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Abstract Achieving net-zero carbon emissions by 2050 has become a common goal in the 
world. An effective strategy to reduce carbon emissions will be the key to maintaining interna-
tional competitiveness. Although green energy exchange is mature around the world, the relevant 
systems and regulations in Taiwan are not yet ready. This research examines the feasibility of 
shoemaking machines remanufacturing and tries to seek effective strategies to achieve carbon 
neutrality for the original equipment manufacturers (OEMs) of shoemaking machines. The eval-
uation of remanufacturing in a shoemaking machine is based on imprecise and fuzzy infor-
mation. First, the feasibility evaluation model of remanufacturing in a shoemaking machine is 
established, including technical, economic, and resource environment feasibility criteria. Second, 
the comprehensive benefit evaluation model of the remanufacturing shoemaking machine is es-
tablished, in which the weight of each criterion is determined by the Analytic Hierarchy Process 
(AHP). Finally, combined with the questionnaire, the evaluation method is verified and analyzed. 
The results show that the four criteria (clusters) for remanufacturing shoemaking machines have 
different weights, in descending order: Product design, Business model, Recycling system, and 
Corporate image. This implies that Product design is the most important factor for remanufac-
turing shoemaking machines, followed by the Business model, Recycling system, and Corporate 
image. Therefore, to succeed in the circular economy, OEMs need to rethink how to redesign 
their products from the beginning and create a new business model. 

Keywords remanufacturing; shoemaking machine; Analytic Hierarchy Process (AHP); circular 
economy (CE) 

 
 

1. Introduction 
The European Union (EU) launched the “Fit for 55 Package” in July 2021, which includes a 

Carbon Border Adjustment Mechanism (CBAM, the EU’s carbon tariff). The CBAM will begin 
to operate in 2023, become fully effective in 2027, and it will enable the EU to achieve net-zero 
carbon emissions by 2050 [1]. The EU attempts to control the carbon footprint of imported 
goods by imposing carbon tariffs. In the initial stage, 248 items of controlled products from the 
industries such as steel, aluminum, and power generation will be covered. Other products that 
possibly have indirect emissions will also be included. Following the steps of the EU, more coun-
tries will successively release similar carbon tariff policies to ensure the competitiveness of domes-
tic industries and accelerate the rate of carbon reduction [2]. The polluter pays principle (PPP) 
is applied to ensure that the original equipment manufacturers (OEMs) are involved in the re-
duction of consumption of natural resources and pollution. According to the trend, international 
brand corporations require their supply chains to achieve the goal of net-zero carbon emissions. 
The carbon footprint of products has gained increasing attention. This has led the OEMs in the 
supply chain to focus on the design of their own green supply chains to achieve cost efficiency 
and environmental protection. 

To achieve the goal of zero carbon emissions, the EU has activated the Circular Economy 
Action Plan (CEAP) of Europe to improve the monitoring of the transition to a more circular 
economy. Individual R strategies (recycle, reuse, refurbish, repair, and remanufacture) have be-
come potential tools to use, except for energy exchange. Han et al. [3] defined remanufacturing 
as an industrial process that repairs, replaces, or restores used products to bring them back into 
like-new condition. Zhuang et al. [4] stated that remanufacturing is a process that restores a used 
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product to its original performance with a warranty matching with an equivalent new product, 
which could maximize the values of used products. Remanufacturing can effectively reduce the 
energy and resource consumption, as well as environmental emission in the whole product life 
cycle. To achieve environmental, financial, and marketing benefits, remanufacturing has at-
tracted a great deal of attention and interest from the machinery manufacturing industries. Gov-
ernment legislation, especially in the EU, the United States (US), and China, also requires the 
OEMs to recycle or remanufacture their used products. The remanufacturing process involves 
the dismantling of a product, inspection, cleaning, repairing, replacing components, and testing 
to ensure that the remanufactured components meet the original design specifications. 

According to Technavio [5], the worldwide market share of the industrial machinery reman-
ufacturing is projected to increase by US$304.36 billion between 2021 and 2026, with a CAGR 
of 16.81%. The main countries that remanufacture industrial machinery are the US, China, 
India, Germany, and the United Kingdom. The main growth driver in the industrial machinery 
remanufacturing market is the increasing awareness of asset utilization in the manufacturing in-
dustries. Most end-users of the industrial machinery improve machinery efficiency, reduce oper-
ational costs and energy consumption, and integrate all operational functions by upgrading and 
modernizing the existing machines. Machinery is one of the nine significantly impactful target 
sectors for remanufacturing [5]. It was reported that the US is the largest remanufacturer in the 
world. Machinery is also one of the remanufacturing-intensive sectors in the US that have posi-
tive growth potential [5]. The outlook comes from the existing incentives for OEMs to incorpo-
rate remanufacturing into their supply chains, including recycling used products, reducing lead 
times, and complying with the low-carbon equilibrium legislation. Global sustainability initiatives 
also put pressure on end-users to find ways to minimize the negative impacts of their businesses 
on the environment. It will directly encourage them to develop green procurement system, which 
will in turn grow the remanufacturing market. It will also facilitate the reverse logistics. 

Xu et al. [6] mentioned that carbon emissions are associated with product life cycles, which 
essentially prompts a reduction of carbon emissions at different stages. Both internal and external 
carbon management of the OEMs influence carbon disclosure strategies. However, a correct 
evaluation can provide an opportunity to develop a sustainable and green supply chain. Because 
of the increased pressure of both the environmental protection and economic benefit, a growing 
number of OEMs have been devoted to collecting and remanufacturing end-of-life machinery. 
Ansari & Daxini [7] proposed several advantages that remanufacturing offers in a supply chain, 
including reducing manufacturing cost and resource consumption, restricting disposal costs, and 
increasing ecological benefits. Compared to traditional manufacturing, the processes of reman-
ufacturing are more complex due to being associated with a large number of uncertainties, in-
cluding the quantity of used products, stochastic recovery rate, returns–demand balancing issue, 
used product disassembly, requirement of a reverse logistics network, material and parts match-
ing issue, process timings, and material routing. Sousa & Pham [8] reviewed the methods of 
quality control that help to check and improve the quality of manufacturing and remanufactur-
ing. The effectiveness of quality control can reduce costs and bring benefits. Focusing on the 
feasibility, this research will examine whether the remanufacturing theory and practice of general 
machinery can be applied to shoemaking machines. The complexities of real-life remanufactur-
ing problems have made the decision-making process challenging. 

Remanufacturing reverse logistics can be an economic and social strategy to avoid waste, 
when the reverse flow starts from the end products used by customers, and returns to suppliers 
who perform remanufacturing, repairing, or disposal. There has been a rare discussion of re-
manufacturing in shoemaking machines in previous studies which have mostly been focused on 
machine tool and turbine. Taking this into account, in this paper, an Analytic Hierarchy Process 
(AHP) method accompanying an interview and survey to examine the feasibility of remanufac-
turing initiatives in the close-loop supply chain for the OEMs of shoemaking machine was pre-
sented. 

The paper is structured as follows. The literature review is in Section 2. Section 2.1 discusses 
the current situation of remanufacturing development in major countries, including the US, 
China, India, and the EU. The limitation of machine remanufacturing is discussed in Section 
2.2. The methodology in terms of assumption, system operation, questionnaire design, and ques-
tionnaire return is presented in Section 3. The results in Section 4 lead to the findings, and the 
discussion and conclusion are given in Sections 4 and 5, respectively. The study was conducted 
in Taiwan. 
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2. Literature Review 
In recent years, due to the global legislation and growing public awareness, the OEMs are 

facing increasing pressures of incorporating the environmental and sustainability factors into 
their businesses; therefore, they are rethinking of strategizing their supply-chain networks. Ma-
soumik et al. [9] mentioned that manufacturers have been forced to shift from local optimization 
at the firm level to the entire supply chain due to the increasing competition and globalization. 
At the same time, manufacturers have the opportunities to strengthen their sustainability devel-
opment thanks to this operational transition in environmental practice. Ghosh et al. [10] men-
tioned that the environmentally conscious supply chain practices of business organizations across 
the globe have received increasing interest from industries. In order to minimize the detrimental 
impact on the environment, it is suggested to incorporate various green supply chain manage-
ment (GSCM) practices into an organization’s supply chain policies. Sundin & Bras [11] found 
that the production and processing of raw material decreases when remanufacturing hardwares. 
Both environmental and economic benefits can thus be achieved through a strategy for functional 
sales and remanufacturing of products. According to Ghoreishi et al. [12], closing, slowing, in-
tensifying, de-materializing, and narrowing resource loops are the key strategies of circular econ-
omy (CE) business models that can contribute to sustainable development goals. The CE business 
models require a strategic shift in how value is created and captured, which involves designing 
new systems of value creation and innovative business models for products. A product should be 
designed and developed for circularity, meaning that it can be easily repaired, refurbished, and 
remanufactured to close the loop. A business model should create value by offering more inno-
vative solutions based on the CE principles. To achieve a successful circular value creation, trans-
parency and high-quality data are essential for the entire value chain, which can enable design 
optimization and management of supply chain. Artificial intelligence (AI) can be a facilitator of 
CE to help by OEMs to innovate circular business models. Konstantaras et al. [13] introduced 
a model that determines optimal inventory decisions under a manufacturing, remanufacturing, 
and repairing system in a closed-loop supply chain to minimize the total cost of operation when 
facing the carbon tax regulation. Once the main concerns are resolved, the OEMs need to take 
the appropriate measures to increase the value of the supply chain. Mathiyazhagan et al. [14] 
highlighted the reverse supply chain management for OEMs. Reverse supply chain management 
is a process that involves customers and suppliers/OEMs, including the activities of recycling, 
remanufacturing, reusing, and disposing of unacceptable items to reduce waste and improve sus-
tainability. However, many OEMs currently do not integrate the reverse supply chain into the 
forward supply chain of their own internal value chains. Vlachos [15] noted that the reverse 
supply chain requires the same attention as the forward supply chain due to the increasing pres-
sure of business and consumer needs, including financial factors, customer needs, sustainability, 
competition, and legal implications. For the sustainable design of the supply chain from a per-
formance perspective, Oliveira & Machado [16] focused on cost control while considering eco-
nomic, environmental, and social issues in a balanced way. Condeixa el al. [17] proposed an 
economic order quantity (EOQ) based mathematical model for the lot size in reverse logistics 
that includes environmental, social, and economic parameters. Xu et al. [6] reviewed the impli-
cations of carbon policies on supply chains, considering the information about drivers (carbon 
policies), actors (e.g., manufacturers), methodologies (mathematical models), decision-making 
contexts (e.g., order quantity), and emission reduction opportunities. 

