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ORIGINAL ARTICLE

Digitalizing Circular Economy through Blockchains: The Blockchain Circular 
Economy Index
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aDepartment of Computer Science, Sapienza University of Rome, Rome, Italy; bDepartment of Computer, Control and Management 
Engineering, Sapienza University of, Rome, Italy; cDepartment of Management, Economics and Industrial Engineering, Milano, Italy

ABSTRACT
The integration of circular economy (CE) models into everyday contexts generates huge 
amount of data involved in goods tracking and tokenization procedures. The sector of block-
chain platforms is extremely varied, and the choice of the proper technology is not easy. It is 
important that the selection is conducted consistently with respect to the CE models. With this 
study, we present a performance index named Blockchain Circular Economy Index (BCEI). BCEI, 
obtained through Multicriteria Decision Analysis and Analytic Hierarchy Process, aims to 
measure the suitability of blockchain platforms to the needs highlighted by a CE scenario. 
The present study is contextualized by comparing six blockchain platforms, for each of which, 
the related BCEI is calculated. The results of the analysis show that transaction fee and energy 
consumption are the two most critical parameters. In addition, the results show the lack of 
a leading blockchain technology in CE models. Thus, there is a market space that can be 
exploited given the growing interest in digital and sustainable issues.
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1. Introduction

In recent years, the shortage of raw materials has high-
lighted the need for the adoption of sustainable policies, 

aimed to reduce waste and maximize reuse. Circular 
Economy (CE) provides an economic model involving 
the generation of value from already used products, by 
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reducing waste and consumption of raw materials [1–3]. 
The European Commission adopted legislative proposals 
to increase recycling initiatives and move toward a zero- 
waste future. End-of-waste strategies and social change 
should be viewed as enablers of circular practices in their 
contexts of reference [4] as the technological dimension 
must be optimized with the other dimensions of sustain-
ability [5].

Several CE realities have emerged, and numerous 
organizations are investing into more sustainable 
models [6,7]. IT systems have proved to be essential 
in the transition process, supporting innovation and 
competitive advantage [8] and allowing the identifica-
tion of alternative businesses [9]. CE involves the acqui-
sition and management of large amounts of data. The 
integration of the proper technology becomes 
a crucial aspect of the design process. Big data, inter-
net of things, artificial intelligence, and data storage 
play an important role in this regard [10]. Among 
emerging technologies, Blockchain platforms highly 
fit the CE needs [11,12] and generally find greater 
attention within the literature [13,14]. However, the 
relationship between CE and blockchain needs further 
studies to evaluate best practices and maximize bene-
fits [15–17]. Blockchain can be viewed as a social tech-
nology or a tool for coordination in the context of the 
circular economy. Blockchain facilitates the connection 
and coordination of multiple distributed databases 
[18] that are updated simultaneously and accessible 
to all parties. In addition, the circular economy benefits 
from implementing a decentralized principle of value 
creation and circulation, rather than value creation and 
value appropriation [19].

To this aim, the present work wants to propose 
a new reference index (called Blockchain Circular 
Economy Index – BCEI) supporting decision makers 
during the selection of a proper blockchain within 
a CE scenario. BCEI allows the comparison of existing 
blockchain technologies based on their compatibility 
with CE principles and, starting from it, the identifica-
tion of the most suitable platform to adopt. Hence, the 
main objective of the paper is to demonstrate the 
validity of BCEI through its direct application on exist-
ing blockchain platforms. To this aim, six of the most 
famous blockchain platforms are compared in terms of 
BCEI values and the obtained results will be discussed 
accordingly. This is needed to understand which of the 
compared alternatives performs best from 
a sustainability perspective, to identify which criteria 
most influence these results, and to highlight numeri-
cally some critical issues that might affect the reference 
context.

The paper is structured as follows. Section 2 pre-
sents a literature review on blockchains. Section 3 
describes the adopted methodology. Section 4 

presents the results of the analysis. Section 5 concludes 
the paper with some remarkable elements and future 
trends.

2. Literature review

2.1. Circular economy and blockchains

The CE and blockchain technology are two of the most 
emerging topics [20, 21], yet the need to identify con-
nection points emerges overwhelmingly [22]. An infra-
structure in which information is shared and 
transparent is essential to enable the proper flow of 
resources and materials throughout the product life 
cycle [23]. Blockchain provides such an information 
infrastructure [17]. The main areas of interest have 
been circular supply chains to identify the most suita-
ble design and production of circular products by 
changing both material flow cycles and the develop-
ment of new business models [24]. In this context, 
blockchain supports the tracking of resource and 
material flows in supply chains and consumption 
stages, while it does not support sustainable design 
or maximization of product use [25].

