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Abstract: Motivated by the recent blockchain technology originally built for bitcoin transactions,
various industries are exploring the opportunities to redefine their existing operational systems.
In this study, an innovative environmentally sustainable solution is proposed for the fashion apparel
manufacturing industry (FAMI), which is energized by blockchain. Incorporating the Emission
Trading Scheme (ETS), and a novel “emission link” system, the proposed framework exposes carbon
emission to the public and establishes a feature to reduce the emissions for all key steps of clothing
making. Fully compatible with Industry 4.0, blockchain provides decentralization, transparency,
automation, and immutability characteristics to the proposed framework. Specifically, the blockchain
supported ETS framework, the carbon emissions of clothing manufacturing life cycle, and the
emission link powered procedures are introduced in detail. A case study is provided to demonstrate
the carbon emission evaluation procedure. Finally, a multi-criteria evaluation is performed to
demonstrate the benefits and drawbacks of the proposed system.

Keywords: blockchain; sustainability; fashion apparel industry; carbon trading; energy economics;
Industry 4.0

1. Introduction

With the high degree of process automation and digitization brought by the fourth industrial
revolution (Industry 4.0) [1,2], new possibilities to achieve more flexible and efficient productions
and services have emerged [3,4]. Smart device computing, cloud computing, big data, Internet of
Things (IoT), and Cyber-Physical Systems (CPS) are the key technologies of Industry 4.0 (e.g., [2,5,6]).
Specifically, CPSs can monitor physical processes, create virtual copies of the physical world and make
decentralized decisions. IoT is a dynamic network where physical and virtual entities have identities
and attributes and use intelligent interfaces. For the machine-to-machine transactions involved in
Industry 4.0, a reliable and secure managing system is a vital requirement to encounter the complexity
of the new paradigms [7].

Blockchain technology provides decentralization, transparency, and immutability, which could
offer a powerful fundamental system behind Industry 4.0 [8]. Simply put, the blockchain could be
considered as a distributed ledger that provides a way for information to be recorded and shared by a
community. In this community, each member maintains his or her own copy of the information and all
members must validate any updates collectively through complex algorithms and cryptology replaces
third-party intermediaries as the keeper of trust. With such decentralized peer-to-peer (P2P) features,
the blockchain is regarded as a suitable system supporting Industry 4.0 [9]. Various organizations
have begun exploring ways that blockchain might profoundly transform some of their most basic
operations, from the way they execute contracts and carry out transactions to the ways they improve
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efficiency, engage potential customers, and more. New techniques are also emerging such as the Qtum
service, which bridges the gap between blockchain networks and businesses [10].

The prosperity of blockchain technology also has great significance for the development of
environmental sustainability, with the long-term goal to reduce the effects of climate change. However,
the current applications of the technology in environmental sustainability are still in the primary stage.
The existing environmental sustainability solutions are not open to the public. The collected data are
less monitored and therefore might be falsified, leading to a series of problems such as serious data
island effect and the lack of trust. Blockchain supported systems are designed to cure these problems.
For example, in China, the Energy Blockchain Labs (founded in 2016) aims to provide financial
services to the environmental protection industry based on blockchain technology [11]. In addition,
a project called EP-Chain is now focusing on the development of blockchain, IoT, and fundamental
level environmental protective (EP) applications [12]. The EP-Chain being built could store various EP
data from different sources such as the environmental monitoring stations, devices, environmental
purification products, and certified individuals. With such features, the EP-Chain aims at providing a
secure, trustable system for data calculation, transformation, storage, and management.

Meanwhile, Khaqqi et al. [9] proposed a novel Emission Trading Scheme (ETS) model, also under
the framework of Industry 4.0. The proposed ETS model uses blockchain technology and smart devices
to improve compliance measure of ETS policy. With the transparency and immutability brought by
blockchain, the accuracy of data essential for the scheme can be ensured. Thus, the functionality,
consistency, credibility, and efficiency of the scheme can be improved. Furthermore, their study
proposed a reputation-based trading system, which ultimately encourages the participants to adopt a
long-term solution in emission abatement.

Apparel and fashion products, from fast fashion to luxury goods, are manufactured, stored,
and distributed in global supply chains. Along with textiles, the annual turnover of the fashion apparel
industry was estimated at 3 trillion USD in 2011 [13]. The rapidly changing world of fashion pushes
toward overconsumption of resources such as water, grown cotton, and energy [14,15]. At the same
time, this industry utilizes extensive amounts of chemicals. Unfortunately, current ETS is usually not
designed for this industry. Hence, there exists an immense opportunity in this sector to contribute to
positive change in terms of sustainability.

Focusing on the blockchain aided sustainable solutions, this study provides a blockchain
supported environmentally sustainable solution for the fashion apparel manufacturing industry
(referred to as FAMI hereafter). As the proposed system is energized by the blockchain, the study first
highlights the blockchain technology in Section 2. Existing applications of the blockchain in the field
of clean energy applications are also provided. Then, in Section 3, the blockchain aided ETS concept
is proposed for FAMI. Instead of introducing a price control measure, it introduces a new approach
to encourage the adoption of more sustainable and long-term solutions. Specifically, a systematic
emission reducing standard for each product is encoded to the blockchain throughout an enhanced
“emission link” system. The proposed framework has a “lead by the government, administrated
by everyone” scheme. Furthermore, in Section 4, a case study to evaluate the carbon emission of a
prototype product from the emission link is provided and the uncertainties are considered. In Section 5,
a multi-criteria analysis of the established ETS framework is performed. Finally, a brief discussion of
the proposed system is presented in Section 6.

