constraints.
The influence of variable aspects of carbon emissions and
transportation is incorporated in the model. Taleizadeh et al.
(20194, b) investigated the technology license and quality
improvement efforts in CLSC system under carbon cap-and-
trade policy. Samuel et al. (2020) formulated a determinis-
tic mathematical model for CLSC comprising of custom-
ers, presorting centers, recycling centers, and refurbishment
centers. They focused on studying the impact of the quality
of returns on CLSC system under carbon-cap-and carbon
cap and trade regulations. Jauhari et al. (2021) developed
a CLSC model for manufacturer-retailer system under sto-
chastic demand and returns. A carbon tax mechanism is used
to control the emissions and take-back incentive is used to
increase the return rate. Furthermore, Konstantaras et al.
(2021) proposed a CLSC inventory model that integrates
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manufacturing, remanufacturing, and repair facilities under
time-varying demand and carbon tax regulation.

The explanation above shows that the policies on car-
bon reduction and used product collection are important for
CLSC to cope with carbon and take-back regulations and to
respond to the customer’s demand on environmental protec-
tions. Our review to CLSC inventory literature reveals that
no research has been done to consider green technologies
investment, take-back investment, and stochastic returns.
Based on this observation, the arising questions are:

a) How the green technologies investment and take-back
investment carried out by the manufacturer influence the
inventory decisions and performance of CLSC?

b) How should a CLSC manage the inventory level to deal
with a stochastic return?

To answer the questions above, we develop a mathemati-
cal inventory model for a CLSC consisting of a manufacturer
and a retailer with green investment, take-back investment,
and stochastic return. A carbon tax regulation is used to
control the emissions from transportation, production, and
storage. Production system is utilized by the manufacturer to
produce new products and to remanufacture used products.
The manufacturer has a chance to control the production cost
and the emissions from production by adjusting the produc-
tion rate.

The remaining sections of this paper are structured as
follows. The “Literature review” section provides a litera-
ture review for relevant papers. The “System description,
notation and assumptions” section shows the description of
investigated system and notation and assumptions utilized
to construct the mathematical model. The “Mathemati-
cal inventory model” section shows the description of the
model development. The “Solution method”, “Numerical
example” and “Sensitivity analysis” sections present the
methodology to obtain the solution, the application of the
model and the sensitivity analysis, respectively. Finally, the
“Conclusions and future research directions” section gives
a conclusion and research directions.

Literature Review
Inventory Models in CLSC

Schrady (1967) was the first to introduce an inventory
model for reverse logistic. He considered instantaneous
rates of manufacturing and remanufacturing and suggested
a procedure to obtain the optimal procurement and repair
lots. The Schrady’s model was then developed by many
scholars by taking into account some different conditions.
Nahmias and Rivera (1979) proposed a deterministic
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model by addressing the capacity restriction for storage
and repair shops and assumed a finite rate of recovery.
Ritcher (1996a, b) formulated an economic order quantity
(EOQ) model for single-stage system with waste disposal
and two types of facilities. The collection of the used prod-
ucts from the market is done in the first facility and the
production and repair processes are done in the second
facility. The investigation on the effect of different holding
cost rates in a system with multiple production/remanu-
facturing cycle policy was done by Teunter (2001). Dobos
and Richter (2004) considered a single-stage inventory
system by addressing a multiple repair system. Further-
more, various works have been done by many scholars for
example, assembly systems (El Saadany and Jaber 2011),
switching cost (El Saadany and Jaber 2008), partial back-
order (Hasanov et al. 2012).

To improve supply chain performance, some scholars
developed inventory models with attention to the collabora-
tion and coordination between parties involved in the CLSC.
Bhattacharya and Kaur (2014) considered different return
policies and investigated their effects on inventory decisions
and system’s performance. Son et al. (2015) analyzed the
impact of information sharing structure on inventory deci-
sions. They formulated a model and assumed that the collec-
tion and remanufacturing rates are stochastic in nature. Giri
and Glock (2017) considered learning process to construct
a manufacturer-retailer model under stochastic demand. The
production and inspection processes are influenced by the
learning process and the returned products collected from
the market and raw materials are processed simultaneously
in the same production facility. Jauhari et al. (2018) proposed
a CLSC made of a manufacturer and a retailer by consider-
ing the effect of learning in production and remanufacturing
and assumed that the production process is imperfect. They
used a multiple cycle policy to formulate the mathematical
model and suggested an iterative procedure to obtain the
solutions that maximize the annual total profit. As’ad et al.
(2019) investigated the influence of replenishment strategies
on lot sizing, shipment and production sequence decisions
in a CLSC under a consignment stock policy. Taleizadeh
and Moshtagh (2019) modeled a multi-stage CLSC with
different markets. The manufactured products and remanu-
factured products are sold to the primary market and sec-
ondary market, respectively. They assumed that the returns
depend on the product’s quality. Thus, as the quality set by
the manufacturer is getting higher, the returned products
will be smaller. Taleizadeh et al. (2019a, b) used a discount
policy for increasing the number of returned products. The
discount is given based on the product’s quality. Dwicahyani
et al. (2020) developed a three-stage CLSC model consider-
ing imperfect production process and rework. The defective
products generated from the production are reworked in a
station and sold to the primary market as new products. The

returned products categorized as unrecoverable are sold to
the secondary market with a discounted price.

CLSC with Carbon Emissions

The growing interest on environmental protection has
pushed the scholars to develop CLSC by addressing the
carbon emissions. Bazan et al. (2015) was among the first
scholars who proposed a sustainable CLSC by accounting
the energy required for production and remanufacturing and
the emissions released from some activities in the inves-
tigated system. They employed a carbon tax regulation to
lessen the emissions from transportation, production, and
remanufacturing. Dwicahyani et al. (2017) analyzed the
impact of energy usage and carbon emission generation in a
two-stage CLSC made of a depot and a distributor. The num-
ber of remanufacturing times is assumed to be finite, and the
collected products classified as unrecoverable are disposed
with a certain cost. Bazan et al. (2017) studied the benefit
of implementing vendor managed inventory and consign-
ment stock in CLSC. They also considered environmental
aspects, such as carbon emissions, energy consumption and
remanufacturing generation and investigated their effects on
system’s performance. The impact of energy consumption
and carbon emissions in multi-echelon system was also ana-
lyzed by Hasanov et al. (2019). They used a reverse channel
containing a disassembly center and remanufacturing center
to manage the returned products collected from the market.

