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Abstract: Carbon cap-and-trade has been introduced to reduce greenhouse gas (GHG). Carbon cap-and-trade is expected to 
incentivize reducing GHG emissions because it enables the receipt of refunds based on the gap between actual GHG emissions and 

the predetermined allowance. Moreover, GHG emissions, procurement costs and custom duties depend on the country, its economic 
conditions, the electric energy mix, and Free Trade Agreements (FTAs). To reduce GHG emissions with an affordable cost in a 
global supply chain, it is important to select suppliers and factory locations considering these factors. Furthermore, since carbon 
price and GHG emission allowance could be changed, manufacturers should also be paid attention to cost fluctuations due to carbon 
cap-and-trade. This study develops a mathematical model for a global supply chain with a carbon cap-and-trade system, analyzes 
GHG emissions and costs under different carbon prices and GHG emission allowances. First, procurement cost and GHG emissions 
for each part are estimated using the Life Cycle Inventory (LCI) database, and a bill of materials (BOM), listing the estimated cost 
and GHG emissions for each procured country, is created. Second, a global supply chain with a carbon cap-and-trade is formulated 
using mathematical programming. Third, numerical experiments are conducted to illustrate a design example. Finally, the results 

are discussed and analyzed from the viewpoints of reducing costs, GHG emissions, cost-effectiveness, and switching suppliers. It 
is found cases that the carbon cap-and-trade system can be effective in constructing a global low-carbon supply chain considering 
customs duties and FTAs and that carbon price has a greater impact on the reduction of GHG emissions instead of GHG emissions 
allowance in the numerical experiments. 

 
Keywords: carbon neutral, supplier selection, mathematical programming, material based GHG emissions, free trade agreement 
(FTA), custom duty, life cycle inventory (LCI) database 

 

1. Introduction 
 
Global supply chains follow chains of events across 

countries, ranging from the procurement of materials for a 
product to its manufacturing in factories, sales, and 
consumption. To economically decarbonize the global 
supply chain, the greenhouse gas (GHG) emissions and costs 
should be considered by each country. 

For carbon neutrality, each country should set GHG 
reduction targets. For example, in 2020, the Japanese 
government declared that it would achieve carbon neutrality 

by 2050. Moreover, Japan has worked toward reducing GHG 
emissions to achieve 46% reduction in GHG emissions from 
2013 level by 2030 (Ministry of the Environment, 2022). 
Canada aims for a 40-50% reduction target for CO2 

emissions by 2030, compared to its GHG emissions in 2005 
(Government of Canada, 2024). At a  

 
climate summit, the U.S.  has declared that it aims for a 50-
52% reduction target for its GHG emissions by 2030 

compared to GHG emissions in 2005 (United States of 
America, 2021). Due to global warming, disaster risks such 
as flood have increased (Zeng et al., 2023). Carbon pricing 
would also help governments cover expenditures for flood 
risks (Zeng et al., 2023), in addition to economic incentive 
to reduce GHG emissions. To achieve their carbon emission 
reduction goals, many countries have installed carbon cap-
and-trade systems. The carbon cap-and-trade system is 

expected to be more cost-effective because it reduces GHG 
emissions and allows the purchase of emission allowances 
(Fareeduddin et al., 2017). This mechanism involves buying 
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and selling emission credits (Xing et al., 2017). The 
emissions allowance is set in advance for each company, and 
emission credits are traded between companies that exceed 
the specified amount and those that do not (Marufuzzaman 

et al., 2014). To achieve carbon neutral, carbon price would 
become higher and GHG emission allowance become lower. 
As other methods to reduce GHG emissions, there are 
different 3 carbon policies; carbon tax, carbon offset, and 
carbon cap-and-trade. Carbon cap is a method to enforce 
reduction of GHG emissions by determining upper limits for 
GHG emissions. This mechanism can reduce GHG 
emissions certainly. Carbon tax is a financial penalty for 

GHG emissions. Carbon offset is a mechanism purchase 
additional carbon credit if necessary. However, they cannot 
sell the allowance if it is not necessary (Marufuzzaman et al., 
2014). 

Addition to different carbon policies and carbon prices 
in each country, GHG emissions are different due to 
different power generation methods. As a result, the 
production of same parts may lead to different GHG 

emissions (Rebitzer et al., 2004). According to research by 
SHARP, GHG emissions from materials is much larger in 
forward supply chain including material production, 
manufacturing and distribution (SHARP, 2023). GHG 
emissions for every step in the process for each country can 
be estimated by using the Life Cycle Inventory (LCI) 
database. The LCI database lists GHG emission intensities 
(Rebitzer et al., 2004). By referring an adequate GHG 

emission intensity, GHG emissions for each step can be 
estimated (Rebitzer et al., 2004). Generally, developed 
countries tend to have higher procurement costs and lower 
GHG emissions, whereas developing countries tend to have 
lower procurement costs and higher GHG emissions. 
Therefore, GHG emissions in a global supply chain can be 
reduced with an affordable cost by encompassing developed 
and developing countries.  

To build a global low-carbon supply chain, different 

custom duty and Free Trade Agreements (FTAs) (Xing et al., 
2017) are also important factors since utilization of FTAs 
can promote to switch suppliers in developed countries with 
higher procurement cost but lower GHG emissions by saving 
tariffs (Kinoshita et al., 2023). An FTA is an agreement 
between two or more countries or regions to eliminate or 
reduce tariffs (Nagao et al., 2022). Even though 
manufactures can eliminate tariff owing to FTAs, increment 

of carbon prices in selected location of suppliers and 
factories can lead to an additional cost. Indeed, according to 
World Bank (2023), adjusting inflation, carbon prices would 
need to reach 61 to 122 USD by 2030 in 2023 USD. 
Furthermore, GHG emission allowance in carbon cap-and-
trade would also decrease for carbon neutrality. For 
manufactures, it is beneficial to grasp impacts of carbon 
price fluctuation on GHG emissions and total cost so that 

they can construct a global low-carbon supply chain to 
achieve cost-effectiveness of GHG reduction and to 
moderate cost increment. For governments, it will be 
required to set suitable carbon price and GHG emission 
allowance not to disturb manufacturers’ activities. 

