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Abstract: Nowadays, companies are collaborating and forming supply chain partnerships under
a certain scheme, such as a vendor-managed inventory scheme. The collaboration increases the
supply chain’s visibility, which leads to cost efficiency. It may also contribute to enhancing the
supply chain’s green performance. This paper presents a supply chain inventory model to guide
managers in making optimal inventory decisions considering the logistics cost and carbon emissions.
A vendor supplies products under a vendor-managed inventory; hence, it is responsible for the
logistics activities. The effect of product deterioration and quality problems are also considered, in
which the vendor performs a 100% quality inspection. A carbon price is imposed on total emissions
from production and logistics activities under a cap-and-trade regulation. The result is inventory
decisions regarding the optimal delivery quantity as well as the delivery frequencies that minimize
the total costs. The reduction in total carbon emissions from the decisions was also studied.

Keywords: vendor-managed inventory; cap-and-trade; carbon emission; deterioration; imperfect quality

1. Introduction

Logistics and supply chain systems are pillars of industrial development and affect
national competitiveness. Supply chain practitioners and researchers innovate supply
chain structures and optimize their decisions to minimize costs. For example, the level
of replenishment of products with suitable inventory policies plays an important role in
minimizing the supply chain cost; hence, they are solved using optimization or heuristics
approaches [1–3].

One of the focuses in current logistics system development research is building a
logistics system that is environmentally friendly within the framework of sustainable devel-
opment. In particular, global awareness of climate change has inspired so-called low-carbon
supply chain management to minimize the CO2 emissions of the supply chain [4,5]. The
carbon footprint measures the total amount of CO2 emissions sourced from the production
and logistics activities until the consumption and disposal or recycling of the products.
Researchers factor in the costs of carbon emissions in their supply chain decision models.
A direct accounting approach is widely used to translate environmental aspects of carbon
emissions into economic parameters [6,7]. Wahab et al. [8] considered emission costs from
transportation activities between vendors and buyers while Hariga et al. [9] focused on cold
product supply chains. Tiwari et al. [10] and Daryanto et al. [11] studied the level of quality
of the production output and deterioration rate (the rate of deterioration in the number of
products) in supply chain decision-making that considers the emission level. The studies
above take into account the cost of emissions based on the carbon tax regulation.

A supply chain partnership, such as a vendor-managed inventory (VMI), is an exam-
ple of a collaboration practice that reduces the inventory cost and brings about delivery
flexibility through information sharing. This partnership increases the demand visibility,
coordination, and cost-sharing, which leads to cost efficiency due to better planning [12,13].
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Daryanto and Krämer [14] illustrated a VMI partnership between a paint manufacturer (sup-
plier) and a corrugated box manufacturer (buyer). Recently, Kumar and Uthayakumar [15]
and Turken et al. [16] incorporated the effect of a carbon cap-and-trade regulation in a
supply chain with a VMI. However, they did not consider the effect of imperfect quality
and deterioration. Agricultural, food, and chemical products are examples of deteriorating
products with some potential for imperfect quality to occur during their production. This
gap motivates our research because these factors, together with a supply chain partnership
program such as a VMI, affect the cost structure between the vendor and the buyer in a
supply chain; hence, optimal decisions are required.

In this research, a vendor-managed inventory partnership is applied between a vendor
and a buyer. The delivery size and frequencies per cycle decisions affect the production
and logistics activities. The production, transportation, and inventory levels determine
the total costs and emissions [11,12]. In particular, this study proposes a new model by
simultaneously considering the effect of defect rate, deterioration rate, vendor-managed
inventory partnership model, and carbon emissions in terms of CO2. The CO2 is emitted
directly during the production and transport of the products, and indirectly when holding
the inventory. Our literature study indicates that there is no previous research that considers
all these factors simultaneously. This research studies the influence of these factors on the
minimization of costs and levels of carbon emissions from the supply chain. The results
can be used as a guide for managerial decisions to develop a profitable and sustainable
supply chain system.

The remainder of this paper is structured as follows. We present a review of related
studies in Section 2. Section 3 defines the notation and assumptions of the proposed model.
Section 4 presents the mathematical model’s development. Section 5 provides a numerical
example together with a discussion of the results, including some managerial insights.
Finally, Section 6 gives the conclusions and some ideas for further studies.

