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Abstract 
 
Self-healing packages in a supply chain are the current trend of the different studies as global warming is rising due 
to the increased carbon emission in the environment. This paper aimed to create a mathematical model of a three-level 
supply chain of self-healing packages, following the SSMD policy. This study also considered the direct and indirect 
carbon emission costs to have a sustainable supply chain. It was evident in the result that the different parameters such 
as the holding cost of products finished (hm), tax per carbon emission (Ctax), energy loss rate (EI), energy consumptions 
(H, C, E, S), fuel consumptions, fuel price (γ and δ), and industrial indirect emission factor (ΔI1), greatly affected the 
total cost of the mathematical model. A three-level supply chain can benefit from the presented mathematical model. 
In addition, an industry utilizing self-healing packages can apply the three-level mathematical model created to 
manage the whole system. 
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1. Introduction 
Danger of global warming is rapidly rising with the increasing level of carbon dioxide (Tardi, 2019). The increased 
level of carbon dioxide since the industrial revolution was due to fossil fuels being burnt. With that, the Kyoto Protocol 
was established in 1997 as an international agreement with the goal of controlling and reducing emissions of carbon 
dioxide and greenhouse gases (Earth.org., 2020). According to Tardi (2019), the Kyoto Protocol demanded developed 
nations to minimize their greenhouse gas emissions. 

In a study of Maamoun (2019), the researcher conducted an evidence of the success of the Kyoto Protocol comparing 
the emissions of advanced countries with a “No-Kyoto”. The results have shown that the Kyoto Protocol succeeded 
in reducing ratifying countries’ emissions by approximately 7% under the projected emissions under the No-Kyoto 
schema. This shows that implementing the Kyoto Protocol can promote the decrease of carbon emission in the years 
to come. Even so, the protocol did not become an international law until more than a halfway throughout 1990-2012. 
Global carbon emissions have increased significantly by that time. The current trend to help reduce carbon emission 
as the protocol was implemented is evident. Supply chain studies are considering carbon emission embedded in the 
mathematical model to have an optimized sustainable model for real-life application (Ong et al., 2020). Specifically, 
smart packaging is utilized in different studies to help reduce carbon emission significantly. 
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Smart packaging has become a factor in expanding markets in globalization (Schaefer and Cheung, 2018). Smart 
packaging like self-healing packages are utilized as a sustainable packaging material. As a sustainable packaging 
material, self-healing packages can recover from damages either through external factors such as ultraviolet, heat, or 
spontaneous reaction. Several studies about smart packaging were done throughout the years. Ghoshal (2018) stated 
that the properties of food or the environment where it is kept are sensed by smart packaging, and it enables the level 
three supply chain to be informed of the food’s current state. A study from Park et al. (2020) focused on the 
development of smart packaging using nanoscale manufacturing as it enabled the system to be convenient for 
distribution of products and provided safe, eco-friendly, and economically feasible packaging for future use. Liang et 
al. (2020) stated that countries must take a great role in research and potential implementation of advanced packaging 
technologies that will help reduce losses in the supply chains, particularly during the inventory process, manufacturing, 
packaging, and deliveries.  

1.1 Objectives 
The aim of this study was to create a three-level supply chain mathematical model. The mathematical model focused 
on self-healing packages (Sarkar et al., 2019) and specific carbon emissions coming from industrial and transportation 
aspects of a three-level supply chain (Ong et al., 2020). This type of supply chain would be considered environmentally 
beneficial because it considers the optimization of total cost, at the same time, lowering with carbon emission 
production of the supply chain in accordance to the Kyoto Protocol (Ong et al., 2020). In addition, the model will 
involve a single supplier, manufacturer, and multiple retailer. The SSMD policy will, therefore, be applied in the 
mathematical model. 

