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Abstract: The Circular Economy represents an essential strategy for a more sustainable future, both
for the environment and for the economy and society. The main purpose of this article is to conduct
a holistic analysis that highlights Romania’s perspectives in the transition and integration process
towards the Circular Economy. In this research, we will use economic cybernetics and complex
adaptive systems to uncover the complexity of the Circular Economy. Our aim is also to identify
the connections and interactions among its various components. To complete this holistic analysis
framework, multiple linear regression (MLR) and autoregressive distributed lag (ARDL) models were
employed. MLR was applied to assess the impact of variables such as Waste per capita, Recycling
rate by region, Labor productivity, Production of environmental goods, and Circular material use
rate on real Gross Domestic Product (GDP) per capita. The time series are extracted from Eurostat
databases and cover the period 2010-2021. Given the results obtained through MLR, we applied
the ARDL model to study the long-run and short-run causal impact of independent variables on
real GDP per capita. The analysis results led us to create an ARDL model from another perspective,
namely, to examine how greenhouse gas emissions from production activities and labor productivity
per person employed and hour worked affect the generation of municipal waste per capita. Our
study delves into the Circular Economy as a pivotal strategy for fostering sustainability, offering an
exhaustive, data-backed analysis of its effects on economic performance and environmental health
in Romania. In light of our findings, we strongly recommend that future policy development in
Romania should be aligned with the National Strategy for the Circular Economy. This would facilitate
a more effective transition to sustainable practices, not only enhancing economic indicators but also
reducing environmental impact.

Keywords: closed-loop economy; cybernetic system; ARDL model; recycling rate; circular material;
sustainable policies; multiple linear regression

1. Introduction

According to the European Parliament [1], a production and consumption paradigm
known as the “Circular Economy” emphasizes sharing, renting, reusing, repairing, and
recycling old goods for as long as possible. The life cycle of items is extended in this
way. In practice, it refers to minimizing waste. When a product reaches the end of its
useful life, recycling helps to keep as many of its components in the local economy as
possible. These can be productively applied repeatedly, adding more value. The standard,
linear economic paradigm, which is built on a take-make-consume-throw-away cycle, is
disregarded by this. This concept depends on a lot of inexpensive, readily available energy
and materials. Planned obsolescence, in which a product is made to have a short lifespan to
entice customers to buy it again, is also included in this concept. The European Parliament
has demanded action against this behavior. Chen et al. [2], in their study, explore eco-
efficiency in the context of rapid economic development and environmental pollution.
Advanced econometric methods are used to analyze data from the top 10 most polluted
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countries, evaluating the impact of green technology and natural resource rents. The
results indicate a complex relationship between financial development and eco-efficiency.
In the context of this analysis, the European Parliament urges the adoption of the Circular
Economy model, which emphasizes reuse and recycling, as a strategy for improving eco-
efficiency. This model contrasts with the current linear economic paradigm, which relies
on a large amount of cheap, readily available energy and materials, and also includes the
practice of planned obsolescence.

Currently, within this context, the European Union’s focus on advancing the Circular
Economy is evident through a range of strategies, measures, and regulations. These
initiatives are designed to guide and assist Member States in their efforts to transition to a
Circular Economy. Consequently, Romania is required to conform to European directives
in this regard. The Circular Economy (CE) can represent an essential strategy for a more
sustainable future, both for the environment and for the economy and society. This is why
our research topic is extremely important, especially considering that Romania is still in the
early stages of integrating the Circular Economy. Transitioning to a CE can help promote the
rational use of finite resources. Through recycling, reusing, and remanufacturing, it reduces
dependence on limited raw materials. On the other hand, pollution and its associated
externalities are significant issues both nationally and globally, given their impacts on
climate change and weather patterns. From this perspective, the Circular Economy aids in
waste reduction, thereby decreasing pollution and contributing to environmental protection
and human health. From an economic standpoint, reusing and recycling materials can
lead to cost reductions for companies and governments by reducing expenditures on raw
materials and waste management [3]. Furthermore, Romania’s transition to a CE can
create new job opportunities [4] in sectors such as recycling, remanufacturing, and resource
management. Moreover, diversifying resources and reducing dependence on raw materials
can make national and global economies more resilient to market shocks and fluctuations.
Although Romania is still in an initial phase, transitioning from a linear economic system
to a circular one is a complex and lengthy process that would bring not just ecological
benefits, but also long-term economic and social advantages. At this stage, it is crucial to
acknowledge that economic and social progress is closely tied to the impacts of human
activities on the environment. In developing a circular economic model, we must focus on
protecting and enhancing natural capital to sustain ecosystems and minimize pollution,
such as emissions and waste.