2. Literature Review
2.1. Integrated Supply Chain Inventory Model

Typically, supply chain members collaborate and make a joint inventory decision to
maximize profits or minimize supply chain costs. Previous studies show that this collabo-
ration can benefit all parties [17,18]. The cooperation involves at least two parties, such as
vendors (manufacturers or wholesalers) and buyers (other manufacturers, retailers, con-
sumers, and others). This collaboration is implemented in various models, for example with
a vendor-managed inventory where the vendor is responsible for managing the buyer’s
inventory in a long-term partnership. In this collaboration, vendors can fully understand
the needs of buyers while buyers only pay for the products they consume [19–21].

The supply chain inventory model considers the various costs that arise. Transporta-
tion costs are an important and influential part. Nie et al. [22] consider product weight
and delivery quantity for supply chain transportation costs. Ertogral et al. [23] also use
transportation costs, which are a function of the size of the shipment, and consider the
effect of discounts. Sarkar [24] uses a fixed transportation cost per shipment and different
handling costs per unit in a supply chain with a single-setup multiple-delivery approach.

Supply chain inventory models that take into account the effects of imperfect product
quality have been studied for many years. Some researchers assume that defective products
will be taken from the buyer’s inventory and sold at a lower price [25]. Others, such as
Bazan et al. [26] and Sarkar et al. [27], assume that the vendor (manufacturer) runs the
inspection process. Furthermore, defective products can be reworked.

Many researchers have also considered the effect of the deterioration rate on supply
chain models [28–30]. Some types of products, such as fruits, vegetables, and paper,
deteriorate in quality during the storage period, while most electronic products experience
a decline in value due to their short life span. Lee and Kim [25] studied the effects of
deterioration and imperfect quality in their supply chain model. Chan et al. [31] studied
the effect of deterioration and variable production rates.
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2.2. Low-Carbon Supply Chain Management

Global awareness of climate change and concern for preserving the environment have
inspired many researchers, industries, and other organizations to develop supply chain
systems that are environmentally friendly and can minimize carbon emissions (low-carbon
supply chain management) from their activities [4,5]. For example, transportation activities
are a large source of carbon emissions and have the potential to be a contributor to global
warming in supply chains [32].

Wahab et al. [8] examined a two-level international supply chain by considering the
effect of transportation to reduce CO2 emissions. Jauhari et al. [33] considered carbon
emissions from transportation activities in the supply chain with variable delivery sizes
and the effect of defective products. Emission costs arise from both shipping to the buyer
and returning the defective product to the vendor. Zanoni et al. [34] developed a model to
determine the size of shipments, the number of shipments, selling prices, and investments
to improve the environmental performance of its products. These studies add the cost
of carbon emissions to the overall system cost under the carbon tax rule. In general,
the carbon tax acts as a penalty for the industry because it produces emissions from
its activities [35]. Hammami et al. [36] include emissions from warehouses, production
facilities, and transportation in a multi-level supply chain model. Sarkar et al. [37] use
both fixed and variable transportation costs and emissions in a three-level supply chain.
Wangsa [38] considers carbon emissions from production, transportation, and material
handling activities. Focusing on the supply chain for cold products, Hariga et al. [9] studied
the cost savings and emissions reductions of an integrated supply chain model. Cold
products require special refrigerated trucks and warehouses; so, they consume more fuel
and electrical energy. Further, Bouchery et al. [39] included vehicle capacity constraints to
examine the effect on costs and emissions, while Paul [40] considered investments in green
operations for reducing emission levels.

Tiwari et al. [10] developed an integrated supply chain model that considers deteri-
oration rate, imperfect quality, and carbon emissions from transportation, storage, and
deteriorated items. Furthermore, Daryanto et al. [11] developed a model by comparing
the inspections carried out by vendors and buyers and their effects on costs and emis-
sions. Daryanto et al. [41] and Wee and Daryanto [42] considered emissions from storage,
transportation, and waste disposal. Recently, Wangsa et al. [43] included emissions from
material handling activities during inbound and outbound logistics between vendor and
buyer, while Daryanto and Wee [44] developed an inventory model in the supply chain
by considering emission costs from the warehouse and transportation, especially in a
three-level supply chain.