The technology is advancing by leaps and bounds, causing a reduction of the life cycle of 
products. Customers are also having a growing desire to acquire the latest technology. Both re-
sulted in an increased volume of disposed products which have caused environmental pollution. 
However, this environmental problem also represents an opportunity for remanufacturing in the 
green supply chain. Lee et al. [18] stated that remanufacturing generates green economy, creates 
jobs, and also stabilizes prices. Remanufacturing reduces production costs (40–65% of producing 
a new product in general) by using end-of-life product parts. Producing a remanufactured prod-
uct also consumes less energy (<25%) compared to producing a new one. Apart from this, the 
remanufacturing process requires a large amount of labor thus can create job opportunities. Re-
manufacturing also helps stabilize prices because it provides less cost but like-new products in 
terms of quality and performance. Chari et al. [19] identified that an extended shelf life of prod-
ucts can be achieved by the remanufacturing process, which is a value recovery option to extend 
the original useful life of industrial equipment. Steingrímsson et al. [20] introduced competitive 
business approaches in the remanufacturing market for production equipment. Okorie et al. [21] 
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stated that digital technologies can help OEMs achieve their sustainability goals, such as net-zero 
emissions and circular economy, by translating abstract concepts into concrete actions and out-
comes. A resource-based view (RBV) was used to examine how digital technologies can enhance 
a manufacturing firm’s competitive advantage by using its existing resources and core competen-
cies to pursue net-zero manufacturing emissions and circular economy. Cunha et al. [22] estab-
lished a roadmap methodology to express the interconnections between market, equipment, and 
technology variables in the remanufacturing process. Du et al. [23] presented that most end-of-
life machines have potential problems such as deterioration of accuracy, backward level of elec-
trical control and automation, as well as no computerized numerical control (CNC) system, re-
sulting in high processing costs and low processing efficiency. The delay or downtime of reman-
ufacturing is usually 75% less than new production. According to engineering practice experi-
ence, when the remanufacturing cost is less than 40% of purchasing a new machine, the customer 
has a higher tendency to implement machine remanufacturing; however, when the remanufac-
turing cost is greater than 60% of purchasing a new machine, the customer’s tendency to imple-
ment remanufacturing wil be gradually reduced and they are more willing to purchase a new 
machine. Jiang et al. [24] proposed a multicriteria decision-making model to select remanufac-
turing technology. The model evaluates six main criteria, including cost, quality, time, service, 
resource consumption, and environmental impact. Ramírez et al. [25] proposed that the devel-
opment of digital twins can reduce the impact of uncertainties in remanufacturing. Sitcharangsie 
et al. [26] presented a holistic way of integrating different decisions over multiple remanufactur-
ing activities to improve remanufacturing outcomes. Remanufacturing is more complex than 
traditional manufacturing due to the uncertainties associated with the quality, quantity, and re-
turn timing of used products and components. Du et al. [27] mentioned that machinery has great 
recycling value and potential for remanufacturing, and proposed an integrated method for eval-
uating the remanufacturability of used machines on technology and economic feasibility, and 
environmental benefits. 

Increased awareness of environment protection and policies related to carbon emissions have 
led OEMs to consider carbon emissions as one of the most critical elements that affect production 
decisions. As a gradually maturing mode of production, remanufacturing plays an increasingly 
important role in economy, environment, and society. Shu et al. [28] constructed a model for 
manufacturer inventory and production in the context of a cap-and-trade regime. Based on this, 
the manufacturer’s optimal production decision and minimum cost were derived with and with-
out considering carbon emissions. When considering remanufacturing and carbon emissions, the 
cost of production and environmental decreases significantly. In terms of manufacturing activi-
ties, remanufacturing can reduce both carbon emissions and total costs. Companies must control 
carbon emissions to reduce the uncertainty caused by fluctuation in the carbon trading market. 
Otherwise, the OEMs must pay for the carbon quota from the carbon exchange market at a 
higher price, which will increase the total cost of manufacturing. The OEMs can choose to do 
remanufacturing on their own or by outsourcing. Majumder & Groenevelt [29] showed that 
OEMs are more likely to remanufacture in a competitive environment. A decrease in remanu-
facturing costs can benefit customers. Compared to internal or outsourcing remanufacturing, 
OEMs are more advantageous in terms of technologies, rules, and regulations. Many OEMs’ 
remanufacturing activities have made great achievements in their businesses. Chen et al. [30] 
used the simulation results to show that when the entry barrier to the remanufacturing industry 
is low, the manufacturer can develop the remanufacturing technology in a short time and the 
direct reverse channel outperforms the indirect reverse channel; otherwise, the manufacturer can 
achieve more profits under the indirect reverse channel by acquiring the remanufacturing tech-
nology directly from the remanufacturer. The indirect reverse channel is more likely to be supe-
rior for the low-barrier remanufacturing industry when the cost advantage is high as the early 
entry in the remanufacturing industry becomes more important than the complete control in the 
later stage. Table 1 summarizes aforementioned research on green supply chain, ANP, remanu-
facturing and other subjects. 
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Table 1. Summary of literature review. 

References Subject Focused Research Briefing 

Masoumik et al. [9] green supply chain; ANP; structural 
equation modeling (SEM) 

Mnufacturers have been forced to shift from local optimization at the 
firm level to the entire supply chain due to the increasing competition 
and globalization. At the same time, manufacturers have the 
opportunities to strengthen their sustainability development thanks to 
this operational transition in environmental practice. 

Ghosh et al. [10] 

green supply chain management; 
performance evaluation; multi-criteria 
decision-making (MCDM); fuzzy set theory; 
the Plan, Do, Check, Act (PDCA) cycle 

The environmentally-conscious supply chain practices of business 
organizations across the globe have received increasing interest from 
industries. In order to minimize the detrimental impact on the 
environment, it is suggested to incorporate various green supply chain 
management (GSCM) practices into an organization’s supply chain 
policies. practices into an organization’s supply chain policies. 

Sundin & Bras [11] 
remanufacturing; design for environment; 
ecodesign; design for remanufacturing and 
activity-based costing (ABC) 

The production and processing of raw material decreases when the 
hardware is remanufactured. Both environmental and economic 
benefits can thus be achieved through a strategy for functional sales 
and remanufacturing of products. 

Ghoreishi et al. [12] 
artificial intelligence; sustainable 
development goals; business model; circular 
economy; Industry 4.0; value creation 

Circular economy (CE) business models provide solutions for 
sustainable development goals by closing, slowing, intensifying, 
dematerializing, and narrowing resource loops. In a successful 
circular value creation, a higher degree of transparency and high-
quality data for the entire value chain is required for further de-
velopment of the products and processes, hence enabling design 
optimization and management of supply chain. Artificial intelligence 
(AI) can be considered as an enabler of CE to help OEMs in 
innovating circular business models. 

Konstantaras et al. [13] inventory; carbon emissions; carbon tax; 
remanufacturing; repair; rinite horizon 

A model determines optimal inventory decisions under a 
manufacturing, remanufacturing, and repairing system in a closed-
loop supply chain to minimize the total cost of operation while facing 
the carbon tax regulation. Once the main concerns are met, OEMs 
need to take appropriate measures to increase the value of the supply 
chain. 

Mathiyazhagan et al. [14] 
reverse supply chain; rverse logistics; closed-
loop supply chain; remanufacturing; 
product recovery system 

Reverse supply chain management is a process that involves 
customers and suppliers/OEMs, includinges the activities of 
recycling, remanufacturing, reusing, and disposing of unacceptable 
items to reduce waste and improve sustainability, which is a process 
between customers and suppliers or OEMs. However, many OEMs 
currently do not integrate the reverse supply chain into the forward 
supply chain within of their own internal value chains. 

Vlachos [15] reverse logistics; firm performance; logistics 
capabilities; business strategy 

The reverse supply chain requires the same attention as the forward 
supply chain due to the increasing pressure of business and consumer 
needs, including financial factors, customer needs, sustainability, 
competition, and legal implications. 

Oliveira & Machado [16] closed-loop supply chain; optimization 
methods; sustainability 

In the sustainable design of the supply chain from a performance 
perspective, cost control considers economic, environmental, and 
social issues in a balanced way. 

Condeixa et al. [17] reverse logistics; EOQ; sustainable log-
sizing; environmental costs 

An economic order quantity (EOQ) based mathematical model for 
the lot size in reverse logistics that includes environmental, social, and 
economic parameters. 

Xu et al. [6] 
supply chain management; carbon policy; 
carbon emission; sustainability; green 
supply chains 

The implications of carbon policies on the supply chains, considering 
the information about with drivers (carbon policies), actors (e.g., 
manufacturers), methodologies (mathematical models), decision-
making contexts (e.g., order quantity), and emission reduction 
opportunities. 

Lee et al. [18] remanufacturing; eco-friendly production 
methods; remanufacturing technologies 

Remanufacturing generates green economy, creates jobs, and also 
stabilizes. Remanufacturing reduces production costs by using end-of-
life prod-uct parts. 

Chari et al. [19] 
performability; dependability; 
Sustainability; product life cycle; ecodesign; 
life cycle analysis 

An extended shelf life of products can be achieved using the 
remanufacturing process, which is a value recovery option to extend 
the original useful life of industrial equipment. 

Steingrímsson et al. [20] collaboration; competition; strategies; 
production equipment 

Competitive business approaches in the remanufacturing market for 
production equipment are focused on value creation strategies, 
competition, collaboration and their impact as drivers for 
technological progress. 
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Table 1. (Continued) 

Okorie et al. [21] 
digital transformation; resource-based view; 
net-zero manufacturing; circular economy; 
sustainable competitive advantage 

Digital technologies can help OEMs achieve their sustainability goals, 
such as net-zero emissions and circular economy (CE), by translating 
abstract concepts into concrete actions and outcomes. This work uses 
a resource-based view (RBV) to examine how digital technologies can 
enhance a manufacturing firm’s competitive advantage by using its 
existing resources and core competencies to pursue net-zero manu-
facturing emissions and CE. 