Thus, the following research questions (RQs) are 
posed: 

RQ1: What impacts are brought in a global low-carbon 
supply chain by changing a carbon price and a GHG 
emission allowance in carbon cap-and-trade? 
RQ2: How should manufacturers build a global low-carbon 

supply chain to save additional cost by increasing a carbon 
price and decreasing GHG emission allowance? 

RQ3: How much carbon price and GHG emission allowance 
are suitable to achieve higher a cost-effectiveness of GHG 
reduction in a global low-carbon supply chain? 

Therefore, this paper considers different procurement 
cost, GHG emissions, tariffs, and FTAs among countries, 
simultaneously to build a global low-carbon supply chain 

with an affordable cost. Moreover, this paper analyzes the 
impacts of carbon price and emission allowance on a global 
low-carbon supply chain. 

The proposed model determines factory location, 
suppliers, and quantity of production and transportation. On 
the other hand, there are 3 layers of decision makings of 
supply chain, namely, strategic, tactical, and operational 
decision makings. Factory location selection and supplier 

selection are a strategic decision, while decision of quantity 
of production and transportation is strategic or operational 
decision (Ravindran & Warsing, 2013). Although factory 
location and supplier selections are different types of 
decisions, Meixell and Gargeya (2005) pointed out the 
importance of integration of these decisions. Moreover, this 
study also considers the carbon cap-and-trade, which 
involves emission allowance and carbon price depending on 

a country. The volumes of material-based GHG emissions 
determined by the number of procuring parts and locations 
of suppliers can cause higher economic loads in the supply 
chain due to GHG emission allowance and carbon price. 
Therefore, to design global low-carbon supply chain with an 
affordable cost, this study determines the locations of 
factories and suppliers, and the number of procuring 
products simultaneously.   

These discissions are called as network optimization 

and solved by optimization model. (Ravindran & Warsing, 
2013) Hence, this study proposes a global low-carbon supply 
chain network under carbon cap-and-trade as a network 
optimization model. 

Regarding to parameters, to obtain a global low-carbon 
supply chain network by solving the optimization problem, 
GHG emissions parameters and cost such as logistics costs, 
procurement cost, and manufacturing cost are considered. 

Originality of this research is to propose a mathematical 
model to determine the number of parts/products and 
locations of suppliers/factories simultaneously for a global 
low-carbon supply chain network with carbon cap-and-trade, 
tariffs and FTAs.  

Contribution of this paper is to support decision makers 
by providing construction of a global low-carbon supply 
chain including GHG emissions and total cost, and with risks 

of cost increment due to change of carbon price and GHG 
emission allowance under carbon cap-and-trade by 
conducting sensitivity analysis. 

The remainder of this study is organized as follows. In 
Section 2, literature review is conducted from viewpoint of 
global supply chain management and carbon policies. 
Section 3 formulates a global supply chain network that 
considers carbon cap-and-trade, custom duties, and FTAs. 



Green and Low-Carbon Economy  Vol. XX Iss. XX yyyy 

______________________________________________________________________________ 

 3 

Section 4 explains the problem example and clarifies the 
assumptions for a global supply chain, carbon cap-and-trade, 
and input data of the parts involved in a product’s supply 
chain. Section 5 presents a sensitivity analysis on the carbon 

price and GHG emission allowance. Section 6 examines 
preferred carbon price and GHG emission allowance to 
achieve a higher cost-effectiveness of GHG reduction. 
Finally, Section 7 concludes the study and suggests ways to 
conduct further studies. 
 

2. Literature Review 
 
This section reviews the literature on supply chains in 

the context of carbon policy. Table 1 shows the literature on 
supply chains in terms of the global supply chain 

management and carbon policy. Zeng et al. (2022) focused 
on financial indicators and corporate’s ESG performance to 
evaluate green supply chain performance. They suggested an 
evaluation method by adapting the entropy weight method, 
and analyzed 200 companies. Xia et al. (2022) explored the 
impact of fiscal decentralization reform on CO2 emissions 
in China. They reviewed the impact of fiscal imbalance, 
fiscal transfer, and industrial structure on carbon emissions.  
Zhao et al. (2020) investigated the carbon policy 

effectiveness on carbon emissions and economics by 
comparing a policy mix and a single policy. They examined 
the differences among carbon tax only, carbon cap-and-trade 
only, and mix of carbon tax and cap-and-trade. Although 
these studies analyzed GHG emissions and costs, they did 
not decide supply chain network. 

 Liu et al. (2021) have proposed a cost-sharing model 
between manufacturer and retailer. They evaluated the 

impact of carbon emission reduction cost-sharing with 
consumer preferences and carbon cap-and-trade. Wu et al. 
(2022) have also focused on manufacturer and retailer to 
analyze the impact of a carbon tax, low-carbon subsidy, 
mixed carbon tax, and low-carbon subsidy on carbon 
emissions and income. Choudhary et al. (2015) have 
proposed a logistic optimization model including 
production/recovery centers, distribution/collection centers, 

markets, and disposal centers. The proposed model 
addressed carbon tax, carbon cap, carbon cap-and-trade to 
derive the optimal network configuration, minimizing both 
the cost and total carbon footprint of the network. 
Marufuzzaman et al. (2014) have presented mathematical 
models to identify locations and production plants with 
carbon policies, namely, carbon cap, carbon tax, carbon cap-
and-trade, and carbon offset. They compared costs and CO2 

emissions among these 4 carbon policies. 
Sherafati et al. (2020) proposed an optimization model 

to determine production quantities at factories and the 
number of transported products to customers under a carbon 
policy. Their model considered 4 carbon policies, and one 
policy could be adopted by changing some constraints. 
Fareeduddin et al. (2015) have modeled a closed-loop supply 
chain design with carbon policies, such as carbon tax, carbon 
cap, and carbon cap-and-trade. Their model included 