More recently, Mishra et al. (2020) proposed a carbon
cap-and-trade policy to control the emissions from trans-
portation, storage, and order replenishment. Recently, Liao
and Li (2021) proposed a mathematical model to show
how the market uncertainty influences the operation and
remanufacturing processes of a CLSC. They showed that
the proposed model can be used to reduce the carbon emis-
sions and improve the environmental efficiency. Modak and
Kelle (2021) proposed a CLSC by taking into account the
corporate social responsibility and carbon emission tax. A
mathematical model is proposed to find some decision vari-
ables, recycling investment, order quantity, pricing, and the
amount of donations, in order to maximize the total profit.
De and Giri (2020) focused on reducing transportation cost
and carbon cost from various transportation modes under
a capacity restriction. The model addressed some different
policies to lessen the emissions viz. carbon cap, carbon-cap
and-sale, carbon tax and carbon-cap and-purchase. Wang
and Wu (2021) analyzed the impact of used product collec-
tion on emission reduction. A cap-and-trade regulation is
used to control the emissions and two scenarios on product
collections are investigated. In the first scenario, the manu-
facturer collects the products directly from the market and in
the second scenario, the retailer collects the products from
the market.
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Research Gap

The above reviews show that there have been a lot of
research dealing with inventory management in CLSC.
The differences between the proposed model and the pre-
viously published models are described as follows. First,
some CLSC models have been developed to investigate the
impact of carbon reduction on inventory decisions, but none
has studied the influence of adopting green technologies
investment. Previous works, including Bazan et al. (2015),
Dwicahyani et al. (2017), and Mishra et al. (2020) mostly
considered some carbon regulations, such as carbon tax and
carbon cap and trade, to control the emissions from sup-
ply chain’s operations and neglected the role of green tech-
nologies in reducing the emissions. In the proposed model,
investment on green technologies is incorporated and used
as an effective way to cut down the emissions from manu-
facturer’s operations. Second, in contrast to most previous
models that considered a fixed production rate, the proposed
model adopts production rate adjustments as mechanism to
control both emissions from production and production cost.
Further, the amount of emissions from production and the
production cost are linked to the production rate. Third, in
the proposed model, collection rate is set as decision varia-
ble and can be controlled by investment on collection efforts.
In addition, its relation to the used product’s storage is also
investigated. The previous works mostly treated the collec-
tion rate as a fixed parameter and its relation to the used
product’s storage was neglected.

System Description, Notation,
and Assumptions

System Description

The system under investigation consists of a manufacturer
who produces new items and remanufactures used items and
a retailer who sells items to the market. The retailer orders
a lot size of nQ items to the manufacturer and incurs an
ordering cost, A, for each order. To respond the retailer’s
order, the manufacturer produces items with lot size nQ
with finite production rate, P, and incurs setup cost K for
each production run. Shipment size of Q items will be deliv-
ered over n times from the manufacturer to the retailer with
transportation cost, F. The retailer incurs holding cost, A,
for each item stored in the warehouse per unit time. The
manufacturer incurs holding cost, &, and h,,, for each item
and used item, respectively, stored in the warehouse. The
demand from end consumers that cannot be fulfilled by the
retailer is backordered and will be fulfilled in the next order
period. The retailer will incur backorder cost, z, for each
backordered item.
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The manufacturer has a production system which can be
used to convert raw materials to new items or remanufacture
used items. Raw materials are purchased from supplier and
used items are collected from the market. The manufacturer
incurs raw material procurement cost, C,,,,, for each mate-
rial purchased and incurs used item cost, C,,,;, for each item
collected from the market. Since the raw materials are more
expensive than the used items (C,,,, > C,,,), the manufac-
turer makes serious efforts to increase the returns of used
items by making a take-back investment. Because the used
items obtained from the market have different quality levels,
the manufacturer must conduct an inspection to categorize
the items. A screening cost, C,,, paid by the manufacturer
for each item inspected in the manufacturing system. Used
items collected by the manufacturer contain § portion of
recoverable items and 1 — f portion of unrecoverable items.
The used items categorized as unrecoverable items will be
disposed at cost C,,,,. Then, the recoverable items will be
sent to the remanufacturing process. The remanufactured
items and new items produced by manufacturing system
have the same quality level and will be sold to the primary
market. Furthermore, manufacturer also incurs production
cost that depends on the production rate. Parameters X,
and X, express independent production cost parameter and
dependent production cost parameter, respectively.

The regulator implements a carbon tax policy to control
the emissions. A carbon tax, C,,,, is levied for each emission
resulted from the system. Three main activities in the sup-
ply chain are included in the emissions calculation, which
are production, storage, and transportation. The emissions
resulting from production activity depend upon the produc-
tion rate while the emissions resulting from holding items
depend upon the inventory level. Parameters a, b and ¢
denote the emissions parameters for production process and
Wg, W), and W,,. denote the amount of emissions result-
ing from retailer’s warehouse, manufacturer’s warehouse,
and used item’s warehouse, respectively. Emissions from
transportation activity are calculated based on direct emis-
sion factor, 97, and indirect emission factor, d;,. Fuels con-
sumption, €, and distance from manufacturer to retailer, J,
are considered in calculating direct emissions and product
weight, x, and demand, D, are considered in calculating indi-
rect emissions. To reduce the emissions from production
and storage activities, the manufacturer invests R dollars in
a green investment.