Carbon cap-and-trade is a type of carbon pricing regulation that has been implemented
in many countries and studied by scholars such as Zanoni et al. [21,34], Kumar and
Uthayakumar [15], and Hasan et al. [45]. Marchi et al. [46] developed an integrated
supply chain model that considers a vendor-managed inventory, imperfect quality, and
cap-and-trade regulation. Bai et al. [12] developed a similar integrated supply chain model
with a vendor-managed inventory but for deteriorating items. Considering the latest two
studies, our proposed model simultaneously considers the effect of defect rate, deterioration
rate, vendor-managed inventory partnership model, and carbon cap-and-trade. Defective
products are treated similarly to Daryanto et al. [41] and the sources of emissions are
similar to Bai et al. [12] and Daryanto and Wee [44]. A summary of the literature review is
presented in Table 1.
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Table 1. Literature review and gap analysis summary.

Author Imperfect
Quality Deterioration

Vendor-
Managed
Inventory

Carbon Cap-
and-Trade

Rau et al. [28] Yes
Gunasekaran et al. [6] Yes

Bazan et al. [26] Yes Yes
Zanoni et al. [21] Yes Yes
Zanoni et al. [34] Yes
Lee and Kim [25] Yes Yes
Sarkar et al. [37] Yes
Sarkar et al. [27] Yes
Chan et al. [31] Yes

Wangsa [38] Yes
Tiwari et al. [10] Yes Yes

Daryanto et al. [11] Yes Yes
Daryanto et al. [41] Yes

Marchi et al. [46] Yes Yes Yes
Bai et al. [12] Yes Yes Yes

Kumar and Uthayakumar [15] Yes Yes
Wee and Daryanto [42] Yes

Hasan et al. [45] Yes
Turken et al. [16] Yes Yes

Daryanto and Wee [44] Yes Yes
This study Yes Yes Yes Yes

2.3. Open Innovation and Vendor-Managed Inventory

Currently, competition in the business world is no longer a competition between
one company and another. The competition in the business world today is a competition
between a company and its entire supply chain and other companies and their entire supply
chain [47]. To win the competition, companies must carry out activities in their business
processes more efficiently. To find more efficient ways of carrying out activities in the
business process, innovation is needed [48].

Innovation is an important factor that supports the success of a company so that it has
a competitive advantage [49–51]. In the supply chain, there are interactions between several
parties, including suppliers, manufacturers, and distributors. The open innovation concept
states that innovation is not owned by only one party, but by many parties, including
consumers, suppliers, and competitors [52].

Studies regarding the application of open innovation have been carried out in the
product development area [49,53]. In addition, research on business models and open
innovation in the car-sharing industry has also been carried out [54]. Research on the
relationship between eco-innovation and open innovation in the supply chain has also
been carried out [55,56]. Open innovation in SMEs has also attracted the attention of
researchers [57–62].

One of the factors that influences the collaborative innovation capability is trust [63–65].
In addition, information sharing in a supply chain with a vendor-managed inventory [66]
is also an important factor for accelerating open innovation [47].

3. Notation and Assumptions

The following notation is used in this study:

Parameters:
D demand rate (unit/year).
r production rate (unit/year).
θ deterioration rate (0 ≤ θ < 1).
u the rate of defective products (E[u] is the expected value of u).
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ic inspection cost ($/unit).
c buyer’s setup cost per cycle ($/cycle).
hb holding cost at buyer’s storage facility ($/unit/year).
db deterioration cost at buyer’s storage facility ($/unit).
s vendor’s production setup cost ($/order).
hv holding cost at vendor’s storage facility ($/unit/year).
dv deterioration cost at vendor’s storage facility ($/unit).
d distance traveled by a truck (km).
W product weight (ton/unit).
Tf fixed transportation cost for a truck ($/delivery).
Tv variable transportation cost, which depends on fuel consumption ($/liter).
c1 fuel consumption of an empty truck (liters/km).
c2 fuel consumption per ton of truckload (liters/km/ton).
c3 energy consumption for storing a product (kWh/unit/year).
Ec CO2 emission cap (tonCO2).
EP CO2 emission price ($/tonCO2).
Fe CO2 emissions from vehicle fuel (tonCO2/liter).
Ee CO2 emissions from electricity (tonCO2/kWh).
Pe CO2 emissions from production processes (tonCO2/unit).

Decision variables:
n number of deliveries.
T2 nonproduction period of the manufacturer (year).