2. Blockchain and Current Applications to Improve Sustainability

2.1. Blockchain Technology

The early blockchain concept was proposed by a developer hiding behind the pseudonym Satoshi
Nakamoto [16], which has been fully validated through the bitcoin system implementations since 2009.
Over the recent years, blockchain technology was further regarded as the fifth disruptive computing
paradigm ever after the mainframe and personal computer paradigms, the Internet, and mobile and
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social networking [17]. Therefore, the blockchain is currently a widely studied research topic and is
also being unleashed to multiple industries around the world that might revolutionary topple their
existing infrastructures.

The blockchain entries could represent transactions, contracts, assets, identities, or practically
anything else that can be digitally expressed using smart devices. New versions of blockchain
technology implementation offer support for the implementation of smart contracts encoded in
ledger’s blocks [18], which implements different business rules that need to be verified and agreed
upon by all peer nodes from the network. When a transaction arrives, each node updates its state
based on the results obtained after running the smart contract. Such replication process offers a great
potential for control decentralization.

Meanwhile, the integrity of the whole information is kept by all nodes within the blockchain
network. The new edits and/or entries are initiated, validated, recorded, and distributed following
the consensus algorithms that rely on the Proof protocols [19]. The more nodes joining blockchain,
the more backups are made, providing reliability to the system. Therefore, all the recorded information
is permanent, transparent, and searchable, which makes the entire transaction histories available to all
community members. With such system established, a node could easily join or leave the blockchain
network, securing the stability of the system. Besides, given a sufficient number of participants,
the finished transactions could never be modified upon the public distributed ledgers.

The ownership and security of the transactions on the blockchain are provided by asymmetric
cryptographic algorithms where the public keys are paired with the private keys. Blockchain
participants use their private key (usually placed at the end of the data) to sign their own transactions,
which are addressable on the blockchain network via public keys [20]. Mathematical functions
are developed to compute the public keys from the data, but not the private keys. Therefore,
the information is encrypted with private keys from the participants and could be publicly verified by
solving the public keys [21].

More details and definitions of terms characteristic to the area of blockchain technology and
crypto-currencies could be found in the existing work (e.g. [8,22]). In addition, some of the deficiencies
of blockchain trading such as information leakage has been studied [23].

2.2. Blockchain Applications to Improve Sustainability, an Example in the Clean Energy Industry

Parallel to the newer solutions of power transmission considering environmental benefits
(e.g., [24]), the blockchain in the field of energy is now reaching multiple markets over the world,
with an aim to create a decentralized autonomous energy (DAE) community [22]. For example,
decentralized solutions using blockchain peer-to-peer systems for managing demand response
programs were proposed to improve current energy grid operations (e.g., [25,26]). The same method
was applied to promote clean energy such as solar photovoltaic (PV) in China [27].

Besides, one could also refer to the start-up TransActive Grid [28] in Brooklyn, New York,
which was co-founded in 2016 by the traditional micro-grid company LO3Energy and the blockchain
technology company ConsenSys. With blockchain technology, TransActive Grid allows residents
with solar PV panels to sell energy to their neighbors without a middle-party. The transactions are
documented in the blockchain with very minimal need of human efforts, removing the possibility of
corrupt or missing data [29]. Meanwhile, blockchain supported energy systems such as SolarCoin [30],
Grid Singularity [31] and Grid+ [32] are developed and implemented. The economic performance of
P2P energy sharing models were discussed [33].

During the 2016 EMART energy conference held in Amsterdam, Netherlands, 23 energy
companies created an alliance to develop and use energy blockchain based on the transaction tool
“Enerchain” developed by PONTON [34]. The encrypted order forms could be sent to the blockchain
anonymously by a party. Other energy parties could directly view the order without the need of going
through a centralized electricity company. In 2017, the Innogy SE Company, which is a subsidiary
company of German energy group RWE, proposed a blockchain platform called Share&Charge [35].
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The operation of the developed blockchain platform was processed by the Ethereum technologies [36].
Thousands of blockchain based electric vehicle charging stations have been built. The Share&Charge
platform allows an individual to profit by sharing his or her charging station with others. Blockchain
technology is expected to reduce the operational cost of Innogy SE. Later, the start-up Oxygen
Initiative [37] joined Share&Charge that transplanted the concept to serve the American drivers.

The decentralized grid distribution could improve the efficiency of clean energy, reducing the
waste and broadening the markets. In China, for example, the company “Energo” was founded in
Shanghai in 2016, which aims at using a similar concept to popularize clean and sustainable energy [38].
Blockchain is important in such applications so that transactions, such as producing or consuming
energy, cannot be modified and are thus secure. Energo provides solutions that use microgrids and
potentially allow any energy producers to sell energy to energy consumers. Energo’s core products are
based on the Qtum blockchain platform and include a hardware infrastructure under construction.
Including the smart electricity meters, the distributed microgrid batteries, and the blockchain platform
itself, the complete blockchain hardware system is used for measurements, transactions, and the
settlement of clean energy. Designed for the distributed power producers, the smart electricity meter
can be connected to the Energo app to buy and sell clean energy.

Potentially, the blockchain supported clean energy market is huge in China. Take the wind power
system as an example, most wind farms are lumped in the “three north” area, i.e., northwest, northeast
and north China where plain and mountainous landforms provide abundant wind resources. Currently,
wind energy providers are selling the generated electricity to the state grid company. When wind
speeds are fast, some of the generated power in the “three north” area is wasted due to the limit of
power transmission network. Meanwhile, Shanghai, which is a mega city located relatively to the
south, has to spend more than 20 Billion Yuan annually to improve its power capacities over the
recent years. By building a complete microgrid parallel to the state grid and utilizing the blockchain
technology, the wind energy could be better distributed and utilized, which will increase the profit
and decrease the cost for all the related parties.