Notation
The following notation is used to formulate the proposed
mathematical inventory model:

Parameters for the retailer:

D demand rate (units/year)
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o standard deviation of demand (units/year)

A ordering cost ($/order)

F transportation cost ($/shipment)

hg  holding cost per unit item ($/unit/year)

T backorder cost per unit item ($/unit)

delivery time (year)

Wy  carbon emission released from retailer’s warehouse

per unit time (kg CO,/unit/year)

tax charged to emissions ($/kg CO,)

84, indirect emission factor for transportation (kg CO,/
liter)

84,  direct emission factor for transportation (kg CO,/kg)

£ fuels consumption for transporter (liters/km)

p fuels price ($/liter)

J distance from manufacturer to retailer (km)

X weight of product (kg/unit)

Parameters for the manufacturer:

K setup cost ($/setup)

Ry holding cost per unit item ($/unit/year)

h holding cost per unit recoverable items ($/unit/year)

W,,  carbon emission released from the manufacturer’s

warehouse (kg CO,/unit/year)

carbon emission released from storing recoverable

items (kg CO,/unit/year)

X,;  production’s per unit time cost for operating the
machine independent of production rate ($)

X,, increase in production’s unit machining cost due to
one unit increase in production rate ($/unit)

a emission parameter for production process (ton

year*/unit?)

emission parameter for production process (ton year/

unit?)

emission parameter for production process (ton/unit)

procurement cost for raw material ($/unit)

used items cost ($/unit)

waste disposal cost ($/unit)

screening cost ($/unit)

shortage cost for recoverable items ($/unit)

collection efforts parameter

recovery rate

maximum fraction of emission reduction, 0< <1

parameter for green investment, m>0

maximum production rate (units/year)

minimum production rate (units/year)

S

g
B

used

was

anaa-°

insp

3
]
S

I o™

max

e

min
Decision variables:

number of deliveries per production batch
delivery quantity (units)
production rate, P,;,<P< P

green investment ($)

(units/year)

max?

v S

T collection rate
k safety factor

k.. safety factor for recoverable items

Assumptions

The following assumptions are used to develop the math-
ematical model.

1. The investigated system comprises of a manufac-
turer who produces items and remanufactures used
items and a retailer who sells the items to end
customers.

2. Retailer adopts a continuous review policy to control
the inventories in order to satisfy the demand from end
customers.

3. The manufacturing system owned by the manufacturer
can be used to produce new items and to remanufacture
used items collected from the market.

4. Remanufactured items have a similar quality
level as new items and are sold to the primary
market.

5. The manufacturer has an opportunity to lessen the
emissions from production and storage activities
and to increase the number of collected items by
green investment and take-back investment, respec-
tively.

6. Green investment cannot completely reduce the
carbon emissions resulted from production and
storage.

Mathematical Inventory Model
Retailer’s Inventory Model

In this section, a retailer model is developed by referring
to the work of Ben-Daya and Hariga (2004) who devel-
oped a JELP model consisting of single vendor and single
buyer. The demand follows a normal distribution with
mean D and standard deviation ¢ and the lead time
depends upon the delivery lot size (Q). In this continuous
review policy, as soon as the inventory level reaches the
reorder point, rop, where rop = DL + ka\/z, a retailer
places an order of nQ items to the manufacturer (See Had-
ley and Within 1963). By assuming that L = Q/P + T,

the average inventory per unit time at the retailer is given
by

le=2 +koy[9fp 41, (1)
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The retailer incurs a shortage cost which is formulated by

Do
Short = ©57 Q/ o+ Ty (k) @)
where
w(k) = f,(k) — k[1 = Fy(k)] 3)

The formulation of transportation cost that depends on the
number of deliveries, fuel consumption and traveling distance,
is given by the following expression;

CTrans = g(F + peld) 4)

By considering the above transportation cost elements and

The emissions from storage activity depends on the average
of inventory. Equation (6) shows the amount of emissions from
retailer’ storage activity.

ERyiq = Wi % +koy[9fp +T, ©)

Thus, the formulation of inventory cost for retailer per unit
time that consists of ordering cost, transportation cost, hold-
ing cost, shortage cost and carbon emission cost is presented
by Equation (7)

DA D 0
TCR =15+ G+ pel) + (g + CWWR)<5 +koy /Q/P + Tx>

+ % Q/P T + cm(gsﬂsj + &szD>

the product weight, the carbon emissions generated from trans- N
portation activity can be calculated as follows;
D
ERtranx - é’ngE‘l + 19T2'XD 5)
Fig. 1 Manufacturer-retailer Manufacturer’s
inventory profile inventory level
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Manufacturer’s Inventory Model

To respond the order from a retailer, a manufacturer pro-
duces items with a quantity of nQ units per production
cycle and delivers Q units over n shipments to the retailer.
The inventory profile for manufacturer-retailer system is
depicted in Figure 1. The average inventory for the manu-
facturer can be calculated by subtracting the accumulated
retailer’s deliveries from accumulated manufacturer’s pro-
duction, that is

20 =212

I, =2(n[1-2| -1+ —)

m=o\"' TP P ®
The manufacturer incurs setup cost that depends on the

setup frequency. Equation (9) presents the setup cost per unit

time charged to the manufacturer.

Csetp = DK 9)
nQ

In the manufacturer side, the manufacturing system is
used for production and remanufacturing processes. Thus,
the cost of producing items is assumed to be the same as
the cost of remanufacturing used items (See Giri and Glock
2017) . In addition, the cost for production/remanufacturing
depends on the production rate (Khouja and Mehrez 1994).
Equation (10) formulates the production cost per unit time.

X
Cprod = <?1 +X2P>D (10)

The manufacturer needs sufficient used items for remanu-
facturing. Thus, the manufacturer collects used items from the
market. It is assumed that the returns of used items from the
market follow a normal distribution with mean zD and stand-
ard deviation ¢ \/; (Mitra 2009). A safety stock is required by
the manufacturer to ensure that used items which are catego-
rized as recoverable (y,,.) are available for the remanufacturing
process (See Mawandiya et al. 2020).

Srec = / (yrec _Nrec)f(yrec)dyrec = ﬂTI’lQ - Nrec (11)
0

The safety stock of recoverable items can also be formu-
lated by

o\ 2 (12)

Equation (13) shows the number of recoverable items
required for remanufacturing process.

% (13)

N = — ke
rec ﬂTYlQ recO D

Therefore, the average inventory level for recoverable items
is given by:

D nQ
l,,=—<S8S,—+R,,—+
rec nQ { rec D rec 2D 2P

= % prnQ + %km.a\/ s T;Q + %(ﬂrnQ — k0 %)

(14)

Because the returns are stochastic in nature, a shortage
will occur when the number of recoverable items is less than
the number of items required for the remanufacturing. The
expected shortage for recoverable items per unit time is given
by:

Short,,. = / ON - (Nree = Syee = Yree M (Vyee )Y pee = 04 %W@kw)
as)
To increase the number of collected items from
the market, the manufacturer has to make an invest-
ment, namely take-back investment. Investments
can be made in the form of promotional programs to
increase consumer willingness to return used prod-
ucts or build facilities to handle product returns
from consumers. The amount of money invested by
the manufacturer to increase the products return
depends on the quadratic value of the collection
rate (Jauhari et al. 2020). The take-back investment
is formulated as follows;

