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Abstract. One of the problems in an environmental policy is carbon leakage,
which is increasing GreenHouse Gas (GHG) emissions as an adverse effect due to
the production shift from countrieswith strict climate change policies to thosewith
careless ones. In this situation,CarbonBoarderAdjustment (CBA) is considered as
a countermeasure for mitigating GHG emission and carbon leakage globally, with
European Union (EU) agreeing to introduce the CBA in 2026. CBA is expected
to have huge impact upon a global supply chain network. The reasons of it are
that total cost and GHG emissions on a global supply chain network have been
influenced by the different procurement cost, customs duty and GHG level from
each country by the price level, the governmental policy, and the energy mix.
However, it is not revealed how much effect CBA has for the cost, and GHG
emission on a global supply chain network. Thus, this study models a global
supply chain network with CBA as the intersection of environment and economy.
First, a global supply chain network with CBA is modeled and formulated for
minimizing the total cost using integer programming. Second, a problem example
is prepared with bill of materials for the procurement cost and the GHG emission
using life cycle assessment. After that, under the market in the U.S., a numerical
experiment is conducted to validate the proposedmodel. Finally, the effect of CBA
is discussed.

Keywords: Carbon Border Adjustment Mechanism · Carbon Leakage · Trans
Pacific Partnership · Integer Programming · Life Cycle Assessment

1 Introduction

Recently, Carbon Boarder Adjustment (CBA) has been agreed upon to be introduced by
European Union (EU) council as an economical and environmental scheme for avoiding
carbon leakage [1]. Carbon leakage is the adverse effect of environmental policies, due to
the production shifts form a country with strong policy to the other country with careless
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policy [2]. CBA is one of the countermeasure policies for carbon leakage. Under the
CBA, an additional cost as importing tax is imposed based on the difference of climate
policy [3].

This CBA has large impact on a global supply chain network [4]. This is because
total cost and GreenHouse Gas (GHG) emissions on a global supply chain network have
been influenced by the different procurement cost, customs duty and GHG level from
each country by the price level and the energy mix [5].

Regarding the literature on CBA and a supply chain, Lim et al. [4] studied EU’s CBA
in terms of an economic scheme. Resultantly, they concluded that the CBA mechanism
was not in line with international trade rules. In addition, it was too costly for the
global economy while the goal of preventing climate change was agreeable. According
to Martin et al. [6], industrial fields with carbon leakages did not apply to Emission
Trade Systems (ETS), which were the regional cap-and-trade for GHG. Kondo et al. [7]
analyzed the supplier selections considering GHG emission, and quantitatively showed
whether there is a carbon leakage on global supply chain through numerical experiments.
Nagao et al. [8] analyzed the impact of disruption for costs on a global supply chain
network.However, theCBAbasedonGHGemission is not considered throughmodelling
of the global supply chain network.

This study models a global supply chain network with CBA as the intersection of
environment and economy. It specifically aims to estimate the effect of CBA based on an
analysis for a global supply chain network by numerical experiments. The contribution
of this paper is a new quantitative evaluation for CBA on the industrial field.

In this study, the Research Questions (RQs) are developed as follows.

RQ1: What is the effect of the cost and the GHG emission on a global supply chain by
CBA?
RQ2: What is the CBA rate required to prevent carbon leakage?

2 Model and Formulation

In this section, in order to analyze CBA on a global supply chain network, the model
and the formulation for numerical experiments are described. Section 2.1 develops the
global supply chain model with CBA based on the previous study [8]. In Sect. 2.2, the
model is formulated for minimizing total cost and the formulation of CBA based on
GHG emission is given.

2.1 Model

Figure 1 shows CBA cost by material-based GHG emission in the proposed model of
this study. When the GHG emission of goods manufactured in non-CBA countries is
higher than one domestically produced in the country with CBA, it is assumed that the
CBA is imposed. The CBA cost is calculated by multiplying the excess amount of GHG
emission for importing products by a given CBA rate. To estimate quantitatively the
CBA cost, material-based GHG emissions using Life Cycle Inventory (LCI) database
[5] is used by Life Cycle Assessment (LCA) [9].
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The global supply chain model is developed based on Nagao et al. [8] with a global
supply chain model with customs duty and Trans Pacific Partnership (TPP), which is a
comprehensive Free Trade Agreement (FTA). In the model, the product consists of Nj

type parts. Part j is procured from supplier o to factory p, where the product is assembled
at factory p. Then, assembled products are transported to market q. Meanwhile, the
customs duties CTS

pq are imposed when importing goods.
Set of suppliers in countries forming the TPP is defined as group G, which is a set

of supplier cities. Among TPP member countries, the customs duty CTS
op is not imposed.

In other cases, importers need to pay customs duty when importing goods. Then, the
developed element of the proposed model is CBA scheme. It can be applied when
importing parts or products across the border of a country, similar to customs duties.