factories, distribution centers, markets, collection centers, 
recycling centers, and disposal centers. They also considered 
difference of technology at a factory determining GHG 
emissions. Those 6 previous studies investigated cost and 
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GHG emissions with carbon policies between factories and 
markets only, even though material-based CO2 emissions 
for assembly products can occupy larger percent against 
forward supply chain including material, manufacturing and 

distribution (SHARP, 2023). 
Regarding previous studies addressing suppliers, 

Majumdar et al. (2023) have treated a supply chain network 
including suppliers, factories, distribution centers, and 
markets under carbon cap-and-trade. They compared an 
independent model solving separate upstream and 
downstream of a supply chain network with an integrated 
model solving a whole supply chain network. Fareeduddin 

et al. (2017) have investigated the impact of carbon cap, 
carbon tax, cap-and-trade, and carbon offsets on a multi-
product closed-loop supply chain. Their model also 
determined technologies at factories and transportation 
mode. Xu et al. (2017) have presented dedicated and hybrid 
a closed-loop supply chain network with carbon policies. 
They investigated impacts of demand, carbon price, and 
return rate on both models in terms of both carbon emissions 

and costs. These 3 papers focused on supply chain network 
with carbon policies. However, they did not take into 
account of custom duty and FTAs even though supply chin 
network is constructed globally.  

Regarding global supply chain networks with GHG 
emissions, custom duty and FTAs, Nagao et al. (2022) 
models a global supply chain with carbon cap and 
distribution scenarios. Kinoshita et al. (2023) focused on 

carbon tax and analyzed impacts of carbon prices on global 
supply chain network with custom duty and FTAs. However, 
these studies have not considered carbon cap-and-trade. 
Therefore, this study adopts carbon cap-and-trade to a global 
low-carbon supply chain network with custom duty and 
FTAs. 
 

3. Mathematical Model 

3.1. Problem Statement 
 
This section models a global supply chain network that 

incorporates carbon cap-and-trade using integer 
programming based on the global supply chain model of 
Nagao et al. (2022). The aim is to minimize the total cost and 
reduce material-based GHG emissions. 

Figure 1 describes the proposed model of a global 

supply chain that reduces GHG emissions and total costs by 

applying carbon cap-and-trade and FTAs. Part 𝑗 is procured 

and delivered from supplier 𝑜 and transported to factory 𝑝. 

A product is manufactured by assembling 𝑁𝑗 parts that have 

been brought to factory 𝑝 . The finished product is then 

transported to market 𝑞. 
Material-based GHG emissions are calculated based on 

the LCI database of the Asian Input-Output Table. 
Considering that power generation methods differ depending 
on the country, even for the same parts, GHG emissions 

based on materials differ from country to country. 
Developed countries, which generally use a high proportion 
of clean energy, have low GHG emissions and high costs, 
whereas emerging countries tend to use energy with high 
GHG emissions and low costs. 

Each country has different tariffs and FTAs, which are 
considered in this model. In trade between countries with 
FTAs, tariffs are eliminated or reduced. For example, FTAs 
exist between Countries 3 and 4, as shown in Figure 1. 

Therefore, the parts and products transported between 
Countries 3 and 4 can save custom duties. On the other hand, 
parts transported from Country 2 to Country 1 and products 
transported from Country 1 to Country 3 are levied as tariffs 
based on custom duty rate as shown in Figure 1. 

 

Figure 1: Proposed global supply chain with carbon 

cap-and-trade 

 
3.2. Formulation 

 
The notations used in this study for the global supply 

chain network model with carbon cap-and-trade are as 

follows: 
(1) Sets 

𝑂: Set of suppliers, 𝑜 ∈ 𝑂. 

𝐽: Set of parts, 𝑗 ∈ 𝐽. 

𝑃: Set of factories, 𝑝 ∈ 𝑃. 

𝑄: Set of markets, 𝑞 ∈ 𝑄. 
 
(2) Decision variables 

𝑣𝑜𝑝𝑗 : Transported number of parts 𝑗  from supplier 𝑜  to 

factory 𝑝. 

𝑣𝑝𝑞 : Transported number of products from factory 𝑝  to 

market 𝑞. 

𝑘𝑝: Produced number of products in factory 𝑝. 

𝑧𝑝𝑞: 1 if the route between factory 𝑝 and market 𝑞 is open, 

and 0 otherwise. 

𝑢𝑝: 1 if factory 𝑝 is opened, and 0 otherwise. 

𝑙𝑜𝑗: Number of parts 𝑗 transported from supplier 𝑜. 

 
(3) Parameters 

𝐶𝑜𝑝
𝐿𝐶 , 𝐶𝑝𝑞

𝐿𝐶: Logistics costs per unit of a part and product for 

transportation. 

𝐶𝑜𝑗
𝑃𝐶: Procurement cost of part 𝑗 from supplier 𝑜. 

𝐶𝑜𝑝
𝑇𝑆, 𝐶𝑝𝑞

𝑇𝑆 : Customs duty per unit part and product on 

transportation. 

𝐶𝑝
𝑀𝐹: Manufacturing cost per product at factory 𝑝. 

𝐶𝑝𝑞
𝑅𝑇 , 𝐶𝑝

𝐹𝐶: Fixed opening cost of the route from factory 𝑝 to 

market 𝑞, and opening factory 𝑝.  

𝑁𝑗: Total number of parts 𝑗 comprising one product. 

𝑁𝑞
𝑝𝑟𝑜𝑑𝑢𝑐𝑡

: Amount of demand for products in market 𝑞. 

𝐹𝑝: Production capacity of factory 𝑝. 

𝐺𝐻𝐺𝑜𝑗: GHG emissions per part 𝑗 from supplier 𝑜. 
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𝐸𝑐𝑎𝑝: GHG emission allowance. 

𝐶𝑃𝑡𝑟𝑎𝑑𝑒: Carbon price in cap-and-trade. 