Blockchain technology reduces transaction costs in 
a circular model by improving performance and com-
munication along the supply chain, as previously high-
lighted. In addition, blockchain ensures the protection 
of human rights and improves social accountability 
[15] by supporting coordination between different dis-
tributed databases [18] and in general the wider sta-
keholder network to ensure a cyclical lifecycle by 
enabling automation where needed [19, 26]. 
However, this change also requires costs for the busi-
ness to bear to implement this new technology mov-
ing toward the digital economy [27]. There are still 
many challenges to be overcome as while the benefits 
in demonstration and testing phase are clear, there are 
infrastructure problems in the industrial implementa-
tion phase, including interoperability shortcomings, 
technology security, and stability issues. The risk that 
is seen is that of rising overhead costs not balanced by 
financial benefits in the short term, which makes such 
projects unsuitable for small businesses [28].

2.2. Existing indexes on blockchain in circular 
economy

Blockchains are Distributed Ledger Technologies (DLT) 
adopted to record and track transactions [15]. Then, 
transactions are stored into encrypted blocks and vali-
dated through a consensus mechanism. Blockchains 
are based on a decentralized shared database provid-
ing transparency and immutability of transaction 
records. Originally implemented by the well-known 
cryptocurrency Bitcoin [29], they evolved to offer 
a trust-free platform for execution of arbitrary business 
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logic through many alternative blockchain platforms 
(e.g. Ethereum [30] and Hyperledger Fabric [31]). Given 
the continuous evolution of blockchain technologies, 
they are becoming fundamental in several sectors [32]. 
Decentralization, encryption, and distribution make 
blockchains highly robust and secure data structures 
for storing confidential information [33]. Blockchains 
are widely used in supply chain scenarios, improving 
the transparency and traceability of the production 
process [34–37]. To avoid counterfeiting and falsifica-
tion during the production flow, blockchains enable 
the exchange of digital tokens associated to physical 
objects, allowing end users to analyze the history of 
products, from its origin to the purchase [38, 39].

The needs for tokenization and transparency are 
manifested also in CE scenarios. The collection, recy-
cling, and reuse of materials should be tracked and 
quantified. Blockchains allow to store the processing 
materials undergo. Users and machines are allowed to 
access data anytime and observe the recycling process 
[40]. The world of blockchains is extremely varied and 
platforms differ from each other in numerous aspects. 
Blockchains can be public, private, or hybrid [41, 42]. 
They can use different cryptocurrencies, consensus 
mechanisms, or fees, and each of them determines 
different costs, consumption, and performances [43]. 
Analyzing the scenario from a managerial perspective, 
the appropriate choice of the specific technology can 
be complicated in a sustainable context [5]. This work 
covers a gap in the literature, as there are no meth-
odologies that currently identify an index to measure 
performance from a CE perspective.

3. Methods

3.1. The context of analysis

The industrial context is moving toward an integration 
of the social component of the life cycle in the evalua-
tion of products [44], following circular models [1] but 
without neglecting aspects peculiar to digitization [45], 
simulation models [46] and gender equality [47]. 
Internet of Things development is being examined at 
the European level as the digital aspect facilitates pro-
cesses and stakeholder conveniences, but the impact 
on the environment and health must always be mon-
itored [48]. Section 2 shows that there is a scope to be 
evaluated related to the relationship between CE and 
blockchain technology, but this is possible if there is 
circularity of resources.

In this regard, it is necessary to have an overview of 
the whole field, and the focus of this study is on the 
European sphere. Through the contribution of recycled 
materials to raw materials demand index, Eurostat 
measures the quantity of reinjected material into the 
European countries’ economy. According to Eurostat 
[49], the first European country in 2021 is Netherlands, 

with a circularity rate equal to 33.7%, followed by 
Belgium (20.5%), France (19.8%), and Italy (18.4%). 
Furthermore, a comparison among European countries 
proposes a circularity performance in which the situa-
tion of Europe is significantly different based on 
a Multicriteria decision analysis (MCDA) [50]. This 
method is also used to evaluate the blockchain in 
terms of risk [51]. In addition, MCDA is supported by 
the Analytic Hierarchy Process (AHP) when it is neces-
sary to provide quantitative assessments based on 
expert background to select the most relevant cri-
teria [52].

3.2. Multicriteria decision analysis

MCDA is an analytical methodology used to compare 
different conflictual alternatives and to perform 
choices [48]. The effectiveness of this benchmarking 
tool for decision-making processes is shown by several 
studies, in which the usage scenarios are numerous 
and very different from each other [53, 54].