3. Improvement of Environmental Sustainability in Fashion Apparel Manufacturing Industry

Carbon emission is an important criterion to evaluate the product manufacturing process.
Since the “Kyoto Protocol” came into effect [39], the carbon emission trading market has become
a commodity trading market with great potential. While the social and economic effects of the ETS are
topics still being discussed [40—42], multiple ETS have been emerging around the world. The European
Union Emissions Trading System, also known as the European Union Emissions Trading Scheme
(EU ETS), is the first large greenhouse gas emissions trading scheme in the world [43]. With its
ETS established in December 2017, China is incubating one of the world’s largest markets in the
environmental protection industry. Announced at the 2009 United Nations Copenhagen Climate
Change Conference, China is aiming at a short-term target to reduce CO; emission by 40-45% by 2020.

The fashion apparel industrial sector is a primary source of greenhouse gas (GHG) emissions,
including CO,, one of the principal sources of global warming. The traditional FAMI is notorious for
utilizing extensive amounts of natural resources including water, grown cotton, energy, and chemicals.
Noted by CleanMetrics [44], clothing and accessories are the consumer goods that, next to food and
beverages, are purchased most often and also replaced most frequently. Besides, according to WWF
report [45], because of the scope of the industrial sector’s activities, it is a significant GHG emitter with
apparel and textiles accounting for about 10% of the total carbon emissions, and with textiles being
the fifth largest contributor to CO, emissions in the USA. Farms producing materials such as cotton
and silk could also bring significant pollutants [14,46], as can retail operations, involving excessive
packaging and employing environmentally unfriendly electricity power supplies [15,47].

Some nations are now discussing to place the FAMI as one of the focal industries for further
exploration of the respective green manufacturing-related policies, and various measures are
proposed [48]. The concept of carbon footprint [49,50] and the carbon footprint tax [51] has been
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proposed, applied and discussed. In the UK, for example, the carbon footprints for various clothing
have been summarized [52]. Other regulatory policies including Mandatory Cap, Cap&Trade,
and Carbon offset have been proposed and applied around the world [53]. Researchers also provided
operations strategies and tactics to reduce pollutant emissions (e.g., [54-56]). In addition, companies
such as Adidas, H&M, Marks and Spencer, and Nike provide annual sustainability reports from their
official websites to address the issue [57-60]. However, more efforts are needed to make this sector
environmentally friendly.

Under the framework of Industry 4.0, this section constructs a simple and intuitive blockchain
supported ETS framework with emission link in the FAMI (referred to as BCELF hereafter).
The blockchain technology, specifically, has proven to be a viable solution also compatible with
Industry 4.0 [9]. Compared with solitary efforts from government authorities advocating sustainable
policies, the blockchain could provide a platform that pushes forward the topic to the public with
transparent and trustable records [9,61]. With the proposed framework, more details of FAMI are
included in the ETS framework. Specifically, the BCELF, the clothing manufacturing life cycle, and the
emission link powered procedures are introduced in detail.

3.1. Blockchain Supported Emission Trading Scheme

Most current ETS systems are not designed for the FAMI. Meanwhile, there are only finite amount
of existing studies on the blockchain supported ETS [9,12,61]. Blockchain secures creditable entries,
which will virtually increase the trust between different participants. Every step is open, transparent,
and immune to falsifications. All the distribution, transfer, cancellation and inventory of the carbon
allowance will be kept and managed irreversibly. Moreover, current studies have shown that the
credible information provided by blockchain could protect the system from fraud and other problems
such as double counting issues [9,41].

The proposed BCELF does not fundamentally change the conventional schemes, rather,
it enhances them by incorporating more details based on the manufacturing procedures of the products.
With the implementation of BCELF, the carbon emissions of the industry are exposed to the public and
a feature to reduce the emissions throughout all key manufacturing steps is established. Specifically,
as shown in Figure 1, there are four entities in the proposed system, i.e., the authority, the auditor,
the firms, and the individuals. Each entity has different issuances and responsibilities, which are
presented in Table 1.
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Figure 1. Blockchain supported emission trading scheme.
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Table 1. Description of entities and their functions in the BCELF system.

6 of 19

Role

Holder

Capacity

Issuance

Transaction

Responsibility

Authority

Ministry of textile
industry or

the equivalent
government body

Issues the permits (allowance units)

Distribute carbon
allowance units

1. Create, explain and
enforce the ETS policy
2. Facilitate the
implementation of the
blockchain supported
carbon ETS

Auditors

Government divisions,
experienced consulting
firms, universities, etc.

On-chain

1. Carbon emission

standards of the products

2. Carbon emission
threshold of the
Emission Link

1. Summarize and
organize the data from
the blockchain

2. Monitoring, validating,

and verifying

Off-chain

1. Reports to the authority

2. Reports to the firms

1. Analysis and report
industry/firms/products
actual carbon emission

2. Provide customized
carbon emission
reduction strategies

Firms

Business institutions in
textile industry

Send or receive carbon
allowance units as
seller or buyer

1. Report emissions

2. Comply with

the blockchain

3. supported ETS rules
including the
Emission Link

Individuals

Customers

Send or receive carbon
allowance units mainly
as seller

1. Recycling the used
clothing to firms
or individuals

The authority is the initiator and the supervisor of the blockchain project in FAMI. A typical
authority could be the ministry of textile industry or the equivalent government body. As such
project is usually led by the authority, a few key responsibilities should be fulfilled by this crucial
entity. First, the authority designs, explains, and enforces the ETS policy. The design of the ETS
policy should consider elements such as the scope of the policy, the cap allocation, the allowances or
permits distribution, the offset policy, the trading mechanism, the ETS period design, the Monitoring,
Reporting and Verification (MRV) procedure, and the expansion potential [62]. Second, the authority
issues the permits and distributes the carbon allowances to all products. For the carbon allowance unit,
one could refer to the EU Allowance Unit of one tonne of CO,, or “EUA”, or any units “fungible” with
the equivalent “Assigned Amount Unit” (AAU) of CO, defined under Kyoto Protocol [39]. Thirdly,
the authority should facilitate the implementation of the blockchain supported carbon ETS.