Other variables:
Q delivery quantity (unit).
T cycle length (years).
T1 production period of the manufacturer (years).
Tb delivery cycle length (years).
P production quantity per cycle (unit).
Iv(t) inventory level at vendor’s storage facility at time t.
Id(t) inventory level of defective products at time t.
Ib(t) inventory level at buyer’s storage facility at time t.
TCb annual total cost of the buyer ($/year).
TCv annual total cost of the vendor ($/year).
TC annual total cost of the supply chain ($/year).
TEb annual carbon emissions of the buyer (tonCO2/year).
TEv annual carbon emissions of the vendor (tonCO2/year).
TE total carbon emissions per year (tonCO2/year).

The proposed model works under several assumptions:

1. Similarly to Zanoni [21], Bazan [26], and Marchi [46], demand is known and has
a constant rate. Demand information is shared with the vendor under the vendor-
managed inventory partnership. For example, the production plan of a corrugated
box manufacturer is shared with its ink vendor so that the demand is manageable.

2. Under this partnership, the vendor needs to ensure that there is no shortage at the
buyer’s storage facility. Therefore, the production rate of good-quality products is
equal to or greater than the demand rate [21].

3. The vendor delivers n equal lot sizes per production cycle.
4. The deterioration rate is constant. The rate at the vendor’s and buyer’s storage facility

is the same. However, the deterioration cost at the buyer’s storage facility is higher
due to the product value (db > dv).

5. Due to production reliability issues, the vendor must perform a quality inspection to
eliminate the possibility of delivering defective products to the buyer’s storage facility.
Defective products will not be reworked or repaied and they will be sold to a different
market. Defective products follow a uniform distribution where 0 ≤ α < β < 1, similar
to Daryanto et al. [41] and Daryanto and Wee [44].
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6. Fuel consumption is a linear function of truckloads, similar to Hariga et al. [9] and
Daryanto et al. [41].

7. The government’s carbon cap-and-trade regulation is applied to the total carbon
emitted by the supply chain. CO2 is produced during the production, storage, and
transport of items.

4. Model Development

The proposed model considers a supply chain partnership between a manufacturer
(vendor) that supplies one type of product to another manufacturer (or retailer) that acts as
the buyer. The vendor needs to maintain the inventory level at their own storage facility
as well as at the buyer’s storage facility because the holding costs are their responsibility.
Because transportation costs are also the vendor’s responsibility, it needs to determine the
optimal quantity and time to deliver the product and the optimal production quantity. The
vendor implements single-setup multiple deliveries (SSMD) by delivering n equal lot sizes
(Q) per cycle. It produces nQ units of items per production cycle. The following part of this
section provides the model development.

The inventory level at the vendor’s and buyer’s facilities, including the defective
products, can be seen in Figure 1. The vendor stores the defective products until T1. Then,
they will be sold at a lower price to a different market.
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4.1. Total Annual Cost for the Buyer

Under a vendor-managed inventory partnership, all the inventory-related costs, such
as inventory holding, deterioration, and emission costs in the buyer’s facility become the
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vendor’s responsibility. Hence, the buyer‘s total cost (TCb) only comes from a setup cost for
maintaining the partnership as follows:

TCb =
c
T

(1)

4.2. Total Annual Cost and Emissions for the Vendor

The total production quantity per cycle is rT1, in which the rate of good-quality
products is (1 − u)r. The total annual costs owned by or charged to the vendor consist of:

a. A setup cost

The vendor’s setup cost is:
s
T

(2)

b. An inspection cost

With an inspection cost per unit (ic), the vendor’s inspection cost is:

icrT1

T
(3)

c. A holding cost

From the illustration in Figure 1 and similarly to Daryanto et al. [11], the vendor’
inventory for good-quality products has the following differential equations:

dIv1(t1) = ((1 − u)r − D)dt1 − θ Iv1(t1)dt1, 0 ≤ t1 ≤ T1 (4)

dIv2(t2) = −Ddt2 − θ Iv2(t2)dt2, 0 ≤ t2 ≤ T2 (5)

The following boundary conditions are applied:

• At t1 = 0, I1 (0) = 0
• At t2 = 0, I2 (0) = Io
• At t2 = T2, I2 (T2) = 0

Hence,

Iv1(t1) =
(1 − u)r − D

θ

(
1 − e−θ t1

)
, 0 ≤ t1 ≤ T1 (6)