The present research aims to conduct a comprehensive analysis of the transition and
integration of the Circular Economy in Romania using an approach from the perspective
of systems thinking and statistical analysis. Such an approach represents a novelty in the
existing literature, which can contribute to its development.

The Circular Economy is inherently complex, characterized by numerous interdepen-
dencies and feedback loops. The economic cybernetics approach can assist in unveiling
and comprehending these complexities, by identifying connections and interactions among
various components within the CE. Moreover, through the use of complex adaptive systems
models, it becomes possible to develop tools that aid in optimizing economic processes
within the Circular Economy. This can lead to more efficient resource management and
reduced losses. Additionally, the economic cybernetics approach can pinpoint vulnerable or
critical points within the Circular Economy, enabling authorities and organizations to focus
their efforts on resolving issues that might otherwise disrupt the system’s functionality.

Additionally, the use of econometric models such as multiple linear regression (MLR)
and the Autoregressive Distributed Lag (ARDL) model can provide a multifaceted approach
to understanding, implementing, and optimizing the CE in Romania. ARDL specializes in
analyzing both short-term and long-term relationships between variables. This is valuable
in the context of the Circular Economy as it allows for an understanding of both immediate
effects and long-term impacts on the environment and the economy. By utilizing empirical
data and models, multiple linear regression and ARDL can contribute to the development
and optimization of public policies that facilitate the transition to the Circular Economy
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in Romania. This can lead to improved coordination and better outcomes in terms of
sustainability and resource management. These approaches can help form a well-grounded
strategy and guide decision making based on concrete data, providing a holistic perspective
of analysis.

In the context of growing global challenges related to environmental degradation,
resource depletion, and climate change, the adoption of a Circular Economy is becoming
increasingly crucial as a pathway to a sustainable future. Our study contributes to the
development of specialized literature on the subject of transitioning from a linear to a
Circular Economy in Romania. This research distinguishes itself by utilizing sophisticated
analytical tools such as economic cybernetics and complex adaptive systems, along with
multiple linear regression and autoregressive distributed lag models. These tools allow us
to dissect the complexity and interconnectedness of Circular Economy variables, such as
waste per capita and recycling rates, and their impact on Romania’s economic performance
and environmental health. In light of our findings, we strongly emphasize the need for
future policy development in Romania to align with the National Strategy for the Circular
Economy, thereby facilitating a more effective transition to sustainable practices that not
only improve economic indicators but also reduce environmental impact.

The research presents the following structure: Section 2 presents the current state
of knowledge in the field. The research has curated the most pertinent studies within
the realm of econometric models applied to the Circular Economy. Additionally, it has
gathered specific investigations that adopt a comprehensive viewpoint rooted in economic
cybernetics when scrutinizing this new economy. Given the distinctive nature of this article
in its endeavor to embrace a holistic outlook through the lens of cybernetic systems, it aims
to complement the existing literature in this domain. Section 3 expounds on the conceptual
underpinnings of cybernetics approaches, which will be harnessed in Section 4, as well
as elucidating the methodology underpinning the MLR and ARDL models employed in
Section 5. Section 6 is dedicated to discussions about the importance of transitioning to
a Circular Economy, as well as the analysis of the variables used in our models in the
context of the COVID-19 pandemic. Sections 7 and 8 shed light on the practical case study
undertaken in this research. The study culminates with a section dedicated to outlining its
constraints, proposing avenues for future research, and presenting its conclusions.

2. The Stage of Knowledge in the Field

The Circular Economy is an economic and sustainable concept aimed at reducing
resource waste, optimizing material utilization, and minimizing environmental impact
through the design, manufacturing, utilization, and recycling of products in the most
efficient and sustainable manner. In the context of Romania, the CE holds significant
potential to contribute to sustainable economic development and environmental protection.
In recent years, the concept of the Circular Economy and its integration in Romania has
become a highly important aspect gaining traction in the specialized literature, yet is still
considered a relatively novel process given the stage of Circular Economy integration in
the country.