In this sub-section, we broaden discussion on the 
research methodologies and the related data sources, 
in order to clarify the steps that characterize the con-
ducted work. MCDA is introduced to define an index, 
called BCEI, which makes the blockchain platform com-
parison possible. The reliability of this methodology is 
profoundly influenced by the criteria selection, 
weights assignment, and value assessment processes. 
The best alternative can be identified through some 
criteria. If the alternatives to be compared are already 
known, one proceeds to evaluate which criteria are 
most suitable to use. If, on the other hand, there is 
a topic that needs to be analyzed (relationship 
between blockchain and CE) and a literature review is 
conducted to identify the most recurring criteria, the 
next step is to evaluate the fields of application of 
these criteria (i.e. the alternatives). This can be 
achieved by assigning weights to criteria (which are 
valid for all alternatives) and values to criteria (which 
are alternative-specific).

Finally, the weights and values can be aggregated 
to have a summary indicator that evaluates the alter-
natives. In the following sub-sections, we will go into 
detail about each of the referenced procedures. 
According to the work of Öztürk and Yildizbaşi [55], 
MCDA is useful to identify the most relevant barriers to 
the integration of blockchains into supply chain man-
agement. Differently, some authors ideated 
a multicriteria-based approach to support decision- 
making for the design of blockchain applications [56]. 
This research proposes a method to identify and ana-
lyze multiple criteria and compare different blockchain 
platforms, defining an adaptability index. The goal of 
the BCEI is to highlight the alternatives that are most 
likely to be used in a CE project. The process by which 
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we have pursued the target is composed of several 
steps – Figure 1.

Initially, a set of criteria is selected. Next, all the 
blockchain alternatives are identified and a numerical 
weight is assigned to each criterion. Afterward, attri-
bute values corresponding to the blockchain alterna-
tives are determined for all the criteria. Finally, the 
performance index is calculated for each alternative, 
according to the assigned weights and values. The final 
outputs are used to carry out a comparison of the 
blockchain platforms. However, more research is 
needed to evaluate best practices and maximize ben-
efits in the relationship between CE and blockchain 
[15–17].

3.2.1. Criteria selection process
3.2.1.1. The selection procedure. The success of 
MCDA crucially depends on the way in which the 
comparison criteria are selected. The underlying goal 
is that criteria provide different points of view on the 
alternatives, with respect to the problem we are trying 
to solve. At this stage, this work aims to identify the 
main blockchain’s descriptive features and to use them 
as distinctive elements, regarding the theme of the CE. 
A selection process that considers only subjective and 
narrow views can provide a biased viewpoint. 
Blockchains are extremely composed technologies, 
and their classification criteria are multiple.

According to this, this research proposes 
a literature-based approach thanks to which the initial 
set of criteria is identified. The first phase of the 
approach involves the search for publications dealing 
with the classification of blockchain technologies. To 
this end, the research team employed the search 
engine for academic publications, Google Scholar. 
The results considered are associated with the key-
words “blockchain taxonomy.” The documents result-
ing from the search operation have been reviewed and 
filtered by prioritizing those with (i) a significant num-
ber of descriptive criteria for blockchain technologies; 
(ii) a higher relevance in terms of pertinence to the 
searched keywords. At the end of the process, five 
documents have been identified [55, 57–60] that led 
to a total of 36 classification criteria.

3.2.1.2. Identification of critical criteria. Once the 
criteria have been defined, they have been filtered 

according to their occurrence in the five documents, 
as shown in Table A1 [56–60]. A criterion is selected if it 
appears in at least half of the works analyzed (three out 
of five). In a context where the number of criteria is at 
most 10, a classical AHP is used; however, if more 
criteria are identified, the local-global priority method 
of AHP should be used [52].

The critical criteria which passed the selection pro-
cess are Security, Network Type, Access Control, 
Consensus Mechanism, Transaction Fee, Energy 
Consumption, Cryptocurrency, Smart Contract 
Language, and Transaction Throughput.

3.2.2. Alternatives identification
MCDA provides a metric-based approach to analyze 
different alternatives and carry out a comparison. The 
main goals of this work are the design of a rigorous 
analysis methodology and the demonstration of its 
implementation by evaluating famous blockchain plat-
forms, from a circular perspective. Different block-
chains have been selected to produce a set of 
alternatives. At the end of the process, six blockchains 
have been selected.

Bitcoin and Ethereum are popular public blockchain 
platforms, whose digital assets have reached consider-
able peaks. Corda and Hyperledger are private plat-
forms widely used in industry. XDC Network is a hybrid 
blockchain, which combines the features of both pri-
vate and public blockchains. Finally, Eos is a public 
blockchain platform that enables the development of 
app with high scalability.

