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Abstract

This research develops a joint optimization model for a two-tier supply chain by involving a manufacturer and a
retailer. We investigate the impact of investment in setup cost reduction and electric-powered equipment such as
electric forklifts and trucks on the joint total cost. CO, emissions are produced by both parties and transportation
activities involving a logistics provider. The products at the manufacturer’s warehouse are collected by a logistic
provider and delivered to the retailer’s warehouse by using the electric truck. We consider the lead-time that depends
on the production time, transportation time, material handling time, and in-transit time. The goal is to minimize the
joint total cost, which is to obtain the decision variables, such as the lot size, factor of safety, and the number of
batches. A numerical example is provided to demonstrate the application of the proposed model. The result shows that
the proposed model compared with Wangsa et al. (2020) can significantly affect cost-saving, increase service level,
short lead-time, and reduce carbon emissions levels by 24.42%; 0.36%; 41.03%; and 29.41%, respectively.
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1. Introduction

In the last decade, research on sustainability issues has grown rapidly in various countries. One of them is the problem
of greenhouse gas emissions. The greenhouse gas that has the greatest impact on air quality is carbon emissions, one
of which is carbon dioxide (CO;) emissions. This pollutant is a greenhouse gas that is a major cause of global warming
and climate change. Recently, climate change that has occurred is the effect of global warming caused by the increase
in greenhouse gases in the atmosphere. Global warming now has clear evidence of natural damage and disasters that
have hit various parts of the world, including degradation, hail, floods, earthquakes, and tsunamis. These impacts will
affect the sustainability of ecosystems in the future. In the era of Industry 4.0, a variety of emerging technologies, such
as electric vehicles, drones, and robotics have emerged to help many people work. Unlike traditional vehicles that still
use fossil fuels, the types of electric vehicles (trucks, vans, and motorcycles) that run on electricity are environmentally
friendly (low emissions). The disadvantage of using an electric vehicle is the very high initial investment cost of the
equipment (Bahnke, 2019). In addition, the electric vehicle needs to be recharged and the charging station needs to be
visited, resulting in lower actual shipping weight (Breunig et al., 2019). Lead-time is one concern for coordinating in
the supply chain system between a supplier and a retailer. Lead time and setup cost reductions are key business
parameters, as order size, service levels, and CO» emissions are directly or indirectly affected by this concern. In
practice, setup costs investment can be reduced by training workers, changing procedures, and purchasing special
equipment (Tiwari et al., 2018b).

Currently, almost all activities that occur in the supply chain area (such as storage, production, and transportation)
have an impact on carbon emissions (Benjafaar et al., 2012). However, transportation activities produce the most
carbon emissions among other activities (The US EPA, 2021). Several researchers have studied inventory control with
the costs of carbon emission. Wangsa (2017) studied the effect of penalties incentives of carbon for a single vendor-
buyer system. Tiwari et al. (2018a) modeled an integrated inventory model that considers carbon emissions,
deterioration of items, and product defects. An integrated production-inventory model to reduce controllable lead
times, order costs, and setup costs was developed by Tiwari et al (2018b). The effect of probabilistic demand, reject
products, and costs of carbon emission on an integrated inventory model was investigated by Jauhari et al. (2018).
Daryanto et al. (2019) investigated a three-tier supply chain model that considers the emissions from multi-activities
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such as transport, storage, and disposal. A two-echelon inventory model by considers greenhouse gas emissions,
energy consumption, and production defects was carried out by Marchi et al. (2019). Finally, Wangsa et al. (2020)
formulated an integrated inventory model by considering the emissions of production, transportation, and storage
activities for a single-vendor and a single-buyer system as well as considering transportation costs and stochastic lead-
time. The model considers the diesel truck mode from a single vendor to a single buyer. Sarkar et al. (2015a) developed
an EOP/EPQ model by considering the probabilistic demand, quality improvements, reduced setup costs, and service
level constraints. Then, Sarkar et al. (2015b) developed a JELS model involving setup costs reduction and unequal lot
sizes. An integrated lot size model for the imperfect production process by considering the quality improvement and
setup cost reduction was developed by Guchhait et al. (2020). Tiwari et al. (2020) extended model of Tiwari et al.
(2018b) considers inspection errors and backorder discounts. Green technology strategies to reduce CO2 emissions
were included by Datta (2017) and Huang et al (2020). Some electric vehicle modeling studies are still limited to the
vehicle routing problem such as the study of Schneider et al. (2014) and Breunig et al. (2019).