Cunha et al. [22] production equipment; remanufacturing; 
technology roadmap 

A roadmap methodology expresses the interconnections between 
market, equipment, and technology variables in the remanufacturing 
process. 

Du et al. [23] 
heavy-duty machine tools; 
remanufacturing; decision making; 
extension theory 

Most end-of-life machines have potential problems such as 
deterioration of accuracy, backward level of electrical control and 
automation, as well as no CNC system, resulting in high processing 
costs and low processing efficiency. 

Jiang et al. [24] 
remanufacturing technology; multi-criteria 
decision making; environmental 
performance; AHP 

A multicriteria decision-making model evaluates six main criteria, 
including cost, quality, time, service, resource consumption, and 
environmental impact, to select remanufacturing technology. 

Ramírez et al. [25] autonomous remanufacturing; digital twins; 
remanufacturing 

The development of digital twins can reduce the impact of 
uncertainties in remanufacturing. 

Sitcharangsie et al. [26] 

remanufacturing; core acquisition; end-of-
life (EOL) option; disassembly level; 
cleaning; material requirements planning 
(MRP) 

A holistic way integrates different decisions over multiple 
remanufacturing activities to improve remanufacturing outcomes. 
Remanufacturing is more complex than traditional manufacturing 
due to the uncertainties associated with the quality, quantity, and 
return timing of used products and components. 

Du et al. [27] machine tool; remanufacturability; 
remanufacturing 

Machinery has great recycling value and potential for 
remanufacturing. An integrated method was proposed for evaluating 
the remanufacturability of used machine on the technology and 
economic feasibility and the environmental benefits. 

Shu et al. [28] 
remanufacturing; inventory control; 
economic order quantity; carbon quota; 
carbon transaction 

A model of manufacturer inventory and production in the context of 
a cap-and-trade regime. Based on this, the manufacturer’s optimal 
production decision and minimum cost were derived with/without 
considering carbon emissions. When the manufacturer consid-ers 
considering remanufacturing and carbon emissions, the cost of 
production cost and envi-ronmental cost decreases significantly. 

Majumder & Groenevelt [29] remanufacturing; competition; reverse 
logistics 

OEMs are more likely to remanufacture in a competitive 
environment. A decrease in remanufacturing costs can benefit 
customers. Compared to internal or outsourcing remanufacturing, 
OEMs are more advantageous in terms of technologies, rules, and 
regulations. 

Chen et al. [30] 
closed-loop supply chain; game theory; 
remanufacturing; reverse channel; 
simulation 

When the entry barrier to the remanufacturing industry is low, the 
manufacturer can develop the remanufacturing technology in a short 
time and the direct reverse channel outperforms the indirect reverse 
channel; otherwise, the manufacturer can achieve more profits under 
the indirect reverse channel by acquiring the remanufacturing 
technology directly from the remanufacturer. The indirect reverse 
channel is more likely to be superior for low-barrier remanufacturing 
industry when the cost advantage is high as the early entry in the 
remanufacturing industry becomes more important than the 
complete control in the later stage. 

2.1. Global Remanufacturing 
According to Berkel & Ramchandra [31], compared to new manufacturing, remanufacturing 

can save 80% to 98% of materials, reduce 79% to 99% of greenhouse gases, and achieve the cost 
advantage of value-retention processes (VRP) being between 15% and 80% of the cost of a new 
product. 

The situations of remanufacturing in the US, China, India, and the EU are presented below. 

2.1.1. The US 
According to [32], the US is a net exporter of remanufactured goods. The US exports of 

remanufactured goods increased by more than 50%, from US$7.5 billion in 2009 to US$11.7 
billion in 2011, while in the same period, the imports increased by 64%, from US$6.3 billion to 
US$10.3 billion (Table 2). Remanufactured aerospace products, heavy-duty and off-road 
(HDOR) equipment, and machinery accounted for the largest share of the US exports of reman-
ufactured goods. For the size of different remanufactured goods in the US market, 
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remanufactured machinery is the largest among all the sectors, which are likely high-value or 
low-volume products. Its apparent consumption is nearly five times that of consumer products, 
the next largest sector by this measure. Remanufactured machinery represented more than 50% 
of the 2011 exports, with Mexico, the EU, and Canada being the main markets. The extremely 
important factors that affect the ability of the US remanufacturers to compete in the US markets 
include the availability of skilled workers, healthcare costs, and unfavorable tax treatment, and 
in foreign markets, the high price of cores, transportation costs, and regulatory barriers. In terms 
of remanufacturing-intensive industry sectors in the US for machinery, the products include in-
dustrial valves, turbines, machine tools, textile machinery, compressors. The industry structure 
is fragmented, estimated to be around 1000 to 2000 firms which perform machinery remanufac-
turing. The type of firms includes repair shops that both repair and remanufacture, and OEMs 
that produce new machinery. 

Foreign remanufacturers that had invested in the US accounted for about 17% of the US 
exports and 15% of the US imports of remanufactured goods from 2009 to 2011. The foreign 
direct investment (FDI) in US remanufacturing in 2011 totaled approximately US$460 million, 
80% (US$378 million) of which went to the machinery remanufacturing sector, likely reflecting 
a foreign acquisition or other large investment in the US remanufacturing operations by one or 
two firms. Important foreign sources of FDI in US remanufacturing activities include Japan and 
the EU. The companies from Swiss, China, Mexico, Canada, India, and Singapore have also 
invested in the US remanufacturing activities. 

In the US market, the main buyers of remanufactured machinery are end users. The main 
factors that influence demand include the price and lead times of new products. The price of 
remanufactured goods can be 30–50% lower than the new ones, and the lead times be up to 50% 
shorter than that of new ones. 

Table 2. Remanufacturing market based on remanufactured goods in the US, 2011. 

Sector 
(ranked by production value) 

Production 
(US$ million) 

Investment 
(US$ million) 

Exports 
(US$ million) 

Imports 
(US$ million) 

Intensity (%) 
a 

Aerospace 13,045,513 90,471 2,589,543 1,869,901 2.6 

HDOR equipment b 7,770,586 162,746 2,451,967 1,489,259 3.8 

Motor vehicle parts 6,211,838 105,684 581,520 1,481,939 1.1 

Machinery 5,795,105 711,008 1,348,734 268,256 1.0 

IT products 2,681,603 17,503 260,032 2,756,475 0.4 

Medical devices 1,463,313 31,260 488,008 110,705 0.5 

Retreaded tires 1,399,088 23,874 18,545 11,446 2.9 

Consumer products 659,175 4948 21,151 360,264 0.1 

Others c 3,973,923 67,537 224,627 40,683 1.3 

Wholesalers d 8294 3,751,538 1,874,128 d 

Total 43,000,144 1,223,326 11,735,665 10,263,056 2.0 
Source: [32]. 
a Total value of remanufactured goods as a share of total sales of all products within that sector. 
b HDOR equipment. 
c Includes remanufactured electrical apparatus, locomotives, office furniture, and restaurant equipments. 
d Wholesalers do not produce remanufactured goods, but rather sell or trade (export and import) them. 

2.1.2. China 
According to Forward [33], the respective recycling rate of scrap iron and steel, and scrap 

nonferrous metals in China were only about 10% and 25% in 2019, while the recycling rate of 
scrap steel in the US was over 50%, the recycling rate of aluminum in Japan was over 90%, and 
the recycling rate of lead in the EU was more than 70%. As a major country in the production 
and consumption of global machinery, China has entered the peak period of scrapping mechan-
ical and electrical products—more than 60% of the old traditional machines have been in service 
for over 10 years, 80% of which have exceeded the warranty life. To build an energy-saving, 
environmentally friendly, and sustainable industrial green model, the Chinese government has 
started to develop the remanufacturing industry in order to open up a circular industrial chain. 
Compared to manufacture of new machinery, remanufacturing can save energy by 60%, mate-
rials by 70%, more than 50% of costs, can generate almost no solid waste, and can reduce air 
pollutant emissions by more than 80%. 
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Machinery remanufacturing covers mainly the restoration and improvement of machine me-
chanical accuracy andmotion accuracy, the selection of the numerical control system, the servo 
system, the auxiliary devices, and the debugging and inspection of the entire machine. Machinery 
remanufacturing has good economic and environmental benefits. Old machines generally con-
tain more than 70% of the residual value, including the value of machine steel materials and the 
value of the manufacturing cost of mechanical parts. The remanufacturing price of a general 
machine is equivalent to 1/2 to 1/3 of a new machine [33]. The remanufacturing cost of a large 
machine is even less than 1/3 of the purchase cost of a new machine. In terms of consumption 
reduction, machinery manufacturing needs to consume many ordinary steel and also some high-
grade steel materials. The computerized numerical control (CNC) remanufacturing of machine 
tools can make full use of waste resources, such as the main body, the base, and large castings of 
the machine. According to a Huaxia Mould Network [34], the resource recycling rate is more 
than 85%, over 80% of energy-saving than manufacturing new ones. It can not only greatly save 
resources and energy but also realize energy and material savings on the basis of reducing the 
environmental pollution caused by the production of iron castings. 

2.1.3. India 
Sinha [35] analyzed that India has tremendous potential in remanufacturing business. The 

main factors of the demand for remanufactured products are the rapidly growing middle class, 
the market-oriented economy, the availability of trained manpower at a competitive cost, the 
fairly well-developed credit and financing facilities, and the competitive cost of raw materials. 
The customers in India are interested in operating and ownership at a low cost, which are im-
portant elements for them to make purchase decisions. India has favorable conditions to initiate 
remanufacturing business due to enormous market growth, demand for remanufactured goods, 
and market price sensitivity. Remanufacturing as a hot business opportunity worldwide is still in 
the initial stage in India. 