3.2.3. Weights assignment through Analytic 
Hierarchy Process Analysis
3.2.3.1. The identification of experts. MCDA meth-
odology involves weighting processes thanks to which 
criteria relevance is defined. The proposed weight 
assignment process is based on the AHP method. It is 
an eigenvalue model that derives a priority scale 
through experts’ evaluations [61]. Also, this method is 
widely used to evaluate circularity performance [62].

The identification of the experts committee repre-
sents a key role for the success of the whole procedure. 
The selection process was guided by the need for 
contextual knowledge. According to this, a list of 
authors with some keywords was selected on Scopus, 
and only researchers with at least 10 years of experi-
ence were chosen. The keywords considered were 
blockchain technologies, CE, and project management. 
An invitation e-mail was sent, specifying the purpose 
and mode of the study, indicating that only the first 10 
accessions would be chosen. Ten academics from five 
different countries (Italy, Austria, Brazil, England, and 
Germany) have been selected, and the analysis was 
conducted between April and May 2022 – Table A2.

Figure 1. Main phases of the BCEI calculation.
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3.2.3.2. Analytic Hierarchy Process. Experts were 
asked to compile a questionnaire and to elaborate 
a list of priorities through criteria pairwise compari-
sons. For each expert, a comparison matrix has been 
produced, in which a single cell expresses the numer-
ical result of the confrontation between two criteria 
according to the Saaty 9-points scale [61]. Specifically, 
scores ranged from 1 to 9, where: 1 = equal preference; 
2 = equal to moderate preference; 3 = moderate pre-
ference; 4 = moderate to strong preference; 5 = strong 
preference; 6 = strong to very strong preference; 
7 = very strong preference; 8 = very to extremely 
strong preference; and 9 = extremely strong 
preference.

All the cells of the matrix are normalized, and 
for each criterion the considered weight is the 
average of the scores related to the comparison 
with the other criteria of the table. The thrust 
worthiness of the matrices is monitored through 
the calculation of the consistency ratio. In all the 
cases, experts have provided comparison matrix 
whose consistency ratio is equal or below 0.10, 
a score which ensures the reliability of the evalua-
tions [61]. As a result of the questionnaire session, 
ten weight vectors (one for expert) were produced. 
Finally, the criteria weights considered for the 
MCDA are collected in the mean vector of the 10 
expert vectors.

3.2.4. Values assignment
In order to successfully complete the MCDA process, 
values should be assigned to each blockchain for all 
the nine criteria. Features related to each criterion are 
retrieved from official blockchain channels, websites, 
white papers, and articles. Many of the selected criteria 
involve qualitative values, which does not enable an 
objective evaluation. In order to correlate each feature 
to a numerical value, another questionnaire session 
was necessary.

Different expert evaluations are used to turn quali-
tative features into numerical values. Experts were 
contacted through LinkedIn and selected according 
to the technical knowledge of blockchain platforms 
and their experience (at least 10 years). In this case, 
a number of five experts were chosen considering their 
more technical profile. In accordance with what was 
done before, several invitations were sent out specify-
ing the purpose and mode of the study. It was, more-
over, specified that only the first five accessions would 
be chosen. The analysis was conducted between April 
and May 2022 – Table A3. Each expert was asked to 
rate each criteria feature of all the alternatives, with 
a range of values from 1 (the lowest preference) to 10 
(the highest preference). Once all the experts have 
assigned their scores, a value matrix has been gener-
ated, in which the two dimensions are blockchain 
alternatives and criteria. Each cell of the matrix 

expresses the mean value among all the experts’ 
assignments for the blockchain alternative, regarding 
the respective criteria.

3.2.5. Performance Index calculation
Once weighted the criteria and assigned the values, it 
has been possible to calculate the performance index 
for all the alternatives. The following formula repre-
sents the calculation of the Blockchain Circular 
Economy Index (BCEI): 

BCEI Block chain Alternativeð Þ ¼
XN

i¼1

RV ið Þ

� CV Block chain Alternativeð Þ ið Þ

The two main components for the final calculation 
are the row vector (RV) and column vector (CV), 
obtained through the weighting process and the 
values assignment. N represents the total number of 
criteria, while i is related to the specific criteria index. 
The column vector expresses for each blockchain- 
criteria pair a numerical value. The row vector contains 
the weight of each criterion. The final score for 
a blockchain alternative is given by the summation of 
each criteria value, to each of which the related criteria 
weight is applied.