 
The study is important, especially for all the entities in the three-level supply chain where they can utilize or acquire 
the mathematical model. The model adapted can be useful for businesses who consider supply chain for a lower total 
cost with high production. Based on Sarkar et al. (2019), to encourage the attention of decision-makers relevant to 
agribusiness on this new technology, actions to integrate the idea of self-healing packaging through modeling should 
be done. Also, it will be beneficial for the environment as the model inclines to the Kyoto Protocol in identifying the 
supply chain’s part where it failed to control the carbon emission and the costing. The businesses can manage the 
frequency of deliveries, while utilizing the resources in packaging to reduce the pollution and its impact to the 
environment.  

 
2. Literature Review 
Different studies have dealt with different focus of supply chain (i.e., inventory, transportation, carbon emission). Two 
models were compared in the study of Wang and Ye (2018). The models between a two-echelon supply with and 
without carbon emissions regarding the inventories economic order quantity (EOQ), and just in time (JIT) were 
classified. Results showed that it is essential to give importance to carbon emission in the field of supply chain because 
it can affect how much a company can save in terms of total costs and carbon emission. By considering carbon 
emission, it shows that it could lessen the total costs of a supply chain and the release of carbon dioxide to the 
environment.  

 
Different inventory items are also being considered to have a significant effect in reduction of carbon emission. From 
the study of Tiwari et al. (2018), it resulted in minimizing the total inventory with respect to costs of carbon emission 
while managing the recurrence and the number of products in delivery. Wangsa (2017) also included direct and 
indirect carbon emissions of inventory and transportation in his model. The result showed that inventory and carbon 
emission should be included in the total supply cost. In addition, a study done by Sarkar et al. (2012, 2018) utilized a 
production-inventory model considering deteriorating items (Sana, 2010, Daryanto et al., 2019) in two levels of supply 
chain. The purpose was to obtain the minimum cost in relation to the whole supply chain management by applying an 
algebraic method inclined with the frequency of deliveries and the most conducive quantity of products for three 
distinct models. The study resulted with the total cost increase as the system of the production rate increases. In 
addition, different studies also considered smart packaging for a significant effect on reduction of carbon emission. 

 
Sarkar et al. (2019) conducted a study about inventory that focuses on self-healing packages under the SSMD policy. 
However, the study utilized non-preemptive goal programming. The study optimized set of goals created for the model 
of the supply chain. It showed that the cost was minimized but can only be applicable for the same set of goals. Ong 
et al. (2020) optimized a three-level supply chain considering direct and indirect carbon emission of a three-level 
supply chain. The study resulted to a lower cost and claimed that the model could be applied to different types of 
supply chain. Wangsa (2017) created a study focusing on carbon tax and the direct and indirect carbon emissions were 
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considered. According to Thomas (2012), self-healing packages will be useful to extend the life expectancy of the 
products or materials while minimizing the waste production, thus, keeping a sustainable environment while gaining 
profit. With that, there has been no studies that created a mathematical model, derived algebraically of self-healing 
packages of a three-level supply chain under the SSMD policy that considered specific direct and indirect carbon 
emission from industry and transportation.  

 
Various studies have tackled supply chain optimization. In the study of Emenike and Falcone (2020), they tackled 
energy supply chain resilience. Their study concluded that optimization is a helpful instrument for continuously 
achieving resilience in the output, storage, and transportation activities of a supply chain. While in the research of Dai 
et al. (2020), traceability and reliability were covered. Their study showed that the manufacturer itself can often benefit 
from investing in traceability, and the competitor, who does not monitor when the traceability investment cost 
coefficient is sufficiently high, will also benefit. In addition, Niu et al. (2018) included cooperative bacterial foraging 
in a multi-echelon supply chain optimization. The proposed algorithm in the research was proven to ideally improve 
a supply chain and find other quality solutions that are not included. Cost performance optimization was involved in 
the study of Yang et al. (2020). It was determined that with the stated optimizing model, a stable energy supply is 
guaranteed. Also, the total transitional cost is lower than having fossil fuel heating and the conventional waste heat 
recovery. Moreover, Tat et al. (2020) covered corporate social responsibility in a pharmaceutical supply chain. 
Collectively, their study showed that with the suggested coordination mechanism's ability to modify parameters, profit 
can be secured in both pharmaceutical supply chain members and be motivated the channel optimal decision-making. 
The study of Dara et al. (2019) covered a natural gas supply chain. Their investigation stated that with the used model, 
a profit increase of 3% can be obtained. Based on a fifteen-year outline of contractual terms, gas profiles, product 
yields, and costs, the model can be utilized to predict future gas allocations. 