Traditional manufacturing is unsustainable due to its significantly negative effect on environ-
ment caused by higher carbon emissions. Choudhary & Singh [36] indicated that manufacturing 
generates more than 60% of non-hazardous waste and causes pollution and shortages, leading 
to a high cost of landfill space and virgin materials in India. While remanufacturing consumes 
less energy, raw materials, water, and also reduces waste during production, thus can contribute 
to solid waste and environmental management. Ahuja & Terkar [37] mentioned that remanu-
facturing was just recognized in 2008 in India and already became to be an industry worth 
US$35 billion in 2019. It has a lower cost and a longer potential life of product by remanufac-
turing. The Associated Chambers of Commerce and Industry of India (ASSOCHAM) suggested 
that OEMs should boost remanufacturing businesses in India. Although being worried about by 
some OEMs that the remanufactured products may share the market of new products, taking 
into consiredation of all the benefits, the OEMs should still start to invest in remanufacturing 
businesses to increase their overall profit. The fears of market cannibalization by other products 
will be eliminated as the OEMs utilize remanufactured items under a contractual agreement. 

2.1.4. The EU 
The EU members use remanufacturing as a tool to protect natural resources and the envi-

ronment, and reduce costs for manufacturers and customers. The European Commission (EC) 
has issued several mandatory legal directives to foster the growth of remanufacturing in Europe. 
Parker & Robinson [38] showed that most of the remanufacturing activities in the EU are from 
aerospace, automotive, HDOR equipment, electrical and electronic equipment (EEE), machin-
ery, and medical equipment. At that time, remanufactiring only represented a small share of the 
European manufacturing output as shown in Table 3, accounting for about 1.9% of total pro-
duction value. However, it still a key part for OEMs as it allows to differentiate themselves from 
their competitors, even the size of remanufacturing is relatively small. Remanufacturing is con-
sidered to reduce the risk of raw materials, reduce carbon emissions, increase market share, and 
increase profitability. According to the EC investigation in 2015 [38], the remanufacturing ma-
terial and equivalent carbon dioxide savings on machinery were 76,000 tonnes and 131,000 
tonnes respectively. 
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Table 3. Market size of remanufacturing activities by sectors in the EU, 2015. 

Sector 
(ranked by turnover) 

Turnover (€bn) Firms 
Employment 
(thousands) 

Intensity (%) 

Aerospace 12.4 1000 71 11.5 

Automotive 7.4 2363 43 1.1 

HDOR 4.1 581 31 2.9 

EEE 3.1 2502 28 1.1 

Machinery 1.0 513 6 0.7 

Medical equipment 1.0 60 7 2.8 

Furniture 0.3 147 4 0.4 

Rail 0.3 30 3 1.1 

Marine 0.1 7 1 0.3 

Total 29.8 7204 192 1.9 
Source: [38]. 

RECLAIM, the EU-funded project, assists stakeholders in making informed decisions about 
whether to remanufacture, upgrade, or repair the end-of-life machinery [39]. It is based on big 
data analytics, machine learning, predictive analytics, and optimization models using deep learn-
ing techniques and digital twin models. Different from the current economic model, the purpose 
of remanufacturing is to maintain the high value of products, extend the useful life of the equip-
ment, and reduce unnecessary waste of resources. 

2.2. Limitation 
Remanufacturing is a way to extend the useful life of products. Kurilova et al. [40] mentioned 

that remanufacturing has economic, environmental, and social benefits. However, it is also asso-
ciated with many challenges related to the availability, timing, and quality of the used product. 
Remanufacturing has become a key element of a circular economy, where products are devel-
oped, manufactured, used, and recovered to prevent any types of waste and reduce the usage of 
raw materials. 

During the implementation of remanufacturing, there are barriers from both OEMs and end 
users. Table 4 summarizes the most common bottlenecks in the remanufacturing machinery in-
dustry. For OEMs, products are often not designed for remanufacturing. Designers lack the 
knowledge of remanufacturing to consider end-of-life issues of products because the design has 
traditionally focused on functionality and material cost. In addition, the high diversity of products 
makes it difficult to standardize remanufacturing processes. OEMs do not have sufficient 
knowledge, skilled employees, and capacity to remanufacture. From the point of view of admin-
istration, the cost of reverse logistics on additional transportation or communication to recover 
products and return them to the appropriate facility for processing is increased. When compre-
hensively considering profit and cost, sales of remanufactured products can replace those of the 
new ones, which reduce overall revenue. Furthermore, there is no officially credible quality cer-
tification for remanufacturing. For end users, customers only want to pay fewer prices for reman-
ufactured products compared to new ones. Although the acceptance of remanufactured products 
for customers has increased in the past five years, there is still uncertainty. Customers are not 
sure about the quality of remanufactured products and are wary of purchasing them. In the ma-
chinery industry, OEMs do not want to share key information and tools on remanufacturing with 
third parties. Because financing remanufacturing is often seen as a higher risk, it is harder for 
companies to obtain financing for their remanufacturing project from a bank. 

Table 4. Bottlenecks of remanufacturing in the industry of shoemaking machine. 

Bottlenecks Content Sources 

For OEMs 

Products design 

‧ Products are often not designed for remanufacturing. 
‧ The high diversity of products makes it difficult to standardize remanufacturing processes. 
‧ Designers may lack the knowledge of remanufacturing to consider end-of-life issues of products be-

cause design has traditionally focused on functionality and material cost. 
‧ Manufacturers do not have sufficient knowledge, skilled employees, and remanufacturing capacity. 

[41–43] 
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Table 4. (Continued) 

Profit and cost 

‧ The sales of remanufactured products may replace that of the new one, reducing overall profits. 
‧ The cost of reverse logistics with additional transportation or communication to recover products 

and return them to the appropriate processing facility increases. 
‧ Remanufacturing requires an additional labor cost. It is difficult to introduce automation to the 

same extent as traditional manufacturing. 
‧ The cost of returning used products from the consumer is high. 
‧ Remanufacturing financing is often seen as a higher risk. It is harder for firms to obtain finance for 

their remanufacturing project from a bank. 

[44–46] 

Quality certification 

‧ The US is the largest producer of remanufactured goods with the label “Remanufactured in the 
USA” created by the Federal Trade Commission since 1998. However, this public recognition 
does not represent a certification standard. 

‧ There is no credible quality certification for remanufacturing. 

[47] 

Product return 
‧ The question of when a product should be returned for remanufacture is uncertainty. 
‧ Manufacturers provide less incentives to customers to return a product for remanufacturing. 
‧ The quality of each returned product may be different and unknown before acquiring it. 

[41,43,48] 

For end-users 

Price of 
remanufactured 

products 
‧ Consumers only want to pay lower prices for remanufactured products compared to new ones. [49] 

Customer’s 
acceptance 

‧ Consumer’sacceptance of remanufactured products has increased in the past five years. 
‧ Customers are not sure about the quality of remanufactured products and are wary of purchasing 

them. 
[42,43] 

3. Methodology 
In 1971, Thomas L. Saaty, proposed a set of systematic decision-making methods to deal 

with complex decision-making problems under uncertain factors [50]. This system decision-mak-
ing model is called Analytical Hierarchy Process (AHP), and it can solve complex decision-mak-
ing problems. The AHP analysis method simplifies the complex problem system into a concise 
factor hierarchy system and then gathers the opinions of experts, scholars, and decision-makers 
at all levels, adopts a Nominal Scale to implement the Pairwise Comparison among the elements, 
and establishes the Pairwise Comparison Matrix after quantification. It starts by finding the Ei-
genvector of each matrix and calculate the maximum eigenvalue (λmax), according to its Eigen-
vector as the priority among the elements of the level. The maximum eigenvalue is then used to 
evaluate the strength of the relative weight of the consistency index of the comparison matrix, 
which provides decision-makers with reference indicators for decision-making. This study intro-
duces the computer-aided decision-making software SuperDecisions, which is used to assist in 
the calculation of the relative dominance of each criterion in the group of the AHP framework. 

The main research framework of this study is based on the AHP method, and the analyzation 
is based on experts’ opinions. The weight of each criterion is estimated through questionnaires, 
which are used to help the OEMs systematically make a decision on the feasibility of remanufac-
turing shoemaking machines. 

3.1. Assumption 
The concept of remanufacturing is different from that of simple recycling and reuse. Recy-

cling is defined as the action or process of converting waste into reusable material. Reuse implies 
that the items are used by a second customer without prior repair operations or as originally 
designed. Johnson & McCarthy [51] defined remanufacturing as the process of rebuilding a 
product to the specifications of the original manufactured product using a combination of reused, 
repaired, and new parts. It is a series of processes that allow end-of-life products and parts to be 
re-commercialized as new products, by disassembling, cleaning, inspecting, repairing, replacing, 
and reassembling. Munot & Ibrahim [52] mentioned that remanufactured products are perfect 
substitutes for new products, which are remanufactured to a quality standard that is as good as 
new. Remanufactured products are popular in the secondary product market, especially for those 
customers who may have financial restrictions. 

AHP is used to measure the feasibility of remanufacturing in a shoemaking machine under 
the trend of net-zero carbon emission according to human judgment. The model combines judg-
ment and data to effectively rank options and predict outcomes, which can help the OEM deci-
sion-makers find a solution that best suits their goal and understanding of the problem. The 
research measures tangible and intangible factors through paired comparisons using judgments 
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from a 1 to 9 fundamental scale and results in priorities for the factors by structuring a hierar-
chical process of benefits, opportunities, costs, and risks with a goal, criteria/sub-criteria, and 
alternatives from which they are connected at the above level. In the end, the priorities of all 
elements are synthesized to rank the alternatives. 

This study is composed of two levels, and AHP is used to link each level. The priority and 
relative weight of each factor in the AHP level relative to the whole level is calculated. Further-
more, AHP is used to establish the Consistency Index (𝐶𝐶. 𝐼𝐼.) and Consistency Ratio (𝐶𝐶.𝑅𝑅.) that 
connect all the Pairwise Comparison matrices. Based on the results, the level of consistency of 
the entire hierarchy is evaluated, the complex decision-making problem is solved by introducing 
expert opinions through AHP, and the relative weight of various influencing factors is determined 
by Pairwise Comparison and Eigenvector. The research mainly presents the feasibility evaluation 
and optimization model for shoemaking machine remanufacturing in a closed-loop supply chain 
that integrates manufacturing, remanufacturing, and repairing activities to meet the demand of 
customers under the carbon tax regulation. The assumption includes qualitative and quantitative 
ones: 

 Qualitative assumptions: 
 The inventory system only discusses a single product. 
 All used items are collected and remanufactured to become new ones. 
 The planning cycle is made from manufacturing to repair and from remanufacturing 

to repair. 
 The quality of the repaired and remanufactured items is the same as that of the new 

ones. 
 There are no defective products during the repair process. 
 OEMs will be taxed per unit while having carbon emissions under the carbon tax 

regulation. 
 There is satisfied demand, zero lead time, and no shortages. 