Iv2(t2) =
D
θ

(
eθ (T2−t2) − 1

)
, 0 ≤ t2 ≤ T2 (7)

Further, as Iv1(T1) = Iv2(0),

((1 − u)r − D)

θ

(
1 − e−θ T1

)
=

D
θ

(
eθT2 − 1

)
(8)

Following Misra’s approximation [67] and using Taylor’s series expansion for θT << 1,
one has

((1 − u)r − D)T1

(
1 − 1

2
θT1

)
= DT2

(
1 +

1
2

θT2

)
(9)

T1 ≈ D
(1 − u)r − D

T2

(
1 +

1
2

θT2

)
(10)

Because T = T1 + T2,

T ≈ T2

(1 − u)r − D

(
(1 − u)r +

1
2

DθT2

)
(11)

The inventory of good-quality products is calculated based on Lee and Kim’s ap-
proach [25]. It considers the original stock during the production and non-production
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periods minus the inventory at the buyer’s storage facility that reflects the products that
have been delivered from the vendor’s storage facility.

Iv(t) =
∫ T1

0
Iv1(t1)dt1 +

∫ T2

0
Iv2(t2)dt2 − n

∫ T/n

0
Ib(t)dt (12)

Hence, the inventory of good-quality products is

∫ T1

0

(1 − u)r − D
θ

(
1 − e−θ t1

)
dt1 +

∫ T2

0

D
θ

(
eθ (T2−t2) − 1

)
dt2 − n

[
D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

)]
(13)

The second part of the vendor’s inventory illustrates the defective products. From
Figure 1,

dId(t1) = urdt1 − θ Id(t1)dt1, 0 ≤ t1 ≤ T1 (14)

For t1 = 0, I1 (0) = 0; hence,

Id(t1) =
ur
θ

(
1 − e−θ t1

)
, 0 ≤ t1 ≤ T1 (15)

Therefore, the inventory of defective products is∫ T1

0

ur
θ

(
1 − e−θ t1

)
dt1 (16)

Under a vendor-managed inventory partnership, the following inventory at the
buyer’s storage facility is the vendor’s responsibility. During period T/n, the inventory
function is

Ib(t) =
D
θ

(
eθ( T

n −t) − 1
)

, 0 ≤ t ≤ T/n (17)

and
Q = Ib(0) =

D
θ

(
e

θT
n − 1

)
(18)

Hence, the inventory of products at the buyer’s storage facility is

∫ T/n

0

D
θ

(
eθ( T

n −t) − 1
)

dt (19)

Finally, the vendor’s total holding cost per year is:

hv

T

 (1−u)r−D
θ T1 +

(1−u)r−D
θ2

(
e−θ T1 − 1

)
− DT2

θ − D
θ2

(
1 − eθ T2

)
−n
[

D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

)]
+ urT1

θ + ur
θ2

(
e−θ T1 − 1

)
+ hb

n
T

(
D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

))
(20)

d. Deterioration cost

Deterioration occurs at the vendor’s inventory and the buyer’s inventory; however,
both are the vendor’s responsibility. At the vendor’s inventory, the deterioration cost is:

dv

T

(
(1 − u)rT1 − n

(
D
θ

(
e

θT
n − 1

))
+
(

urT1 −
ur
θ

(
1 − e−θ T1

)))
(21)

while the deterioration cost from the inventory at the buyer’s storage facility is

db
n
T

(
Q − D

T
n

)
= db

n
T

(
D
θ

(
e

θT
n − 1

)
− DT

n

)
(22)
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e. Transportation cost

With n deliveries per cycle, the transportation cost is

n
T

(
t f + 2dc1tv + d

D
θ

(
e

θT
n − 1

)
wc2tv

)
(23)

The distance, the fuel consumption of empty trucks, and the fuel price have a fixed
cost, while the variable cost depends on the quantity per delivery, the product weight, and
the fuel consumption per truckload.

f. Carbon emissions cost

The cap-and-trade system is applied. When TE > Ec, there are emission costs. On
the other hand, the supply chain earns revenue from selling excess quota. CO2 is emitted
due to production processes at the vendor’s facility, electricity consumption when the
products are stored at the vendor’s and buyer’s storage facilities, and fuel combustion
when transporting the products to the buyer’s storage facility.