 
Numerous studies have tackled and thoroughly analyzed the connection of inventory, carbon emission, transportation, 
and self-healing packages with supply chain management. Inventory management and transportation have a huge 
impact in reducing the carbon emission and total cost. Production-inventory model considering items that can 
deteriorate in two levels of supply chain, resulting to total cost increase in parallel with the system of the production 
rate. To add, other studies tackled and concluded that smart packaging has a significant effect on reducing the level 
of carbon emission. Self-healing packages under the SSMD policy were also reviewed. In consideration of direct and 
indirect carbon emission of a three-level supply chain, various studies have optimized a sustainable supply chain (Ong 
et al., 2020, Wangsa, 2017). However, it can only be applied with the same set of goals. In relation of supply chain 
optimization, a study has dealt with energy supply chain resilience. The results that were shown concluded that 
optimizing supply chain is a factor to obtain resilience in the output, storage, and transportation activities of a supply 
chain. On different studies, fossil fuels and natural gas were covered for sustainable energy. The results of the studies 
have shown that a profit increase of 3% can be obtained. However, there are no studies that built a mathematical model 
towards a three-level supply chain under the SSMD policy considering self-healing packages that are derived 
algebraically, which also considered transportation and industry-specific direct and indirect carbon emission. 
  
3. Methods  
 
3.1 Model Definition 
This study tackled a three-level supply chain considering a single self-healing product with one supplier, one 
manufacturer, and multiple retailers. This paper considered the Single Set-up Multiple Delivery (SSMD) policy, 
adapted from the study of Ong et al. (2020) and Sarkar et al. (2019). All aspects of the supply chain take the total cost 
into account in the scenario established for the model. Transportation of goods, inventory cost, self-healing packages, 
and carbon emissions are evaluated for the total cost. Specifically, this study will focus on direct and indirect carbon 
emission from transportation and inventory as one of the reports in the Kyoto Protocol. The three-level supply chain 
considers specific carbon emission of direct and indirect inventory and direct transportation inclined with the SSMD 
policy. In addition, the model would also explicitly reduce carbon emissions together with the total cost for a 
sustainable output (Ong et al., 2020). In this model, both shipped and returned self-healing packages have a constant 
state. The state of the packages would be assumed the same throughout. The demand is assumed to be always met; 
thus, shortages are not permitted in this model. The same ordering and holding costs for all retailers is considered. 
The demand is the same and is abided throughout the supply chain. From the supplier to the manufacturer leading to 
the retailers, cycle time is marked the same and is an integer value. The retailers can obtain and collect the items from 
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the manufacturer, together with the manufacturer to the supplier. Throughout all the areas of the supply chain, 
shipping, manufacturing carbon emissions, and the amount of energy rate are of the same value. 
 
The model, seen in Figure 1 has the sub-supplier that will transport the raw materials to the supplier, creating a product 
which are semi-finished (Ps) for the manufacturer. The manufacturer constructs its finished goods utilizing 
the supplier's semi-finished material as raw materials, creating a finished product; shipped to multiple retailers at a 
rate of Pm. Additionally, the manufacturer may obtain its inventory products from the supplier, as well as the retailer 
from the manufacturer. Furthermore, the carbon emissions are taken into account throughout this model. The carbon 
emissions are industrial’s direct and indirect as well as the transport emissions generated from each supply chain 
player.  

 
 

Figure 1. Supply Chain Model 
 

3.2 Mathematical Model 
The side of the supplier and manufacturer considered possible costs such as cost per order, cost of set-up production, 
holding cost for the raw materials to semi-finished product, self-healing packages, maintenance and procurement, and 
costs for the indirect and direct emission of carbon for industrial and transportation. The cost of buying, inventory 
keeping costs, direct industrial and transport carbon emission costs are taken into account by the retailer. The sum of 
the total costs was considered to formulate the mathematical model (Equation 1). 
 
𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇 ,𝑀𝑀𝐶𝐶𝑇𝑇 ,𝑅𝑅𝐶𝐶𝑇𝑇 , 𝑆𝑆𝑅𝑅 ,𝑀𝑀𝑅𝑅)
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Equation 1. Mathematical Model 
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The decision variables considered were: (CT) regular cycle time to multiple retailers (year), (MCT) manufacturer’s 
cycle time as a multiplier, (RCT) retailer’s cycle time as a multiplier, (SR) inventory received from sub-supplier in a 
cycle time, and (MR) inventory received from supplier in a cycle time. In order to obtain the least value, decision 
variables ran into derivation, algebraically as seen in the following equations: 
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Once the decision variable is with regards to CT, the overall cost equation approaches the minimum value. 
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The different decision variables were derived in the same manner, obtaining the following equations: 
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For the supply chain, the final overall cost equation is equated to equation 2. 
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Equation 2. Final Expected Joint Total Cost 

 
3.3 Variable notation 
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+ ℎ𝑚𝑚𝐷𝐷  𝐸𝐸3 = 𝐾𝐾3 + 𝐾𝐾4   𝛹𝛹4 = 𝛽𝛽1+𝛽𝛽2

𝑆𝑆𝑠𝑠
 

 
𝛹𝛹2 = 𝑀𝑀𝑐𝑐𝑠𝑠𝛹𝛹1 +∝1    𝐸𝐸4 = 𝐴𝐴𝑚𝑚 + 𝑀𝑀𝑅𝑅𝑂𝑂𝑚𝑚  𝛹𝛹5 = 𝛽𝛽1

𝑆𝑆𝑠𝑠
 

 
∝2= 2ℎ𝑚𝑚𝐷𝐷2

𝑃𝑃𝑚𝑚
− ℎ𝑚𝑚𝐷𝐷 + ℎ𝑠𝑠𝐷𝐷    𝐸𝐸5 = 𝛹𝛹1∅1 + 𝐸𝐸4𝐸𝐸6 ∝1 

 
𝐾𝐾1 = 𝑅𝑅𝐶𝐶𝐶𝐶𝛹𝛹2+∝2

2
     𝐸𝐸6 = 𝑍𝑍(𝛹𝛹4 + 𝛹𝛹5) 

 
𝐾𝐾2 = 2𝑅𝑅𝐶𝐶𝐶𝐶𝛹𝛹3

2
     𝑍𝑍 = 𝑂𝑂𝑠𝑠 + 𝑆𝑆𝑠𝑠2𝐷𝐷

𝑋𝑋𝑠𝑠
+ 𝑆𝑆𝑚𝑚2𝐷𝐷

𝑋𝑋𝑚𝑚
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𝐾𝐾3 = 𝑀𝑀𝐶𝐶𝑇𝑇𝛹𝛹4     𝐸𝐸7 = 𝛹𝛹4𝑆𝑆𝑠𝑠1𝐷𝐷
𝑀𝑀𝑅𝑅𝑋𝑋𝑚𝑚