 Quantitative assumptions: 
 A system can be decomposed into many classes or components to form a directional 

hierarchical structure. 
 In the hierarchical structure, the elements at each level are assumed to have independ-

ence. 
 Elements within each level can be evaluated using some or all elements of the next 

level as evaluation criteria. 
 For comparative evaluation, the absolute numerical scale can be converted to a ratio 

scale. 
 After pairwise comparison, the positive reciprocal matrix can be used for processing. 
 The preference relation satisfies Transitivity, not only the superiority relation satisfies 

Transitivity (a is better than b, b is better than c, then a is better than c), and the 
intensity relationship also satisfies Transitivity (a is twice better than b, b is three times 
better than c, then a is six times better than c). 

 The degree of dominance of elements is obtained through the weighting principle. 
 As long as any element appears in the hierarchical structure, no matter how small its 

weight or dominant degree is, it is considered to be related to the entire evaluation 
structure. 

3.2. System Operation 
The EU launched the “Fit for 55” package in July 2021, which includes the carbon tariff 

CBAM. It is expected to be piloted in 2023 and fully effective in 2027 (originally scheduled to 
take effect in 2026, and extended for one year in June 2022). The EU declared to achieve net-
zero carbon emissions by 2050, with the help of the introduced carbon tariffs to control the car-
bon footprint of imported goods. Under this wave, the EU countries, the US, mainland China, 
Japan, South Korea, Indonesia, Vietnam, Thailand, etc., have all successively developed their 
carbon tax policies. In addition, under the promotion of international shoe brand customers, the 
shoemaking factories, their suppliers and brand customers all will implement “green manufac-
turing” and pursue ESG (Environmental, Social, and Governance) beliefs to maintain interna-
tional competitiveness by formulating long-term carbon emission reduction plans. 
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To reduce the carbon footprint of the shoemaking machine manufacturing process, counter-
measures such as purchasing green energy, setting up power generation systems, carbon trading, 
and developing energy-saving shoemaking machines have become the means at present. How-
ever, green energy is in short supply, and solar energy can also be insufficient because of the 
limited plant space for solar panels. Although energy-saving measures may save energies for 
shoemaking machines at a maximum level, the energy generated by mechanical operation can-
not be avoided. There has to be energy consumption, and thus the bottlenecks exist. 

“Remanufacturing” has been existing in European and the US for many years. The so-called 
“remanufacturing” is based on the product life cycle. It makes the quality or performance of the 
products that have reached their service life in the traditional mode reach or exceed the original 
one through “remanufacturing” technology. This research evaluates the feasibility of “remanu-
facturing” shoemaking machines from the perspective of experts in various fields, and prepares 
for planning the next-generation green and circular economy shoemaking machine business 
model. 

AHP is a systematic analysis method that is used to deal with complex problems. This method 
gives a hierarchical decomposition from different levels, and comprehensively evaluates the con-
text found through quantitative judgment to provide decision-makers with information for choos-
ing better solutions. It can reduce the risk of decision-making errors and gather experts’ opinions 
to make a pairwise comparison of the relative weights of each evaluation index with a nominal 
scale. By establishing a comparison matrix, the AHP framework can calculate its eigenvalues and 
eigenvectors, and use the eigenvectors to represent a certain order of precedence of elements in 
the hierarchy. Finally, after the consistency test is performed by the largest eigenvector, the rela-
tive weight of each evaluation criterion can be obtained, which can be used as a reference index 
for decision-making. 

The implementation of AHP is based on the following steps and methods innovated by Saaty 
[53]: 

Ⅰ. Create a pairwise comparison matrix for each level: A pairwise comparison matrix is 
established to evaluate the relationship between two factors at the same level. The Pair-
wise Comparison Matrix is measured by nine evaluation scales, which are divided into 
Equal Importance, Moderate Importance, Essential Importance, Very Importance, and 
Extreme Importance. The rest of the evaluation scales fall between these five scales. Use 
the obtained Pairwise Comparison Matrix to calculate the eigenvectors and eigenvector 
values according to the theoretical basis of eigenvectors and obtain the relative weights 
between factors. The criterion of a certain level is compared with the criterion of the 
previous level as the evaluation benchmark. If there are 𝑛𝑛 criteria at a certain level, the 
decision maker must perform (𝑛𝑛(𝑛𝑛 − 1)) ⁄ 2 times pairwise comparisons. The evalua-
tion scale of the pairwise comparison is represented by 1, 2, …, 8, 9 (Table 5), and the 
results of the comparison yield a comparison matrix 𝑨𝑨, expressed as Equation 1: 

Table 5. Bottlenecks of remanufacturing in the industry of shoemaking machine. 

Important Ratio 

 Absolutely 
important 

Extremely 
important 

Quite 
important 

Slightly 
important Equally important  Slightly 

important 
Quite 

important 
Extremely 
important 

Absolutely 
important  

Evaluation 
Items 5:1 4:1 3:1 2:1 1:1  1:2 1:3 1:4 1:5 Evaluation 

Items 

a 1 2 3 4 5  6 7 8 9 b 

 

𝐴𝐴 =
⎣
⎢
⎡

1 … 𝑎𝑎1𝑛𝑛
⋮ 1 ⋮

1 𝑎𝑎1𝑛𝑛� … 1 ⎦
⎥
⎤

𝑛𝑛×𝑛𝑛

 (1) 

where 𝑎𝑎𝑖𝑖𝑖𝑖 = 1
𝑎𝑎𝑖𝑖𝑖𝑖

, 𝑖𝑖, 𝑗𝑗 = 1,2,… , 𝑛𝑛; 𝑎𝑎𝑖𝑖𝑖𝑖 = 1, 𝑖𝑖 = 1,2,… , 𝑛𝑛. 
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Notation Description 
𝐴𝐴 A comparison matrix 
𝑛𝑛 Criteria at a certain level; 
𝑎𝑎𝑖𝑖𝑖𝑖 The value of the degree to which element 𝑖𝑖 is more important than element 𝑗𝑗; 
𝑎𝑎𝑖𝑖𝑖𝑖 The value of the degree to which element 𝑖𝑖 is more important than element 𝑖𝑖; 
𝑤𝑤𝑖𝑖 Features vectors (weights); 
𝑖𝑖 The number of elements in a column (1,2,3,… , 𝑛𝑛); 
𝑗𝑗 The number of elements in a row (1,2,3,… ,𝑚𝑚); 

𝐶𝐶. 𝐼𝐼.= 0 The judgments before and after are completely consistent; 
𝐶𝐶. 𝐼𝐼.> 0.1 There is a deviation and incoherence before and after; 

𝐶𝐶. 𝐼𝐼.≤ 0.1 The judgments before and after are not consistent, but are within the allowable 
range of deviation. 

Ⅱ. Compute maximum eigenvalues and eigenvectors: This study adopts the average of nor-
malized columns (ANC) proposed by Saaty [53] to calculate the eigenvector and the 
maximum eigenvalue. The ANC operation method first normalizes each row and then 
divides the normalized column elements by the number of elements in each column, as 
shown in Equation 2. The method of finding the maximum eigenvalue is to multiply the 
pairwise comparison matrix by the eigenvector 𝒘𝒘 to obtain a new vector 𝑾𝑾 , each 
value of which corresponds to the one divided by the original vector 𝒘𝒘. Hereafter, all 
the values obtained must be calculated, and its arithmetic mean shall be solved to obtain 
the maximum eigenvalue λ𝑚𝑚𝑎𝑎𝑚𝑚 (Equation 3). 

𝑤𝑤𝑖𝑖 = 1
𝑛𝑛

�
𝑎𝑎𝑖𝑖𝑖𝑖

∑ 𝑎𝑎𝑖𝑖𝑖𝑖
𝑛𝑛
𝑖𝑖

𝑛𝑛

𝑖𝑖
 (2) 

⎣
⎢
⎡

1 … 𝑎𝑎1𝑛𝑛
⋮ 1 ⋮

1 𝑎𝑎1𝑛𝑛� … 1 ⎦
⎥
⎤ × �

𝑤𝑤1
⋮

𝑤𝑤𝑛𝑛

� = �
𝑤𝑤1
⋮

𝑤𝑤𝑛𝑛

� , λ𝑚𝑚𝑎𝑎𝑚𝑚 = 1
𝑛𝑛

�𝑤𝑤1
𝑤𝑤1

+ 𝑤𝑤2
𝑤𝑤2

+ ⋯+ 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛

� (3) 

Ⅲ. Consistency check: Consistency means the judgment made by decision-makers in the 
evaluation process is reasonable, and there is no obvious inconsistency. When the pair-
wise comparison matrix has complete consistency, it will lead to λ𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑛𝑛; otherwise, 
λ𝑚𝑚𝑎𝑎𝑚𝑚 ≥ 𝑛𝑛 must be satisfied. Therefore, the closer λ𝑚𝑚𝑎𝑎𝑚𝑚 to 𝑛𝑛, the higher the degree 
of consistency is. The Consistency Index (𝐶𝐶. 𝐼𝐼.) is defined as Equation 4. 

𝐶𝐶. 𝐼𝐼.= λ𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑛𝑛
𝑛𝑛 − 1

 (4) 

Ⅳ. Level Weight Calculation: Based on the above, after calculating the weights among the 
elements of each level, the weights of the entire level can be obtained. Finally, they are 
prioritized according to their respective weight to assist decision-makers in decision-mak-
ing process. 

3.3. Design of Questionnaire 
In this study, four major clusters and 10 nodes are compared in pairs, and the quantitative 

explanations are given through human perception and judgment to present the relative im-
portance 𝑎𝑎𝑖𝑖𝑖𝑖 between the 𝑖𝑖𝑡𝑡ℎ and the 𝑗𝑗𝑡𝑡ℎ elements among the four major clusters and 10 
nodes. Matrix 𝑨𝑨 = (𝑎𝑎𝑖𝑖𝑖𝑖), is the comparison matrix after pairwise comparison of the founr major 
clusters and 10 nodes. The eigenvector and the maximum eigenvalue λ𝑚𝑚𝑎𝑎𝑚𝑚 can be calculated 
from 𝑨𝑨, and λ𝑚𝑚𝑎𝑎𝑚𝑚 is used as a benchmark to assess whether the decision-maker’s judgment 
on the pairwise comparison benchmark is consistent. When decision-makers have inconsistent 
judgments, the element 𝑎𝑎𝑖𝑖𝑖𝑖 in matrix 𝑨𝑨 will slightly change, so does the λ𝑚𝑚𝑎𝑎𝑚𝑚. This change 
can be evaluated by the Consistency Index. 