To solve this problem, we proposed a two-echelon supply chain integrated inventory model with a single manufacturer
and a single retailer system that considers electric trucks and accommodates investments to reduce setup costs. As far
as we know, the impact of reducing electric vehicles and setup costs on total cost has not been extensively considered
in previous studies. By extending the model of Wangsa et al. (2020) considering transportation costs are still based on
fossil fuels, the main objective of this study is to reduce CO, emissions, lead time, and total costs as well as improve
customer service levels. The difference between the proposed model, Wangsa et al. (2020), Guchhait et al. (2020),
and Tiwari et al. (2020) is shown in Table 1.

Table 1. The comparison of the model

Characteristic Guchhait et al. (2020) Tiwari et al. (2020) Wangsa et al. (2020) This study
System Two-echelon Two-echelon Two-echelon Two-echelon
Carbon emissions No No Yes Yes
Lead-time No Controllable Stochastic Stochastic
Optimum service level No No No Yes

Setup cost reduction Yes Yes No Yes
Transportation mode Not considered Not considered Diesel truck Electric truck

2. Notations and Assumptions
In this section, we present the notations (decision variables, dependent variable, objective function, and parameters)
and assumptions used in this study.

Decision variable:

Q = lot size (units) k = safety factor (times)

m = number of batches (times) S = setup cost ($)
Dependent variable:

W, = Total shipping weight (kg)

SL = Service level (%)

L(Q) = lead-time (days)

TE(Q,m) = total carbon emission (ton COy)

Objective function:
ITC(Q,k,S,m) = Integrated total cost ($/year).

The following parameter and notations are used in this paper:

Parameter Description

D Average of demand (units/unit-time)

o Standard deviation of demand (units/unit-time)
A Cost of ordering ($)

hyq Holding cost of in-house ($/unit/year)

R Holding cost of in-transit ($/unit/year)

T Cost of shortage ($/unit)
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Parameter Description

Cene The cost of carbon ($/ton CO,)

A, Retailer’s emission factor (ton-CO./kg)

F, Freight rate for a FTL ($/kg/km)

E, Freight rate for an LTL ($/kg/km)

w Weight of product (kg/unit)

0 Additional cost per delivery ($)

W, Shipping weight of a FTL (kg)

a Discount factor for LTL shipments, 0 < a <1

tg Time of in-transit (unit-time)

T Cost of electricity ($/kWh)

d, Distance of a single manufacturer — a single provider (km)
dp Distance of a single provider — a single retailer (km)
ds Distance of material handling facilities (km)

v Electric truck speed (mph)

Vi Electricity consumption of the truck (kWh/hr.)

Cr Load capacity of the electric forklift (kg)

Ve Speed of the electric forklift (mph)

Ve Forklift electricity consumption (kWh/hr)

P Rate of production (units/year)

So Initial setup cost ($)

h., Holding cost of manufacturer ($/unit/year)

€co Consumption of electricity (kWh)

Sco Consumption of steam (kWh)

heo Consumption of heating (kWh)

Cco Consumption of cooling (kWh)

Y Annual fractional cost of capital investment (/$/unit-time)
1(S) Capital investment in setup cost reduction ($)

& The percentage decrease in S per dollar increase in I(S)
L, Loss rate of energy (%)

Ay 1* manufacturer’s emission factor (ton CO»/kWh)
Ay, 2" manufacturer’s emission factor (ton CO»/unit)

The following assumptions are used in our model:

The system consists of a single manufacturer and a single retailer with a provider.

This study assumes a normal distribution of retailer demand with the mean and standard deviation.

The manufacturer produces the product with limited production and higher than the retailer’s demand.

The electric truck in this model is not considered a visit to the charging station.

Linear distance is assumed to be the total distance of the companies.

The capital investment I(S) in reducing the manufacturer’s setup cost is a logarithmic function of the setup

cost, S. Thatis, I(S) = B 1n (Z—O) for0 < § < S, where B = % (Sarkar et al., 2015a; 2015b; Guchhait et al.,

2020; Tiwari et al., 2018b; 2020).