With the mandatory requests from the authority, the firms are enforced to join the system. Within
the BCELEF, a firm-to-firm carbon “emission link” is established parallel to the transactions of their
products. The firms could trade the carbon emission units from the blockchain. The details of the
evaluation and transaction process will be introduced and discussed in the subsequent sections.

Designated by the authority, the auditors are groups of independent committees in the blockchain
that constitute a distributed network of “think tanks” that link the authority and ETS system. The duties
of auditors can be carried out by the government divisions, universities, or experienced consulting
firms. The detailed deliverables of the auditors include two parts, i.e., the “On-chain” evaluations and
“Off-chain” reports. First, the auditors establish the carbon emission standards of all products from all
the firms with the “emission link” system from the blockchain. For each product, the evaluation criteria
are standardized with a collaborated effort from a group of experts specialized in the manufacturing
process and the environmental protection fields. The criteria are systematic and compatible with the
blockchain such that the experts only need to establish and update the criteria. In addition, emission
monitors are installed for the key manufacturing steps to collect the emitted waste. The result of carbon
emission evaluation of a product line could be updated on the blockchain once a more environmentally
friendly solution is adopted. Meanwhile, the operation of the emission link requires less human
efforts with the automation brought by blockchain. Second, different from the “On-chain” evaluations,
the auditors offer “Off-chain” services to summarize and to organize the data from the blockchain.
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Such service provides a solid support for the authority to supervise and to improve the operations
of the ETS. Such “Off-chain” service could include, but is not limited to, the determination of carbon
emission allowances on the product permits, carbon emission threshold, and other concerns that help
the authority to logically balance, manage and control the ETS. The auditors could also offer consulting
services for firms to develop optimized strategies toward energy savings and emission reductions.

Within the blockchain, the individuals could also be involved in the whole life cycle of the
clothing manufacturing. The individuals can easily track the clothing carbon emissions from the
blockchain, which help to support their consuming decisions. Meanwhile, the blockchain provides
a link between the firms and the individuals such that more efficient clothing recycling could be
achieved. The individuals have the option to sell second-hand clothing to other individuals, available
fashion brands recycling projects, or recycling firms. Carbon emission allowances or other benefits
could be rewarded as the incentives to the individuals throughout such efforts.

3.2. Carbon Emission from Fashion Apparel Manufacturing Chain

The fashion apparel industry manufacturing chain is relatively long. The proposed blockchain
supported ETS is a more sustainable solution where the firms are enforced to operate, choose facilities,
and manufacture products following the environmentally friendly approaches. The FAMI generally
contains three major phases [63], i.e., producing raw materials, processing materials, and making
clothes. As shown in Figure 2, Phase 1 includes natural fiber production from animals/plants and
man-made fiber production from a chemical industry. Phase 2 includes spinning; fabric production
(including warping, slashing, weaving, and knitting procedures); wet treatment (including preparation,
dyeing, finishing, and printing procedures). Phase 2 provides the ready-to-use materials for Phase
3, where the materials are cut, sewed, and further treated into clothes. In particular, dyeing and
finishing procedures are the most polluting procedures, producing great amount of waste water and
carbon emission.

Producing raw Processing materials Making clothes
materials

Eabricipoduction Wet treatment Clothing
(Warping/Slashing/ (Preparation/Dyeing production

Weaving/Knitting) [Finishing/Printing) (Cutting/Sewing)

Natural/ Cra
Man-made ! Yarn 4 Fabric Clothes
. fabric
fibres

4

Tradable Product <

Figure 2. Three major phases and their tradable products for the apparel manufacturing industry.

Together with the establishment of carbon emission standards, the environmentally friendly
guidance is also provided for each of the three phases. Phase 1 is the raw materials production.
Different choices of raw materials have large impacts in the following procedures such as dyeing
methods, consumer-care requirement. In fact, lots of natural fibers such as cotton are not as eco-friendly
as people believe. Water, fertilizers, herbicides and pesticides are used during the cotton planting.
Using alternative fibers such as organic hemp or recycled cotton to replace natural fibers or synthetics
can significantly reduce the carbon emissions.

For Phase 2, a firm could find cleaner energy resources and manage the wastewater with more
sustainable approaches. More sustainable dyes are suggested such as vegetable dyes. For Phase 3,
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a firm could try cleaner production processes, improve the production efficiency for shell fabrics,
and adopt other methods that consume less energy and/or produce fewer wastes. Furthermore,
over-packaging should be avoided. Instead, no package or using recycled coat hangers could be
considered. Notice that the proposed model is just an example focusing on the manufacturing stage.
The follow-up stages should also be improved, e.g. to avoid the long-distance distributions for the
supply chain [64] or choose the lower carbon emission way. Furthermore, as shown in the white boxes
in Figure 2, the tradable products are provided for each of the corresponding steps. The proposed
system builds a carbon emission link for each product and records the emissions impartially on the
public ledger provided by the blockchain.

Notice that the aforementioned carbon emission evaluation standards for each product are the
prerequisites of the proposed system. With the collaborated efforts from multidiscipline experts,
the standards evaluate the carbon emissions for each product considering four aspects, i.e., supply,
energy and fuel, waste, and labor (Figure 3).

CARBON
EMISSION

ENERGY and FUEL WASTE g LABOR

-~

Chemicals Large Raw Electricity: Petroleum Fuel: Waste Activity of
and amount of materials/ equipment /gas/coal:  product  yater/material the labors
auxiliaries water ~ Packing operation, manufactu distribution scraps/produc
resource materials  product  -ring and and -tion wastes
storage, work material ~manufactur treatment
environment extraction -ing

Figure 3. Four major points for the evaluation of each product of the blockchain.

