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Abstract: The lack of effective evaluation methods and implementation guidelines has led to frequent
obstacles in the process of circular economy in enterprises. The efficiency equation for resource
circulation can effectively evaluate the efficiency of an enterprise’s circular economy resource circula-
tion from three perspectives: input, circulation, and output. Additionally, it delves into each link to
identify weak points, offering guidance for optimising the enterprise’s circular economy. Utilising a
value flow analysis within the context of a circular economy, this paper evaluates circular economy
efficiency using a resource circulation efficiency equation. It conducts factor analysis across three
dimensions: resource input, resource circulation, and waste output. This analysis aims to evaluate the
corresponding resource productivity, added value output rate, and environmental efficiency. Factor
decomposition techniques were then employed to identify the underlying factors contributing to
poor circular economy outcomes. Furthermore, based on the relationships among three resource
circulation indicators, this paper forecasts the potential advantages of integrating circular economy
improvement measures and proposes practical optimisation approaches. The enhanced resource
circulation efficiency resulting from the proposed optimisation approaches was validated through a

case study with an aluminium company.

Keywords: resource circulation efficiency; optimisation of circular economy; resource productivity;
value-added output rate; environmental efficiency

1. Introduction

The increasing global population, production, and consumption levels are rapidly
depleting the scarce resources of our planet [1]. Increased consumption, rapid production
processes, and the emergence of short-life products have intensified the demand for natural
resources [2]. The transformation to a sustainable and resource-based economy needs to
transform the linear economy based on the production-consumption-waste model into
the circular economy (CE), which depends on the production-consumption-reuse frame-
work [3]. CE advocates reducing absolute resource input and striking a balance between
the dimensions of sustainable development [4]. The objective is to extend the lifespan of
resources, maximise their usefulness and value, and improve the effectiveness of resource
utilisation and waste management [5]. This is pursued through strategies such as reuse,
renovation, manufacturing, and recycling [6]. The established concept of CE in business
operations is encapsulated by the 3R principle (reducing, reusing, and recycling), as ac-
knowledged by Ludlow et al. [7] However, there is a recent trend towards more nuanced
hierarchies involving briefer loops, such as redesign, refurbish, and repurpose, resulting
in a variable number of imperatives that begin with the letter “R”. This indicates that the
literature is characterised by contrasting interpretations of CE, as highlighted by Reike, D.
etal. [8].

In addition to the different interpretations of CE, many other issues remain unresolved.
For example, there are still no objective and direct methods for effectively evaluating
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the effects of CE implementation, identifying improvement potential within production
processes or the entire industrial chain, determining specific focus areas for improvement,
or predicting the impact of various improvement measures. Previous studies have primarily
concentrated on environmental efficiency and the rate of resource utilisation within material
flow analysis [9]. They predominantly employed a singular technical approach, excluding
economic considerations, to assess the impact of CE. This univariate technical approach
failed to translate resource utilisation rates and environmental efficiency into economic
indicators, making it challenging to visually represent enterprise resource utilisation levels
and to facilitate cross-enterprise and resource comparisons. Moreover, it neglected the
input-circulation-output dynamics of material flows at the enterprise level, contradicting
the fundamental “3R” principle of CE. Owing to these limitations, employing a single
technical approach within material flow analysis is insufficient to provide direct guidance
for CE implementation by enterprises [10].

This study aims to develop an approach to evaluate circular economy efficiency using
a resource circulation efficiency equation with the following research objectives:

(1) Developing an evaluation method that can synthesise economic benefits, environmen-
tal benefits, and social benefits to evaluate the effect of enterprise circular economy
and make up for the shortcomings of the existing indicators such as incomplete
evaluation and strong subjectivity.

(2) Proposing a comprehensive and effective optimisation method of CE, which can
analyse the defects existing in the implementation of CE by enterprises from the
internal mechanism of circular economy

(3) Predicting the environmental and economic benefits generated from implementing
the CE optimisation method.

In this study, the efficiency of resource circulation is defined by employing both
technical analysis metrics from material flow analysis and the economic indicators of
Material Flow Cost Accounting (MFCA). To correspond with the input-circulation-output
dynamics of material flows, resource circulation efficiency is gauged through three key
measures: resource productivity, added value output rate, and environmental efficiency.
A comprehensive evaluation index system is formulated to assess resource circulation
efficiency and gauge the extent of CE implementation. Utilising these three factors, an
optimisation index system is devised to offer recommendations for enhancing CE at the
enterprise level.

2. Literature Review

Since K. Baulding (1966) [11] put forward the concept of “CE” in 1960s, there have been
more and more research on the evaluation of the CE effect and efficiency. The evaluation
of CE is mainly divided into three levels: macro level, meso level, and micro level of
enterprises. Aiming at micro-level CE, the existing research usually uses the total added
value method, factor analysis method, material flow analysis method, life cycle assessment
method, integral questionnaire survey method, energy analysis method, and grey Delphi
method [12,13]. These evaluation methods can be roughly divided into three categories.

The first category of research identifies the key factors that affect CE through mathe-
matical modelling. Huyen et al. [14] used the best-worst method (BWM) and linear goal
programming technology to evaluate the effects of CE, and Govindan et al. [15] used fuzzy
DEMATEL methodology to quantify the various critical success factors of CE; Tian et al. [16]
developed an infinite life cycle evaluation model to re-evaluate the resource efficiency and
environmental impacts of CE system; Chen et al. [17] assessed the afforested efficiency by
non-oriented Network SBM model in China; Ding et al. [18] employed the cooperative
game network data envelopment analysis and created an extended Malmquist index (EMI)
to assess CE performance and its dynamic evolution. In mathematical modelling, assump-
tions must be made to simplify real-world problems and to describe inputs and desired
outputs based on assumption; hence, it is difficult to represent real-world systems in terms
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of mathematical relationships [13]. Mathematical models also lack understanding of the
CE’s internal mechanism and cannot accurately grasp the exact connotations of the CE [19].

The second category is to comprehensively evaluate the CE model by constructing an
evaluation index system. The evaluation index system can be divided into a single index
and a comprehensive index. A single index is a single indicator, such as sustainability rate,
resource recycling rate, and resource output rate [16,20,21]. For example, EMF’s Material
Recycling Index (MCI) is a popular framework that measures the material recycling rate
of products by considering the core recycling economy strategy and the expected life of
materials [22]. Rem designed a micro-index to measure the economic value of products
recovered through a recycling strategy [23]. A comprehensive index usually involves all
aspects of CE evaluation. It needs to determine the indexes from each dimension of CE,
and determine the weight of each index by AHP and other methods. Maldonado-Romo &
Aldape-Pérez [24] introduced a sustainable cycle index comprising five facets: economy,
society, environment, cycle, and performance. They conducted a case study focusing on
smartphones to illustrate their framework. Vardopoulos et al. [25] used the driving force-
pressure-state-impact-response (DPSIR) model to construct an index system to evaluate
the feasibility of implementing CE management in major Greek cities. Nowakowski &
Krdl [26] developed a coupling method using the analytic hierarchy process (AHP) and
preference ranking to construct an evaluation index system; such an index system elected
the best utilisation mode of the waste recycling economy. Gu et al. [27] used principal
component research to comprehensively evaluate the recycling economy. Although the
evaluation index system can evaluate the efficiency of CE from all levels, it does not really
understand the essence of the efficiency of CE because of the lack of correlation among
various indexes [28].