N B W=

3. Model Formulation

3.1 Total Lead-time Function

Firstly, we formulate a stochastic lead-time that depends on the retailer’s lot size (Q). The retailer orders a lot size of
Q to the manufacturer and applies a pickup policy with involves the logistics provider. The policy requires the provider
to ask the manufacturer to pick the goods and sends to the retailer with the time of transport by the electric truck mode
with total distance, p = (2d,, + d},). Then, the retailer warehouse receives the goods and immediately handles it with
a forklift and calculates the material handling time. This study considers the stochastic lead-time which consists of
production time, material handling time, transportation time, and transit time (Wangsa et al., 2020).
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3.2 Total Carbon Emission Function

Second, in modeling carbon emissions for this study, we use the carbon emission model developed by Wangsa et al.
(2020). Carbon emissions are emitted from the production process at the manufacturer and inventory at a retailer. In
this study, we have considered electric trucks and forklifts (zero emission). Therefore, the formulation of total carbon
emissions is as follows:

TEQ,m) = A,wQ + A (eco + Sco + oo + Coo) Ly + A Qm )

3.3 Total Cost Function
In this subsection, we formulate the total cost of the retailer, manufacturer, and joint total costs. The average inventory

level at retailer and safety stock are % + kam, respectively, then the expected holding cost for the retailer per
year is given by h,q [§+ kam]. The expected of the number of shortages for the retailer per year can be
formulated by considering the replenishment per year, D/Q, the number of shortages, m/)(k)\/TQ), therefore the
expected shortage cost is given by D/Q (nm/)(k)m ) Next, we consider transportation cost and material handling
by considering the electric vehicle and electric forklift. The transportation cost and material handling cost per year are
D/Q [p (anWx + Tv—y;)] +D(1—-a)Ew(d,+dy)and D/Q (4yfdfr/vf), respectively. Here, we also consider the

carbon emissions resulted from warehouse activity at retailer. The carbon emission is given by DA,,wCgy(. Thus, the
retailer’s total cost function based on electric-powered equipment consisting of the cost of ordering (OC,.), cost of
shortage (SC,.), holding cost of in-house (IHC,.), holding cost of in-transit (THC,), additional cost (PC,), material
handling cost for the electric forklift (LUC,.), transport cost for the electric truck (LC,.), and retailer’s direct carbon
emission cost (CE,.) is given by:

4Vfdff] €)

D [A + 0 + mop(k)yL(Q) + hpQts + p (anVVx + Tv_]::t) i Vs

Q
+hy, %+ ka,/L(Q)] +D[(1 — @)Ew(2d, + dy) + A.wCapg]

TC.(Q, k) =

The manufacturer makes a batch size of mQ during production and distributes it equally to the retailer. By deducting
the retailer's cumulative consumption from the manufacturer's cumulative production, we can calculate the
manufacturer's average inventory level. The manufacturer's annual inventory level is provided by:

m20>2 4
[mQ(%+(m—1)%)—2—g—[%(1+2+---+(m—1))Q] @
mQ/D

L,(Q,m) =
2D
P

One of the best ways to reduce the manufacturer’s overall cost is thought to be through capital investments that
lower setup costs. In this study, we assume that the capital investment I(S) in reducing the manufacturer's setup cost
is a logarithmic function of the vendor's setup cost and optimizes the initial setup cost (S,) (Sarkar et al., 2015a;
2015b; Guchhait et al., 2020; Tiwari et al., 2018b; 2020).

1(S) =BIn (%) (5)

Subject to: 0 < S < Sy; where B = %; & is the percentage decrease in S per dollar increase in I(S). If Y is the

I,(Q,m) =%[m<1—%> —1+

manufacturer’s fractional setup cost technology investment, then the formulation is:

ISC,, = YI(S) = YBIn (%) (6)
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The manufacturer’s total cost per year involving the cost of holding (HC,,), cost of initial setup (0C,,), cost of
carbon emission (CE,,), and investment for reducing setup cost (ISC,,) is given below:
TCn(Q,S,m) = HC,, + 0C,,, + CE,, + ISC,,
h D 2D71 DIS+ Api(eco + Sco + heo + o)Ly C
TCm(Q,S,m)= mQ [m(l——)—1+— + [ ml( co co co co) r GHG]
2 P P QOm

S
+ DApyCepg + YBIn (é’)

()

Finally, the mathematical model of the integrated total cost for a single-manufacturer and a single-retailer system
with a logistics provider can be determined by adding the retailer’s total cost with the electrical equipment (Eq. 3),
investment in reducing setup cost (Eq. 6), and the manufacturer’s total cost (Eq. 7) which is given by:

(®)

Min ITC(Q, k, S, m)