The expert team should first evaluate the supply part, which includes the equivalent carbon
emissions from chemicals and auxiliaries, the amount of water resource, raw material /packing material,
etc. Taking the raw materials choice as an example, environment benchmarks of textile fibers are
shown in Figure 4 [65], which are proposed according to four aspects: non-polluting to obtain, process
and fabricate; made from renewable resources; fully biodegradable; and reusable/recyclable. Besides,
carbon emission evaluation functions should be provided for the sizing agent and auxiliaries used in
weaving procedure, the chemical dyeing and auxiliaries used in dyeing procedure, specific chemical
reagents used in the finishing procedures of various fabrics, the large amount of water resource
consumed during the spinning and weaving procedures, etc. For example, the carbon emission related
to water resources was investigated [66,67].
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*Recycled cotton/Mechanically recycled nylon/Mechanically
recycled polyester/Recycled wool/Organic hemp/Organic linen

Class B ¢ Tencel®/Organic cotton/Chemically recycled polyester
Class C * Conventional hemp/Ramie/PLA/Conventional linen

Class D * Virgin polyester/Poly-acrylic/Generic modal

Tees 78 ¢ Conventional cotton/Virgin nylon/Cupra/Bamboo
viscose/Wool/Genericviscose

Cl F * Silk/Organic wool/Leather/Spandex/Acetate/Cashmere
222 wool/Alpaca wool/Mohair wool/Bamboo linen

Figure 4. Environment benchmarks of textile fibers.

The second point of evaluation focuses on the energy and fuel consumptions. For example,
electricity is consumed for equipment operation, product storage, and work environment such as
the lighting, air-condition, ventilation, etc. Non-renewable energy such as petroleum is often used
for polyester and nylon fiber extraction. In addition, non-renewable energy is also used for specific
manufacturing procedures. Fuel is used for the procedures related to the manufacturing, heating and
product distributions. Machines or smart devices should be installed to facilitate the measurement of
the consumed energy. Consequently, the carbon emission while generating the consumed amount of
energy and fuel could be evaluated by the functions developed according to the existing studies [68]
or by the expert teams.

Thirdly, the wastes should be evaluated for the product, which refers to the wastewater, material
scraps, and production wastes. One could refer to the existing studies to develop the carbon emission
evaluation functions for the waste treatments [69]. In addition to the excessive wastewater and
material in each procedure, significant production wastes should be considered such as the fiber lint,
yarn waste, and fabric scraps in the spinning and weaving procedures. Moreover, packaging waste
could be addressed in several procedures. Finally, the evaluation should also consider the equivalent
carbon emissions from the labors due to the labor-intensive nature of the textile industry (e.g., [70]).

3.3. Emission Link

The emission link for the FAMI is constructed on the blockchain for the ETS system. The emission
link is an executer of the established carbon emission standards, which evaluates the carbon emission
more systematically for the products of the FAMI. With the emission link, the firms are motivated to
implement more sustainable strategies. The carbon emission is evaluated for a product considering
the supply, the consumed energy and fuel, the generated waste, and the hired labor. If a firm wants
to take actions to reduce carbon emission of a product, it could get the off-chain consulting services
from the auditors, which cover more details involved in the manufacturing procedures. Besides,
an evaluated product should be “normalized” in the sense that it shares the same functionality as other
peer products. The normalization of a product before the emission link evaluation is important as it
encourages the products with higher efficiencies.

Utilizing the measurement machines and algorithms rigorously guided by the established
standards, the blockchain supported evaluation of the carbon emission requires less human effort and
therefore is less likely to be corrupted. In addition, the emission monitoring devices are required to be
installed for some key manufacturing steps. The one-time carbon emission evaluation, as well as the
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long-term monitored results, is recorded on the blockchain. When the emission of a certain product is
evaluated, its carbon emission could be computed together with the blockchain transactions.

The established standards also provide a guide to reduce carbon emissions. To reduce the
carbon emission of a product, a firm could improve both its manufacturing methods and the
manufacturing procedures. Improved methods with less carbon emission could be realized by selecting
the environmentally friendly materials and machines. The example in Figure 5 assumes an original
production line includes three steps and each of the steps has multiple inputs (from the supply), i.e.,
inputy ... 1,0, inputy1.. 2x and inputs; .. 3y. A more sustainable solution is to adopt a newer step,
i.e., Step 4 with inputy ; . 4,, which produces less carbon output that replaces Steps 2 and 3. On the
other hand, with the production method fixed, the manufacturing procedures could also be improved
to reduce carbon emissions. The firm could refer to the major points of emission mentioned in Figure 3
for improvements. Efforts could also be taken to reduce the carbon emission for each of the three
production steps.
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Figure 5. The emission link of the blockchain supported emission trading scheme.

Supported by the auditors, the developed blockchain, and the smart devices, the actual carbon
emission for each normalized product is evaluated at the firm level. To better demonstrate the carbon
emission process of the emission link, a case study is provided in the subsequent section. In addition,
the uncertainties of the evaluation are also analyzed. The evaluated results are recorded on the
blockchain, which is fully accessible to the public. The transparency and immutability features of the
blockchain provide a reliable and more secure ETS system.

Then, the following steps are straightforward: if the actual emission of a product is higher than the
standard defined threshold, the firm must purchase more carbon emission allowances from the market
along with the transactions of the product. On the other hand, a firm benefits from an environmentally
sustainable product through the bonus carbon emission allowances available through trading or
auctions. Decided by the authority, the standard threshold starts high and usually decreases every
year at the implantation stage of the ETS system and will converge to a more stable value after decades
of operations. In addition, the determination of the carbon allowance price might be a challenge for
the existing ETS systems. It is a complicated topic considering many issues such as the supply and
demand of a market that needs a long-term plan from the authorities. However, with the proposed
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model, the auditors on the blockchain could provide solutions to this problem. The authority could
refer to the existing approaches such as the EU ETS and the pilot ETS project in China. The price
usually starts from relatively low and will increase and is being balanced by auctioning process.