+ 𝑍𝑍𝛹𝛹5 
 
𝐾𝐾4 = 𝛹𝛹5      𝐸𝐸8 = 𝐸𝐸1𝑌𝑌 + 𝑋𝑋𝑚𝑚∅1𝐸𝐸1 
 
∅1 = 𝐴𝐴𝑠𝑠 + 𝑂𝑂𝑠𝑠𝑆𝑆𝑅𝑅     Y= 𝐴𝐴𝑚𝑚 + 𝑀𝑀𝑅𝑅𝑂𝑂𝑚𝑚 + 𝑆𝑆𝑚𝑚1𝐷𝐷

𝑋𝑋𝑚𝑚
 

 
∅2 =  ∅1

𝑀𝑀𝐶𝐶𝐶𝐶
+ 𝐴𝐴𝑚𝑚 + 𝑀𝑀𝑅𝑅𝑂𝑂𝑚𝑚 + 𝑆𝑆𝑚𝑚1𝐷𝐷

𝑋𝑋𝑚𝑚  
   𝐴𝐴 =  ∅2

𝑅𝑅𝐶𝐶𝐶𝐶
+ 𝑂𝑂𝑠𝑠 + 𝑆𝑆𝑠𝑠2𝐷𝐷

𝑋𝑋𝑠𝑠
+ 𝑆𝑆𝑚𝑚2𝐷𝐷

𝑋𝑋𝑚𝑚
+ 𝑆𝑆𝑠𝑠1𝐷𝐷

𝑋𝑋𝑠𝑠𝑀𝑀𝐶𝐶𝐶𝐶𝑀𝑀𝑅𝑅 
 

 

∝3= 𝐷𝐷𝑉𝑉𝑆𝑆1(𝑜𝑜𝑜𝑜𝑜𝑜) + 𝐷𝐷𝑉𝑉𝑚𝑚1(𝑜𝑜𝑜𝑜𝑜𝑜) +
𝐷𝐷𝑉𝑉𝑠𝑠2(𝑜𝑜𝑜𝑜𝑜𝑜)

𝑋𝑋𝑠𝑠
+
𝐷𝐷𝑉𝑉𝑚𝑚2(𝑜𝑜𝑜𝑜𝑜𝑜)

𝑋𝑋𝑚𝑚
        𝐸𝐸9 = 𝑃𝑃𝑠𝑠𝑋𝑋𝑚𝑚𝑂𝑂𝑠𝑠 �

ℎ𝑠𝑠𝐷𝐷2

𝑃𝑃𝑚𝑚
− ℎ𝑠𝑠𝐷𝐷 −

ℎ𝑚𝑚𝐷𝐷2

𝑃𝑃𝑚𝑚
+ ℎ𝑚𝑚𝐷𝐷� 

  

𝐸𝐸10 = 𝐷𝐷2ℎ𝑠𝑠𝑠𝑠𝐸𝐸9 �2𝛹𝛹5𝐴𝐴𝑚𝑚 +
(𝐷𝐷𝛹𝛹5𝑆𝑆𝑚𝑚1)2 + 𝛹𝛹4𝑆𝑆𝑠𝑠1𝐷𝐷𝑂𝑂𝑚𝑚

𝑋𝑋𝑚𝑚
� + 𝑍𝑍𝛹𝛹5ℎ𝑠𝑠𝑠𝑠𝐷𝐷4ℎ𝑠𝑠𝑂𝑂𝑚𝑚 

 

𝐸𝐸11 =
ℎ𝑠𝑠𝑠𝑠𝐷𝐷3[𝑍𝑍𝛹𝛹5𝑆𝑆𝑚𝑚1𝐷𝐷2 + 𝛹𝛹4𝐷𝐷2𝑆𝑆𝑠𝑠1 + 𝛹𝛹4𝑆𝑆𝑠𝑠1𝐷𝐷2𝑂𝑂𝑚𝑚 + ℎ𝑠𝑠𝐷𝐷3𝑆𝑆𝑠𝑠1 + 𝐸𝐸9𝛹𝛹4𝐴𝐴𝑚𝑚𝑆𝑆𝑠𝑠1 + 𝐸𝐸9𝛹𝛹4𝑆𝑆𝑠𝑠1𝑆𝑆𝑚𝑚1𝐷𝐷]

𝑋𝑋𝑚𝑚
 

 
4. Data Collection  
The data needed for the interpretation of the model were adapted from the study of Ong et al. (2020) and Sarkar et al. 
(2019), seen in Table 1. It was utilized in order to find the total cost functions expectation considering the decision 
variables of the three-level supply chain following the SSMD policy. The mathematical model developed to find the 
best outcome of the sustainable supply chain were translated into this section. This study utilized the Maple Software 
to obtain the derivation and least total cost. 