}’ZQ Rrech }

IVT,, = %grz (16)

In the manufacturer, carbon emissions are released
from both storage and production activities. To calcu-
late the emissions from manufacturer’s storage, we use a
similar approach as for retailer’s storage emissions cal-
culation. In addition, we use the method proposed by
Bogaschewsky (1995) to calculate the emissions from
production. To cope with the tax regulation imposed
by the regulator, the manufacturer intends to reduce the
emissions from his operations by using a green invest-
ment. The manufacturer can invest money to adopt the
green technologies to lessen the emissions from some
operations. For example, companies engaged in the fash-
ion sector can invest on developing a biological dyeing
process and green chemicals to minimize its environ-
mental impact by using fewer chemicals than less energy
(H&M Group 2018). Other companies, such as Panasonic
and Home Depot, use low-emission vehicles to deliver
the products and utilize machines that use renewable
energy to lessen the overall emissions. Suppose that the
manufacturer invests R dollars to buy green technologies.
The green technologies are utilized by manufacturer to
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Fig.2 Proposed CLSC system
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minimize the emissions resulting from production and
storage activities. The green technologies have a maxi-
mum fraction of emissions reduction, that is . Accord-
ing to Lou et al. (2015), the fraction of the emissions
reduction obtained when R is invested on green technolo-
gies can be formulated as follows;

2 P

o= ==} [ 40 o1 8] 1+ 2 e -

Ereduction = 0[1 - e—mR] (17)
Thus, the fraction of the remaining emissions is
{1 -0 [1 - e"”R] } The amount of carbon emissions from
production, holding items, and holding recoverable items
after investment are given by the following equation.

+ %Wrec<ﬁTnQ + kreco- V ﬁrnQ b <ﬂTnQ rECG V ﬁZLQ>>:| (18)

The manufacturer cost that consists of setup cost, hold-
ing cost, production cost, shortage cost, waste disposal
cost, raw material cost, used items cost, emissions cost,

X h,,
TCM-%+h ([1——]—1+—) <71+X2P)D+ [ﬁnQ+k,gca\/ﬂT;Q D<ﬁnQ ree

IEL‘ ﬂTnQ

}’lQ D <2krec) + me(l

— p7)D + C,ppytD + % gt* +C, (1

take-back investment, and green investment is expressed
as follows;

19

)

= P)tD + Cppy, ™D + Cpp {1 — 01 — 7] }

nsp

[WMQ( [1—_]—1+—>+D(aP2 bP+c)+;Wrev<ﬂTnQ+k’“6V ﬂz’;Q D<ﬂ 10 e ﬁZQ))] o

Joint Total Cost Function

The total inventory cost for supply chain can be derived
by summing up the retailer cost and the manufacturer
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cost. Equation (20) presents the joint total cost for the
supply chain.
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jrc=P4 g(F+ pEl) + p9ypxD + (B + Croe )<% +k6G1> + TG )+ C,

nQ

nDo (20)

(gﬁﬂef + STZxD)

X h Do
+ PK 26, 4 (2 x,p ) D 4 e [ﬁrnQ + ko 0Gy + 2 (penQ - kmaG3)] + G (2k,,.)
nQ 2 P 2 P
+ C,p(1 = pOD + CppypyvD + %g‘rz + Cpys(1 = PTD + C,) 7D + C,p {1 = 0[1 — 7]}
WMQ 2 1
Y26, +D(aP? = bP+) + 3 W, (ﬂmQ +k,,,0G + (ﬂmQ — koG ) +R
where, aJTC nDo
= (hg + CoisWy) oG, — 0 G [1-F®)] (6
G =1/%p+T. @n
oJTC _ o
ok (hm + me{l [ R] } reC)UG3
rec
6= (nf1-3]-1+5) @ Lo -, 2o,
27r Do
+ rec G3[1 —Fs(zkrec)] aJTC
prnQ nQ ot
Gy == (23) |
- E(hrec + Ctax{l - [1 - e—mR]} rec)
rec ﬂ Q D kreco-ﬂnQ
. P+ = bG, 2DG, <ﬁ Q- 2DG,
Solution Method pow(2k,.)
7,..Pow(2k,
. . . . + —_ - rawﬂD + CusedD
In this section, a solution methodology is presented to solve 2G;
the proposed problem. The objective is to minimize the joint + g7+ C,,,(1 = p)D + C;,,D Q@7
total cost by simultaneously determining some decision vari-
ables that are the number of deliveries, shipment lot, safety . Q b -
factor, collection rate and green investment. To determine ~ —g~ = Cuxmbe™[—5— UL B1= 1+ =)+ D@P* —bP +c)

the solutions, we take the first partial derivative of JTC with
respect to Q, P, k, k,,., T and R, respectively, and we get the
following equations:

aJTC _ DA ko (hg + Cyu W)
—— =—— - =(F+pe))+ = (hy + C,
o0 nQ? QZ( red) ( wlVe) 2PG,

zDoy (k) zDoy ()G, CD 9. ¢y DK

- - €

2PQG, [ o T ng

hy h k D kyoeO

Py o e 14 K@ D K

Tt ﬁ"’[ +2DG; * ( 2ch>]
T, BTOY (ka.) i Do'y/(ka )Gs

206, nQ? +Cull =0l =)

Wy 1 k..o D k.,.c
Wug o Ly Ly Ko D e
2 2t; 'f‘ﬁ”'[ * g, * P( 2DG3>”

24
rC _ (e +CuWe)koQ  zDoy(k)  D(n - 2, Q
op 2P2G, 2P2G, P M2
X,D h
- # +X,D — 2 (ﬂrnQ kyo0G3) + Co{1 - 0[1 — ]}
Din-2) 0 WieeD
= Wy >+ DQaP - b) — e (BtnQ — k,,.0G3)

(25)

1 rec(ﬂTnQ + kreczTGB Q(ﬂT}’LQ - krgco-G}))] +1 (28)

The optimal values of Q, P, k, k,,., T and R can be derived
by setting Equations (24)—(28) equal to zero. This leads to
the formulations below;

2D{ 44 F+ pel + 2oy (K)G, +C

c 2k, )G:
s s £ g )G )

tax n

ko (hg+Cie W)