The third category is to evaluate the sustainability of the CE model through system
flow analysis. Antonopoulos et al. [29] analysed the material flow of the CE model of plastic
recycling and put forward guiding suggestions for the government. Puntillo et al. [30]
focused on the reorganisation of material, information, and energy flows to achieve greater
resource efficiency through the reuse, remanufacturing, and recycling of materials. Meglin
et al. [31] combined material flow analysis, input-output analysis, and life cycle assessment
to the environmental and economic benefits of building materials. Simple material flow
analysis ignores the unity of material and value within an enterprise and the internal logical
relationship between the “circular” chain of the whole production process, and there is
still a gap in the decision-making requirements of enterprise managers for the information
needed for the development of CE.

Evidently, mathematical models lack the comprehension and exploration of the inter-
nal workings of the CE and thus cannot precisely capture its true essence. While evaluation
index systems can assess CE efficiency across different tiers, they fall short of grasping
the fundamental nature of CE efficiency due to the absence of interconnectedness among
diverse indicators. Basic system flow analysis overlooks the integrated nature of materials
and value within an enterprise as well as the inherent logical interplay within the “circular”
chain spanning the entire production process. Consequently, this approach remains distant
from meeting the informational requirements that enterprise managers need for informed
decision-making in CE development.

CE system not only requires the synchronous improvement of economic benefits, social
benefits, and ecological benefits but also needs to pay attention to the interrelation among
the three dimensions and the implementation of the “3R” principle in the implementation
process of CE [3]. Therefore, the evaluation of CE efficiency and the optimisation of CE
effects need a comprehensive index. This evaluation index should not only consider the
improvement of economic, social, and environmental benefits but also study the correlation
of three-dimensional indicators. It is crucial to focus on diminishing resource input and
waste generation during the production process of CE while emphasising the reuse and
recycling of resources in the production and circulation of resources [32].
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3. Research Methods
3.1. The Definition of Resource Circulation Efficiency

The efficiency of resource circulation comes from the theory of resource value flow. Re-
source flow is the extension of MFCA under the background of CE [33,34], which combines
with the LCA method to form a binary cost accounting, evaluation, and optimisation sys-
tem. In recent years, many scholars have started to analyse the relative cost of enterprises
with resource value streams [35,36] and have conducted special research on eco-industrial
parks and social logistics circulation from the perspective of circular industry [37,38]. At
the enterprise level, scholars often use the value stream method to calculate and analyse
the company’s related costs so as to determine the key improvements in its production
process and reduce its commodity consumption and production costs [39].

The efficiency of resource circulation is an index [34,40] to evaluate the efficiency of
CE by introducing the added value of resource circulation at the level of value flow based
on the ecological efficiency of material flow and the accounting principle of resource value
flow, namely,

added value of resource circulation
external environmental damage value

Resource circulation ef ficiency = (1)

Here, the value of external environmental damage is the economic index of external
environmental damage caused by pollutant discharge, which measures the size of environ-
mental benefits. Its reduction conforms to the application of the reduction principle [41],
while the added value of resource circulation is an economic index. Through the difference
between the final output value of resource circulation and the cost of input resources, it
is concluded that the main way to improve the added value of resource circulation lies
in improving its processing degree and utilisation efficiency [42,43]. Therefore, the core
content of resource circulation efficiency can be understood as improving the efficiency of
resource utilisation and reducing the output of waste based on careful consideration of
environmental and economic benefits; this achieves the purpose of measuring the efficiency
of reduction, recycling, and reuse in a CE.

Compared with other indicators for evaluating CE, the resource circulation efficiency
index, as defined in Formula (1), not only measures the economic benefits of enterprises
but also evaluates the environmental benefits (reflected in the denominator of external
environmental damage). The added value of resource circulation also covers social benefits
and is closely aligned with the “3R” principle of CE, making it easier to measure the effect
of CE [40].

3.2. The Factorisation of the Resource Circulation Efficiency

According to research on resource value flow, most of the resources in the production
process are exported in the form of qualified products or wastes, except for a small part
that circulates within the enterprise or is reduced to nature. Based on the material form of
the circulation of resources, the value of resource circulation can also be divided into two
parts: effective utilisation value (positive products) and abandoned loss value (negative
products) [34,44]. The loss of resources not only occupies the value of resources and
encroaches on the economic interests of enterprises but also places a great burden on the
environment and causes damage benefits due to the external discharge of wastes [45]. The
lost value of resources and the environmental damage value contained in waste are the
key reasons for improving the CE [22]. In the circulation of resources, by tracking and
reflecting the material and value information, such as resource input, circulation, output,
and abandonment, we can clearly identify the whole state of resource circulation, reveal
the main nodes of resource consumption and loss, ‘visualise’ its improvement potential,
and serve the enterprise’s internal CE optimisation decision [46]. Moreover, by tracking
the material and value information in the process of resource circulation, we can calculate
the economic and environmental efficiency in the process of resource circulation and then
evaluate the comprehensive effect of the CE to provide a basis for decision-making.
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Factor analysis, as an important research method, is used to synthesise many related
variables, extract common factors, including the information of the original variables in the
common factors as much as possible, minimise the loss of information, and obtain a com-
prehensive index according to the factor score equation. The evaluation of CE just applies
this property and integrates several indicators into one to evaluate the development of CE.
In the process of CE development, we need to know the status of CE development, and it is
necessary to conduct a comprehensive evaluation of CE. According to the comprehensive
analysis of CE, it is of great significance to identify the development deficiencies and make
targeted improvements according to the factors that hinder the development of CE. The
IPAT model is an analytical framework that combines human driving forces with the core
factors of environmental issues [47]. It decomposes the environmental impact and pressure
into a combination of three factors: population growth, wealth level, and technical level,
and guides human environmental activities. Therefore, this paper, referring to the IPAT
model and factor analysis method, considers that the resource circulation efficiency index,
which evaluates the level of CE, is decomposed into the product of three factors that affect
its final value. The relationships between the resource circulation efficiency index and
the three factors can be depicted in an input-output transformation system, as shown in
Figure 1.

Input: Circulation: Output (waste discharge):

Resource productivity Value-added output rate Environmental efficiency

Whole process: Resource circulation efficiency

Figure 1. An input-output transformation system for resource circulation efficiency.