D T Ayed T

=3 [A +0 + 1o (kWL(Q) + hyoQts +p (anWx + ﬁ) + L
f

VUt
S+ Ap(eco + Sco + heo + Coo)LrC
+[ ml( co com co co) r GHG] +hr1k0' L(Q)

D 2D S
{hrl +hm[m(1—ﬁ)— 1+? }+YBll’l<?)
[(1 - a)FxW(Zdv + db) + (ATW + AmZ)CGHG]

+

Q
2
+D
3.4 Solution Methodology
The total cost is formulated as shown in Eq. (8). The equation is a function of (Q, k, S, m). First, for fixed of m, the
partial derivatives of Eq. (8) with respect to (Q, k, S) which satisfies dITC(Q, k,S,m)/dQ = 0, dJTC(Q,k,S,m)/
0k = 0,and dITC(Q, k,S,m)/dS = 0, simultaneously and setting the result to zero then the formulations are shown
below:

v\ |, AvrdsT e @
~re -
. A+9+p(a'FxWx+vt)+ -
+ [S + Ami(eco + Sco + heo + €co)LrCone) — oy (k) [Q(Cfvf + 4PWdf) _ m]
Q* _ m ZPCfoﬂL(Q)
B h..k + 4Pwd
s e e (1) -1+ )
PCf'l]f L(Q)
i " |
o(k*) = 1_Q (10)
Dn
and
. _mQYB (11)
)

We modified Wangsa et al. (2020)'s algorithm to address the proposed model and find the optimal solutions. An
iterative procedure for this problem is shown as follows:

Step1  Start withm =1, S = S, and all other parameters value into initial lot size (Q,).

4y rd fT
A+6+p(anWx+ﬂ>+yf—f
2D vt ‘Vf

+[5‘"Am1(*?co"’Sco‘”’Lco"'Cco)Lr(-‘(;m;]
m

Q= s (1-2) 172

Step2  Compute k; and S; by substituting Q, into Eq. (10) and Eq. (11).
Step3  Compute Q; from Eq. (9).
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Step4  Check the actual shipping weight; if (Qw > W, ) is not satisfied then revise the lot quantity (Qi1 = %) and

w
go to the next step. Otherwise, (Qw < W,), we go on to the next step.

Step5  Compute the value of ®(k;,) =1 — % and S;, = m%YB

Step 6  Repeat Steps (2) - (5) until no change in the value of (Q;, k;, S; ).
Step7  Compare the decision variables of S; and S,.
i). IfS; < S, then the optimal solution by (Q;", k;",S;").
ii). IfS; > S, then we setS;" = S, and utilize Eqgs. (9) and (10) to determine the new (Q;", k;") by the
same Steps (2)-(4) then the result is denoted (Q;", k;", S;" ).
Step 8 Calculate JTC using Eq. (8).
Step 9 IfJTC(Q{my Kimy Mo Simy) < ]TC(QE‘m_l), kim—1ym — 1,5(*m_1)), then set m = m + 1, and repeat Steps 2.
Otherwise, go to Step 10.
Step 10 The optimal decision variables, (Q*, k*, m*,5§*) = (Qfm_l), kim—1ym — 1,Sfm_1)), then (Q*, k*,m*,S*) is
the optimal solution.

4. Results and Discussion

Let us consider a supply chain inventory model involving a single manufacturer and a single retailer and consider the
e-trucks and e-forklifts used in Wangsa et al. (2020). We categorize the data into three sections, namely: 1) General
data: D = 10,000 units/year; P = 60,000 units/year; ¢ = 300 units/year; 4 = $50; S = $1400; &, = $10/unit/year; h,, =
$1/unit/year; h,, = $3/unit/year; &= = $200/unit; F, = $0.000040217/kg/km; w = 22 kg/km; 6 = $14; W, = 46,000 kg; a
=0.11246; t, = 1 day; r = $0.10/kWh; v, = 20 mph; y, = 6 kWh/hr; ¢,= 3300 kg.; v/= 6 mph; y,=2.092 kWh/hr, ¥ =
0.10/$/year; and B = 3500. 2) Emission data: Corg = $10/ton CO»; A, = 0.00250-ton COx/kg; A, = 0.02264-ton
CO2/kWh; A,z = 0.00965-ton COx/unit; e, = 154,556 kWh; 5., = 115,917 kWh; he, = 38,639 kWh; A, = 77,278 kWh;
L, = 1%. 3) Distance data: d, = 50 km; d» = 600 km; dr= 0.015 km. By employing the above algorithm, we obtain
the following results. The optimal lot size, number of batches, safety factor, setup cost, total shipping weight, service
level, lead-time, total emission are 635.83 units; 4 times; 2.73 times; $89.02/setup; 13,988.32 kg.; 99.68%; 6.17,
146.99-ton CO,, respectively. The cost incurred by the vendor, buyer and whole of system are $7,297.86/year;
$19,039.64/year; and $26,337.50/year, respectively.