4. Case Study and Uncertainties

4.1. Case Study

The carbon emission evaluation of a prototype product, Product A, is provided here as a case
study. In Figure 6, three main procedures to manufacture the product require three different kinds
of machines (i.e.,, M1, M, and M3). Commonly used machines in FAMI include the picker machine,
the carding machine, the combining machine, etc. The numbers of each kind of machine needed are n;,
ny, and n3, respectively. For the first procedure, three kinds of supply materials are required (i.e., Sy,
Sy, and S3). In addition, assume that the machines in the first procedure consume two types of energy
(i.e., E; and E;) and only one kind of trained labor (L; is the number of people involved in the first
procedure) are needed. The outcome of the first procedure is a temporary product required for the
next procedure, Py, and three kinds of wastes (i.e., W1, W5, and W3). For the second step, the supply
S; is required. One kind of energy is consumed (i.e., E1), and two kinds of labors (number of people:
L, and L3) are needed. The outcome of the second procedure is a temporary product required for the
last procedure, Py, and two kinds of wastes (i.e., W1 and W3). Finally, two more supplies, S4 and Ss,
are required for the last procedure. One kind of energy is consumed (i.e., E1). One kind of labor with a
total number of L4 people is needed. The outcome of the last procedure is Product A, and one kind of
waste (i.e., Wy).

L 1 L

P, P,

J’
l 1 l Product
Standard

Figure 6. Manufacturing procedures of Product A.

The labor only considers the number of people operating the machines, while the supervisors
and company managers are not included. The carbon emission is then computed with Equation (1):

is js ie je il iw jw
CE=|)_ fsi(}Y_sij)+ ) fei(} eij)+fIY L)+ fwi() wi,j)} X ¢ 1)
P | P | i=1 i 3

where CE stands for the total carbon emission; and fs, fe, fl, and fw are the evaluation functions for
the supply, energy, labor, and waste, respectively. These functions should be carefully studied and
determined from the research institutions. In addition, is is the number of different supplies; js is the
maximum use of a supply over different procedures; s;; represents the amount of supply i used in
the jth procedure; ie is the number of different energies; je is the maximum use of a type of energy
over different procedures; e;; represents the amount of energy i used in the jth procedure; il is the
total types of trained labors; L; is the number of trained person working in that category; iw is the
number of different wastes; jw is the maximum use of a type of waste over different procedures; w;;
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represents the amount of waste i used in the jth procedure; and ¢ is the modification factor for the
product normalization.

For example, with the three steps of procedures, Product A is manufactured. The total carbon
emission could be computed with Equation (2):

fs1(s1,1 +812) + fs2(s2,1) + f53(s31) + fsa(sa,1) + fs5(s5,1)
cp— | tfaleyitepteis)+felen)

+fI(L1 + Lo + L3 + Ly)

+fwy (w1 + w1 p) + fwa(wo1) + fws(wsy +w32) + fwa(wsy)

X Pa )

In Equation (2), ¢4 is computed by dividing the efficiency of Product A by the efficiency of
the standard compatible product. In addition, uncertainties should be considered, as the estimation
formula provides a bounded range of carbon emissions rather than a single value. Uncertainty analysis
is provided in the Section 4.2.

4.2. Determination of the Uncertainties

Uncertainties should be addressed while evaluating the carbon emissions. The overall uncertainty
of a product is the accumulated uncertainties from all the individual parameters. The propagation of
uncertainty [71] is highlighted here for the carbon emission evaluations. The total uncertainty for N
parallel uncertainties is estimated by Equation (3):

N 2

Y (usn : esn)
U, = 4=t ®3)
Y. esn

n=1

z

where U, is the total uncertainty (unit: %), Us, is the nth independent uncertainty (unit: %), and e, is
the nth emission according to the evaluation. For example, two kinds of fuels are used to manufacture
a unit of product. The CO, emissions are 30 = 2% tonne and 40 £ 10% tonne for the fuels, respectively.
The total uncertainty could be calculated according to Equation (4):

U \/(30 x 0.02)% + (40 x 0.1)2 5 78 )
°- 130 + 40| I @)

In addition, when the uncertainties are in series, the total uncertainty is estimated by Equation (5):

Ue

©)

where U, is the total uncertainty (unit: %) and Us;, is the nth uncertainty in series (unit: %). For example,
the production of a unit of product burns 90 & 5% tonne lignite. The CO, emission factor of the lignite
is 2.1 &= 10% tonne CO; per Ton of lignite. Then, the total uncertainty is computed as Equation (6):

U, = \/ (5%)? + (10%)* = 11.2% (6)

5. Multi-Criteria Evaluation

A multi-criteria evaluation method was proposed by Konidari and Mavrakis [72], which has been
commonly used to evaluate of climate policies (among others, [9,73,74]). Such analysis compares the
policy options against a plurality of environmental, economic and procedural criteria to identify options
that would not only be feasible but also effective in overcoming present shortcomings and avoiding
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them in the future. This section evaluates the benefits against the drawbacks of the proposed system
using the multi-criteria evaluation method. The evaluated grades for a certain criterion are divided
into 11 levels, from null to excellent, which is originally provided by Konidari and Mavrakis [72] and
modified by Khaqqi et al. [9]. The levels and their corresponding grades are summarized in Table 2.

Table 2. Grade scale for the assessment of the sub-criterion. Source: [72] modified by [9].