The resource circulation efficiency index, representing the efficiency of the whole
input-output transformation system, studies the causal relationships, action mechanisms,
and change effects among the output value, the added value of resource circulation, and
resource productivity. Using factor analysis, resource circulation efficiency can be expressed
as

Rtl' = Rpl X Vlli X ECi (2)

The respective meanings of the factors are shown in Table 1.

Table 1. The meaning of resource circulation efficiency and each factor.

Index

Component in Input-Output

Notation Formula Transformation Map

Resource Circulation
Efficiency

Re: added value of resource circulation
! external damage value

Whole system

Factors

Component in Input-Output

tation Formula i
Notations ormu Transformation Map

Resource Productivity

Rp; ef fective utilisation value of resources
i

. Input
resource input value p

Value-added output rate

Va: added value of resource circulation
aj

iadcad el Resource circulation
ef fective utilisation value of resources esource cire o

Environmental efficiency

Ec: resource input value
! external damage value

Waste discharge

Resource productivity (Rp;) is a factor of resource input, which is defined as the ratio
of resource input quantity to output value. It is used to measure the relative saving degree
of enterprise resource input under the premise of constant or increased output value and
corresponds to the principle of “reduction” of CE development.



Sustainability 2024, 16, 6514

6 of 23

Value-added output rate (Va;) is measured by the relative proportion of the added
value of resource circulation and the effective utilisation value of resources under the
condition of constant output and the principle of a “reusing” economy:.

Environmental efficiency (Ec;) factor is the export core factor of waste discharge,
which reflects the external environmental damage value of environmental pollutants dis-
charged into the environment by unit resource investment, and embodies the principle of
“recycling”.

Resource circulation efficiency (Rc;) is the general factor to measure the efficiency
of CE, which indicates the degree of resource utilisation and environmental protection.
Among them, the economic added value reflects the degree of exploitation and utilisation of
resource value, which is a maximum factor, and the external environmental damage value
reflects the absolute degree of environmental load, which is a minimum factor. Rc; can
comprehensively reflect the implementation degree of CE at enterprises and other economic
entities. The resource circulation efficiency index in Formula (1) not only evaluates the
amount of resource input, output, and discharge but also assesses the effective utilisation
value of resources and the added value of resource circulation, which measures profit,
interest, tax, and labour costs. Moreover, pollutant discharge is directly connected to waste
recycling, and it has special comprehensiveness and intuition that other indicators do not
have when used to measure the efficiency of enterprise CE.

3.3. Optimising CE Efficiency Based on the Resource Circulation Efficiency Index

The resource circulation efficiency index calculates the resource utilisation and emis-
sion efficiency from the input, circulation, and output in the process of resource circulation.
Thus, CE efficiency can be effectively measured by the rational use of the resource circula-
tion equation.

3.3.1. Three-Dimensional Diagnosis and Analysis of Circular Economy Efficiency

The three factors of resource circulation efficiency, namely resource productivity, value-
added output rate, and environmental efficiency, can be depicted in a three-dimensional
diagram, as shown in Figure 2.

®  Data Points

®  Origin
[* | Rp Vertical
VA Vertical

;" | ----- EC Vertical
12 i b/

EC
o

08
0.6 .
04 .

02 >

Figure 2. Resource circulation equation diagram.

By analysing the resource circulation efficiency of production units or processes using
three-dimensional factors, we can identify potential points for improvement. Figure 2



Sustainability 2024, 16, 6514

7 of 23

shows the resource circulation efficiency of three different processes in an enterprise, with
the three points A, B, and C in the figure corresponding to different levels of resource
circulation efficiency. The original point (0,0,0) represents zero resource productivity,
value-added output rate, and environmental efficiency, which leads to resource circulation
efficiency. The farther away A, B, and C are from the original point, the higher the level
of CE. According to the positions of A, B, and C in Figure, we can rank the improvement
potential as C > B > A. Point C is closest to the coordinate origin; therefore, it has the
greatest improvement potential. Analysing the positions of the factors represented by
point C, it can be seen that the resource productivity (Rp;) position is relatively low, the
value-added output rate (Va;) is high, and the environmental efficiency (Ec;) position is
high. Among multiple production enterprises or processes, the point with relatively low
resource circulation efficiency is the point with improvement potential. Therefore, it can be
determined that the improvement potential of point C is higher than that of points A and B,
and mainly lies in the control of resource productivity, that is, improvement in the aspect of
resource input.

After determining the point of improvement potential and decomposing the resource
circulation efficiency index into the three factors, we can determine the areas for improve-
ment based on the three factors to implement CE measures and improve resource circulation
efficiency. Resource productivity (Rp;) refers to the relative saving ratio of the enterprise’s
resource investment under the premise that the output value scale or economic benefits are
unchanged or even increased; this reflects the principle of resource input reduction and
corresponds to the ‘input” link in the production process of a CE. Measures can be taken
to reduce the input of primary resources, for example, replacing primary resources with
renewable resources to improve resource productivity [16]. The value-added output rate
(Va;) is the relative proportion between the added value of resource circulation and the
effective utilisation value of resources, and it reflects the principle of resource reuse and
corresponds to the ‘circulation’ link in CE production. We should consider the methods
of deep processing, fine processing, or reducing the rejection rate and remanufacturing to
improve the value-added output rat [8]. Environmental efficiency (Ec;) refers to the value
of external damage from waste discharged into the environment under the condition of
constant input resources. The external environmental damage caused by waste is directly
connected with waste recycling, which reflects the principle of recycling and corresponds
to the ‘export’ link of CE production. Methods such as recycling waste can be considered
to improve environmental efficiency [7]. Thus, by comparing the resource efficiency index
(or factor) of a process with other processes or standard indexes (or factors), we can discern
the direction for refining the process.

Following this analysis principle, we can draw a conclusion that point B in Figure 2
should focus on improving the value-added output rate in the resource circulation link.
Point A should focus on improving the environmental efficiency factor, that is, controlling
export reduction and recycling.

3.3.2. Factor Decomposition Analysis of Resource Circulation Efficiency

According to Formula (2) and Table 1, the efficiency of resource circulation can be
evaluated using the three factors (resource input, circulation, and output), and the analysis
and decision optimisation framework of CE value flow can be constructed. By decom-
posing the continuous factors of the indicators in the three links of resource circulation,
we can further analyse the deep reasons for enterprise resource circulation and design a
hierarchical structure model and comprehensive evaluation index system with multiple
levels, multiple modules, and multiple indicators. On one hand, the indicators of each
resource circulation link can be decomposed into distinct components that are unrelated to
one another. From this perspective, the efficiency of resource circulation can be evaluated
based on the indicators of each link (input, circulation, and output); alternatively, factors
resulting from decomposition can be used for separate evaluation and analysis. On the
other hand, based on the key indicators of the three links of the material circulation pro-
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cess, the analysis model of the resource circulation equation can be constructed through
proportional action among the indicators of resource input, consumption, flow, pollutant
discharge, product cost, added value, and income. We can also refer to the evaluation
methods of resource productivity and environmental efficiency and the IPAT equation and
seek strict quantitative, logical relationships among the core indicators [47]. The meaning
of each factor is shown in Table 2.