It is noted that this proposed model is assumed for the strategic planning stage of
CBA scheme, where a just-in-time environment is applied similar to Nagao et al. [8],
which represents fewer inventory operations [10]. Thus, inventory control with lead time
is out of scope in this study.

Country b
Suppliers

Factory

Market

Country b* with CBA

GHGb
Factory

Suppliers

GHGb-GHGb*

CBA cost based on 
material GHG emission

GHGb*

Fig. 1. CBA cost by material-based GHG emission in the proposed model of this study.

The notations used in this study are as follows:

Sets:
O: Set of suppliers, o ∈ O.
G: Set of suppliers in countries forming the TPP, g ∈ G, G ⊂ O.
B: Set of country, b ∈ B.
J: Set of parts, j ∈ J.
P: Set of factories, p ∈ P.
Q: Set of markets, q ∈ Q.
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Decision variables:
vopj: Number of parts j transported from supplier o to factory p.
vpq: Number of products transported from factory p to market q.
kp: Number of products manufactured at factory p.
zpq: 1 if the route between factory p and market q is opened, and 0 otherwise.
up: 1 if factory p is opened, and 0 otherwise.

Evaluation:
TC: Total cost [USD].
TG: Total GHG emission [t-CO2eq].

Cost parameters:
CLC
op , C

LC
pq : Logistics cost per unit part and product for transportation.

CPC
oj : Procurement cost of procuring per unit part j by supplier o.

CTS
op ,C

TS
pq : Customs duty per unit part and product on transportation.

CMF
p : Manufacturing cost per product at factory p.

CRT
pq ,C

FC
p : Fixed cost for opening route from factory p to market q, and opening factory

p.

Production parameters:
Nj: Total number of parts j, consisting of one product.
Nq: Demand for products in market q.
M : : Very large number (Big M).
Fp: Production capacity at factory p.
Soj: 1 if part j is supplied by supplier o, and 0 otherwise.

GHG parameters:
CR
b∗ : CBA cost per ton of GHG emission at country b*[USD/t-CO2eq].

Eb∗
p : Non-negative value: The amount of GHG emission produced at factory p which is

higher than one in country b* with CBA, and 0 otherwise.
Hb∗ : Unit GHG emission per one product produced in country b* with CBA.
Xp: The amount of GHG emission produced at factory p.

2.2 Formulation

The objective functions are formulated to minimize total cost TC based on Nagao et al.
[8]. TC is comprised from total manufacturing cost TMC, total transportation cost TTC,
total customs duty cost TCDC, and total CBA cost TCBA as shown in Eq. (1).
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Objective function:

TC = TMC + TTC + TCDC + TCBA → min (1)

Consisting items of TC are set as follows.

TMC =
∑

o∈O

∑

p∈P

∑

j∈J
CPC
oj vopj +

∑

p∈P

∑

q∈Q
CMF
p vpq +

∑

p∈P

∑

q∈Q
CRT
pq zpq +

∑

p∈P
CFC
p up (2)

TTC =
∑

o∈O

∑

p∈P

∑

j∈J
CLC
op vopj +

∑

p∈P

∑

q∈Q
CLC
pq vpq (3)

TCDC =
∑

o∈O

∑

p∈P

∑

j∈J
CPC
oj CTS

op vopj +
∑

p∈P

∑

q∈Q
CMF
p CTS

pq vpq (4)

TCBA =
∑

p∈P
Eb∗
p CR

b∗ (5)

Eb∗
p =

{
0, Xp − kpHb∗

< 0
Xp − kpHb∗

, Xp − kpHb∗ ≥ 0
(6)

Xp =
∑

p∈P

∑

o∈O

∑

j∈J
vopjHoj (7)

TMC in Eq. (2) is the sum of the procurement cost of parts, manufacturing cost of
products, route opening cost, and factory opening cost. TTC in Eq. (3) is the sum of
transportation cost of parts from suppliers to factories and products from factories to
markets.TCDC in Eq. (4) is the sumof the customs duty cost of parts and products.TCBA
in Eq. (5) is calculated by the rate of CBA in the applied country timed the difference
between total GHG emission at factory p and the expected emission produced only in a
CBA country.

Equation (6) calculates Eb∗
p as the difference of GHG emission at factory p by the

expected emission of domestic local supply chain in the country b* applied CBA. This
Equation means the CBA cost is imposed by using the difference of GHG emission
when material-based GHG emission of products produced at factory p is higher than
one produced only in the CBA country b*. In Eq. (7), the sum of material-based GHG
emission at factory p is calculated by multiplying the number of transportation parts and
the parts GHG emission in supplier o.

The other constraints are set similar to Nagao et al. [8] for the number of products,
parts, transportation volume, demand, opening route/factory, and production capacity at
factories, and decision variables for binary and non-negative.
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3 Problem Example

For conducting numerical experiments, problem examples about product, supply chain,
cost and GHG emission of parts, and CBA assumption are given in this section.