 
Table 1. Numerical example data 

 
Parameters Supplier Manufacturer Retailer 
Ordering Costs Os=$300/order Om=$150/order Orj=$30/order 
Setup Cost As=$500/setup Am=$200/setup  
Finished Product Holding Costs hs=$0.6/unit/yr hm=$5/unit/yr hrj=$5/unit/yr 
Raw Material Holding Cost hs’=$0.4/unit/yr   
Production Rate  Ps=2990 units/yr Pm=1900 units/yr  
Demand rate of the retailer  D=100 units  
Self-healing package purchase  Ss1=$0.5/unit Sm1=$0.4/unit  
Self-healing package maintenance cost Ss2=$0.01/unit Sm2=$0.009/unit  
Shipment package capacity Xs=4 units Xm= 7 units  
Carbon emission tax  Ctax =$20/ton CO2  
Weight of a unit part  W=12 lbs/unit  
Fuel Price δ=$1.02/L Fuel Consumption γ=0.63569 

 Distance from supplier to manufacturer ds=600 miles   

Distance from manufacturer to retailer  dm=50 miles  
Distance from retailer to manufacturer   dr=50 miles 
Indirect transport emission factor ΔT1=0.01268-ton CO2/L 
Indirect industrial emission factor ΔI1 =0.02264-ton CO2/Kwh 
Direct industrial emission factor ΔI2 =0.00965-ton CO2/ unit 
Electricity energy consumption   E =154, 556 Kwh  
Steaming Energy Consumption   S=115, 917 Kwh  

Proceedings of the 11th Annual International Conference on Industrial Engineering and Operations Management 
Singapore, March 7-11, 2021

© IEOM Society International 4060



Cooling Energy Consumption  C=77, 278 Kwh  
Heating Energy Consumption  H =38, 639 Kwh  
Energy Loss rate  EI=1%  

 
5. Results and Discussion 
 
5.1 Numerical Results 
The optimal value was determined (Table 2). The texts in bold presents the least possible total cost (per year) of the 
three-level supply chain that considered direct and indirect carbon emission from industrial and transportation of self-
healing packages. As shown in Table 2, it is noticeable that the value of 1 in the manufacturer’s integer multiplier 
(MCT), and retailer (RCT) as 36, 1 in the supplier’s received inventory (SR), and manufacturer (MR) 16, gave the total 
cost’s lowest optimal value of 5,773,472 dollars per year when having the value of 2.574682 in the cycle time for all 
retailers (CT). 

Table 2. Optimal Total Cost 
 

MCT RCT SR MR CT Total Cost 
1 36 1 16 2.574682 5773472 
1 35 1 16 2.574682 5777971 
2 36 1 16 2.574682 11301156 
2 35 1 16 2.574682 11303266 

 
5.2 Sensitivity Analysis 
A sensitivity analysis, seen in Table 3, was carried out between varied main parameters in determining the area of the 
effect. This is done by changing the parameters differently in line with the mathematical model. The parameters consist 
the costs’ order, set-up, together with holding costs of the manufacturer as well as the holding cost of the retailer. The 
self-healing packages and procurement were also considered. Furthermore, the general parameters considered are the 
tax of carbon emission, price of the fuel and consumption of fuel, unit’s weight, direct as well as indirect emission of 
carbon in transport and industrial sectors, and players’ emissions from heat, electric, cool, and steam. The percent 
shifts that were taken into consideration were -75, -50, -25, +25, +50, and +75. 

 
Table 3. Sensitivity Analyses of Key Parameters 

 
Parameter % Change Result Parameter % Change Result 

 
 

Om 

-75 0.0003460  
 

H 

-75 0.0247437 
-50 0.0002306 -50 0.0164944 
-25 0.0001153 -25 0.0082465 
+25 -0.0001153 +25 -0.0082465 
+50 -0.0002306 +50 -0.0164944 
+75 -0.0003460 +75 -0.0247437 

 
 

Am 

-75 0.0000288  
 

C 

-75 0.0494997 
-50 0.0000192 -50 0.0329943 
-25 0.0000096 -25 0.0164944 
+25 -0.0000096 +25 -0.0164944 
+50 -0.0000192 +50 -0.0329943 
+75 -0.0000288 +75 -0.0494997 