Table 2. Meaning of internal indicators of resource circulation (in process i).

Factor Notation Formula
energy Productivity Es; ef fective utzlzsatzgn value of resources
energy input value
r aw material pI’OdUCtiVity Ms; ef fective utilisation value of materials
input value of raw materials
B ef fective utilisation value of resource
productivity of other resources Os; iii Faput value of offier msﬁ T
new resource input rate NRr; new resource value
total resource input value
secondary energy input rate URr; secondary resource input value
total resource input value
effective utilisation rate of resource cost RSr; ef fective cost of resources
ef fective utilisation value of resources
waste cost loss rate of the i process WLy; ___waste loss cost
ef fective utilisation value of resources
internal recycling rate RUr; _internal recycling cost
ef fective utilisation value of resources
pollution damage value per unit added value EAV; pOte:l;Zlu;’:el‘le;i t”;‘;lll;’et”"ts
recovery rate of the added value ER,; recovery and disposal value

resource input value

(1) Decomposition of resource productivity indicators at the input end

At the input end of resources, the essence of resource productivity is making more with
less input, which is an important indicator for measuring sustainable development and the
efficiency of using natural resources in production activities. According to the definition of
resources, resources can be divided into materials, energy, and other resources, and can
also be divided into new resources and secondary utilisation resources [8]. Based on this,
Resource Productivity (Rp;) can be further decomposed into 5 sub-factors, including Es;,
Ms;, and Os;, and presented in a mathematical equation as below:

Rp: — ef fective utilisation value of resources
pi = resource input value
__effective utilisation value of resources resource input value
- resource input value resource input value
_ ef fective utilisation value of resources new resource value+secondary resource input value
" input value of raw materials-+energy input value+other materials value resource input value
1 new resource value + SECOTldm’]/ resource ii’lpllt vulue)

= input value of raw materials+energy input value+other materials value X resource input value resource input value
ef fective utilisation value of resources

Through simplification, the above equation is converted to:

1
"~ 1/Esj+1/Ms; +1/0s;

Rp; X (NRr; + URr;) 3)

Decomposition of resource productivity into raw material productivity (Ms;), energy
productivity (Es;) and other resource productivity resources (Os;) can clearly understand
the effect of various resources used in the process. Differentiating input resources according
to new resources and secondary resources can go deep into the source of resources, judge
the problems existing in the efficiency of resource input of enterprises, and judge the

reasons for the formation of resource productivity in detail so as to serve the optimisation
of CE.
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(2) Decomposition of end value-added output rate at circulation end

In resource circulation, according to MFCA and value flow analysis, the added value
should be the difference between the effective utilisation value of resources and the input
resource cost. The cost of input resources can be divided into the cost of effective utilisation
of resources and the cost of resources lost in waste according to the different value flows.
Due to the operation of the CE, the internal recycling cost should also be added [48].
Therefore, the output rate of added value can be decomposed into three formulas: effective
utilisation rate of resource cost (RSr;), waste cost loss rate (WLr;) and internal recycling
utilisation rate (RUr;):

Va: — added value of resource circulation
ai = ef fective utilisation value of resources

__effective utilisation value of resources—input resources value
- ef fective utilisation value of resources

-1 input resources value

- eff[ective utilisation value of resources
of resources+waste loss cost—internal recycling cost
ef fective utilisation value of resources

—1_ ef fective cost

Mathematically, the above equation becomes
Va, =1-— (RST’I‘ + WLT’,‘ — Rllri) (4)
After decomposing the value-added output rate, enterprises can analyse the waste
and recycling of resources and provide support for resource recycling.

(3) Decomposition of environmental efficiency index at output end

In the output, the environmental efficiency (Ec;) is formulated using two sub-factors,
pollution damage value per unit added value (EAV;) and recovery rate of the added value
(ER}):

Ec; — _resource input value
1™ external damage value
1

= external damage value/resource input value
1

(potential value of pollutants—recovery and disposal value)/resource input value

1
~ EAV,— ER,;

Environmental efficiency (Ec;) is the ratio between the external environmental damage
value and the added value, in which the external environmental damage value mainly
depends on the environmental impact caused by the discharged wastes. The amount of
waste discharged consists of the difference between the total amount of waste produced
and the waste recycled. To control the value of external environmental damage, on the one
hand, we should reduce the total amount of waste produced in the production process; on
the other hand, we should increase the degree of recycling, and finally reduce pollution
and improve environmental efficiency.

Through further factor analysis of the efficiency of resource circulation, we can discover
the reasons for its low efficiency and make targeted improvement plans.

ECl' (5)

3.3.3. Optimisation Planning Analysis

Based on the efficiency of resource circulation and the results of the factor analysis,
enterprises can identify possible factors in the CE that require improvement and develop
corresponding improvement strategies. Using the resource circulation index and decompo-
sition factor analysis, enterprises can also predict the effect on the CE caused by the change
in a single factor.

(1) Single-factor change analysis. Under the condition that other factors remain un-
changed, the influence of changing a single factor on the resource circulation effi-
ciency (Rc;) is analysed. If the resource productivity (Rp;) is increased, the resource
circulation efficiency (Rc;) will increase at the same time, while other factors remain
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unchanged. Or, even if the environmental efficiency ( Ec;) is reduced if the output rate
of added value (Va;) increases year-on-year, it will not affect the overall efficiency of
resource circulation (Rc;) and will not lead to a decline in the CE’s overall efficiency.
Assuming that the effective utilisation value of resources in an enterprise remains
unchanged and the resource recycling rate increases, the input value of new resources
will decrease while the transfer value will increase, which will eventually enhance
the value-added output rate (Va;). Meanwhile, an increase in the resource recy-
cling rate will drive down resource abandonment loss and improve environmental
efficiency (Ec;).

The single-factor change model of the resource circulation equation can be applied to
different levels of enterprises; it can also be used to analyse the CE’s target of specific waste.
Japanese scholar Kaya Yoyichi put forward the famous “Kaya Formula”, it is considered
that the emission of CO, depends on population, per capita GDP, energy consumption
per unit GDP, and emission per unit energy consumption [49]. Drawing lessons from
Yoyichi’s analytical thinking and considering the efficiency of resource circulation, we can
decompose CO, emissions into the product of resource input and resource circulation
efficiency by replacing population, resource productivity, energy consumption per unit of
GDP, and CO, emissions per unit of added value.