The production emissions are calculated by rT1Pe/T. The emissions from
transportation are

n
T

(
2dc1 + d

D
θ

(
e

θT
n − 1

)
wc2

)
Fe (24)

From the defective and good-quality products at the vendor’s storage facility, the
emissions are

c3Ee

T

 (1−u)r−D
θ T1 +

(1−u)r−D
θ2

(
e−θ T1 − 1

)
− DT2

θ − D
θ2

(
1 − eθ T2

)
−n
[

D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

)]
+ urT1

θ + ur
θ2

(
e−θ T1 − 1

)
 (25)

From the products at the buyer’s storage facility, the emissions are

c3Een
T

(
D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

))
(26)

The total emissions (TE) are:

rT1Pe +
n
T (2dc1 +d D

θ

(
e

θT
n − 1

)
wc2

)
Fe +

c3Een
T

(
D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

))
+ c3Ee

T

 (1−u)r−D
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(1−u)r−D
θ2

(
e−θ T1 − 1

)
− DT2

θ − D
θ2

(
1 − eθ T2

)
−n
[

D
θ

(
1
θ

(
e

θT
n − 1

)
− T

n

)]
+ urT1

θ + ur
θ2

(
e−θ T1 − 1

)
 (27)

Hence, the total carbon emissions cost per year, according to the cap-and-trade regula-
tions, is

Ep(TE − Ec) (28)

Considering all the cost components, the total cost of the vendor (TCv) per year is
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TCv = s
T + icrT1

T + n
T
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(29)

4.3. The Supply Chain Cost

The total cost of the supply chain, considering the expected value of the defective
products, is:

ETC = c
T + s

T+
icrT1
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(30)

4.4. Methodology and Solution Search

To solve the problem, we first need to find the optimal delivery frequency (n*) per
cycle that minimizes the expected total cost. Hence, the following procedure is required:

Step 1. Substitute T1 and T from Equations (10) and (11) into (30).
Step 2. Use all the known parameters.
Step 3. Set n = 1.
Step 4. Derive the partial derivative of ETC with respect to T2 and find the value of T2.
Step 5. Calculate T1 and T using Equations (10) and (11) and then the ETC.
Step 6. Repeat Steps 4, 5, and 6 for other possible values of n by incrementally using

n = n + 1 until the minimum ETC is found. The ETC must satisfy the following conditions:
ETC(n* − 1) ≥ ETC(n*) and ETC(n*) ≤ ETC(n* + 1).

Step 7. Calculate Q* from Equation (18) and TE.

5. Numerical Example and Discussion
5.1. Case Illustration

A case study of a corrugated box manufacturer and its ink vendor, similar to the case
study discussed in Daryanto and Krämer [14], is fit to illustrate our model. The corrugated
box manufacturer needs ink for its flexo printing machine. A VMI contract is implemented
in which the ink vendor has a space in the corrugated box manufacturer’s warehouse in
which to hold its stock. However, the ink vendor must maintain the stock level in order to
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fulfill the corrugated box production demand. The ink vendor’s personnel are on standby
in the area and all the equipment and supplies are the vendor’s responsibility. Therefore,
holding costs are counted for the ink vendor. Moreover, the transportation costs are also the
vendor’s responsibility. The corrugated box manufacturer has a setup cost for maintaining
the partnership per cycle and pays the purchase cost based on its ink usage.

5.2. Numerical Example

The following parameters are considered to illustrate the proposed model and to
analyze the result. The values are taken from Daryanto et al. [40] and Bai et al. [12].
D = 500,000, r = 2,000,000, θ = 0.1, E[u] = 0.02, ic = 0.5, c = 2000, hb = 60, db = 600, s = 100,000,
hv = 40, dv = 400, tf = 1000, tv = 0.75, d = 100, w = 0.01, c1 = 0.27, c2 = 0.0057, c3 = 1.44,
Ec = 10,000, Ep = 2.5, Fe = 2.6 × 10−3, Ee = 0.5 × 10−3, and Pe = 0.01.

Following the proposed solution procedure and using MAPLE software, the results for
different n values were obtained and are presented in Table 2. When the delivery frequency
(n) increases, the delivery lot size (Q) decreases, while the cycle length (T) tends to increase.
The optimum n* is 9 when the total cost is $2.762134503 × 106. Table 2 shows that when
the value of n is smaller or greater than 9, the total cost value becomes greater. From this
result, we also found the optimal delivery quantity of 4918.0 units with a cycle length of
0.08848 years or a 3.6 day delivery interval.