 
 

hm 

-75 0.0344922  
 

S 

-75 0.0742679 
-50 0.0229921 -50 0.0494997 
-25 0.0114947 -25 0.0247437 
+25 -0.0114947 +25 -0.0247437 
+50 -0.0229921 +50 -0.0494997 
+75 -0.0344922 +75 -0.0742679 
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hr 

-75 -0.0066802  
 

E 

-75 0.0990484 
-50 -0.0044535 -50 0.0660105 
-25 -0.0022268 -25 0.0329943 
+25 0.0022268 +25 -0.0329943 
+50 0.0044535 +50 -0.0660105 
+75 0.0066802 +75 -0.0990484 

 
 

EI 

-75 1.3021587  
 

 

-75 0.0011994 
-50 0.2479894 -50 0.0007996 
-25 0.0825267 -25 0.0003998 
+25 -0.0825267 +25 -0.0003998 
+50 -0.2479894 +50 -0.0007996 
+75 -1.3021587 +75 -0.0011994 

 
 

ΔI1 

-75 0.2479894  
 

 

-75 0.0009424 
-50 0.1651897 -50 0.0006283 
-25 0.0825267 -25 0.0003142 
+25 -0.0825267 +25 -0.0003142 
+50 -0.1651897 +50 -0.0006283 
+75 -0.2479894 +75 -0.0009424 

 
 

ΔI2 

-75 0.0000247  
 

W 

-75 0.0003896 
-50 0.0000165 -50 0.0002598 
-25 0.0000082 -25 0.0001299 
+25 -0.0000082 +25 -0.0001299 
+50 -0.0000165 +50 -0.0002598 
+75 -0.0000247 +75 -0.0003896 

 
 

ΔT1 

-75 0.0003918  
 

Sm1 

-75 0.0000008 
-50 0.0002612 -50 0.0000005 
-25 0.0001306 -25 0.0000003 
+25 -0.0001306 +25 -0.0000003 
+50 -0.0002612 +50 -0.0000005 
+75 -0.0003918 +75 -0.0000008 

 
 

CTAX 

-75 299.1562024  
 

Sm2 

-75 0.0000017 
-50 99.8591689 -50 0.0000011 
-25 33.3020229 -25 0.0000006 
+25 -33.3020229 +25 -0.0000006 
+50 -99.8591689 +50 -0.0000011 
+75 -299.1562024 +75 -0.0000017 

 
 

Ss1 

-75 0.0000060  
 

Ss2 

-75 0.0000033 
-50 0.0000020 -50 0.0000033 
-25 0.0000020 -25 0.0000011 
+25 -0.0000020 +25 -0.0000011 
+50 -0.0000040 +50 -0.0000033 
+75 -0.0000060 +75 -0.0000033 

 
 

Xm 

-75 -0.0000340  
 

Xs 

-75 -0.0000134 
-50 -0.0000113 -50 -0.0000045 
-25 -0.0000038 -25 -0.0000015 
+25 0.0000038 +25 0.0000015 
+50 0.0000113 +50 0.0000045 
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+75 0.0000340 +75 0.0000134 
 

The results indicate that changing the values hm, Ctax, and EI, normally induces a marginal shift in the overall cost of 
the entire supply chain. As the values increase, the total cost of entire supply chain also increases. For hm, the increase 
greatly affected the total cost as it indicated that inventory holds more finished goods and are waiting to be sold, thus, 
an increase (Cho, 2019). On the other hand, it is evident that higher prices for carbon emissions inevitably contributed 
to carbon tax and greatly affects the overall costs (Giraldo et al., 2020). As for the EI, the energy loss rate’s increase is 
caused by developing sustainable system and affected the total cost greatly (Iqbal et al., 2020).  When it comes to 
positive and negative changes, equal sensitivity is evident. On the other side, increasing the values for Om, Am, Sm1, 
Sm2, Ss1, Ss2, and W will also let the overall cost to increase minimally, while Xm, Xs, and hr are inversely proportional. 
This is because the parameters are in the equilibrium position. Both positive and negative changes are considered as 
sensitive to changes.  