Assessment Grade

Null 0.0-0.5

Slightly more than null, less than very bad 0.5-15
Very bad 1.5-2.5

Bad 2.5-3.5

More than bad less than moderate 3.5-4.5
Moderate 4.5-55

More than moderate less than good 5.5-6.5
Good 6.5-7.5

More than good less than very good 7.5-8.5
Very good 8.5-9.5

Excellent 9.5-10.0

Then, three ETS systems are analyzed, scored, and compared in this section, i.e., a conventional
ETS system, the blockchain-enabled reputation-based ETS (BCRB) provided by Khaqgqi et al. [9], and the
BCELF. Besides, the conventional ETS in FAMI is also evaluated. The system from Khaqgqi et al. [9]
is selected because it is also a blockchain supported ETS system. Specifically, the ETS segments the
market according to the reputation of a firm. Higher reputation allows the firms to access and choose
from more trade offers. If such system could be well implemented, a long-term carbon emission
abatement could be realized.

The study inherits the evaluation of the grades for the conventional ETS considering its status in
different nations and incorporating various uncertainties [9,72,73]. Overall, the existing ETS systems
are scored 6.69, considering their strengths and drawbacks. The ETS policies are also improving from
the past experiences. In addition, the score of BCRB are referenced from Khaqgqi et al. [9], i.e., a lower
bound of 6.97 and a higher bound of 7.37. It is shown that considering all the criteria that determined
the viability of a climate change policy, the benefit of the BCRB exceeds the drawback.

5.1. Assessment of Environmental Performance

According to Clo et al. [73], a conventional ETS provides GHG reduction throughout the limit/cap
method, leading to a “good” grade with score 7. Due to the reputation system, the level could
be improved to “more than good less than very good” with an average score of 8.15. Without
the specifications in the FAMI, a conventional ETS system only evaluates the energy consumption.
The supply, waste, and labor, which are critical during the manufacturing process, are not evaluated.
Therefore, the conventional ETS in FAMI only receives a moderate score of 5. The proposed ETS
addresses all the carbon emissions from the systematically designed carbon emission standards.
Upon its implementation, the carbon emission of the apparel manufacturing processes could be
reduced comprehensively. Therefore, the proposed system gets a much higher score of between 8.2
and 9.1.

The indirect environmental effects are decided by the additional outcome of the mechanism.
According to Khaqgqi et al. [9], the criteria for conventional ETS and BCRB are measured using the same
performance indicator, leading to the same score. Therefore, the grade for the indirect environmental
effects is set equal to the direct contribution of the two systems. For BCELF, the involvement of
individuals improves the indirect environmental social influences, leading to a slightly higher score.
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5.2. Assessment of Political Acceptability

The static cost efficiency sub-criterion is an important sub-criterion in the assessment of political
acceptability [72]. For the BCELF, establishing the standard and encoding the carbon emission
evaluation procedure to the blockchain only lead to limited financial burdens. Meanwhile, when the
scheme is successfully established on the blockchain, much less human effort is required for the
operation of the system, leading to a reduced cost. Therefore, the proposed framework has a slight
advantage (i.e., lower bound at 7.2 and upper bound at 7.5) over the conventional ETS.

The second sub-criterion, dynamic cost efficiency, analyzes the self-improve capacity of a
system. It is shown that the conventional ETS is usually less efficient compared with a blockchain
supported ETS [75]. The blockchain supported ETS could quickly support research and any technical
advancements to effectively reduce carbon emissions, which is considered very good (scoring 8.6-9).

The competitiveness sub-criterion evaluates the extent to which a policy option is likely to
increase the short-run cost of production in the ETS sectors. The higher the carbon price is, the higher
a firm’s compliance cost is. The more details there are included in the policy, the higher is a firm’s
compliance cost. The conventional ETS in FAMI is currently less demanding than other industry
sectors, which leads to a score of 6. On the other hand, the BCRB as well as the proposed system get
lower scores (i.e., 4.0-4.5 and 4.5-5.0) due to the adverse effects that increase the production costs.

The equity sub-criterion evaluates the fairness of the distribution of permits, compliance cost
and reduction responsibility. For the proposed ETS, as the standards are developed and encoded to
the evaluation system, a complete carbon emission could be achieved. For example, as labor is also
considered in addition to the power consumption, the firms would not tend to use more labors to
manually craft the product instead of using machines consuming energy. The established system
is complete, fair, and therefore reduces the uncertainties. The score is evaluated between 8 and 8.5,
which belongs to the level “More than good less than very good”.

Flexibility is defined as the ability to provide different options on how participants may comply
with the ETS regulations. Similar to the conventional ETS, the proposed scheme allows participants to
choose any options to comply with the regulation. Therefore, the proposed system is scored close to
that of the conventional ETS.

The last sub-criterion, stringency for non-compliance, addresses the mechanism’s capacity to
monitor the level of compliance and to impose sanctions on those who fail to comply. The blockchain
supported system is much more superior to the conventional ETS due to the automation, transparency
and immutability natures. Therefore, the proposed system is evaluated “very good” with a score
between 8.5 and 9.5.

5.3. Assessment of Feasibility of Implementation

To define how well an established scheme could be implemented, the first sub-criterion is
implementation network capacity, which evaluates the effective capacity of the involved institutions
to design, support and implement the chosen scheme. Specifically, the technological infrastructure,
trained personnel, data credibility and information transparency could be used as assessing indicators.
To implement a blockchain supported ETS, additional support is needed to construct the technological
infrastructure. Overall, the evaluated systems are given “good” grades [9].