𝑀: Very large number. 
 
(4) Cost evaluation 

𝑇𝐶: Total cost [USD]. 

𝑇𝑀𝐶: Total manufacturing cost [USD]. 

𝐶𝐴𝑇𝐶: Total carbon cap-and-trade cost [USD]. 
 
(5) GHG evaluation 

𝐸: GHG emissions amount. 
 

This study aims to minimize the total cost in Equation 

(1). The total cost 𝑇𝐶  includes total manufacturing cost 

𝑇𝑀𝐶  and cost for carbon cap-and-trade cost 𝐶𝐴𝑇𝐶 . The 

GHG emissions amount 𝐸  at the material manufacturing 
stage is the sum of the GHG emissions amount per part for 

each country 𝐺𝐻𝐺𝑜𝑗  multiplied by the number of parts 𝑗 

supplied by supplier o 𝑙𝑜𝑗 , as shown in Equation (2).  

Equations (3) represents 𝑇𝑀𝐶 . 𝐶𝐴𝑇𝐶  is represented in 
Equation (4). Equations (5)–(12) are constraints that require 
the parts and products to be transported. Equation (5) ensures 

that the supplied number of parts 𝑗 by supplier 𝑜 𝑙𝑜𝑗 meets 

the transported number of parts 𝑗 from supplier 𝑜 to factory 

𝑝. The required number of parts 𝑗 at factory 𝑝 is procured 
from adequate suppliers as shown in Equation (6). All 

produced products at factory 𝑝 are transported to markets as 
shown in Equation (7). Equation (8) enforces demands in all 
markets to be satisfied. Equations (9) and (10) ensure that 
only opened factories and routes can be used. Equation (11) 

indicates decision variables 𝑧𝑝𝑞 and 𝑢𝑝are binary valuables. 

The transported number of parts and products are non-
negative as shown in Equation (12). 

 
Objectives:  

𝑇𝐶 = 𝑇𝑀𝐶 + 𝐶𝐴𝑇𝐶 → 𝑚𝑖𝑛 (1) 

 

s.t. 

𝐸 = ∑ ∑ 𝐺𝐻𝐺𝑜𝑗𝑙𝑜𝑗  
𝑗∈𝐽𝑜∈𝑂

(2) 

𝑇𝑀𝐶 = ∑ ∑ 𝐶𝑜𝑗
𝑃𝐶𝑙𝑜𝑗

𝑗∈𝐽𝑜∈𝑂

+ ∑ 𝐶𝑝
𝑀𝐹𝑘𝑝

𝑝∈𝑃

+ ∑ ∑ 𝐶𝑝𝑞
𝑅𝑇𝑧𝑝𝑞

𝑞∈𝑄𝑝∈𝑃
+ ∑ 𝐶𝑝

𝐹𝐶𝑢𝑝
𝑝∈𝑃

+ ∑ ∑ ∑ 𝐶𝑜𝑝
𝐿𝐶𝑣𝑜𝑝𝑗

𝑗∈𝐽𝑝∈𝑃𝑜∈𝑂

+ ∑ ∑ 𝐶𝑝𝑞
𝐿𝐶𝑣𝑝𝑞

𝑞∈𝑄𝑝∈𝑃

+ ∑ ∑ ∑ 𝐶𝑜𝑗
𝑃𝐶𝐶𝑜𝑝

𝑇𝑆𝑣𝑜𝑝𝑗
𝑗∈𝐽𝑝∈𝑃𝑜∈𝑂

+ ∑ ∑ 𝐶𝑝
𝑀𝐹𝐶𝑝𝑞

𝑇𝑆𝑣𝑝𝑞
𝑞∈𝑄𝑝∈𝑃

(3)

 

𝐶𝐴𝑇𝐶 = (𝐸 − 𝐸𝑐𝑎𝑝) × 𝐶𝑃𝑡𝑟𝑎𝑑𝑒 (4) 

∑ 𝑣𝑜𝑝𝑗
𝑝∈𝑃

= 𝑙𝑜𝑗  ∀𝑜 ∈ 𝑂, ∀𝑗 ∈ 𝐽 (5) 

∑ 𝑆𝑜𝑗𝑣𝑜𝑝𝑗
𝑝∈𝑃

= 𝑁𝑗𝑘𝑝 ∀𝑝 ∈ 𝑃, ∀𝑗 ∈ 𝐽 (6) 

∑ 𝑣𝑝𝑞
𝑞∈𝑄

= 𝑘𝑝 ∀𝑝 ∈ 𝑃 (7) 

∑ 𝑣𝑝𝑞
𝑝∈𝑃

= 𝑁𝑞
𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 ∀𝑞 ∈ 𝑄 (8) 

∑ 𝑣𝑝𝑞
𝑞∈𝑄

≤ 𝐹𝑝𝑢𝑝 ∀𝑝 ∈ 𝑃 (9) 

𝑣𝑝𝑞 ≤ 𝑀𝑧𝑝𝑞 ∀𝑝 ∈ 𝑃, ∀𝑞 ∈ 𝑄 (10) 

𝑧𝑝𝑞,𝑢𝑝 = {1, 0} ∀𝑝 ∈ 𝑃, ∀𝑞 ∈ 𝑄 (11) 

𝑣𝑜𝑝𝑗,𝑣𝑝𝑞 ≥ 0 𝑜 ∈ 𝑂, ∀𝑝 ∈ 𝑃, ∀𝑗 ∈ 𝐽, ∀𝑞 ∈ 𝑄 (12) 

 

 

4. Problem Example 

4.1. Assumptions of product and supply chain 

network 
 
Numerical experiments are conducted based on Nagao 

et al. (2022) to analyze the effects of cap-and-trade on a 
global supply chain with taxes and FTAs. A design example 
is illustrated using 3D-CAD model and LCI database. The 

used data is not real data but has certain degree of reliability 
since they are estimated using statistics and database. As an 
example of data estimation, first, data such as weight and 
type of materials for each part are obtained from 3D-CAD 
model. Second, part unit cost is calculated based on material 
unit cost from statistic data. Third, procurement cost for each 
country is calculated based on price level of the country. 
Finally, material-based GHG emissions for each part is 

estimated using on the LCI database from Asian 
International Input and Output tables (Horiguchi et al., 
2012). Table 2  shows BOM of the parts and procurement 
cost (Nagao et al., 2022). The assumptions of a product and 
supply chain network are listed as follows:  

 
1) It is used that a vacuum cleaner consisting of 23 parts is 
used as a product example. 