EP, = RI; x Rpi X Va; X Hc; (6)

where EP, refers to CO, emissions, and RI; refers to the financial values of input resources,
including raw materials and energy supplies, Hc;. Refers to CO, emissions per unit of
added value.

Based on this formula, according to the set CO, emission target, we can consider
improving the efficiency through different factors and finally achieve the CO, emission
goal. In the analysis and evaluation of enterprises’ CO, efficiency, if there are many
production processes or products or if there are many links in the industrial chain, detailed
evaluation can consider processes, products, or links. In addition, it can be assumed
that a certain factor is constant, such as the added value of resource circulation or CO,
emissions, and that when another factor changes, the enterprise’s CO; efficiency changes
in a certain period.

(2) Multi-factor structure linkage analysis. In the practice of CE, the efficiency of resource
circulation is usually not attributed to a change in a single factor but to multiple
factors. Due to the interdependencies among factors, a change in one factor causes
changes in other factors. When enterprises implement CE policies, they can make use
of this rule to make optimal plans. For example, in the production process, recycling
resources will reduce the amount of waste discharged to the environment, reduce
the waste discharge per unit resource, and improve the environmental efficiency
(Ec;). On the other hand, it will increase the utilisation of resources and increase the
output rate of added value (Va;). Combined with the multiplier effect of time and
process, the effect of CE optimisation will be more promising. The resource circulation
efficiency of the base period is marked as Rt(, and it is assumed that the average speed
of environmental efficiency improvement caused by the increase in resource recovery
(Ec;) is g. After n stages of m processes, the environmental efficiency (Ec;) should
change from the original Ecg to Eco(1 + g)"""; The corresponding rate that affects the
value-added output rate is g’ After n stages of m processes, the value-added output
rate should change from Vi to Vay(1+ ¢’ )" " The resource circulation efficiency at
that time becomes:

Rty = Rp; X Va; x Ec;
= Rpj; x Vag x (1+¢)"™" x Ecy x (1+g)"*"
= Rpjy x Vag x Eco x (1+g)" ™ x (1+¢)"*"
= Rty X (1 +g)n+m % (1+g/)n+m

(7)
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When implementing CE principles, enterprises can establish benchmark ranges for
each index based on industry standards and benchmarks. They can then create an opti-
misation framework, as illustrated in the three-dimensional chart of resource circulation
efficiency in Figure 3. This involves plotting the index points representing resource circula-
tion efficiency prior to circular economy implementation. Subsequently, enterprises can
set CE implementation targets based on their specific circumstances and devise feasible
optimisation pathways from the three-dimensional chart.

Data Line

®  Origin

Lowest Point

®  Highest Point

Figure 3. Resource circulation efficiency optimisation path map.

By applying the multi-factor change principle of the resource flow efficiency equation,
enterprises can predict the circular economy effect of changes across multiple indicators.
Additionally, they can reverse this approach by breaking down their desired circular
economy goals into multiple stages or processes, determining the necessary optimisation
speed for each stage, and ultimately achieving effective circular economy practices.

4. Case Study

The purpose of the resource circulation efficiency equation (Formula (2)) is to establish
the logical relationships between the environmental load, resource energy consumption,
waste discharge, effective utilisation value of resources, the added value of resource transfer,
the output of resource input, and other indicators. The equation of the linkage between the
various factors leads to changes in comprehensive reflection regarding enterprise resource
input, linking product production to the overall effect of each section of waste output. The
external stakeholders of the enterprise’s resource efficiency, cycle efficiency, and resource
circulation efficiency can gain a deep understanding and a comprehensive and objective
evaluation of different levels of the enterprise’s economic, social, and environmental
development.

As a case study, an aluminium company is located in a western province of China, with
an annual output of 400,000 tonnes of electrolytic aluminium, 1.2 million tonnes of alumina,
270,000 tonnes of carbon products, and a variety of high-value-added products. These
include more than 40 varieties in four major product series, mainly alumina, aluminium,
aluminium products, and carbon products. The production process of raw aluminium is
often accompanied by a large amount of consumption and waste discharge, which has
always been the focus of improving the CE [38]. The resource value flow analysis method,
based on element flow analysis, can evaluate the resource circulation and the resulting
value circulation in the enterprise’s production process of aluminium products and reform
the production process of the CE. In this case study, we compare the efficiencies of an
enterprise’s CE operation in two different time periods: before the CE was launched (that
is, prior to the current production mode) and after the CE was gradually launched (i.e., the
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current mode of combining cleaner production with some CE measures). However, more
importantly, we can use the resource circulation efficiency index to find the weak links
existing in the enterprise’s CE process and explore them.

4.1. Case Enterprise Resource Circulation Efficiency Status

According to the production characteristics of the aluminium company, the whole
production process of the aluminium company is divided into four main nodes: bauxite
mining, alumina production, electrolytic aluminium production, and aluminium process-
ing, with four auxiliary nodes: thermal power plant, carbon anode, and carbon cathode.
The cost inputs and element inflow and outflow paths, such as the material flow route
before improvement (2015) and the corresponding material energy system, are shown in
Figure 4. In this production process, all resources come from the outside world, and the
whole process presents a linear production structure. A large number of non-conforming
products and wastes generated in the production process are directly discharged into the
external environment:
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Figure 4. Flow chart of aluminium materials in the production process of an aluminium company
(2015) (unit: tonne). (Source: The author compiled it according to the production process and data of
the aluminium company).

The primary data sources in this study are derived from the monthly technical qual-
ity report, accounting records, and environmental protection statistics of the aluminium
company. The monthly technical quality report compiles material balance data on re-
source inputs and outputs during the production process. The resource input values are
determined by multiplying the resource quantities by the corresponding unit prices. Fol-
lowing the calculation principle of MFCA and value flow analysis [43,50], the aluminium
company’s resource utilisation value is computed based on aluminium elements in the
production process as the allocation basis. The resource’s added value is then calculated
by deducting the input value from the output value. In order to facilitate comprehensive
comparison, the efficiency of resource circulation (Rc¢;) in this case is all measured by
monetary units. In the aspect of the environmental load of pollutants, the total external
environmental damage value is obtained by multiplying the amount of waste discharged
in the production process of the aluminium company by the unit environmental damage
value of the corresponding waste, drawing lessons from the Japanese LIME coefficient.
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Based on this, the resource circulation efficiency of this aluminium company is obtained, as
shown in Table 3:

Table 3. Calculation table of resource circulation efficiency of the aluminium company (2015).