Table 2. Results for different n values.

n T2 T Q ETC TE

1 0.04965 0.06670 33,462.1 3.332846929 × 106 5130.027
2 0.05640 0.07577 18,980.4 2.991433130 × 106 5134.125
3 0.05949 0.07993 13,340.2 2.874852258 × 106 5136.834
4 0.06136 0.08245 10,316.9 2.819920003 × 106 5139.069
5 0.06268 0.08421 8428.7 2.790695526 × 106 5141.081
6 0.06369 0.08557 7136.3 2.774629333 × 106 5142.964
7 0.06452 0.08668 6195.7 2.766188944 × 106 5144.764
8 0.06522 0.08763 5480.4 2.762553674 × 106 5146.505

9 * 0.06585 0.08848 4918.0 2.762134503 × 106 5148.202
10 0.06642 0.08924 4464.1 2.763967875 × 106 5149.864

Note: * indicates the optimum value.

However, the optimum decisions with consideration of costs do not result in the
minimum total emissions (TE = 5148.202 tonCO2). Total emissions are proportional to an
increase in the frequency of delivery. The minimum total emissions are 5130.027 tonCO2
when n = 1 and Q = 33,462.1 units, which is $570,712.426 or 17.1% higher than the minimum
total cost. The reduction in CO2 emissions is 18.175 tonCO2, which, according to this
example, is valued at $45.437. It is a small value that a supply chain will prefer to pay
compared with losing a chance to obtain high cost efficiency.

5.3. Effect of Changes in Carbon Cap-and-Trade Parameters

Many governments have implemented a cap-and-trade regulation to drive emissions
reductions. Hence, we analyze the effect of the changes in the carbon cap-and-trade
parameters on the proposed model.

Table 3 shows the effect of changes in emission cap (Ec) and emission price (Ep) values
on the decision variables, total cost, and total emissions. The %CTC and %CTE present the
percentage of changes in the total cost and total emissions, respectively, compared to the
original decisions. Further, several insights can be gained:

1. The changes in Ec and Ep do not change the optimum decisions on the number of
deliveries per cycle, the cycle length, and the delivery quantity even when the changes
reach 50%. We can say that the effect of the changes is insignificant.
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2. The changes in Ec and Ep affect the total cost. The higher the emission cap, the lower
the total cost because the supply chain is allowed to emit more carbon with less tax.
When the emission price increases, the total cost becomes lower because the supply
chain can obtain more revenue from selling the excess quota. Moreover, the changes
in the emission cap are more meaningful for the supply chain as the percentage of the
total cost reduction is higher.

3. However, the changes in Ec and Ep do not affect the total emissions of the supply
chain. Hence, the government must carefully consider the policy because the objective
of reducing carbon emissions may require a significant value. Therefore, we present
further analysis in Section 5.4 in the case of no carbon cap-and-trade regulation (Ec
and Ep = 0) to gain more insight. The analysis shows the optimum decisions when Ec
and Ep are decreased by 100%.

Table 3. Effect of changes in cap-and-trade parameter values.

Parameters Changes n T2 T Q ETC %CTC TE %CTE

Ec = 10,000

+50% 9 0.06585 0.08848 4918.0 2.749634503 × 106 −0.45 5148.202 0
+25% 9 0.06585 0.08848 4918.0 2.755884412 × 106 −0.22 5148.202 0

0 9 0.06585 0.08848 4918.0 2.762134503 × 106 0 5148.202 0
−25% 9 0.06585 0.08848 4918.0 2.768384412 × 106 0.22 5148.202 0
−50% 9 0.06585 0.08848 4918.0 2.774634503 × 106 0.45 5148.202 0

Ep = 2.5

+50% 9 0.06585 0.08848 4918.0 2.756069646 × 106 −0.22 5148.202 0
+25% 9 0.06585 0.08848 4918.0 2.759102076 × 106 −0.11 5148.202 0

0 9 0.06585 0.08848 4918.0 2.762134503 × 106 0 5148.202 0
−25% 9 0.06585 0.08848 4918.0 2.765166795 × 106 0.11 5148.202 0
−50% 9 0.06585 0.08848 4918.0 2.768199360 × 106 0.22 5148.202 0

5.4. Special Case with the Absence of a Carbon Cap-and-Trade Policy

A special case of the proposed model is studied to examine a situation in which the
carbon cap-and-trade policy does not exist. Here, all the values of the parameters are
similar to those of the original case except for the values of Ec and Ep, which are zero. The
results are presented in Table 4.