4. Results

After the values and weights aggregation, all the com-
ponents for the BCEI calculation are available. The 
main goal of this section is to show and analyze the 
results coming from experts’ consultations and finally 
compare the blockchain platforms through the BCEI of 
each alternative.

4.1. Assessment of weights

4.1.1. The aggregation of weights
The first expert consultation session produced ten 
9 × 9 matrices, in which normalized pairwise are aggre-
gated. At the end of the process, the opinion of each 
expert is represented as a numeric value between 0 
and 1, which expresses the percentage of relevance of 
the criteria. For example, expert ten’s matrix assigns 
0.28 to Energy Consumption, 0.20 to Transaction Fee, 
0.21 to Consensus Mechanism, 0.10 to Access Control, 
0.05 to Network Type, 0.05 to Transaction Throughput, 
0.04 to Smart Contract Language, 0.06 to Security and 
0.02 to Cryptocurrency.

The opinion of each expert is equally weighted for 
the final average calculation. The results are proposed 
in graphical representation in Figures 2-3.

4.1.2. The analysis of weights
Transaction Fee is considered the most relevant cri-
teria, with a mean value of 21%. It refers to the cost 
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that is charged to users/organizations to add new data 
to the blockchain. The onerousness of the amount 
varies according to a multiplicity of factors related to 
the specific blockchain environment [63]. In a CE per-
spective, a blockchain-based project can result in an 
extremely high number of transactions per second. 
The majority of the already proposed CE models are 
expected to affect citizen behavior in their daily lives. 
Traceability and tokenization procedures, typical of 
a CE project, involve the generation of considerable 
volumes of data, to be frequently recorded. This 
explains the experts’ opinion, which considers the 
cost of recording a crucial factor for the platform 
selection.

Energy Consumption is the second most relevant 
criterion, with a mean weight of 20%. The criteria relate 
to the amount of energy consumed to maintain the 
blockchain infrastructure. In many cases, blockchain 
has proved to be particularly costly technologies in 
terms of consumed energy [64, 65]. Unsurprisingly, 
experts have strongly weighted this feature. The CE 
model bases its principle on reuse and waste reduction 
[66], and a blockchain platform selection process 
should guarantee consistency with this regard.

Consensus Mechanisms are blockchain algorithms 
which ensure data validity and consistency, in 
a distributed environment [67]. This feature may affect 
different aspects of a CE project, like efficiency, costs, 
and consumption. The experts strongly evaluated this 
feature, assigning relevance percentages between 
10% and 23%. Its average value (17%) is lower only 
than the first two mentioned criteria.

Following the relevance order, a lower value is 
assigned to the Security criteria (12%). Blockchain tech-
nologies spread data across multiple independent 
nodes. In a CE perspective, sensible data of organiza-
tions (i.e. production details) or individuals (i.e. pur-
chasing information) are exposed. However, the vast 
majority of blockchain platforms already guarantee 
a high degree of confidentiality, integrability, and 
availability for the stored information, through crypto-
graphic methodologies. According to experts, the 
Security criteria is an important factor to consider in 
the selection process, but not distinctive enough to 
make the final decision.

More technical blockchain features such as Access 
Control, Transaction Throughput, Network Type, and 

Figure 2. Weights results for blockchain features.

Figure 3. Weights distribution.
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Smart Contract Language achieve lower weights. Their 
average relevance percentages are, respectively, 9%, 
6%, 6%, and 5%. These results are surprising, since 
experts in the technical field were consulted too. The 
lowest relevance is assigned to Cryptocurrency, whose 
mean value is 4%. The monetary value of blockchains’ 
digital assets strongly suffers from rapid market fluc-
tuations. Tokenization processes for CE models should 
not be excessively related to this issue. According to 
experts’ opinion, these criteria must not be overly 
considered for the final decision.

4.2. Assessment of values

4.2.1. The aggregation of weights
In the second round of interviews, five blockchain 
experts have been surveyed in order to assign values 
to the six blockchain alternatives. The selected plat-
forms are open-source blockchains, and each criteria 
information is publicly available. However, most of the 
identified criteria (Cryptocurrency, Security, Smart 
Contract Language, Network Type, Access Control, 
and Consensus Mechanism) expect qualitative infor-
mation that do not enable an objective evaluation. 
For all the collected characteristics, experts’ know- 
how has provided quantitative values, translating 
each feature to a value between 1 and 10. For example, 
considering the Smart Contract Language criteria, 
expert five assigns 3 to XDC Network, 3 to 
Hyperledger, 2 to Corda, 3 to Ethereum, and 2 to 
Bitcoin.