Factors/Efficienc Bauxite Heating and Aluminium Carbon Electrolytic Aluminium
y Mining Power Plant Oxide Anode Aluminium Processing
E;Ef’)urce productivity 2.08648 2273544 2.870313 1.119183 1.28989 1.280985
1

Output rate of added 0.520724 0.347748 0.651605 0.106486 0.22474 0.219351
value (Va;)
Environmental 0.276087 5.27919 13.89719 82.2098 1349.528 20,533.88
efficiency ( Ec;)
Resource circulation 0.299964 4173832 25.99225 9.797294 391.2363 5767.013

efficiency (Rc;)

Based on the information provided in the table regarding resource productivity (Rp;),
value-added output rate (Va;), and resource circulation efficiency (Rc;), it is possible to
analyse the weak links in each process through a horizontal comparison approach. This
involves prioritising the examination of relevant CE standards and indicators to determine
the optimal direction for development. From the perspective of this company’s resource
circulation efficiency (Rc;), aluminium processing and electrolytic aluminium have the best
efficiency, while bauxite mining, thermal power plants, and carbon anodes have the lowest
efficiency.

The comparison of the company’s resource productivity (Rp;) shows that the resources
of the bauxite mining and thermal power plants and aluminium oxide are high, while those
of carbon anode, electrolytic aluminium, and aluminium processing are low. The resource
production efficiency (Rp;) reflects the value output of effective utilisation of resources
per unit resource input: the higher the value, the better. Therefore, the company should
maintain the resource production advantages of alumina and bauxite, and improving the
resource productivity of carbon and electrolytic aluminium should be the key issue to be
considered by the aluminium company.

From the comparison of the value-added output rate (Va;) of this aluminium company,
it can be found that the recycling efficiency of alumina and bauxite is high, while that of
carbon is low. The output rate of added value reflects the industrial added value multiple of
the effective utilisation value of unit total materials, and the results still show that bauxite
and alumina have high-profit concentrations, while the performance of the carbon anode
is poor. Electrolytic aluminium and aluminium processing perform moderately in this
respect. As aluminium processing involves wide product differentiation, there is still much
scope for improving recycling efficiency.

The efficiency of resource circulation (Rc;) reflects the external damage cost per unit of
added value. The larger the value, the greater the impact of this production on the social and
environmental load. From the comparison of this company’s resource circulation efficiency,
it is found that bauxite, carbon, and alumina are the main contributors to environmental
load, especially bauxite mining, which is the source of the aluminium industry. Therefore,
how to improve the resource circulation efficiency coefficient of bauxite, carbon, and
alumina is a key issue for the aluminium company to promote CE. In addition, electrolytic
aluminium, aluminium processing, and refined aluminium have good resource circulation
efficiency, especially aluminium processing and refined aluminium, with the differentiated
competition; hence, this should be the key development direction of this aluminium
company to improve the CE.
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4.2. Selection of Optimisation Measures

According to the analysis of the resource circulation efficiency (Rc;) and the ratio of
internal factors, the aluminium company can consider adopting the following measures to
optimise its CE:

(1) Measures to improve resource productivity at the input end

From the aluminium company’s resource productivity index analysis, bauxite, thermal
power plants, and carbon efficiency are the lowest, and enterprises should take measures
to improve them. According to the analysis of Formula (3), the improvement in resource
productivity can be considered from the aspects of raw material productivity (Ms;), energy
productivity (Es;), and other resource productivity (Os;). In bauxite production, the price
of raw materials accounts for a large proportion of the cost, so the improvement in raw
material productivity is mainly considered. According to the analysis of Formula (3),
resource productivity should also consider the value of the input rate of new resources
and secondary resources, so consider the method of replacing the original resources with
renewable resources to improve. Specific measures include the following:

Utilisation of secondary aluminium.

Aluminium is an industrial structural metal with the highest recyclability and the
greatest recycling benefit. After use, it can be almost completely recycled without being
corroded, such as in aluminium doors, windows, and cans. Compared with the production
process of primary aluminium, the recovery process of regenerated aluminium can not
only save ore materials but also reduce a large amount of energy consumption and waste
emissions because it does not require a smelting process. It is estimated that the energy
consumption of recycling waste aluminium is only equivalent to 4.5% of the total energy
needed in the process from bauxite mining to alumina extraction to primary aluminium
electrolysis, and ingot casting [51]. Company A invested 1 billion yuan in building an
annual output of 100,000 tonnes of recycled aluminium project. After the project is put
into operation, it can save 1.4 billion hours of electricity and 1 million tonnes of water
compared with the production of primary aluminium of the same scale and reduce sulfur
dioxide emissions by 0.6 million tonnes and carbon dioxide emissions by 80,000 tonnes,
that is, the power consumption per tonne of recycled aluminium is reduced by 14,000 kWh,
water is saved by 10 tonnes, sulfur dioxide emissions are reduced by 0.06 tonnes, carbon
dioxide emissions are reduced by 0.8 tonnes, and asphalt dust and fluorine pollution are
not generated.

Refining gallium.

Because bauxite contains scattered gallium, although its content is extremely low
(about 0.004%), it is enriched in the alumina production process because of its similarity
with alumina and its compounds. The company should consider using an alkaline reagent
as a desorption agent to develop a new desorption process, which can greatly improve the
recovery rate of gallium. At present, based on gallium production in the Shandong Branch
and Henan Branch, this method should be promoted in alumina production enterprises
with a sintering process in Zhengzhou and Shanxi as soon as possible to improve the
utilisation rate of ore materials [52]. The aluminium company produces 117,000 tonnes of
red mud every month, the utilisation rate is increased to 20%, gallium can be extracted
255.25 kg every month, the sales income reaches 597,029.8, and the external environmental
damage is reduced by 732,044.

(2) Improving the value-added efficiency of the circulation end.

From the analysis of the efficiency index (value-added output rate) at the circulation
end, the improvement should focus on carbon production and aluminium processing
production. According to the analysis of Formula (4), to improve the output rate of added
value, we should focus on the resource cost-effective utilisation rate (RSri), waste cost loss
rate (WLri), and internal cycle utilisation rate. Specific measures that can be taken include
the following:

Cascade utilisation of energy.



Sustainability 2024, 16, 6514

15 of 23

The energy is utilised step-by-step according to its grade, and the irreversible process
is carried out in the direction of reducing the energy grade. Cascade utilisation can improve
the energy utilisation efficiency of the whole system and is an important measure of energy
saving. It is considered that the deep value development of energy can be achieved by
means of post-ore enrichment and digestion technology, waste heat power generation, and
cascade utilisation of water materials [53]. After improvement, the comprehensive energy
consumption of alumina can be reduced from 1324 kg standard coal per tonne to 864 kg
standard coal per tonne, with a reduction rate of 35%. At the same time, the production
quantity of ash and slag is also reduced, so that the emission of sulfur dioxide is reduced by
91.72%, and finally, the cost is reduced by ¥9,758,424.83, and the sulfur dioxide treatment
fee is reduced by ¥230,400.