(hR +G, 76,

Doy (k)
axWR) + 566, TG

D ke @ T PTow (2o )
+ ﬂm[ ZDG P(l 2DG, )] + 206,

\ +Cm{] a[l_e_nR]}[W1GZ+ Wi ﬂrn[ 2D( %(1_2’32)“

(et WidkoQ | rowth)
2DG, 26,

+Cue{1 - 0[1 = e} [ 2 (ﬂrnQ kn.0Gy) - w22
P= -3
\ X, + Cu {1 = 0[1 — e=R] }(2aP — b) (30)

= hy 822 + X, + b= (BrnQ — k0 Gy)

(hg + Ciux Wi ) Q

Fk)=1-
(&) zD
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nQ o D 3. Compute Q by using the following expression
Fi(20) = 1= o (e + Cuac{ 1 = 0[1 = e} W,,.) [1 - 7 pute Q by using § exp
(32) 21){ A4 Ftped + Cpdpied + }
0 + kype0fQ Q =
e+ o1 = 0[1 = ] }Wm>[ o2 (o - txz) Ui+ Ca W) + oy G
P 2DG,
_ e () CoaD = CpooaD = Cyoy(1 = F)D = Cipoy D 4. Compute k by substituting Q into Equation (31).
7= 26, 5. Compute k,,. by substituting Q and P into Equation
8
33) below
nQh, D
F(2) =1 - 55 1= 3
1 1
R= —;/n (34) . . . .
%@[1 ~ %] . ZTD) +D(ar? = bP+c) 6. Compute R by substituting Q and P into Equation
Cuxmdy | ” below
+iw,, (ﬂmQ + ko0 Gy + 2 (penQ - k,ﬂ,aGB))
R= —lln !

For a condition where 6§ < 0, Equation (30) probably
yields an infeasible solution. Thus, we need to refor-
mulate the formulation and we obtain the following
expression.

P = max [P, min(P, . V5 )] (35)

It is obvious that the parameters Q, P, k, k,,., 7, and
R are not independent of each other. For example, Q
and P are needed to compute k, which in turn is a pre-
requisite for determining Q and P. Therefore, to solve
the above problem, we formulate an efficient iterative
procedure by adopting the basic algorithm developed
by Ben-Daya and Hariga (2004). First, a procedure is
started by computing the initial value of P and Q, which
can be done by setting the stochastic parameters and the
decision variables equal to zero. Second, the value of
k is computed by using Equation (31) which is in turn
used to update the value of P and Q. Third, the values
of k,,., R and 7 can be determined by entering the value
of the previously obtained variables into Equations (32),
(33), and (34), respectively, and setting the other vari-
ables equal to zero. This procedure is repeated until a
sufficiently stable solution (Q, P, k, k,,., R, 7) is reached.
Finally, the optimal solution of the proposed model can
be determined by evaluating the joint total cost obtained
for each n. The proposed procedure for solving the prob-
lem is listed below;

. S et
JTCnfl (anl 4 Pnfl 4 kn—l ’ kre(',nfl’

2. Compute the initial value of P by using the formulation
below

Xl
P=4/2
X2

@ Springer

n =1 a n d

R, .7, ;,n— 1) =

Cuam0{ M2 (n[1 = 2] = 1+ 2) + D(aP? 5P +¢) }

7. Compute = with Equation (34). If 7 >1, set 7=1.

8. Update the values of Q and P by substituting the previ-
ous values of Q, P, k, k,,., R and 7 into Equations (29)
and (35), respectively.

9. Calculate k and k,,. by substituting the new values of
Q and P into Equations (31) and (32), respectively.

10. Update R and r by using Equations (33) and (34),
respectively.
11. Repeat steps 8—10 until there is no change in the values

of ,P,k, k. .,Rand .

> rec?

12. SetQ,=0Q,P,=Pk,=k, kye, = ke R, =R and
7, = 7. Compute JTCn(Qn,Pn,kn,k,eC,n,Rn, rn,n) by
using Equation (28).

13. It JTC(Q,, P, k> kyoe s Ry» 7o) < JTC,_y, repeat

(Qn—l’ Pn—l’ kn—l’ krec,n—l’ Rn—l’ Tn—l’ n-— 1)
steps 2—12 with n=n+1; otherwise go to step 14.
14 Compute JTC(Q. P,k kyos R, 7,1)
= JTCn—l (Qn—l’ Pn—l’ kn—l’ krec,n—l’ Rn—l’ Ty — 1) :
Q,P,k,k,., R, 7 and n are the solution of the proposed
problem.

Numerical Example

In this section, a numerical example is provided to cap-
ture the main features of the proposed model and to illus-
trate how the proposed procedure can be used to solve
the inventory problem in a CLSC system. The values of
parameters involved in this numerical example are as fol-
lows: D = 1000, 6 = 5, A = 100, F = 50, hy = 1, z=50,
T, = 0.05, Wy = 10, 9;,=2.6, 9,,=2.5, €=0.3, Jz=400,
x=0.05, k=400, h,=0.5, W,,=8, W,,. =7, C,,,=0.618,
X,=5000, X,=0.0008, a=0.0000012, »=0.0008, c=8.4,
p=0.1, C,,.=10, C,..=3. g=4200, C,,=0.5, C,,,,=0.2,

raw was insp
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hype=0.3, m,=30,P,,=1200, P, =3000, p=0.75,

m = 0.005, and 0 =0.7. Figure 2 shows the investigated
CLSC system.

By utilizing the proposed procedure, the solution of the
above problem can be easily obtained. The optimization
results are described as follows. The manufacturer must
set the production rate to 1863.81 units/year. The manu-
facturer produces 497.48 units and remanufactures 502.52
units. The delivery from manufacturer to retailer will be
done 2 times in each production run with the quantity of
308.27 units. The optimal values of safety factor, safety
factor for recoverable items and return rate are 1.7, 1.88
and 0.72, respectively. To increase the number of collected
items and to reduce the emissions from the operations,

W 24,000-28,000

W 28,000-32,000

1 32,000-36,000 W 36,000-40,000

Delivery quantity (Q)

O O O O O O O O O O O o o
o o < O 4] o ~N < 1) 0 o o <
R R
Production rate (P)
b

the manufacturer needs to invest $1082.24 in take-back
investment and $685.61 in green investment. Furthermore,
under this inventory decision, the manufacturer, retailer,
and supply chain must bear inventory cost of $16,962.72,
$2554.72, and $19,517.44, respectively.