The administrative feasibility sub-criterion evaluates the efficiency of the entity that is enforcing
the scheme. It is also the most crucial consideration in this criterion. The three schemes need a similar
amount of work to implement their mechanisms. Conventional ETS relies on the relevant entities
performing this work in an efficient and timely manner. The blockchain supported systems relies on
the machines, smart devices, and the developed algorithms to implement the work. Hence, fewer
entities and less effort are needed. For the proposed scheme, additional effort from experts is required
to establish the carbon standards for the products. However, once the system is established, less human
effort is needed to operate the ETS. Therefore, the proposed ETSs are evaluated with an average score
of 6.5 for this sub-criterion.
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Finally, the financial feasibility assesses various costs involved during preparation, administration,
reporting, and operation. The blockchain supported schemes have higher costs to establish the
infrastructure, but the process automation reduces the costs of administration, reporting and operation.
Due to the pros and cons of the blockchain supported ETS, the overall performance is considered at
the “good” level.

5.4. Summary of Evaluation

The scores of the compared systems are summarized in Table 3. It could be seen that the
overall performance of the blockchain supported systems are better than the conventional ETS.
The conventional ETS in FAMI is scored slightly lower than that a generalized ETS. Compared with the
conventional ETS, the BCELF offers significant improvements, especially in terms of the environmental
performance and the political acceptability. The presented result clearly demonstrates the advantages
of the proposed scheme over the conventional scheme.

Table 3. Grade of the multi-criteria evaluation of the conventional ETS, the BCRB, the conventional
ETS in FAMI, and the BCELF.

e Weight Conventional BCRB Conventional

Criteria Coefficient [72] ETS B ETS in FAMI BCELF
Ave. Min. Max. Ave.
1. Environmental performance 0.168 1.18 1.37 0.84 1.38 1.53 145
1.1. Direct contribution to GHG emission reduction 0.833 7 8.15 5 82 9.1 8.65
1.2. Indirect environmental effects 0.167 7 8.15 5 82 9.1 8.65
2. Political acceptability 0.738 4.86 5.15 4.92 5.45 5.75 5.60
2.1. Static (cost) efficiency 0.474 7 6.90 7 7.2 7.5 7.35
2.2. Dynamic (cost) efficiency 0.183 6 8.75 6 8.6 9 8.80
2.3. Competitiveness 0.085 5 4.25 6 45 5 4.75
2.4. Equity 0.175 7 6.25 7 8 8.5 8.25
2.5. Flexibility 0.051 7 6.85 7 6.8 7.2 7.00
2.6. Stringency for non-compliance 0.032 5 9.25 5 8.5 9.5 9.00
3. Feasibility of implementation 0.094 0.66 0.65 0.66 0.60 0.65 0.63
3.1. Implementation network capacity 0.309 7 6.95 7 6.7 7 6.85
3.2. Administrative feasibility 0.581 7 7.00 7 6.2 6.8 6.50
3.3. Financial feasibility 0.110 7 6.85 7 6.8 7.3 7.05
Weighted total 6.69 7.17 6.42 7.43 7.92 7.68

6. Discussions

Although ETS has been implemented in many nations, very few ETSs are currently focused on
the FAMI, which is a traditional yet highly polluting industry sector. The proposed BCELF attempts to
address the issue. However, the presented study is just the beginning of a series of work to reduce the
carbon emission in FAMI. This section presents a brief discussion about the challenges and the limits
of the BCELFE.

First, with the “lead by the government, administrated by everyone” scheme, the government
authorities should find capital to facilitate the development and implementation of the system. For the
BCELF, money and effort are needed to build the blockchain, operate the ETS, designate the auditors,
and establish the carbon emission evaluation standards, etc.

Second, BCELF cannot fully solve all problems of existing ETSs [40,42,76]. For example, the merge
of ETS across different industries remains a challenge due to different standards and the carbon
emission allowances. In addition, for many products, there are no similar or compatible products,
which make it hard to establish the standards. Moreover, as the carbon emission is evaluated at the
product level, the boundary of the firms and the boundary of the products need to be carefully defined
to avoid incompatibility issues during the implementation [77].

7. Conclusions

Environmental sustainability is receiving more and more public awareness all around the globe.
Such trend leads to a new sustainability mindset, which facilitates newer environmental management
systems. The study first provides a quick review of the blockchain and its existing applications to
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improve sustainability. Then, a blockchain enhanced ETS solution (BCELF) customized for Industry
4.0 integration is proposed for the fashion apparel manufacturing industry (FAMI). A novel emission
link system is proposed at the product level to reduce the emissions for all the key steps of clothing
making. The enhanced ETS system includes not only the authority, the auditors, the firms but also the
individuals. Supported by blockchain and the smart measurement devices, the carbon emission could
be easily measured and recorded with less human labor.

The provided system offers a systematic and feasible evaluation if the carbon emission for FAMI.
To better demonstrate the carbon emission process, a detailed case study is presented in the paper
for a prototype product. Carbon emissions for FAMI are evaluated over four aspects, i.e., supply,
energy, labor, and wastes. Furthermore, the mathematical expressions to consider the uncertainties
are provided.

The proposed system framework is a reliable approach to reduce carbon emissions for FAMI.
First, the blockchain provides automation, transparency and immutability to the system. Second, as the
framework is specially designed for FAMI, the solutions are highly compatible with the industry sector.
Subsequently, a multi-criteria evaluation is performed for the BCELF. The results also prove that the
BCELF offers significant improvements compared with the conventional ETS in FAMI, especially in
terms of the environmental performance and the political acceptability.

Finally, the BCELF got some limitations, two challenges currently perceived are briefly provided
in the study. Moreover, the future research topics could be: First, the carbon emission evaluation
functions for various supplies, energy, wastes, and labors need to be carefully derived and analyzed.
The carbon emission standards should be established impartially. These studies are important to the
BCELF before its implementation. Second, the current individual engagement is relatively weak in
the presented framework. Ideas to further promote the environmental awareness of the individuals
based on the provided system are desired. In addition, the social/cultural and economic effects of the
presented framework could be further studied in detail.
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