After the opinion collection, each of them is equally 
considered for the average value calculation. Due to 
space constraints, this work is not able to show all 270 
values. This study presents the average values coming 
from experts’ assessments in Table 1. The analysis of 
the values’ distribution underlines uniform judgments, 
with peaks for values 7 and 3. Precisely, the following 
percentage distribution was determined: 1 = 7.8%, 
2 = 10.0%, 3 = 14.1%, 4 = 8.1%, 5 = 6.7%, 6 = 10.7%, 
7 = 17.4%, 8 = 10.0%, 9 = 7.8%, 10 = 7.4%.

4.2.2. The analysis of weights
Regarding Energy Consumption, experts show their 
preference toward Hyperledger Fabric (average value 
7.8). The platform is known for its low consumption, 
with average by 1.0*10−[8] TWh. Hyperledger Fabric 

achieved the best average score also for Transaction 
Fee (average value 8.4), Consensus Mechanism (aver-
age value 6.8), and Transaction Throughput (average 
value 7.8). In the field of Smart Contract Languages, 
assignments highlight a higher preference for the 
JavaScript/Java/Go combination rather than Solidity. 
The less valued language is Bitcoin Script.

Another important aspect emerged from the analy-
sis concerns the technology network type. Experts 
tend to devalue private technologies against hybrid 
and public network types. Unsurprisingly, technologies 
with lower Transaction Fee and Transaction 
Throughput are more valuable than platforms with 
higher costs and latencies. Regarding Consensus 
Mechanisms, the proposed algorithms achieve similar 
assessments with average values between 6.8 and 5.8, 
except the Proof of Work. The latter has received low 
ratings, with an average value of 3.2. Generally, inter-
views revealed strong skepticism toward the Bitcoin 
platform, which achieves the lowest average value for 
the 67% of criteria. The analysis shows that the latest 
technologies, XDC Network and EOSIO, are positively 
considered. XDC Network gets the best average score 
for the 33.3% of criteria, with values higher than 6 in 
66.67% of cases. EOSIO determines similar perfor-
mances, with positive values (6 or higher) in 64.09% 
of assignments.

4.3. BCEI for blockchains

4.3.1. Baseline scenario
The BCEI has been obtained through the product of 
two variables: the row vector and the column vector. 
The BCEI is determined for each proposed alternative. 
Its numerical value expresses the suitability of the 
blockchain platform with respect to the appropriate-
ness to a CE project. The BCEI enables an objective 
comparison of the proposed alternatives. The results 
are represented in Figure 4.

The analysis of the results has underlined clear 
trends that are shared by various assessments. The 
crucial factors that affect the index most are 
Consensus Mechanism, Energy Consumption, and 
Transaction Fee. These elements are the features that 
a CE implementation should consider most. Differently, 
blockchain technical features are individually consid-
ered less relevant. This aspect highlights a degree of 

Table 1. Average values for blockchain alternatives.
XDC Network Hyperledger Fabric Eosio Corda Ethereum Bitcoin

Cryptocurrency 6 5 5.2 4.6 5.6 4.4
Security 4.4 2.6 2.6 2.2 6.4 6.2
Smart Contract Language 6.6 7.2 6.4 6.6 6.8 3
Transaction Throughput 6.2 7.8 5.6 3.6 2.2 1.4
Network Type 6.6 5 6.6 4.8 6 5.8
Access Control 6 5.6 5.2 5.4 5.8 5.4
Consensus Mechanism 6.6 6.8 6.8 5.8 5.8 3.2
Transaction Fee 7.8 8.4 8.4 6.8 3 2.6
Energy Consumption 7 7.8 5.6 7.6 2.8 1.4
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adaptability of CE principles to such fields. The results 
show high incompatibility between CE and Bitcoin 
(BCEI = 3.358). Despite the monetary value of its native 
cryptocurrency, the platform raises many doubts about 
its sustainability. Its consensus mechanism used for 
block validation, the Proof of Work, is a very onerous 
algorithm. It is estimated that Bitcoin consumes 
annually 1.47 * 105 GWh, a value higher than the con-
sumption of the whole of Sweden in 2020 Cambridge 
Bitcoin Electricity Consumption Index. Cambridge 
Bitcoin Electricity Consumption Index. The platform 
determines also a considerable average transaction 
fee, about 2 USD/tx, and reduced versatility in smart 
contract writing. Similar results are achieved by 
Ethereum (BCEI = 4.522), also considered insufficient 
from a CE perspective. The platform is slightly better 
seen than the previous one, in Consensus Mechanism, 
recently mutated from the Proof of Work to the more 
sustainable Proof of Sale, and Transaction Fee. Another 
similar aspect that the two platforms’ shares is the 
Security evaluation, which is the only feature with 
higher values than the other alternatives. The large- 
scale use of both technologies resulted in greater relia-
bility during the value assessment process.