2) The supply chain consists of the following four countries: 
China, Malaysia, the U.S., and Japan. The TPP are only 
considered as the FTAs; that is, customs duty between 
Malaysia and Japan is 0 [USD]. 
3) Parts and products are the same quality although different 
supplies and factories are selected. Additionally, only cost 
and GHG are difference. 
4) Each country has 13 suppliers. The factories are selected 

from the following four candidate locations: Tokyo, Seattle, 
Shanghai, and Kuala Lumpur. The demand for the product is 
assumed to be 6,000 pieces in Tokyo. 
5) Part #19 (motor) is excluded from numerical experiments 
as well as Nagao et al. (2022) because it accounts for over 
half of the GHG emissions. 

 
 



Green and Low-Carbon Economy  Vol. XX Iss. XX yyyy 

______________________________________________________________________________ 

 6 

 

4.2. Scenarios of carbon price and GHG 

emission allowance 
 
Two GHG emission allowance are established to 

validate the effects of cap-and-trade on a global supply 
chain. Japanese reduction target under the Paris Agreement 
was 26% compared to its GHG emission amount in 2013. 
USA reduction target at the Climate Summit was 50%. For 
the aforementioned reasons, emission allowance is set at 
74% or 50% of the total GHG emissions from constructed 

supply chain without carbon cap-and-trade. Carbon price is 
changed as 0, 5, 50, 100, 150, 200, 250, 300, 400, 500 
[USD/t-CO2eq]. To analyze impacts of carbon cap-and-
trade, baseline is set. Baseline refers to the constructed 
supply chain without the carbon cap-and-trade system. Thus, 
the baseline is designed to minimize the total cost only. 

The optimization software Nuorium Optimizer (NTT 
DATA Mathematical System Inc., 2022) is used for all 

numerical experiments on an Intel(R) Core(TM) i5-4300U 
CPU @ 1.90 GHz 2.50 GHz PC with Windows 10 Pro 
installed. 

 

5. Results: Impact of cap-and-trade 
 
Two scenarios, namely 74% and 50% GHG emission 

allowance, are examined in terms of GHG emissions and 
total costs. 

 
5.1 Emission allowance: 74% 

 

Figure 2 illustrates GHG emission and total cost with a 
74% emission allowance. The blue line represents the total 
cost corresponding to the left vertical axis, whereas the 
orange line represents the GHG emissions corresponding to 
the right vertical axis. The horizontal axis indicates the 
carbon price. As the carbon price became higher, GHG 
emissions decreased. However, the total cost increased 
compared to that of the baseline when the carbon price is set 

at 50 [USD/t-CO2eq]. The total costs decreased as the 
increment in the refund increased by selling surplus emission 
allowance. Focusing on GHG emissions, when the carbon 
price is five [USD/t-CO2eq], the GHG emissions did not 
change. When it is 50 [USD/t-CO2eq], GHG emissions 
reduced by 32% compared to those at the baseline, while the 
total cost increased by 1% only. At a carbon price of 50 
[USD/t-CO2eq], refunds were obtained because the actual 

GHG emissions were less than 74% of the emission 
allowance.  

As shown in Figure 2, in the case of 74% GHG 
emission allowance, the GHG emissions can be reduced over 
30% within 1% cost increment by setting carbon price equal 
to or over 50 [USD/t-CO2eq]. In this experiment, the cost is 
maximum when the carbon price is 50 [USD/t-CO2eq]. 
Setting the carbon price above 50 [USD/t-CO2eq] could 
reduce both GHG emissions and total costs at the same time. 

The results show that it is better to set the carbon price to 
more than 50 [USD/t-CO2eq]. 

In terms of a constructed supply chain network, when 
the carbon price increased from five [USD/t-CO2eq] to 50 

[USD/t-CO2eq], the suppliers of the five parts were 
changed. The changed parts included #9, #10, #12, #14, and 
#16. The numbers with “#” indicate the part number as 
shown in Table 2. For example, #1 means part number of 

“wheel of nozzle”. Additionally, when the carbon price 
increased from 300 [USD/t-CO2eq] to 400 [USD/t-CO2eq], 
suppliers for #12 and #16 were changed. As shown in Figure 

2, GHG emissions at carbon price 400 [USD/t-CO2eq] 
become much lower that of carbon price 300 [USD/t-
CO2eq]. 

The mesh filter (#12) and upper filter (#16) showed 
higher GHG emissions as shown in Table 2. Thus, GHG 

emissions can be reduced with fewer supplier changes by 
changing suppliers at parts that have higher GHG emissions 
per part compared to other parts. 

 

Figure 2: Trend of total cost and GHG emission with 

the 74% emission allowance as increment of carbon 

price  
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Figure 3: Cost and GHG emissions with the 74% 

emission allowance 

 
Figure 3 illustrates the total manufacturing cost (TMC), 

total carbon cap-and-trade cost (CATC), total cost, and GHG 
emissions with a 74% emission allowance. CATC can be 
negative because of refunds. Thus, the total cost, which is 
the sum of TMC and CATC is lower than the TMC. The TMC 
increased; however, the total cost decreased with increasing 
refunds. This is because Chinese factory procured many 
parts from the Chinese suppliers with higher GHG emissions, 
and then the suppliers were switched to Japanese or 
Malaysian for attaining lower GHG emissions but higher 

procurement costs. Consequently, the transportation costs of 
parts and customs duty costs increased to transported parts 
from Malaysian and Japanese suppliers. Moreover, when the 
carbon price increased, the GHG emissions could be reduced, 
and refund amount for reduced GHG emissions could 
increase. Consequently, the total costs were reduced. 