The convexity of model is represented in Figs. 3, 4, 5,
and 6 and these figures show the global minimum point
graphically. In Figure 3a, 3D plots are presented to verify the
solutions obtained in Eq. (20) as function of the JTC. Two
variables for the 3D plots are shipment quantity (Q) and pro-
duction rate (P) with fixed decision variables (n, R, 7,k, k,ec).
Figure 3b shows the 2D or contour plot of the the JTC. By
Figures 3a-b, it is clear that the joint total cost is globally
optimum when the optimum value of the ordered quantity
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Fig.4 a Convexity of JTC; b 350,000
contours of JTC with respect to
production rate (P) and green 300,000

investment (R) 250,000

1k
o 200,000 [
[t
150,000
100,000

50,000

W 0-4,000
W 20,000-24,000

JTC

is 308.27 units and production rate is 1863.81 units/year,
whereas joint total optimum cost is $19,517.44/year. The
impact of the production rate (P) and green investment (R)
on total cost is illustrated in Figures 4a—b. Figures 4a—b
show the convexity and countor plot of the JTC with fixed
(n, 0.7,k ky,), respectively. From Figures 4a-b, it can eas-
ily find out that the minimum of joint total cost is globally
optimum when the production rate is 1863.81 units/year
and green investment is $685.61. Figures 5a-b provide the
impact of variation in the shipment quantity (Q) and collec-
tion rate () on the joint total cost with fixed (P, R, n, k, k).
Similarly, the convexity and countor plot of JTC with respect
to production rate (P) and number of deliveries () cases are
elaborated in Figures 6a-b, respectively.
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Sensitivity Analysis

In this section, a sensitivity analysis is performed to inves-
tigate the influence of the changes in key parameters on the
model’s solution. Thus, we focus on evaluating some param-
eters, which are maximum green reduction, emission param-
eter, carbon tax, recovery rate and investment parameter. To
assess the influence of € on the model’s solution and costs, a
one-way sensitivity analysis is performed in which 7 values
of @ are tested, ranging from 0.14 to 0.98 with an increment
of 0.14, while keeping all other parameters at their base
value. Table 1 summarizes the results of the investigation on
0. As can be seen in the table, as 0 increases the production
rate, shipment frequencies, safety factor and collection rate
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increase. The increase in 8 will encourage the manufacturer
to speed up the production and makes more frequent deliver-
ies. Figure 7 shows that the percentage of emissions reduc-
tion achieved by the green investment increases due to the
increase in 6. For example, when 8 = 0.28, the percentage of
emission reduction achieved by the manufacturer is 25.43%
and when 6 increases to 0.98, the percentage of emission
reduction increases to 96.21%. The manufacturer is likely
to take the advantage of reducing emission levels to near the
maximum allowable percentage of reductions. As a result,
the amount of emissions from manufacturer is significantly
decreased, which leads to the decreasing of emissions from
supply chain (See Figure 8). We further observe that both
investments tend to increase due to the increase in 6. Besides
investing more money in the green efforts, the manufacturer

M 24,000-28,000

0.21

1 28,000-32,000

[ 32,000-36,000 M 36,000-40,000

Delivery quantity (Q)
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Collection rate (1)
b

also seeks to take the advantages of having more used items
by increasing the take-back investment. We note that all par-
ties will benefit from both investments, which can be real-
ized by the cost savings obtained.

To show the benefits of adopting the green investment,
we investigate the performance of the proposed model com-
pared to the model without green investment, which is pre-
sented in Table 2. Clearly, the proposed model provides a
lower total cost compared to the model without investment.
By applying the green investment, the manufacturer cost
and retailer cost decrease while the retailer cost increases,
which leads to the significant decrease in the total cost. We
observe that a 20.3% cost saving can be realized by conduct-
ing such investment. By looking at the results in Table 2,
we understand that the cost saving can be obtained by a
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Table 1 Effect of 8 on model’s solution
Variation in 6 0.14 0.28 0.472 0.56 0.7 0.84 0.98
Number of shipments 2 2 2 2 2 3 4
Shipment lot size 254.62 263.91 280.81 289.86 308.27 287.37 298.77
Production rate 1522.34 1581.79 1686.90 1743.65 1863.81 2018.79 2337.35
Safety factor 1.79 1.78 1.75 1.73 1.70 1.74 1.72
Safety factor for recoverable items 1.51 1.58 1.70 1.76 1.88 1.95 2.20
Collection rate 0.54 0.58 0.64 0.67 0.72 0.74 0.80
Retailer total cost 2625.22 2605.37 2578.30 2567.98 2554.72 2510.52 2473.40
Manufacturer total cost 21,105.34 20,187.71 18,757.82 18,105.84 16,962.72 15,755.75 14,331.54
Joint total cost 23,730.56 22,793.08 21,336.11 20,673.82 19,517.44 18,266.27 16,804.94
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significant decrease in total emissions generated from the
manufacturer’s operations. It shows that almost half of total
emissions can be reduced by the investment.

The proposed model encourages the system to have a
larger production rate and shipment lot, which results in
a higher inventory level. Moreover, the number of used
items collected from the market in the proposed model is
larger than that of in the model without investment. With
green investment, the manufacturer must take more used
items from the market, which leads to larger remanufactured
items produced from the manufacturing system. However,
this action will cause a significant increase in take-back
investment.

As for investment parameter, a one-way sensitivity analy-
sis is also carried out where 7 different values of g are tested,
ranging from 840 to 10,920 with an increment of 1680, while
keeping all other parameters at their base value. Table 3
shows the influence of the changes in g on model’s behavior.
The higher g indicates that the investment is getting more
expensive to be done. It is observed from the table that the
more expensive investment, the lower collection rate. Facing

an expensive investment, the manufacturer needs to reduce
the number of used items collected from the market and
adjust the production rate to the lower level. Consequently,
the number of remanufactured items decreases while the
number of manufactured items increases (see Figure 9). By
lowering the production rate, the emissions released from
production can be reduced, which leads to the reduction of
the total emissions resulting from the system.

We also find that the changes in g gives significant impact
on the production batch and investment. As g increases grad-
ually, the production batch increases which consequently
increases the production cycle. The take-back investment
paid by the manufacturer seems to increase when g increases
from 840 to 2520 and continues to decrease as g increases
from 2520 to 10,920. It is logical, since reducing the take-
back investment will give the manufacturer an opportunity
to maintain the total cost. In addition, the amount of green
investment seems to change slightly with the change of g.
Furthermore, we may see that the cost incurred by the manu-
facturer and supply chain increase while the cost incurred by
the retailer decreases slightly due to the increase in g.