To analyze the effect of CBA for a global supply chain network, problem examples
are prepared based on Nagao et al. [8] as follows:

• Supply chain network example
13 suppliers are located across countries such as the U.S., China, Malaysia, and

Japan.As a candidate locationof a factory, four cities are set at Seattle, Shanghai,Kuala
Lumpur, andTokyo,where the products aremanufactured using transported parts from
suppliers. The manufacturing cost for the product is different from countries. 3,000
manufacturing products units applies as the production capacity for each factory.
Seattle in the U.S. is set as a market location, and the demand is 6,000 units.

• Customs duty and TPP example
The customs duty rate for importing parts and products between the U.S. and

China is 25%, and that between a TPP country and a non-TPP one is 10%. Between
TPP countries, i.e., Malaysia and Japan, customs duty is 0%.

• GHG and cost example
The material-based GHG emission and the procurement cost are vary with parts

and countries. Average GHG emissions and average procurement costs of parts in
each country are shown in Table 1 [11]. Moreover, so as to illustrate an application
of the proposed model to a supply chain design example, the product example and
assumptions are same as Urata et al. [12]. In their study, it is assumed that #19 motor
is always supplied from Japan. This is because the GHG emission including CO2
emissions of the motor (#19) is so high that it is about 95% of the total emissions.

Table 1. Average GHG emissions and procurement costs of parts in each country [11]

Average Parts GHG emission [g-CO2eq] Average Parts Procurement cost [USD]

The U.S 117 0.095

Malaysia 249 0.078

China 633 0.086

Japan 103 0.143

• CBA example
It is assumed that the U.S. is applied with CBA in this study. It is imposed when

material-basedGHGemission for produced products is higher than onesmanufactured
domestically in the U.S only. The cost is calculated by multiplying the rate CR

TheU.S.
by the excess amount of GHG emission ETheU.S.

p . Three CBA rate are respectively
examined as 1, 10, and 100 [USD/t-CO2eq] in the experiments.
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4 Result

In this section, the results of numerical experiments by using the formulation and the
problem examples in Sects. 2 and 3 are shown and discussed in terms of the CBA rate,
the costs, and the GHG emission related to carbon leakages.

Figure 2 shows the results of total cost TC and total GHG emission TGwith a global
supply chain as the baseline without CBA, the baseline with CBA by 100 [USD/t-
CO2eq], and after redesign. It is noted that the CBA was not applied in the only case of
baseline without CBA. From Fig. 2, the total cost TC was increased by 11% in the case
with CBA before redesign, but increased only 5% from the baseline without CBA in the
case with CBA after redesign.

After redesigned comparison to the baseline without CBA, the total transportation
cost TTC was decreased by 74%, and total procurement cost TPC was increased by
18%. While the total CBA cost TCBA accounts for 10% of the total cost TC, that after
redesignwas only 2%of the total cost. Therefore, it is verified that thismodel can propose
a supply chain reconfiguration to suppress the increment of total cost under CBA. On
the other hand, the total GHG emission was decreased by 58% in the case after redesign
with CBA. Thus, it is found that CBA rate of 100 [USD/t-CO2eq] has influence on the
total cost and total GHG emission on the global supply chain network. Furthermore,
it is noted that carbon leakages were not observed in this case. In the other numerical
experiments, the results for the GHG emission and costs without CBA are not changed
with the CBA rate of 1 and 10 [USD/t-CO2eq].

Therefore, it is found that CBA by material-based GHG emission has prevented
carbon leakages when the CBA is applied to a low GHG country, the U.S. in this study.
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Fig. 2. The results of total cost TC and total GHG emission TG with a global supply chain as the
baseline without CBA, the baseline with CBA by 100 [USD/t-CO2eq], and after redesign

5 Conclusion

This study modeled a global supply chain network with CBA as the intersection of
environment and economy. It specifically aimed to estimate the effect of CBA based
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on an analysis for a global supply chain network by the numerical experiments. The
contribution of this study was to model a global supply chain network for analyzing
the CBA effect quantitatively using LCA. Answers of RQs developed in Sect. 1 are as
follows:

• Answer of RQ1: What is the effect of the cost and the GHG emission on a global
supply chain by CBA?

The cost breakdown was changed mainly for the decrease of transportation cost
and the increase of total procurement cost when the applied CBA ratewas 100 [USD/t-
CO2eq]. Therefore, the total GHG emission was largely decreased.

• Answer of RQ2: What is the CBA rate required to prevent carbon leakage?

The rate of 1 to 100 [USD/t-CO2eq] did not bring carbon leakages. In terms of reduc-
ing GHG emission, the rate of 100 [USD/t-CO2eq] was appropriate. Moreover, it was
found that application of CBA to lowGHG level country was effective for preventing the
carbon leakage in terms of material-based GHG emission and costs in the experiments.

In this study, CBA was treated as an environmental tax. Nevertheless, industrial
production has been influenced by multiple environmental policies. Therefore, further
study should consider the combination of the multi-environmental policy such as CBA
and carbon tax.
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