 
On the other hand, emission factors, energy consumptions (H, C, E, S), fuel consumptions, fuel price (γ and δ), and 
industrial indirect emission factor (ΔI1) are considered as a significant change that is directly proportional to the total 
cost. As the parameters increases, it would also increase the total cost, and otherwise.  The energy consumptions (H, 
C, E, S), the total cost also increases because the optimal value in the cycle time is reduced, resulting the 
manufacturer’s production period to decrease (Iqbal, et.al, 2020). The γ and δ significant increase affects the 
transportation cost, which is convincible for the great increase in total cost (Arabi et al., 2019). For ΔI1, it is evident 
that as customer demand increases, the total indirect carbon emission of industrial aspect also increases due to more 
company activities needed to be done, which affects the total cost (Wangsa, 2017). For industrial and transportation 
direct carbon emission factors (ΔI2, ΔT1), it caused a small direct adjustment to the total costs. This is caused by the 
parameters being placed in equilibrium position of the total cost model.  

 
Factors to consider in attempting to manipulate the total cost of the model in order to reduce the total cost of the supply 
chain system will be the main parameters undergoing the higher changes in the sensitivity analysis. This can be utilized 
to help any industry seen in the three-level supply chain lower the total cost, and thereby increase the total profit. 
Moreover, the decrease in total cost would also decrease the carbon emission (Ong et al., 2020). 
 
5.3 Managerial Insights  
The model could be used by manipulating the different parameters, hm, Ctax, EI, the energy consumptions (H, C, E, S), 
fuel consumptions, fuel price (γ and δ), and industrial indirect emission factor (ΔI1), in order for the supply chain to 
either increase or decrease the total cost depending on the need of the supply chain. The consideration of using self-
healing packages as a new way to promote environment friendly packaging may pave a way for a sustainable material. 
Due to its potential to repair the damages inflicted to it and prolong the service it can provide to the product, the self-
healing packages have a potential use for the future as it can be utilized without causing harm to the environment. 
Overall, the mathematical model can be utilized by industries to promote a sustainable supply chain. The sustainable 
supply chain could utilize the self-healing packages while maintaining possible cost. Moreover, the parameters of this 
study could be manipulated to help the sustainable supply chain consider which aspect of the total cost greatly 
influences possible profit gains. This model could be adopted to help reduce carbon emission while increasing profit.  

 
6. Conclusion  
This study was able to develop a mathematical model under the three-level supply chain that considered self-healing 
packages. This study focused on direct and indirect carbon emission cost from industrial and transportation aspect. 
Lowering the total cost also lowers the carbon emission (Ong et al., 2020). The integration of the model from Ong et 
al. (2020) and Sarkar et al. (2019) showed that supply chains can undergo optimization of the total cost and carbon 
emission. The different parameters that mainly dealt significant changes such as hm, Ctax, and EI, together with the 
carbon emissions from heating, cooling, steaming, and electricity turned out to be the reason for an increase in total 
cost. Moreover, the fuel consumption, fuel price, and industrial emission factor increased the total cost if the values 
also increased. The reason for this is that these carbon emission factors are the main parameters being utilized to run 
the supply chain. Therefore, the model resulted to the proportionality of carbon emission and total cost utilized in 
three-level supply chains. In summary, this sustainable supply chain mathematical model could be used by a three-
level supply chain in real-life application that considers self-healing packages. This model was able to follow the 
Kyoto Protocol. The self-healing packages as an application in supply chain as packaging is essential because it keeps 
the product unaffected from any damages. It increases the strength of the packages, prolonging the life of product, 
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while being balanced in the distribution and the return cost. To further elaborate the mathematical model in real life 
scenario application, the researchers could incorporate the different cases of lead time having greater than or less than 
permissible payment delay among the parties of supply chain (Sarkar et al., 2018).  
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