The analysis of the results shows that none of the 
other alternatives distinctly prevails over the others. 
Their BCEI range is grouped between 5.7 and 6.6. The 
blockchain platform which gets the best result is 
Hyperledger Fabric (BCEI = 6.624). The platform is 
well known for its low consumption. Moreover, the 
absence of transaction fees and the higher transaction 
throughput (10,000 transactions per second) make 
Hyperledger Fabric a good candidate for the imple-
mentation of a CE project. A very similar result is 
achieved by XDC Network, with BCEI = 6.566. The plat-
form is a relatively new technology that combines 
features of both public and private blockchains. Its 
consensus mechanism, called Delegated Proof of 
Stake, is a more efficient version of the classical Proof 
of Stake, involving a voting mechanism for the valida-
tor’s election. The same protocol is implemented by 

EOSIO, which achieves a BCEI = 6.080. The Corda alter-
native (BCEI = 5.702) turns out to be slightly penalized 
by its adaptive transaction fee system that varies the 
cost according to the total number of transactions of 
the network.

4.3.2. Alternative scenario
In order to present a more robust result analysis, an 
additional index calculation has been carried out, in 
which all the criteria have the same weights (equal to 
1/9). These alternative results are compared with the 
weighted BCEI scores. The equally weighted results are 
XDC Network = 6.86, Hyperledger Fabric = 6.24, 
EOSIO = 5.82, Corda = 5.27, Ethereum = 4.93, and 
Bitcoin = 3.71. The only rating difference involves the 
first position, which is occupied by XDC Network, 
rather than Hyperledger Fabric.

The consistency of the equally weighted calculation 
with the BCEI results shows that the proposed assess-
ment goes beyond the CE perspective, and the evalua-
tions can be generally extended to more contexts.

5. Discussion

5.1. Theoretical implications

The theoretical point of view proposes a methodological 
approach that enables a quantitative comparison of the 
technologies. The considered evaluations embed several 
aspects of the blockchain selection, which are mathema-
tically expressed through weights and values assigned to 
criteria. The criteria multiplicity highlights the multidi-
mensionality of the issue, which needs an analysis 
based on several themes.

This approach can easily be transposed in other 
contexts, without the need to distort its foundation. 
One of the main goals of the work was to examine an 
evaluation methodology that is as objective as possi-
ble and to provide theoretical tools to compare block-
chain technologies in several scenarios. The proper 
application of MCDA and AHP is crucial in this regard. 

Figure 4. BCEI results.
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In order to provide results that consider the issue in its 
entirety, experts’ competencies should be properly 
mixed. In this case, it was essential to equally consider 
the technical view, related to the blockchain area, as 
much as the managerial and economic ones. Experts’ 
reliability has been measured through their scientific 
impact in the field of blockchain technologies and 
circular economy. This paper provides assessments to 
consider whether blockchain technology is currently 
suitable for circular economy contexts and identifies 
managerial and policy implications.

5.2. Managerial & practical implications

The practical perspective of the study regards the 
analysis of the BCEI results. The application of the 
BCEI is potentially interesting for both private and 
public initiatives. Numerous local government agen-
cies and corporate businesses are undertaking sustain-
able economic models. Blockchain technologies can 
improve the management of CE projects. However, 
the world of blockchains is extremely composed and 
the BCEI can be used as a guideline for the selection 
process.

The BCEI measures the platform performances con-
sidering both technical and sustainability features. 
However, transaction fee and energy consumption 
represent highly relevant factors for the evaluation 
process. The study considers six of the most popular 
blockchain platforms. Excepting Bitcoin and Ethereum, 
for which BCEIs underline high incompatibility with 
circular economy, the results for the other alternatives 
are decent but not exciting. A slight advantage is 
achieved by Hyperledger Fabric. Moreover, BCEI results 
determine another managerial consideration. The simi-
larity of the obtained results highlights the lack of an 
industry leading technology in the CE sector. The pre-
sence of industry entry space and the growing demand 
determine good chance of success for investments in 
blockchain technologies, specializing in the manage-
ment of CE processes.

5.3. Limitations and future directions

The results of this analysis refer to a generic CE context 
and this is a limitation of the work. However, this step is 
necessary to then extend this model to individual sce-
narios where CE models are applied. This work does 
not provide the whole picture of the market, but just 
a fragment with the most famous technologies. Future 
analysis will involve the extension of the present study, 
by applying the BCEI methodology to a wider selection 
of blockchain alternatives. In addition, other expert 
figures may be involved, increasing the number of 
criteria considered (through the local-global priority 
approach).