We analyzed the results of the proposed model and the results of Wangsa et al. (2022) which is a fossil-fuel model and
an electric-powered model without investment in reduced setup cost. In this analysis, we assume data such as the
initial setup cost $1,400/setup, fuel price $1.02/liter, truck’s fuel consumption = 0.63569 liters/km, and forklift’s fuel
consumption = 3 liters/hr. Table 2 shows if the proposed model is compared to Wangsa et al. (2020)’s model, we have
lower emissions of 61.24-ton CO, (29.41%), lead-time 4.30 days (41.01%), service level increase by 0.37%, and
saving cost by $8,507.74/year (24.42%). In the same table, if we compared electric-powered with setup cost reduction
and without setup cost reduction, we got a lower emission of 14.65-ton CO; (9.07%), lead-time faster than 0.13 days
(1.96%), service level increase 0.01% and saving cost by $3,705.53/year (12.34%).

Table 2. The comparison of the results

Wangsa et al. (2020)’s Electric-powered model Proposed model (electric-powered
model w/o setup cost reduction with setup cost reduction)
Lot size 1,371.18 units 656.89 units 635.83 units
Total shipping weight 30,165.95 kg 14,451.54 kg 13,988.32 kg
Number of batches 3 6 4
Safety factor 2.46 2.72 2.73
Setup cost optimal $1,400/setup $1,400/setup $89.02/setup
Service level 99.31% 99.67% 99.68%
Lead-time 10.46 days 6.29 days 6.17 days
Manufacturer' emission 127.17-ton CO2 125.51-ton CO2 112.02-ton CO2
Retailer's emission 81.06-ton CO2 36.13-ton CO» 34.97-ton CO»
Total emission 208.23-ton CO2 161.64-ton CO2 146.99-ton CO2
Manufacturer's cost $10,265.74/year $11,006.40/year $7,297.86/year
Retailer's cost $24,579.49/year $19,036.63/year $19,039.64/year
Integrated total cost $34,845.23/year $30,043.03/year $26,337.50/year

Figures 1-4 illustrate the impact of changes in number of batches on total cost, lead-time, carbon emissions, and
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service level. The figures also show a comparison between Wangsa et al. (2020)'s model, an electric-powered model
without reduced setup costs, and a proposed model that considers electric-powered technology and reduced setup costs.
Figures 1-3 show that the total cost, carbon emissions, and lead time of the proposed model are smaller than the
electric-powered model without reduced setup costs and Wangsa et al. (2020)'s models. In contrast to the service level,
the proposed model provides the highest service level compared to other methods (Figure 4). Figures 2 and 4 show
that the lead time decreases, and the service level increases as the number of batches increases.
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Figure 1. Joint total cost with respect to number of shipments () for each model
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Figure 2. Lead-time with respect to number of shipments () for each model
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Figure 3. Total carbon emission with respect to number of shipments (m) for each model
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Figure 4. Service level with respect to number of shipments () for each model

5. Conclusion

This study develops a sustainable integrated inventory model for a two-tier supply chain by involving electric trucks.
We consider a probabilistic demand, stochastic lead-time, carbon emission, service level, and setup cost reduction.
Stochastic lead-time includes the production time, transportation time, loading-unloading time, and in-transit time.
The carbon emission can be reduced especially transportation emissions by considering electric trucks. The emissions
will affect the lot size and lot production. From computation analysis, we obtain a total cost savings of 25%, a
significant total emission reduction of about 30%, a lead-time reduction of 41%, and an increase in service level of
0.36%. The proposed model can guide managers to determine the optimum lot size, safety factor, number of batches,
customer service level, carbon emissions, and lead-time. Further study could be by investigating the green technology
investment and considering the drone for the last mile system. The production and truck capacities constraint would
be considered in further research. Furthermore, the other possibility is considering rework in the manufacturing
production process.
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