 

5.2. Emission allowance: 50% 
 
Figure 4 shows GHG emissions and total cost for 50% 

emission allowance. Similar to 74%, when the carbon cost is 
five [USD/t-CO2eq], GHG emissions did not decrease at all. 
When it was 50 [USD/t-CO2eq], the total cost increases by 
1% and GHG emissions reduce by 32%. Comparing Figures 

2 and 4, GHG emissions with 50% emission allowance 

showed the same trends as those with 74% GHG emission 
allowance, but the total costs showed different trends. The 
total cost kept increasing with a carbon price of 300 [USD/t-
CO2eq] and then decreased when the carbon prices were set 
equal to or greater than 400 [USD/t-CO2eq] because of 
refunds. Although the carbon price increased from 50 
[USD/t-CO2eq] to 300 [USD/t-CO2eq], the GHG reduction 
was 31% to 46% as shown in Figure 4 compared that of 

baseline. That is, additional reduction of GHG emissions 

was relative smaller of carbon price from 100 to 300 [USD/t-
CO2eq] by considering carbon price becoming 6 times larger. 
However, when the carbon price was set at 400 [USD/t-
CO2eq], GHG emissions reduced by 59% with the refund 

compared that of baseline. Consequently, it may be better to 
set the carbon price at 50 or greater than 400 [USD/t-CO2eq] 
in terms of cost-effectiveness for GHG emission reduction.  

Furthermore, carbon prices of 400 and 500 [USD/t-
CO2eq] could reduce GHG emissions over 59% with 
refunds, as shown in Figure 5. The structures of supply 
chains of carbon price 400 and 500 [USD/t-CO2eq] were the 
same as that of the 74% emission allowance at carbon price 

400 and 500 [USD/t-CO2eq], respectively.  
 

Figure 4: Trend of total cost and GHG emission with 

the 50% emission allowance as increment of carbon 

price 

 
 

Figure 5: Cost and GHG emissions with the 50% 

emission allowance 
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5.3. Comparing different emission allowance 
 
Comparing the results when GHG emission allowance 

is set at 50% and 74%, factories and supplier selections of 

50% and that of 70% are the same at each carbon price set, 
respectively. However, the total cost differs owing to the 
amount of refund. For carbon neutrality, the carbon price 
would be higher and GHG emission allowance would be 
lower. However, it can be difficult for manufacturers to 
quickly reconstruct their global supply chain to respond to 
the changed carbon price or GHG emission allowance. 
Therefore, this subsection analyzes the effects of changing 
the carbon price and the GHG emission allowance on the 

constructed global supply chain. 
Table 3 shows the additional costs when the allowance 

is changed from 74% to 50% and carbon price is raised. The 
additional cost is calculated using the following formula: 

𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝐸𝑖
74 − 𝐸𝐶𝐴𝑃50) × 𝐶𝑃𝑖

𝑡𝑟𝑎𝑑𝑒 

𝐸𝑖
74  is GHG emissions when emission allowance is 

74% and carbon price is 𝑖 .  𝐸𝐶𝐴𝑃50  means emission 

allowance is set as 50%. For example, carbon price is set as 

50 [USD/t-CO2eq], and the GHG emissions with 74% GHG 

emission allowance is 39.68 [t-CO2eq]. Then, the GHG 
emission allowance is changed to 50%. Hence, the excess 
GHG emissions of 10.63 [t-CO2eq] will be levied with 50 
[USD/t-CO2eq]; therefore, the additional cost would  

become 531.70 (=10.63×50) [USD]. 

It is found that if the carbon price is set at 400 [USD/t-
CO2eq] or more when the emission allowance decreased 
from 74% to 50%, it reduces costs as shown in Table 3. 
These results show that the total cost can be reduced when 
the GHG emissions allowance is changed from 74% to 50% 

by constructing a global supply chain with 400 or 500 carbon 
price [USD/t-CO2eq] in advance. To analyze the differences 
in the constructed global supply chain, three cases are 
discussed in detail. The three cases are supply chains 
constructed with 50, 200, 400 carbon prices [USD/t-CO2eq] 
under 74% GHG emission allowance. Especially, suppliers 
of parts #9, #10, #12, #14, and #16 are focused.  

Table 3: The additional costs when the allowance is changed from 74% to 50% and carbon price is raised 

 

Table 4: Sourcing parts at each carbon price 

 

China Malaysia Japan the U.S. China Malaysia Japan the U.S.

50

1,3,4,5,6,8,11,

13,15,17,18,

20,21,22

9,10,12,14,16,

23
2,7

1,2,3,4,5,6,7,

8,9,10,11,12,

13,14,15,16,

17,18,20,21,

22,23

200 3,18,22

6,8,9,10,11,

12,13,14,16,

21,23

1,2,4,5,7,15,

17,20

1,2,3,4,5,6,7,

8,9,10,11,12,

13,14,15,16,

17,18,20,21,

22,23

400
9,10,11,13,14,

21,23

1,2,3,4,5,6,7,

8,15,17,18,20,

22

12,16

1,2,3,4,5,6,7,

8,9,10,11,13,

14,15,17,18,

20,21,22,23

12,16

China Malaysia

Carbon price

[USD/t-CO2eq]

Factory

Supplier
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They are top three heaviest and first-and-second 
highest GHG emissions parts as shown in Table 2. 

Table 4 shows sourcing parts at each carbon price. The 
numbers of Table 4 indicate the part number as shown in 

Table 2. When the carbon price is 50 [USD/t-CO2eq]. Six 
parts (#9, #10, #12, #14, #16 and #23) were procured from a 
Malaysian supplier and sent to a Chinese factory as shown 
in Table 4. Parts #2 and #7 were supplied by Japanese 
suppliers. All other 14 parts for Chinese factory were 
supplied by China. 