(3) Measures to improve environment efficiency at the output end

From the aluminium company’s environmental efficiency indicators, the focus of
improvement should be on bauxite, carbon, and alumina processes. A large amount
of waste is generated in these processes, which ultimately affects the circular economy
efficiency of enterprises. According to the analysis of Formula (5), environmental efficiency
should be optimised from the aspects of pollutant production (EAVi) per unit of added
value of resource circulation and recovery rate (Erri) per unit of added value of resource
circulation. Specific measures that can be taken include:

Recovery and utilisation of red mud.

Red mud is the most important waste in the process of alumina smelting. A company
needs to pay a lot of labour and land costs in order to arrange red mud. Red mud waste
can be used to produce two products: cement and baking-free brick [54]. Mixing red mud
with limestone, sandstone, gypsum, and other materials can produce cement through a
certain process. By mixing red mud with fly ash, aggregate, gypsum, lime powder, and
other materials, baking-free bricks can be produced through a certain process. A company
produces 117,000 tonnes of red mud every month, 10% of which is used to produce cement,
so it can produce 25,740 tonnes of cement. If 10% is used to produce baking-free bricks,
the number of baking-free bricks will be 1,450,800, which will increase the gross profit
from cement sales by ¥1,570,651.81, and the gross profit from baking-free bricks by ¥87,048.
Reducing the discharge of red mud will generate huge environmental benefits and reduce
the external damage cost by ¥1,767,600.

Comprehensive utilisation of tailings.

This process can avoid the waste of tailings. Except for a few tailings used for reclama-
tion, the others are stored in tailings ponds, which are harmful to some extent. In addition,
the aluminium company has been exploring the use of tailings to produce intermediate
products to produce high value-added products such as low-temperature ceramics, high-
grade ceramic wood, 4 A zeolite, etc., to achieve the purpose of comprehensive utilisation
and deep development of materials. It is possible to consider methods such as selecting
tailings to prepare imitation stone in order to strengthen the comprehensive utilisation of
multiple tailings and improve the company’s resource circulation efficiency [55]. According
to the calculation, the aluminium company can increase the recovery rate to 94.27%, the
amount of lost concentrate in tailings mud can be recovered to 112.89 t, and the recla-
mation rate can be increased to 53.42%. After increasing the reclamation rate, the value
of reclaimed land will increase by ¥875,500, and the same amount of mine land will be
exchanged with reclaimed farmland, saving ¥3,670,900 in land costs. Considering the value
of the equipment to be invested in the process and the corresponding cost of infrastructure,
the internal economic benefit can be saved by ¥670,500, and the external damage can be
reduced by ¥1,380,100.

4.3. Optimisation Results and Comparison

Following the above optimisation measures, the estimated resource circulation dia-
gram of the aluminium company in 2021 is shown in Figure 5.
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Figure 5. Material flow diagram of an aluminium company after improvement (2021) (unit: tonne).
(Figure source: The author based on the optimised production process and data of an aluminium
company in 2021).

The effective utilisation value of resources in each production system is determined
by the product of the product output and the selling price of each system. However, after
removing the factors of price changes, the industrial added value is distributed in a similar
way to the previous one—that is, on the basis of industrial added value, it is distributed
according to the proportion of the effective utilisation value and resource input difference
of each production system to the sum of the effective utilisation value and resource input
difference. Similarly, the calculation of waste discharge for each production system adopts
the same method as above—that is, the waste generated by different production systems
is distributed step-by-step. If one production system produces one or several exclusive
wastes, the amount of waste will be directly included in the production system; if two
or more production systems produce a certain kind of waste at the same time, it will be
distributed according to the output of each production system. According to the above
data on resource input, effective utilisation value and added value of industrial resources,
and environmental pollutant discharge, the improved resource circulation efficiency (Rc;)
can be obtained as shown in Table 4:
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Table 4. Resource circulation efficiency after optimisation of an aluminium company (2021).
. Heatingand  Aluminium Electrolytic Aluminium Recycled
Index/Factor Bauxite Power Plant Oxide Carbon Aluminium Processing Aluminium

Resource 3.247565 3.894779 4.390702 1.572901 1381099 1.534799 1.649101
productivity (Rp;)
Output rate of 0.685251 0.389494 0.8466 0.3993 0.3025 0.382 0.4315
added value (Va;)
Environmental 0.483355 28.96032 36.90037 400 1893.939 76,923.08 /
efficiency ( Ec;)
Resource circulation y (o5co 43.93287 137.1742 251.1932 791.1392 45,454.55 /

efficiency (Rc;)

Note: Due to the small amount of waste generated by the recycled aluminium process, the environmental
efficiency data are very large and will not be considered here.

The effects before and after optimisation are compared in Figure 6 (The source point

of the arrow indicates the factor before improvement, and the point indicated by the arrow
indicates the situation after improvement):
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Figure 6. Comparison of resource circulation efficiency before and after the improvement of CE.

Comparing the resource circulation efficiency (Rc;) of various production systems in
this aluminium company, it can be seen that in the bauxite system, the main improvement
lies in the change of environmental benefit and effective utilisation value of resources caused
by the reclamation of tailings, which is manifested in the reduction of resource productivity
(Rp;) and the sharp decline of resource circulation efficiency. In the alumina system, the
extraction method of gallium and iron in red mud was adopted, which not only increased
the output and the value-added output, but also greatly reduced the amount of red mud
discharged to the environment. In the resource input link, the relative savings of resources
are 388.201 million yuan and 267.190 million yuan, respectively, indicating that the resource-
saving level of the alumina production system of this aluminium company had been
substantially improved since the CE was launched, which brought additional resource cost
savings. In the links of resource output and waste generation, the external environmental
damage costs of red mud, tailings, and industrial waste in the alumina production system of
this aluminium company are also reduced, at the values of ¥1,066,227,500 and ¥410,401,300,
respectively. In addition, the emission of SO, has also been reduced to a certain extent, and
the cost saving from reduced environmental damage is ¥246,606,900.

In the electrolytic aluminium system, due to the adoption of energy-saving and
emission-reduction technology-three-degree optimisation control technology of the elec-
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trolytic cell, stable operation of the electrolytic cell, improvement of current efficiency,
reduction of material consumption and energy consumption, and reduction of the anode
effect and PFC emission are achieved. From the input of materials to the development of
CE, the cost savings of all resources are positive, among which the cost savings of electric
power, alumina, etc., are large, and the relative savings of materials are estimated to be
¥877,340,700 and ¥250,664,700, respectively. This indicates that the resource-saving level of
the electrolytic aluminium production system in this aluminium company has been greatly
improved since the development of the CE, bringing additional relative economic benefits
of resource cost savings. In the link between material output and waste generation, the ex-
ternal environmental damage cost of industrial waste and ash in the company’s electrolytic
aluminium production system is also relatively large, at ¥181,498,900 and ¥297,895,800,
respectively. However, it is expected that some fluoride will be discharged after the de-
velopment of CE, so the external environmental damage cost brought to the electrolytic
aluminium production system of this aluminium company is ¥2,937,529,800.