Fig. 8 Effect of 0 on emissions 14,000 1 400
and investments 13:000 4
12,000 1,200
11,000
10,000 g 1,000
9,000
8 8,000 iy 800
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2,000 200
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0.14 0.28 0.42 0.56 0.7 0.84 0.98
€]
E=== Total Emission for SC Total Emission for manufacturer
Total Emission for Retailer = A= Green investment
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@ Springer



268

Process Integration and Optimization for Sustainability (2022) 6:253-273

Table 2 Comparison the
performance of the proposed
model and the model without

Decision variables, emissions
and costs

Values

Model with green investment Model without

green investment

green investment

Number of shipments

Shipment size

Production rate

Collection rate

Safety factor

Safety factor recoverable items
Manufactured items
Remanufactured items

Waste disposal items

Take-back investment

Green investment

Emissions from transportation
Emissions from retailer’s storage
Total emissions for retailer
Emissions from production
Emissions from manufacturer’s storage
Emissions from recoverable items’s storage
Total emissions for manufacturer
Total emissions for supply chain
Retailer cost

Manufacturer cost

Joint total cost

2

308.27 units
1863.81 units/year
0.72

1.7

1.88

497.48 units
502.52 units
215.36 units
$1082.24
$685.61
1137.09 kgCO,
1580.88 kgCO,
2717.97 kgCO,
3574.87 kgCO,
397.94 kgCO,
881.63 kgCO,
4854.45 kgCO,
7572.42 kgCO,
$2554.72
$16,962.72
$19,517.44

2

277.29 units
1200 units
0.42

1.58

1.28

706 units

294 units

126 units
$377.84
1250.16 kgCO,
1428.38 kgCO,
2678.54 kgCO,
9168 kgCO,
1109.18 kgCO,
1727.19 kgCO,
12,004.37 kgCO,
14,682.91 kgCO,
$2588.74
$21,902.43
$24,491.17

In this section, we also focus on investigating the effect
of carbon tax on model’s behavior. We experiment with 7
different values, ranging from 0.1236 to 1.6068 with an
increment of 0.2472, while keeping all other parameters
unchanged, and the results are reported in Table 4. Facing a
higher tax, the manufacturer will strive to reduce the emis-
sions from the operations. The results from the table indicate
that if carbon tax is getting higher, the production rate, ship-
ment frequencies, shipment lot, safety factor, and collection
rate are getting lower. The manufacturer seeks to lessen the
emissions from production and storage by reducing the pro-
duction rate, collection rate, and safety factor for recoverable

Table 3 Effect of g on model’s solution

items. Setting the production rate to the lower level will nat-
urally reduce the emissions from production while adjusting
the collection rate and safety factor for recoverable items
will reduce the inventory level for recoverable items, which
leads to the reduction of the emissions from storage. For the
retailer, the efforts to reduce the emissions from transporta-
tion and storage can be done by decreasing the shipment
frequencies and inventory level. By using such decisions,
the total emissions generated from manufacturer, retailer
and supply chain can be maintained at an appropriate level,
thereby minimizing the impact of increased carbon tax (See
Figure 10).

Variation in g 840 2520 4200 5880 7560 9240 10,920
Number of shipments 2 2 2 2 3 3 3
Shipment lot size 294.52 294.52 313.00 323.16 288.65 292.90 295.97
Production rate 1739.37 1739.37 1708.91 1694.28 1631.46 1625.15 1620.77
Safety factor 1.58 1.58 1.58 1.58 1.63 1.63 1.63
Safety factor for recoverable items 1.29 1.29 1.29 1.28 1.25 1.25 1.25
Collection rate 1.00 1.00 0.71 0.50 0.36 0.29 0.25
Retailer total cost 2564.36 2564.36 2554.50 2552.82 2512.56 2509.54 2507.70
Manufacturer total cost 14,765.01 15,605.01 16,311.83 16,628.39 16,834.39 16,932.00 16,998.67
Joint total cost 17,329.38 18,169.38 18,866.34 19,181.21 19,346.96 19,441.54 19,506.36
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Fig.9 Effect of g on produc-
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Table 4 Effect of C,,, on model’s solution
Variation in C,,, 0.1236 0.3708 0.618 0.8652 1.1124 1.3596 1.6068
Number of shipments 3 2 2 2 2 2 2
Shipment lot size 367.61 353.65 313.00 290.82 277.12 268.10 261.98
Production rate 2187.05 1913.65 1708.91 1559.15 1442.89 1348.76 1270.09
Safety factor 2.01 1.72 1.58 1.47 1.38 1.30 1.23
Safety factor for recoverable items 1.31 1.30 1.29 1.28 1.28 1.28 1.29
Collection rate 0.78 0.75 0.71 0.67 0.63 0.58 0.53
Retailer total cost 1,109.73 1,862.55 2,554.50 3,234.54 3,908.90 4,579.71 5,247.81
Manufacturer total cost 13,982.63 15,195.01 16,311.83 17,370.66 18,393.90 19,392.62 20,373.00
Joint total cost 15,092.36 17,057.57 18,866.34 20,605.20 22,302.80 23,972.33 25,620.81

It is also interesting to study how the influence of carbon
tax change on the investments. Figure 10 clearly shows the
behavior of the investments made by the manufacturer. It
can be observed that the take-back investment has a behavior

that is opposite to the green investment’s behavior toward
the changes in taxes. If tax becomes more expensive, the
green investment increases while the take-back investment
decreases. This makes practical sense, as increasing the

Fig. 10 Effect of C,,, on emis-
sions and investments 11,000
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Table 5 Effect of @ on model’s solution

Variation in a 0.00000072  0.0000012  0.00000168  0.00000216  0.00000264  0.00000312  0.0000036
Number of shipments 2 2 2 2 2 3 3
Shipment lot size 314.18 313.00 311.90 310.87 309.90 272.73 272.84
Production rate 1980.56 1708.91 1527.52 1394.89 1292.25 1200.00 1200.00
Safety factor 1.58 1.58 1.58 1.58 1.58 1.63 1.63
Safety factor for recoverable items 1.26 1.29 1.31 1.34 1.37 1.37 1.37
Collection rate 0.72 0.71 0.71 0.70 0.70 0.63 0.63
Retailer total cost 2552.13 2554.50 2556.53 2558.32 2559.94 2533.92 2533.77
Manufacturer total cost 15,939.32 16,311.83 16,637.07 16,931.11 17,202.31 17,479.05 17,607.10
Joint total cost 18,491.44 18,866.34 19,193.60 19,489.43 19,762.25 20,012.97 20,140.87

green investment will provide opportunities for the manu-
facturer to lessen the emissions. Besides, by decreasing the
amount of money invested in collection efforts, the man-
ufacturer can reduce the number of items collected from
the market, thereby lessening the emissions from storage.
Although efforts to reduce emissions have been carried out
in various ways above, the costs incurred by the parties and
supply chain will significantly increase. It seems that the
average percentage increase in retailer cost (30.7%) is higher
than the average percentage increase in the manufacturer
cost (6.48%).