When the carbon price is 200 [USD/t-CO2eq], eight 
parts (#1, #2, #4, #5, #7, #15, #17, and #20) were procured 

from Japanese suppliers for the Chinese factory. Chinese 
suppliers were chosen for only three parts, namely, #3 and 
#18 and #22. All other 11 parts including #9, #10, #12, #14, 
and #16 were procured by Malaysian suppliers. 

Comparing suppliers to Chinese factory, when carbon 
price was changed as 50, 200, and 400 [USD/t-CO2eq], the 
number of Chinese suppliers were changed as 14, 3, and 0 as 
carbon price increased. The number of Malaysian suppliers 

to Chinse factory were changed as 6, 11, and 7 as carbon 
price increased. That of Japanese suppliers were changed as 
2, 8, and 13. The suppliers in the U.S. were selected when 
carbon price was 400 [USD/t-CO2eq] only.  

Moreover, when the carbon price was 400 [USD/t-
CO2eq], seven parts (#9, #10, #11, #13, #14, #21, and #23) 
were supplied by Malasia, and two parts (#12 and #16) by 
the U.S. All other the 13 parts were supplied by Japanese 
suppliers, that is, even though the Chinese factory was 

selected, all parts to the Chinese factory were selected by 
Malaysian, Japanese, the U.S. suppliers. 

Therefore, Chinese suppliers switched to Malaysian, 
Japanese, and the U.S. suppliers as carbon prices increased 
as shown in Table 4. The top three heaviest parts, namely 
the left body (#9), right body (#10), and dust case (#14), and 
the first- and second-highest GHG emission parts, namely 

the mesh filter (#12) and upper filter (#16), were prioritized 
to change suppliers for reductions in GHG emissions and 
total cost. This is because all of them were procured by 
Malaysian supplier when carbon price was 50 and 200 

[USD/t-CO2eq], and only #12 and #16 were switched to the 
U.S. supplier when carbon price 400[USD/t-CO2eq]. 
Furthermore, these five parts have higher procurement cost 
among parts as shown in Table 2. When the carbon price 
was 200 [USD/t-CO2eq], they were procured from 
Malaysian supplier to minimize total cost. This supply chain 
construction can lead to higher additional cost by decreasing 
GHG emission allowance as 50% as shown in Table 3. The 

suppliers of these five parts should be selected Japanese or 
the U.S. one when carbon price was 200 [USD/t-CO2eq] to 
save additional cost by decreasing GHG emission allowance. 
Indeed, suppliers of #12 and #16 were selected the U.S. one 
when carbon price was 400 [USD/t-CO2eq] as shown in 
Table 4. This supply chain could save cost because of refund 
by decreasing GHG emission allowance as shown in Table 

3. 

 

6. Comparing Carbon Cap-and-Trade vs. 

Carbon Cap 
 
In this section, to validate whether the same trends of 

GHG emissions and total costs are observed, additional 
experiments are conducted by changing the GHG emission 

allowance to 70%, 65%, 60%, and 55% with carbon price 50, 
100, 150 and 200 [USD/t-CO2eq]. Figure 6 shows the GHG 
emissions and the cost of reducing one ton of GHG 
emissions. To strengthen the cost-effectiveness of the GHG 
reduction, the results for the carbon cap are illustrated in 
Figure 6. The results of carbon cap are obtained by setting a 
constraint to enforce the GHG emission as shown in 

Equation (2) lower than a certain reduction target 𝜀 . 

Figure 6: GHG emissions and cost of reducing 1 ton of GHG emission 
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Therefore, the constraint is set to 𝐸 ≤ (1 − 𝜀)𝐸𝑚𝑎𝑥  and 
replaced with cap-and-trade constraint in Equation (4) to 

obtain global supply chain with carbon cap. The 𝐸𝑚𝑎𝑥 
represents GHG emissions in supply chain configured to 
minimize only total cost without carbon policy. The 
reduction of GHG emission, and increment of total cost are 

obtained from a comparison with the baseline. The cost to 
reduce GHG 1 ton [USD] in Figure 6 represents relative 
values to baseline. The baseline was constructed supply 
chain network without carbon policies. The total cost and 
GHG emissions of the baseline were 33,115.7 [USD] and 
58.1 [t-CO2eq], respectively. 

Thus, the cost to reduce GHG 1 ton is calculated as 
𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠−𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡−𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
. 

When 50 % GHG allowance with 400 [USD/t-CO2eq] 
carbon price, the total cost was 35,417.9 [USD] and the GHG 
emissions was 23.6 [t-CO2eq]. Therefore, cost to reduce 
GHG 1 ton is calculated as follows: 

 35,417.9 − 33,115.7

58.1 − 23.6
=

2,302.2

34.5
=  66.7 [USD/t − CO2eq] 

On the other hand, when 74% GHG allowance with 400 
[USD/t-CO2eq] carbon price, the total cost was 29,841.2 
[USD] and the GHG emissions was 23.6 [t-CO2eq]. 
Therefore, cost to reduce GHG 1 ton is calculated as follows: 

 29,841.2‐ 33,115.7

58.1 − 23.6
=

−3,274.5

34.5
=  −94.8 [USD/t − CO2eq] 

Owing to refunds by selling rest of GHG emission 
allowance, the total cost can be lower than that of baseline 
as shown in the case of 74 % GHG allowance with carbon 
price 400 [USD/t-CO2eq]. Then, cost to reduce GHG 1 ton 
in Figure 6 can be negative value. Three findings are then 
identified.  

First, it is found that carbon cap-and-trade is better than 
carbon caps in terms of both GHG emissions and costs. As 

shown in this figure, carbon cap-and-trade can reduce GHG 
emissions at a lower cost than carbon caps in many cases. If 
a carbon cap is introduced, GHG emissions will only be 
reduced by the targeted reduction amount. However, if a 
carbon cap-and-trade is introduced, large amounts of GHG 
emissions will be reduced because of the refunds. In many 
cases, the cost of reducing GHG emissions with cap-and-
trade could be lower than that of a carbon cap, as shown in 

Figure 6. This tendency remains even when emission 
allowances are changed.  