The operation flow of the AHP is shown in Figure 1. The establishment of the hierarchical 
structure consists of establishing various clusters and nodes through literature collection, brain-
storming, and expert consultation. The clusters and nodes of each level are controlled to facilitate 
pairwise comparison. By setting “Feasibility of remanufacturing on a shoemaking machine” as 
the goal, the research is divided into four levels. The first level is the goal, the second level is the 
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key evaluation clusters, and the third level is the detailed evaluation nodes. The fourth level is for 
alternatives to make decisions. As shown in Figure 2, clusters are used as the basis for evaluating 
the nodes. Pairwise comparisons are made between each two factors, resulting in (𝑛𝑛(𝑛𝑛 − 1)) ⁄
2 comparisons when there are 𝑛𝑛 factors in the hierarchy. 

 
Figure 1. Steps for applying AHP. 

Describe the problem

Analyze influencing factors

Create a hierarchy

Design the questionnaire Correct by feedback

Fill out the questionnaire

Create a pairwise comparison matrix

Calculate eigenvectors and eigenvalues
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Figure 2. Hierarchical structure for feasibility of remanufacturing in shoemaking machine. Level one is the level of the final goal. Level two is the level of major factors. Level three is the level for the sub-factors. Level 
four is the level for alternatives to make decisions. 
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Developing an expert questionnaire designed for the feasibility of remanufacturing shoemak-
ing machines under the global trend of net-zero carbon emissions is helpful for shoemaking ma-
chine manufacturers to find an alternative solution in addition to the current countermeasures 
such as purchasing green energy, setting up their power generation systems, carbon trading, 
shoemaking machine energy savings to reduce carbon emissions. The “remanufacturing” expe-
rience from European and the US can be borrowed to plan the next generation green and cir-
cular economy shoemaking machine business model. The questionnaire was completed by ex-
perts in various fields who provide professional insights to improve the objectivity and profes-
sionalism of this research. Finally, the weighted options of the AHP experts in different fields are 
used as a reference to determine the feasibility of remanufacturing shoemaking machines. 

3.4. Questionnaire Return 
The information of the respondents based on the returned questionaries is summarized in 

Table 6. The total number of the returned valid questionaries is 110, among which, 27 were 
returned from the shoemaking machine industry. The rest were from other industries. The Con-
sistency Index test was applied to all the returned questionnaires. 

Table 6. Background of the respondents and number of returned questionnaires. 

Respondents’ Background Area Rank of Job Title No. of Responses Sub-total 

Shoemaking machine industry 

Shoemaking machine supplier 

Senior executives (chairman, general manager, president, director, 
assistant, etc.) 1 

11 Middle-level supervisors (managers, team leaders, directors, etc.) 5 

Basic-level staff (commissioner, staff, engineer, assistant, etc.) 5 

Distributor/agent Basic-level staff (commissioner, staff, engineer, assistant, etc.) 1 1 

Shoe manufacturer (equipment user) Middle-level supervisors (managers, team leaders, directors, etc.) 3 3 

Research institute 
Middle-level supervisors (managers, team leaders, directors, etc.) 2 

4 
Basic-level staff (commissioner, staff, engineer, assistant, etc.) 2 

Marketing media 
Senior executives (chairman, general manager, president, director, 
assistant, etc.) 1 

2 
Basic-level staff (commissioner, staff, engineer, assistant, etc.) 1 

Green energy/carbon reduction 
consultant 

Senior executives (chairman, general manager, president, director, 
assistant, etc.) 3 

6 Middle-level supervisors (managers, team leaders, directors, etc.) 1 

Basic-level staff (commissioner, staff, engineer, assistant, etc.) 2 

Non-shoemaking machine industry 

General machinery manufacturer 

Senior executives (chairman, general manager, president, director, 
assistant, etc.) 9 

29 Middle-level supervisors (managers, team leaders, directors, etc.) 12 

Basic-level staff (commissioner, staff, engineer, assistant, etc.) 8 

Other manufacturer 

Senior executives (chairman, general manager, president, director, 
assistant, etc.) 15 

54 Middle-level supervisors (managers, team leaders, directors, etc.) 17 

Basic-level staff (commissioner, staff, engineer, assistant, etc.) 22 

Total 110  

3. Results 
SuperDecisions [54] was used to analyze the returned questionnaires. For the first step, based 

on the information in Figure 2, the network of each cluster and node was created for each influ-
encer illustrated in Figure 3. Second, comparisons between each pair of the cluster and node 
were performed according to the returned questionnaires. To ensure the accuracy of the AHP 
analysis, only a subset of the returned questionnaires were used, namely, those from middle-level 
supervisors and senior executives of the shoemaking machine industry. The total number of the 
selected questionnaires is 16, details shown in Table 7. 

https://www.hos.pub/


Highlights of Sustainability 2023 126  

 

https://www.hos.pub 
 

 
Figure 3. The network of each cluster and node for shoemaking machine remanufacturing. 

 
Table 7. Returned questionnaires from middle-level supervisors and senior executives of the shoemaking machine industry. 

Respondents’ Background Area Rank of Job Title No. of Responses Sub-total 

Shoemaking machine industry 

Shoemaking machine supplier Senior executives (chairman, general manager, president, director, 
assistant, etc.) 1 

6 
Middle-level supervisors (managers, team leaders, directors, etc.) 5 

Shoe manufacturer (equipment user) Middle-level supervisors (managers, team leaders, directors, etc.) 3 3 

Research institute Middle-level supervisors (managers, team leaders, directors, etc.) 2 2 

Marketing media Senior executives (chairman, general manager, president, director, 
assistant, etc.) 1 1 

Green energy/carbon reduction 
consultant 

Senior executives (chairman, general manager, president, director, 
assistant, etc.) 3 

4 
Middle-level supervisors (managers, team leaders, directors, etc.) 1 

 Total 16  

When performing the pairwise comparison in the AHP analysis, the consistency test must be 
performed. As the 𝐶𝐶. 𝐼𝐼. can help to find out the criteria that do not meet the consistency test 
standard (𝐶𝐶. 𝐼𝐼.≤ 0.1). If the consistency test standard is not met, i.e., 𝐶𝐶. 𝐼𝐼.> 0.1, it is necessary 
to reevaluate whether there is a logical error. Equivalently, the inconsistency test of inconsistency 
is used in SuperDecisions. The corresponding test criteria for the Inconsistency Index (𝐼𝐼𝑛𝑛𝐶𝐶. 𝐼𝐼.) 
is the same as the Consistency Index (𝐶𝐶. 𝐼𝐼.), i.e., 𝐶𝐶. 𝐼𝐼.= 𝐼𝐼𝑛𝑛𝐶𝐶. 𝐼𝐼.≤ 0.1. This means that the 
before and after judgments are within the acceptable range or are consistent. This study adopts 
the Inconsistency Index (𝐼𝐼𝑛𝑛𝐶𝐶. 𝐼𝐼.), and the key value of the inconsistency should be less than 0.1. 
If it is greater than 0.1, the criterion of inconsistency must be found. 

The main purpose of decision-making is to find out the best solution to a problem. However, 
due to limited resources, most OEMs of shoemaking machines use sensitivity analysis to find the 
second best or alternative solutions. The values obtained from the analysis can be used as the 
basis for OEMs to effectively allocate resources. In Figure 4, the x-axis represents the weight ratio 
of the variables selected for the criterion, and the y-axis represents the weight ratio of priority 
decisions. According to the sensitivity analysis, the weight ratio of the “Redesign Product” is 
0.574, and the weight ratio of the “Redesign Business Model” is 0.426. Based on the weight ratio, 
the “Redesign Product” is selected as the best alternative option (0.574 > 0.426, the higher the 
better). Table 8 shows the results of the final analysis. 

https://www.hos.pub/


Highlights of Sustainability 2023 127  

 

https://www.hos.pub 
 

 
Figure 4. Sensitivity analysis for the study. 

 
Table 8. The overall synthesized priority for the alternatives. 

Name Graphic Ideals Normals Raw 

4.1 Redesign product  1.000000 0.573897 0.191299 

4.2 Redesign business model  0.742474 0.426103 0.142035 

To include the mutual influence of all elements in the AHP system, this research added pri-
ority weight vectors to the appropriate columns in the matrix to form a supermatrix. The super-
matrix is a decomposition matrix which represents the relationship between two elements. The 
decomposition matrix can be found through SuperDecisions. The type of hierarchical superma-
trix is shown in Equation 5 [55]. In that, 𝒘𝒘𝟐𝟐𝟐𝟐 is a vector formed to represent the impact of the 
importance of the goal on various criteria; 𝒘𝒘𝟑𝟑𝟐𝟐 is a matrix formed by the impact of the criteria 
on the importance of each feasible alternative, and 𝑰𝑰  is the identity matrix, while 𝟎𝟎 means 
that there is no interaction between elements. The supermatrix can be divided into three forms: 
unweighted supermatrix, weighted supermatrix, and limit matrix. When the sum of the columns 
in the supermatrix is greater than 1 without random effects, this matrix is an “unweighted super-
matrix”, as shown in Table 9. A “weighted supermatrix” is a matrix that the sum of the columns 
can be up to 1 and it has random effects, as shown in Table 10. Saaty [56] believed that by 
assigning a relative importance to the element in each column of the supermatrix, each element 
in the column of the matrix can be converted to a value with proportional standardized charac-
teristics according to the importance of each element in the column. The “Limit matrix” makes 
the weighted supermatrix present the relationship between elements of convergence with stability 
and consistency in long-term equilibrium. Therefore, Saaty [56] proposed to take the weighted 
supermatrix to the power of (2𝑘𝑘 + 1) to make it a limit matrix, where 𝑘𝑘 is a subjectively de-
termined value. Since the limit matrix is transformed from the weighted supermatrix, its form 
remains unchanged. However, the limit matrix has the same weight for a certain element in each 
column. After standardizing the weights of elements in different columns, the sum of the weights 
of the elements in each column is equal to 1. All the weights of the elements and the values of the 
evaluation schemes can be obtained for convergence effects. 