In other systems, the sequential utilisation of energy and adoption of cleaner produc-
tion technology have yielded favourable outcomes in terms of resource circulation. In the
carbon system, spanning from the material input phase to the development of CE practices,
all instances of material input cost savings exhibit positivity. For instance, for petroleum
coke and heavy oil, the relative material savings amount to ¥103,997,700 and ¥155,013,000,
respectively. In the link between material output and waste generation, notable reductions
in external environmental damage costs have been achieved within the caron production
system of the aluminium company. Specifically, the savings are ¥100,832,700 for industrial
waste, ¥165,344,900 for ash, and ¥59,558,600 for industrial wastewater. In the context of the
aluminium processing system, relative savings translate to ¥14,859,100 and ¥31,316,900 for
material input, and ¥4,840,000 for external environmental damage costs related to material
output and waste generation. The assessment diagram depicted in Figure 5 illustrates the
efficiency of resource circulation (Rc;) and data related to various factors within each of the
company’s production systems prior to the implementation of the CE approach. The data
show that in terms of waste discharge per unit of resource, the alumina production system
exhibits the highest effective utilisation value, followed by the electrolytic aluminium
production system, whereas the carbon and aluminium processing production systems
demonstrate significantly lower values. This observation underscores the substantial scale
of the company’s front-end industry prior to the initiation of the CE strategy. However, the
rear high-end industry, primarily responsible for generating high-value-added products,
appears notably underdeveloped. Consequently, this imbalance inevitably leads to signifi-
cant challenges concerning resource management, energy consumption, waste generation,
and limited economic and environmental advantages.

Similarly, we can analyse the accumulated industrial added value and waste emissions
of the aluminium company post-implementation of CE and evaluate the resource circulation
efficiency of each production system and the situation relative to the overall resource
circulation efficiency of that year so as to see the trends and the links that need to be
improved. Therefore, the efficiency evaluation chart for each of the company’s production
systems post the implementation CE can be obtained, as shown in Figure 7.

In Figure 7, the dashed arrows reflect the trajectory of change in the resource transfer
efficiency (Rc;) for each production system within the aluminium company. The solid line
indicates the overall directional shift in the resource circulation efficiency for the whole
aluminium company. The purple line illustrates the resource flow efficiency in 2015 prior
to the initiation of the CE, while the blue line signifies the resource flow efficiency post-CE
implementation in 2021. By comparing the linear trajectories of individual production
systems, it becomes evident that the resource circulation efficiency index value for the
alumina production system before optimisation was initially lower than the annual ag-
gregate efficiency index value. Similarly, poor performance was observed in the thermal
power plants and carbon processes before the optimisation efforts. However, following
the introduction of CE, substantial enhancements in resource flow efficiency have been
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achieved in both processes. Moreover, there has been a marked improvement in resource

circulation efficiency across the board for other processes.
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Figure 7. Efficiency comparison of production systems before and after the development of the

circular economy.

5. Discussions of Findings

@

@)

®)
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The resource circulation efficiency equation and associated evaluation methods could
measure both environmental and economic benefits. They effectively assess circular
economy implementation efficiency by decomposing the indicators according to the
resource flow path. This approach not only aligns with the “3R” principle of the
circular economy but also identifies optimisation pathways, offering clear guidance
for enterprises to implement the circular economy:.

However, the evaluation method system presented in this paper has limitations. It
relies heavily on acquiring data related to physical quantities, costs, environmental
factors, and technologies; these data were sourced from various literature, produc-
tion site specifications, financial records, and environmental management reports.
The broad range of data sources and the complexity of accounting processes some-
what compromise result accuracy. The cost-benefit analyses in the case studies are
partly theoretical, requiring further validation to ascertain the actual economic and
environmental benefits during implementation.

When the resource cycle efficiency equation optimises a circular economy, it may
also produce results that do not meet our expectations. One possible reason is the
cost-benefit comparison of optimisation measures; another is the lack of motivation
for enterprises to improve; they may be more inclined to improve economic benefits
rather than environmental benefits, or to improve economic benefits while ignoring
environmental benefits, which will eventually lead to the decline of resource recycling
efficiency, especially in some areas with poor environmental protection concepts. This
requires that, in addition to economic power, there also needs to be other external
power to promote the improvement of circular economy efficiency.

To improve accuracy and applicability, enterprises should consider establishing rele-
vant databases for information collection when implementing the resource recycling
efficiency equation for circular economy optimisation. A comprehensive database
not only provides more reliable data sources but also facilitates long-term data com-
parison across different periods, enabling more effective cost-benefit analyses of
optimisation measures.
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6. Conclusions

This paper argues that CE serves a dual purpose: (i) enhancing economic metrics
related to product output and (ii) technical indicators like resource utilisation efficiency and
environmental effectiveness. CE necessitates the consideration of economic, environmental,
and social impacts. Thus, the paper devises a CE assessment model based on the resource
circulation efficiency equation. Leveraging this equation-based evaluation, it proposes an
optimisation strategy for CE at the enterprise level.

(1) The resource circulation efficiency equation draws inspiration from the resource
value distribution theory within the value flow analysis. It posits that waste’s value
encompasses both the loss of resources and potential environmental harm. This
method’s formulated resource circulation efficiency equation encompasses not only
economic gains (resource recycling value) but also addresses environmental benefits
(external environmental damage value) and social advantages (economic added value).
By quantifying these three dimensions, the resulting assessment and analysis system
becomes more comprehensive and succinct.

(2) The resource circulation efficiency equation is dissected into three components: input,
circulation, and output—aligned with the CE’s “3R” principle. Here, the resource
input’s productivity corresponds to CE’s “reduction” principle, while the output’s
value-added rate relates to the “recycling” concept. Furthermore, environmental
efficiency aligns with the CE’s “reuse” objective. These segments form a visual
decision-making tool, aiding enterprises in making optimal CE choices.

(3) Employing the resource circulation efficiency equation as a foundation, the use of a
three-dimensional diagram, factorisation, and optimisation planning analysis empow-
ers enterprises to streamline CE practices. By applying this methodology, the case
study company enhances resource circulation efficiency, demonstrating the practical
effectiveness of this approach.

(4) The case study used in this paper is limited to an aluminium company located in
the western province of China and does not represent other industries or regions.
Theoretically, the evaluation model is suitable for most process-oriented production
enterprises, but due to many limitations, it has not been applied at a larger level.
Therefore, the universality of this model still has some defects and needs more case
verification. In addition, the resource circulation efficiency equation and its optimisa-
tion model are based on the value stream analysis of the circular economy, and the
data comes from the value stream analysis. Therefore, the proposed index system is
more applicable to enterprises that actually apply value stream analysis.
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