Table 4. Results when the carbon cap-and-trade policy is absent.

n T2 T Q ETC TE

6 0.06369 0.08557 7136.4 2.786772260 × 106 5142.964
7 0.06452 0.08668 6195.8 2.778327147 × 106 5144.764

8 * 0.06522 0.08764 5480.5 2.762553674 × 106 5146.505
9 0.06585 0.08848 4918.0 2.774263809 × 106 5148.203

10 0.06642 0.08924 4464.2 2.776093095 × 106 5149.864
Note: * indicates the optimum value.

The above result shows that the new optimum n is 8 with a total cost of
$2.762553674 × 106 and a delivery quantity of 5480.5 units. This result is different from that
when a cap-and-trade policy exists. With a lower delivery frequency and larger quantities,
the buyer holds more inventory. It is interesting that, without a carbon cap-and-trade
policy, the total cost is higher. This may happen when the supply chain cannot sell any
excess quota. These results show that the implementation of a cap-and-trade policy may be
beneficial for industries.

For n = 9 (the optimum result in Sections 5.2 and 5.3), TE is higher than the case when a
cap-and-trade policy is present. This shows the potential benefit of a carbon cap-and-trade
policy in reducing carbon emissions. However, the supply chain will reduce the number of
deliveries and increase the stock level to obtain lower costs. Interestingly, the total emissions
are lower in the case without a carbon cap-and-trade policy. Hence, the government must
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carefully consider the policy in order to make sure that the objective is achieved because the
industry may react accordingly to secure a financial benefit. Awareness and a willingness
to create a sustainable environment need to be instilled.

6. Conclusions
6.1. Theoretical Implications

This paper presents a single-vendor and single-buyer low-carbon supply chain model
for deteriorating products with imperfect quality under a VMI. The vendor’s operational
activities, such as production, storage, and transportation, are taken as sources of carbon
emissions. A solution procedure to optimize the production and delivery quantity and
the number of deliveries per production cycle was developed. This result confirms what
previous studies have derived. Under a VMI partnership, a vendor has a long-term business
collaboration and more visibility with respect to demand; however, the total cost of the
vendor increases.

The optimum decisions with consideration of the costs of the supply chain do not
guarantee the minimum total emissions. The changes in the value of the carbon cap and
carbon price do not change the optimum decisions except for the total costs borne by the
supply chain. This study also found that the total cost is higher in the case without a carbon
cap-and-trade policy. This may happen when the supply chain cannot sell any excess quota.
Therefore, the implementation of a cap-and-trade policy may be beneficial for industries.
Further, the existence of the carbon cap-and-trade policy does not guarantee an emissions
reduction. Hence, the government must carefully consider the policy in order to make
sure that the objective is achieved because the industry may react accordingly to secure a
financial benefit.

6.2. Practical Implications

This research provides optimum decisions in terms of delivery quantity and the
number of deliveries per cycle that minimize the total costs when a vendor and a buyer
collaborate under a VMI partnership. Further, the proposed model yields the optimum
production quantity and production cycle of the vendor. Supply chain managers can
use these results to maintain the financial benefit of their business while considering the
cap-and-trade regulation. They can adjust the number of deliveries and stock level to make
the total costs as low as possible.

6.3. Limitations and Future Research Topics

The limitations of this study are as follows. The proposed model considers a constant
level of demand. Nowadays, consumers are aware of environmental issues that affect
demand patterns. Therefore, we recommended that future studies consider a demand
function that depends on the environmental performance of the product [34] or consumers’
preferences for low-carbon products [68].

This study used only a cap-and-trade policy. Future research could use other regula-
tions, such as a strict carbon policy, to ensure emissions reductions and compare the effects.
Moreover, further analysis of the implications of green technology that reduces emissions
levels could be incorporated into future models.

In this paper, we assumed a centralized inventory decision. This is not able to fully
show the effect of inventory decisions under the VMI partnership regarding carbon emis-
sions reductions. It would be interesting to investigate the impact of decentralized decisions
involving different decision mechanisms, such as the Stackelberg leader–follower model,
in further research.
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