 

(5) 
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According to Table 11, the weights of the four “Criteria (clusters)” in the “Remanufacture 
shoemaking machine are prioritized. According to the value, the order of the four “Criteria (clus-
ters)” from high to low is: Product design (0.190016), Business model (0.062301), Recycling sys-
tem (0.056145), and Corporate image (0.024871). That is to say, for the respondents, the im-
portance of “Remanufacture shoemaking machine” is: “Product design” > “Business model” > 
“Recycling system” > “Corporate image”. Concerning the corporate image criteria, market 
share and quality certification of remanufacturing are equally important. For business model 
criteria, the price of the product and the share of the grab system are of equal importance. In 
terms of the recycling system, the downtime the customers send the machines for remanufactur-
ing is more important than the product retrieval capability. With respect to product design, the 
order of importance is “standardized & reduce complexity”, “integrated technology”, “reverse 
logistics”, and “detailed design & material selection”. In the meantime, “reverse logistics” and 
“detailed design & material selection” share equal importance. In conclusion, the OEMs should 
start with the redesign of the product when initiating the shoemaking machine remanufacturing 
business. 
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Table 9. Unweighted supermatrix for remanufacturing shoemaking machines. 

 
  

Clusters Nodes
Remanufacture 

Shoemaking 
Machine

2.1
Corporate 

Image

2.2
Business 

Model

2.3
Recyling 
System

2.4
Product 
Design

3.1.1
Market
Share

3.1.2
Quality 

Certification

3.2.1
Product

Price

3.2.2
Grab 

System
Share

3.3.1
Product 

Retrieval 
Capability

3.3.2
Downtime for 

Customer to Send 
Remanufacturing

3.4.1
Integrated 
Technology

3.4.2
Reverse 

Logistics

3.4.3
Detailed 
Design & 
Material 
Selection

3.4.4
Standardized 

& Reduced 
Complexity

4.1
Redesign 
Product

4.2
Redesign 
Business 

Model

1. Goal
Remanufacture 

shoemaking machine
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.1 Corporate image 0.074614 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.2 Business model 0.186904 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.3 Recyling system 0.168436 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.4 Product design 0.570047 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.1 Market share 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.2 Quality certification 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.1 Product price 0.000000 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.2 Grab system sahre 0.000000 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.1 Product retrieval 
capability

0.000000 0.000000 0.000000 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.2 Downtime for 
customer to send 
remanufacturing

0.000000 0.000000 0.000000 0.750000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.1 Integrated technology 0.000000 0.000000 0.000000 0.000000 0.276243 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.2 Reverse logistics 0.000000 0.000000 0.000000 0.000000 0.118154 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.3 Detailed design & 
material selection

0.000000 0.000000 0.000000 0.000000 0.118154 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.4 Standardized & 
reduce complexity

0.000000 0.000000 0.000000 0.000000 0.487448 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

4.1 Redesign product 0.000000 0.000000 0.000000 0.000000 0.000000 0.166667 0.900000 0.166667 0.166667 0.500000 0.166667 0.900000 0.125000 0.900000 0.900000 0.000000 0.000000

4.2 Redesign 
business model

0.000000 0.000000 0.000000 0.000000 0.000000 0.833333 0.100000 0.833333 0.833333 0.500000 0.833333 0.100000 0.875000 0.100000 0.100000 0.000000 0.000000

2. Criteria

4. Alternatives

3.4 
Sub-Criteria

3.3 
Sub-Criteria

3.2 
Sub-Criteria

3.1 
Sub-Criteria
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Table 10. Weighted supermatrix for remanufacturing shoemaking machines. 

 
  

Clusters Nodes
Remanufacture 

Shoemaking 
Machine

2.1
Corporate 

Image

2.2
Business 

Model

2.3
Recyling 
System

2.4
Product 
Design

3.1.1
Market 
Share

3.1.2
Quality 

Certification

3.2.1
Product 

Price

3.2.2
Grab 

System 
Share

3.3.1
Product 

Retrieval 
Capability

3.3.2
Downtime for 

Customer to Send 
Remanufacturing

3.4.1
Integrated 
Technology

3.4.2
Reverse 

Logistics

3.4.3
Detailed 
Design & 
Material 
Selection

3.4.4
Standardized 

& Reduced 
Complexity

4.1
Redesign 
Product

4.2
Redesign 
Business 

Model

1. Goal
Remanufacture 

shoemaking machine
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.1 Corporate image 0.074614 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.2 Business model 0.186904 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.3 Recyling system 0.168436 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.4 Product design 0.570047 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.1 Market share 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.2 Quality certification 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.1 Product price 0.000000 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.2 Grab system sahre 0.000000 0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.1 Product retrieval 
capability

0.000000 0.000000 0.000000 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.2 Downtime for 
customer to send 
remanufacturing

0.000000 0.000000 0.000000 0.750000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.1 Integrated technology 0.000000 0.000000 0.000000 0.000000 0.276243 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.2 Reverse logistics 0.000000 0.000000 0.000000 0.000000 0.118154 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.3 Detailed design & 
material selection

0.000000 0.000000 0.000000 0.000000 0.118154 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.4 Standardized & 
reduce complexity

0.000000 0.000000 0.000000 0.000000 0.487448 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

4.1 Redesign product 0.000000 0.000000 0.000000 0.000000 0.000000 0.166667 0.900000 0.166667 0.166667 0.500000 0.166667 0.900000 0.125000 0.900000 0.900000 0.000000 0.000000

4.2 Redesign 
business model

0.000000 0.000000 0.000000 0.000000 0.000000 0.833333 0.100000 0.833333 0.833333 0.500000 0.833333 0.100000 0.875000 0.100000 0.100000 0.000000 0.000000
4. Alternatives

2. Criteria

3.1
Sub-Criteria

3.2
Sub-Criteria

3.3
Sub-Criteria

3.4
Sub-Criteria
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Table 11. Limit matrix for remanufacturing shoemaking machines. 

 
 

Clusters Nodes
Remanufacture 

Shoemaking 
Machine

2.1
Corporate 

Image

2.2
Business 

Model

2.3
Recyling 
System

2.4
Product 
Design

3.1.1
Market 
Share

3.1.2
Quality 

Certification

3.2.1
Product 

Price

3.2.2
Grab 

System 
Share

3.3.1
Product 

Retrieval 
Capability

3.3.2
Downtime for 

Customer to Send 
Remanufacturing

3.4.1
Integrated 
Technology

3.4.2
Reverse 

Logistics

3.4.3
Detailed 
Design & 
Material 
Selection

3.4.4
Standardized

& Reduced 
Complexity

4.1
Redesign 
Product

4.2
Redesign 
Business 

Model

1. Goal
Remanufacture 

shoemaking machine
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.1 Corporate image 0.024871 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.2 Business model 0.062301 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.3 Recyling system 0.056145 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

2.4 Product design 0.190016 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.1 Market share 0.012436 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.1.2 Quality certification 0.012436 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.1 Product price 0.031151 0.000000 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.2.2 Grab system sahre 0.031151 0.000000 0.250000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.1 Product retrieval 
capability

0.014036 0.000000 0.000000 0.125000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.3.2 Downtime for 
customer to send 
remanufacturing

0.042109 0.000000 0.000000 0.375000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.1 Integrated technology 0.052490 0.000000 0.000000 0.000000 0.138121 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.2 Reverse logistics 0.022451 0.000000 0.000000 0.000000 0.059077 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.3 Detailed design & 
material selection

0.022451 0.000000 0.000000 0.000000 0.059077 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

3.4.4 Standardized & 
reduce complexity

0.092623 0.000000 0.000000 0.000000 0.243724 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

4.1 Redesign product 0.191299 0.266667 0.083333 0.125000 0.404215 0.166667 0.900000 0.166667 0.166667 0.500000 0.166667 0.900000 0.125000 0.900000 0.900000 0.000000 0.000000

4.2 Redesign 
business model

0.142034 0.233333 0.416667 0.375000 0.095785 0.833333 0.100000 0.833333 0.833333 0.500000 0.833333 0.100000 0.875000 0.100000 0.100000 0.000000 0.000000
4. Alternatives

2. Criteria

3.1
Sub-Criteria

3.2
Sub-Criteria

3.3
Sub-Criteria

3.4
Sub-Criteria
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4. Discussion 
To prevent climate change, achieving net-zero emissions by 2050 has become a common 

global goal. As of 2021, 64 carbon pricing mechanisms are in place around the world, regulating 
about 21.5% of the world’s carbon emissions. The EC officially announced the CBAM regulation 
on 14 July 2021. A trial implementation stage of CBAM will be started in 2023, levying taxes on 
products from five major energy-intensive industries. Similar discussions and even specific pro-
posals have been seen in the US, Japan, and South Korea. If CBAM is implemented broadly by 
the main trading partners, it will significantly negatively impact Taiwan’s exports, which will 
further hurt the economy in Taiwan. As international trade plays a vital role in Taiwan’s econ-
omy. For instance, the total exports account for 65% of Taiwan’s GDP. 

On 22 April 2021, the Taiwan government stated “2050 net-zero transformation is the goal 
of the world and also the goal of Taiwan”. The administration already began to assess and plan 
a possible path for Taiwan to reach its net-zero emissions target by 2050. GreenPeace [2] pro-
posed four scenarios for the carbon pricing system to analyze Taiwan’s production values, GDP, 
and carbon reduction performance to find the best alternative for future government policy. The 
result showed that the minimum levy rate for the carbon pricing system is US$10.71 (NT$300) 
per ton and will be gradually increased to the EU pricing level. The European Union Emission 
Trading Scheme (EU ETS) controls 39% of greenhouse gas emissions throughout the EU. On 1 
April 2021, the real-time carbon market transaction price was US$49.8 per ton. According to 
recommendations by the World Bank and the IMF [57], to achieve the carbon reduction targets 
of the Paris Agreement, the global effective carbon price must be raised to at least US$50 per ton 
by 2030. 