5.4. Policy implications

This work has provided quantitative assessments that 
are essential for policymakers to make the most appro-
priate choices. The European context sees a large 
amount of money allocated to sustainability and digi-
tization projects. Clearly, common spaces can be trig-
gered, but so can divergences, and some of the work 
has demonstrated this.

The first policy conclusion is to encourage the 
implementation of pilot models within the industrial 
context in order to monitor the relative economic 
benefits. Economic support on the cost of investment 
could make it possible to reduce economic risks. 
However, the measures to be applied cannot be the 
same for the entire industrial sector and obviously also 
for different circular contexts, which are characterized 
by different profitability conditions depending on the 
materials recovered. The idea is to enhance the excel-
lence of local areas, which can foster local develop-
ment models whose benefits can spill over to the 
national level with a view to greater global 
competitiveness.

However, the second policy direction is to foster 
sustainability analyses on the entire life cycle of 
a product in order to properly direct the use of public 
resources and to evaluate through MCDA analysis the 
most suitable blockchain technologies. Indeed, this 
work has provided a new tool that is capable of select-
ing the best alternative. Digitization should be cali-
brated with a view to the proper use of natural 
resources.

6. Conclusions

This work cannot be compared in the literature as it is 
the first to propose an MCDA-based approach to com-
pare blockchain technologies suitable for use in a CE 
context. In a scenario characterized as much by values 
as by weights in accordance with business data, objec-
tivity is more meaningful and adherence to reality is 
greater.

However, when these data are not available, refer-
ence should be made to expert knowledge. The results 
of this study are valid for the proposed criteria and 
refer to the chosen panel of experts. Clearly, a change 
in either of these aspects could lead to different results. 
Nevertheless, the recorded values suggest two clear 
indications. The first concerns the indication of the 
technologies that perform best in terms of circularity 
but nevertheless not achieving satisfactory values. This 
determines the second consideration, which then 
emphasizes the low propensity for sustainability of 
the evaluated technologies.

Furthermore, analyzing the two criteria that have 
been given greater prominence, some corrective 
actions turn out to be possible: transaction fee 
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should provide discounted packages for those who 
make great use of it in order to find a proper mix 
between processed data and resource use, while 
energy consumption can reduce its effect through 
renewable energy. Digital technologies make it pos-
sible to reduce physical travel, improve manufactur-
ing processes, and dematerialize many activities. 
However, their use should be modulated on the 
effects needed in light of reflecting sustainability 
goals as well.

The study confirms the need for quantitative studies 
that monitor the impact of technology in the combina-
tion of digitization and sustainability. This perspective 
must consider the process over the entire life cycle and 
needs to identify a suitable blockchain technology for CE 
models.
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APPENDIX

Table A1. The criteria selection process.
Criteria [56] [57] [58] [59] [60] Total occurrences

Network Type x x x x 4
Transparency x 1
Centralization x x 2
Auditability x 1
Transaction volume x 1
Privacy x 1
Security x x x 3
Scalability x 1
Transaction throughput x x x 3
Block Time x x 2
Consensus mechanism x x x x x 5
Smart contract language x x x x x 5
Cryptocurrency x x x x 4
Transaction fee x x x 3
Simplicity x 1
Size of the community x 1
Ease of use x 1
Ease of learning x 1
Level of support x 1
Access control x x x 3
Availability of training and learning material x 1
Energy consumption x x x 3
Reputation x x 2
History x 1
Updates and release of version x 1
Advanced features x 1
Support for web apps and mobile development x 1
Purpose x 1
Layers x 1
Presence of smart contract x 1
Presence of virtual machine x 1
Innovation x 1
Blockchain platform maturity x 1
Gossiping x 1
Block Header Data Structure x 1
Block Storage x 1

Table A2. List of academic experts.
Number Role Country Years of experience

1 Associate Professor England 12
2 Associate Professor Brazil 14
3 Full Professor England 20
4 Full Professor Austria 18
5 Associate Professor Italy 13
6 Associate Professor Austria 14
7 Associate Professor Italy 15
8 Full Professor Germany 18
9 Full Professor Italy 21
10 Full Professor Brazil 20

Table A3. List of industrial experts.
Number Role Country Years of experience

1 Operations manager India 12
2 Plant manager China 14
3 IT manager Italy 20
4 Plant manager France 18
5 Operations manager Spain 13

JOURNAL OF INDUSTRIAL AND PRODUCTION ENGINEERING 13
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