In the manufacturer system, production activity is the
largest carbon emitters. The production process generally
requires a large amount of energy generated from fuel com-
bustion. Therefore, in this section, we want to study the
impact of the changes in production emissions parameter,
a, on the model. This parameter is closely related to the level
of emissions resulting from the combustion of certain types
of fuel used to generate energy. We test 7 different values
for the ratio ranging from 0.00000072 to 0.0000036 with
increment 0.00000048, while keeping all other parameters
at their base value. The impact of the changes in a on the
model is provided in Table 5. It shows that if a increases,

the production rate decreases. When the production system
becomes increasingly dangerous due to high emission lev-
els, it is beneficial for the system to adjust the production
rate to the lower level. Another strategy is to increase the
investment in green technology (See Figure 11). Besides
controlling the production rate, the manufacturer can main-
tain the overall emissions by green investment. Furthermore,
it is seen that the take-back investment decreases due to the
increase in a. We note that the investment’s behavior is simi-
lar to the behavior when they face increase in carbon tax.
To gain further insights, we also study the influence of
recovery rate on the model. Recovery rate shows the manu-
facturer’s capability to recover the used items collected from
the end customers. To that end, a sensitivity analysis is done
on the recovery rate where 7 different values are tested, rang-
ing from 0.49 to 0.91 with an increment 0.07 while setting
the other parameters at their base value. The results from
Table 6 show that if recovery rate increases, collection rate
increases as well. This is intuitively correct, since increas-
ing the number of used items will give the opportunity to
the manufacturer to remanufacture more items, thereby
increasing the cost saving from raw material procurement.
Figure 12 shows how the number of remanufactured items

Fig. 11 Effect of @ on emissions
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Table 6 Effect of # on model’s solution
Variation in 0.49 0.56 0.63 0.7 0.77 0.84 0.91
Number of shipments 3 3 2 2 2 2 2
Shipment lot size 314.13 300.87 325.69 313.00 300.09 287.29 282.05
Production rate 1597.55 1614.06 1690.86 1708.91 1729.62 1752.89 1763.33
Safety factor 1.63 1.63 1.58 1.58 1.58 1.58 1.58
Safety factor for recoverable items 1.24 1.25 1.28 1.29 1.29 1.29 1.29
Collection rate 0.17 0.33 0.55 0.71 0.88 1.00 1.00
Retailer total cost 2501.95 2505.30 2552.77 2554.50 2560.40 257091 2576.70
Manufacturer total cost 17,288.14 17,103.31 16,750.44 16,311.83 15,754.25 15,080.48 14,391.86
Joint total cost 19,790.08 19,608.61 19,303.21 18,866.34 18,314.65 17,651.39 16,968.56
Fig. 12 Effect of  on produc-
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increases due to the increase in recovery rate. We observe
that the changes in the shipment lot and production rate
are closely related to the changes in shipment frequencies.
Moreover, the recovery rate gives significant impact on
take-back investment and total cost. The amount of money
invested by the manufacturer increases drastically due to
the increase in recovery rate. As collection rate must be
increased, the manufacturer needs to invest more money to
increase the efforts in collection activity. However, the green
investment seems to be insensitive to the changes in recovery
rate. Finally, we note that as the manufacturer’s capability
in recovering the used items is increasing, the manufacturer
and the supply chain can get more benefits, reflecting by the
significant reduction in total cost.

Conclusions and Future Research Directions

This paper developed an integrated inventory model for
CLSC system under stochastic demand and return. We pro-
posed a mathematical model by addressing two types of
investments, green technologies investment and take-back

investment. Facing a carbon tax regulation imposed by
the regulator, the manufacturer adopts green technologies
to curb the emissions from the operations. In addition, the
manufacturer has a chance to invest money to increase the
number of used products collected from end customers. The
manufacturer also has an opportunity to adjust the produc-
tion rate flexibly. The adjustment of the production rate can
be used by the manufacturer to control both production cost
and emissions from the production.

The results obtained from the sensitivity analysis give
some interesting insights. First, the results show that the
changes in the parameters discussed require adjustments
to the production rate and collection rate. Interestingly, the
model gives flexibility to the manager to set both decision
variables. By adjusting the production rate and collection
rate to appropriate level, the system can maintain the total
cost and emissions. Second, green investment gives sig-
nificant benefits to the supply chain, that is reducing the
total cost and emissions. Clearly, as the maximum green
reduction increases, the emissions decrease and the produc-
tion batch, production rate and collection rate increase. In
reality, the maximum green reduction will depend on the
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type of technology used by the system. Thus, the managers
need to pay more attention in choosing the right technology.
Third, if carbon tax imposed by regulator is getting higher,
it is beneficial for the system to increase the green invest-
ment and decrease the take-back investment. Fourth, when
the production becomes more harmful, the manufacturer
should decrease the production rate to reduce the emissions
from production. Fifth, if the manufacturer can increase the
capability to recover the returned products, it is beneficial
for the system to invest more money in take-back activity.

The model can be extended into various ways. First,
future studies may be done by considering other carbon
regulations, such as carbon cap-and-trade and carbon pen-
alty. Second, the model can be developed by considering
different types of production technology. Mostly, each tech-
nology requires different cost and produces different emis-
sion levels. Facing this condition, the manufacturer should
determine the best strategy to comply with the trade-off
between the cost and the emission level. Furthermore, the
involvement of green transporters, such as electric truck and
drone, in the inventory decision-making may also provide
some new insights.

Data availability My manuscript has no associated data, or the data
will not be deposited.
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