Second, changing the emissions allowance does not 
affect the amount of GHG emissions; however, changing the 
carbon price is more effective. In these experiments, GHG 
emissions were not changed even when the emission 
allowance was. These features are illustrated in Figure 6. 
However, GHG emissions could be reduced by increasing 
carbon prices among all GHG emission allowances, as 

shown in Figure 6. Thus, it is better to change the carbon 
price instead of the emissions allowance. 

Third, there are cases in which reducing emission 
allowances is less cost-effective than using carbon caps. This 
is because reducing the emissions allowance makes it more 
difficult to receive refunds, and it is also costly to purchase 
an emissions allowance. For example, when emission 

allowance is 50% and the carbon price is 100 [USD/t-
CO2eq], it costs 2.26 times more to reduce GHG by one [ton] 
than the carbon cap. Carbon cap-and-trade can be a heavier 
burden on manufacturers than carbon caps if it is not 

refunded. 
 

7. Conclusion and future studies 
 

This study addresses the global low-carbon supply 
chain by applying a carbon cap-and-trade with custom duties 
and FTAs. A mathematical model is proposed to minimize 
the total cost and GHG emissions, and the emission 
allowance and carbon prices are analyzed. The numerical 
experiments show that carbon cap-and-trade is cost-effective 
of GHG reduction for the global supply chain considering 

custom duties and FTAs. Changing the emission allowance 
had less impacts of the GHG reduction, whereas carbon price 
could have much impacts of that in the experiments.  

 
Answers for RQs in Section 1 are as follows:  

1) RQ1: What impacts are brought in a global low-carbon 
supply chain by changing a carbon price and a GHG 
emission allowance in carbon cap-and-trade? 
Changing the emissions allowance did not affect the amount 

of GHG emissions; however, changing the carbon price was 
more effective in the numerical experiments. In these 
experiments, GHG emissions were not changed even when 
the different emission allowance was. However, GHG 
emissions could be reduced by increasing carbon prices 
among all GHG emission allowances. Thus, it would be 
better to change the carbon price instead of the emissions 
allowance. 

 
2) RQ2: How should manufacturers build a global low-
carbon supply chain to save additional cost by increasing a 
carbon price and decreasing GHG emission allowance? 
The additional cost caused by decreasing GHG emission 
allowance will be accrued in many cases as shown in Table 

3. To save additional cost by decreasing GHG emission 
allowance, it would be better that suppliers of heavier or 

higher GHG emissions parts are selected ones with lower 
GHG emissions but higher procurement cost in advance 
despite increasing cost. 

 
3) RQ3: How much carbon price and GHG emission 
allowance are suitable to achieve higher a cost-effectiveness 
of GHG reduction in a global low-carbon supply chain? 
In the experiments, at the case of 74% GHG emission 

allowance, the carbon price should be set as equal to or 
greater than 50 [USD/t-CO2eq]. In the case of 50% GHG 
emission allowance, it may be better to set the carbon price 
at 50 or greater than 400 [USD/t-CO2eq]. Moreover, the 
carbon price in carbon cap-and-trade should be higher as 
decreasing GHG emission allowance to achieve higher cost-
effectiveness of GHG reduction compared to carbon cap as 
shown in Figure 6. 

 

Practical implications are as follows: 
1) By only using data such as costs and GHG emissions of 
each part, logistics, and fixed opened facility costs, GHG 
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emissions and total costs can be estimated throughout the 
supply chain.  
2) A decision maker can grasp a global low-carbon supply 
chain network to achieve reduction targets of GHG 

emissions or minimize the impact of carbon price 
fluctuations by conducting sensitivity analysis of carbon 
price. As well as tariffs, carbon price of each country is an 
important factor to configure a global low-carbon supply 
chain network. World Bank (2023) pointed out the necessity 
to increase the carbon price for carbon neutrality. Therefore, 
it will be beneficial for manufactures to grasp impacts of 
carbon price fluctuation on their supply chain network. 

3) In terms of political decision, it would utilize to determine 
suitable carbon price in carbon cap-and-trade for carbon 
neutral economically. Furthermore, governments could 
examine the effects of carbon price on the supply chain 
network. Although governments could determine carbon 
price in their country to reduce GHG emissions, they also 
should not disturb manufactures’ activities. 

 

However, limitations are as follows: 
1) Only material-based GHG emissions is considered.  
However, to decarbonize supply chain, GHG emissions 
caused by other phases such as transportation and factory 
operation should be considered. 
2) It is assumed that suppliers can be switched easily, and all 
alternative suppliers can provide parts with the same quality. 
This study assumed that only procurement cost and GHG 

emissions are different among suppliers.  However, it will be 
difficult to switch suppliers in some cases of real situations. 
For example, parts manufactured by higher unique 
technology can be procured from a particular supplier. 
3) Changes of carbon price and available GHG emissions are 
not considered. Under carbon cap-and-trade, carbon price 
and available GHG emission allowance depending on 
demand and supply in carbon market. This study assumed 
that the carbon price was a fixed value so that the 

manufacture could always buy or sell volumes of GHG 
emission allowance with fixed price. 

 
Comparing results in the related paper, Nagao et al. 

(2022) treated only carbon cap although carbon cap-and-
trade is installed in many countries. Both of them also model 
a global supply chain network including suppliers, factories, 
and markets with GHG emissions. It was found cases that 

carbon cap-and-trade was better than carbon cap as shown in 
Section 6 in terms of cost-effectiveness of GHG reduction in 
the numerical experiments. Furthermore, mix policy 
consisted of carbon tax and carbon cap-and-trade would be 
better policy than carbon tax only and carbon cap-and-trade 
only in order to neutralize the negative effect on economy. 
Thus, future study should consider mix policy and examine 
the effects on GHG emissions and total costs (Kotegawa et 

al., 2024). 
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