Shoemaking is a typical small-scale manufacturing. Its manufacturing process poses many 
threats to the environment and also consumes high energy. Fast fashion causes even more pollu-
tion. All of these have made the industry players to rethink the impact of industrial activities on 
the environment. In order to reduce corporate pollution and contribute to the goal of global net-
zero carbon emissions, NIKE has been continuing to innovate materials and reduce industrial 
carbon, and became to be the first fashion company who released a Corporate Social Responsi-
bility (CSR Report) in 2001. Furthermore, in 2019, NIKE started the Move to Zero Action and 
comprehensively reformulated the process of production and material selection. Similarly, the 
two main footwear manufacturers, Pou Chen Group and Feng Tay Group, also announced their 
strategies to achieve net-zero carbon emissions. Pou Chen planned to set 2019 as the base year 
and achieve the goal of “zero carbon emission growth” in 2025. Feng Tay promised that by 2030 
its absolute total carbon emission will drop by 46.2% compared to the base year of 2019. The 
shoemaking machine manufacturers will have to face the zero emissions issue as the international 
brands and major footwear manufacturers released their green announcements. They have to 
reevaluate their supply chain decision to ensure that their products meet the environmental pro-
tection needs. 

There are several ways to achieve low carbon emissions in the supply chain, including pur-
chasing carbon credits and introducing green energy equipment. However, currently there is no 
carbon exchange platform in Taiwan. Because the carbon exchange market in Taiwan is rela-
tively small and carbon emissions are concentrated in a few companies, if the exchange is estab-
lished, liquidity problems and insufficient participants may occur. Furthermore, Taiwan is not a 
member of the United Nations, carbon exchange can thus only be performed domestically and 
cannot be integrated into the international market. In addition, Taiwan has geographical re-
strictions, and restrictions on generation or afforestation also exist. Carbon credits earned from 
green energy in Taiwan still have a great gap compared to those in foreign countries. Because 
the carbon exchange price is determined by supply and demand dynamics, they are always sold 
to the highest bidders. Many uncertainties can increase the overall cost of OEMs spent in the 
carbon exchange. So, the remanufacturing business model has become a potential option for 
shoemaking machine manufacturers to achieve the carbon emissions reduction goal under the 
trend of CBAM. Taiwan is the world’s third-largest exporter of shoemaking machines, with high-
level machinery technology next to Italy. In line with the current trends of technology and fast 
fashion, shoemaking machines have now been developed and designed for small-volume and 
diverse shoe manufacturing. Ninety-five percent of Taiwan’s shoemaking industry are exported 
overseas, and most of them carry out mechanical research and development for customization 
in accordance with customer needs. Although the shoemaking is not the first target of net-zero 
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carbon emissions and carbon border tax, international brands and footwear manufacturers have 
gradually increased the demand for machinery to achieve carbon reduction. 

Artificial Neural Networks (ANNs) is a popular topic in enhancing decision-making in recent 
years. ANNs can capture and model the complex and nonlinear interactions existed in the inputs 
and outputs in real-life scenarios. In the work by Saha [58], ANNs was described as a type of 
machine learning that serves as the basis of deep learning techniques. Artificial intelligence can 
take benefit of ANNs in various ways, for example, by having the ability to infer from large da-
tasets. ANNs can learn to recognize patterns and relationships in data, and can also be trained 
to perform complex calculations in a fast and accurate fashion. Table 12 shows the differences 
between AHP and ANN models. 

Table 12. Comparison of AHP and ANN. 

Criteria AHP ANN Resources 

Definition 

A structured technique for organiz-
ing and analysing complex deci-
sions, based on mathematics and 

psychology. 

A computing system inspired by the 
biological neural networks that con-

stitute animal brains, based on a 
collection of connected units or 
nodes called artificial neurons. 

en.wikipedia.org 

Purpose 

To help decision-makers find the 
decision that best suits their goal 
and their understanding of the 

problem by decomposing the prob-
lem into a hierarchy of sub-prob-
lems and evaluating them by pair-

wise comparisons. 

To perform tasks by considering ex-
amples, generally without being 
programmed with task-specific 

rules, such as machine vision and 
speech recognition. 

en.wikipedia.org 

Methodology 

To use concrete data and human 
judgments to perform the evalua-
tions, to derive numerical values 
that can be processed and com-

pared over the entire range of the 
problem, and to synthesize the re-
sults to determine the best alterna-

tive. 

To use a set of adjustable weights 
that are tuned by a learning algo-
rithm based on examples, to esti-
mate or approximate nonlinear 

functions of the input data, and to 
propagate signals through multiple 

layers of artificial neurons. 

en.wikipedia.org 

Advantages 

To provide a comprehensive and 
rational framework for structuring a 
decision problem, to represent and 
quantify its elements, to relate those 

elements to overall goals, and to 
evaluate alternative solutions. 

To learn from data without relying 
on rule-based programming, to han-
dle complex and high-dimensional 
problems, to generalize well from 

training data to unseen data, and to 
adapt to changing inputs. 

en.wikipedia.org 

Limitations 

To require subjective judgments 
from decision makers, to be sensitive 
to the consistency and accuracy of 

the pairwise comparisons, to be 
computationally intensive for large-
scale problems, and to lack a clear 
theoretical basis for some aspects. 

To require a large amount of train-
ing data and computational re-

sources, to suffer from overfitting 
and local minima issues, to be prone 
to adversarial attacks and noise, and 
to lack interpretability and explaina-

bility. 

tandfonline.com 
wallstreetmojo.com 

onlinelibrary.wiley.com 
zh.wikipedia.org 

ibm.com 

According to Schultz et al. [59], training for ANN models usually needs relatively large da-
tasets, and the training itself is an iterative process for many rounds or epochs. There are only 50 
OEMs in the shoemaking machine industry in Taiwan, which makes it difficult for generating a 
large dataset to be used for training a reliable ANN model. Coming back to this study, the ques-
tionnaires collected from the 16 middle-level supervisors and senior executives of the shoemaking 
machine industry for analysis can only represent 32% of the total OEMs in Taiwan, making it 
an even smaller dataset. Nevertheless, Singh & Sarkar [60] suggested that ANNs can be a useful 
tool to incorporate sustainability aspects into the early stages of product development that help 
OEMs understand how to effectively plan a sustainable product life cycle. This can be done by 
integrating the sustainability considerations into the decision-making process of a company in 
the early design phases. ANNs can be used as a supplementary to the AHP model to help OEMs 
conduct effective green redesign in the initial stage of the product for remanufacturing. 

In addition, it is difficult to find out other solutions to remanufacturing-related problems be-
cause they are complex and have many aspects to consider. Sarkar et al. [61] tested an ANN 
model that can manage different products in different situations, which can find the best solution 
even changes and challenges are existing in each situation. Guchhait et al. [62] introduced a 
model that can control the quality and profit of products using a buyback contract. This contract 
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reduces the cost of losing customers. The model sells products through two channels: retail and 
online. The demand for products depends on many factors, such as price, advertising, service 
level, and the delivery cost. The online channel has more demand than the retail channel. Guch-
hait et al. [63] mentioned that the market demand for a single type of product depends on many 
factors too. These factors change because of globalization, customer choice, and priorities. San-
gal et al. [64] stated that the environment is an important issue for industries as well as the econ-
omy. They showed a model that considers system reliability, inspection errors, and carbon emis-
sions. The model aims to find the best investment, shipment size, reliability, and lead time for a 
system that has errors. The model uses a cost that depends on the system reliability to improve 
itself, and a policy that reduces carbon emissions by delivering products in different amounts. 

5. Conclusions 
According to Xiang & Ming [65], many firms have successfully adopted remanufacturing as 

a business model. Remanufacturing not only provides a profit opportunity but also an excellent 
mechanism for reducing the environmental impact of end-of-use products. OEMs take back the 
used products, restore their functions, and provide the same services as the original ones. To 
promote remanufacturing, business models, recycling systems, and product design are key fac-
tors. Regardless of material cost or energy consumption, the price of remanufactured products 
will be lower than the new ones. The market’s perception of “nonnew products” means that the 
price of remanufactured goods must be lower than that of new ones to increase the willingness of 
customers to buy. This enables remanufactured products to be a tool for OEMs to gain system 
market share. Because once a customer adopts the system, it is easy to become a long-term cus-
tomer. Although remanufacturing has been around for a few years, OEMs not only sell new 
machines but also remanufactured machines and services to cover different groups of customers. 
At the same time, OEMs use remanufactured machines and services to develop new machine 
customers. 

The research demonstrates that OEMs should begin with product redesign to achieve the 
goal of remanufacturing shoemaking machines. During the redesign process, the “feasibility of 
standardized & reduce complexity” must be considered first. Consideration of “integrated tech-
nology”, “detailed design & material selection”, and “reverse logistics” can make the product 
redesign more perfect. When redesigning the business model, the key factors are how to increase 
market share, formulate attractive product prices, expand the share of the system, shorten the 
downtime for customers during remanufacturing, and plan reverse logistics. According to the 
analysis, the key to the success of the circular economy is to start thinking the redesign at the 
early stage of manufacturing. In the redesign of the shoemaking machine, there are three key 
points, namely: 

 Standardization and complexity reduction: Simplify product design with modular com-
ponents and design standards. 

 Integration technology: Make the product modular and upgradeable, including integra-
tion with software and hardware to reduce obsolescence problems. 

 Design details and material selection: Choose corrosion-free, wear-resistant, and durable 
materials to ensure that fasteners and connectors do not interfere with disassembly and 
reassembly. 

The purpose of this research is to contribute to the shoemaking machine industry by exam-
ining the feasibility of remanufacturing. The objective of the proposed model is to determine the 
optimal strategies to minimize the total cost of the trend of carbon emissions. From a practical 
point of view, the study can serve as a decision-making tool for providing optimal strategies on 
the options for reducing carbon emissions for the shoemaking machine. In future research, the 
analytic network process (ANP) decision-making model can be considered to make the decision-
making process more precise because it is closer to the decision-making process of humans. In 
practice, there is often an interactive relationship between the various decision-making elements, 
rather than a purely top-to-bottom linear relationship. ANP can alleviate the limitation of AHP 
which simply uses a hierarchical structure to solve decision-making problems. 
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