Regarding researchers’ interest in the Circular Economy, we used the Web of Science
(WoS) to search for the number of ISI publications on the topics “Circular Economy”,
“recycling rate”, and “sustainable policies”.

Based on the data related to the number of ISI publications from the WoS for the
years 2010-2023, which are graphically represented in Figure 1, there is a continuous and
significant increase in academic interest in the fields of the Circular Economy, recycling rate,
and sustainable policies. The Circular Economy has experienced a remarkable rise in recent
years, possibly reflecting a paradigm shift in how resources are managed and recycled. At
the same time, the recycling rate shows a slower and more steady growth, which could
indicate the maturity of the subject in research. In contrast, sustainable policies continue to
be a prominent field of research, having the highest number of publications each year and
recording consistent growth throughout the analyzed period.
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Figure 1. Yearly evolution of the number of publications in Web of Science containing the terms
“Circular economy”, “Recycling rate”, and sustainable policies.

These trends suggest a growing academic focus on comprehensive solutions to envi-
ronmental and social issues. The impact of global events, such as the COVID-19 pandemic,
appears to have reinforced this interest, highlighting the importance of developing more
sustainable policies and practices. Overall, these data reflect a rising academic and research
awareness of the importance of sustainability and the need to develop effective resource
management and environmental conservation strategies.

According to Figure 2, the data from the Web of Science show that academic interests
in the Circular Economy, recycling rates, and sustainable policies vary considerably across
different fields of study. Predominantly, “Environmental Sciences” leads in all three cat-
egories, indicating a significant concentration of research on sustainability and resource
management within this field. “Green Sustainable Science Technology” and “Environ-
mental Engineering” also stand out, particularly in the areas of Circular Economy and
recycling rates, underscoring the role of technology and engineering in promoting sus-
tainable practices. On the other hand, “Environmental Studies” and “Management” show
strong interest in sustainable policies but much less in recycling rates. This may suggest
that the focus in these fields is more on the formulation and implementation of policies
rather than the technical aspects of recycling. “Economics” and “Business” also have a
significant number of publications in the area of sustainable policies, indicating a growing
interest in integrating sustainability considerations into economic and business decision
making.

Overall, these data reflect a multidisciplinary approach to sustainability issues, with
various academic fields contributing to the dialogue and research in this expanding space.
The fact that these subjects are represented in so many different fields demonstrates the
importance and urgency of sustainability-related issues in the academic and research
context.

Vermesan et al. [5] emphasize in their article that, despite the Circular Economy being
a highly popular concept in the European Union space, and even though interest in the
characteristics of the new economic model in Romania has grown in recent years, the
available Romanian specialized literature is still insufficiently structured. Thus, in their
research [5], the authors aimed to debate the theme of the Circular Economy in order to
analyze the stage of CE implementation in Romania.
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Figure 2. WoS categories records, using “Circular economy”, “Recycling rate” and sustainable policies
as keyword.

Topliceanu et al. [6] analyzed the degree of Circular Economy implementation in
Romania in their research using 10 monitoring indicators defined by the European Commis-
sion. The authors conducted a comparative study between the level of CE implementation
in Romania and the EU, based on data published by Eurostat. The authors’ research
conclusion was that despite Romania having an economy affected by current crises, it is
progressing in the transition from a linear to a Circular Economy. Dobre-Baron et al. [7]
highlighted in their research Romania’s perspectives on the transition process towards the
CE, considering the trends recorded at the European level.

In order to explore consumer behaviors and attitudes, Lakatos et al. [8] conducted a
nationwide online questionnaire survey that was distributed across four macro-regions
in Romania. The research findings by the authors highlighted that generations X, Y, and
Z agree on environmental protection and resource consumption reductions, as well as
recycling and waste reuse. Despite understanding these benefits, their study indicated that
the majority of respondents have not adopted and do not intend to adopt consumption
patterns based on the Circular Economy.

Modoi and Mihai [9], in their article, investigated the connections formed between
e-waste and end-of-life vehicle (ELV) streams and the CE approach of the European Union.
Specifically, Romania was analyzed as a relevant case study for the Central and Eastern
European region regarding the best Circular Economy initiatives related to electronic waste,
including the opportunity to create new jobs. Furthermore, the authors highlighted the
current knowledge gaps and future research directions for these special waste streams in
Romania and beyond.

The paradigm shift in the contemporary market economy [10], which is functional and
highly competitive, and in established economic structures has necessitated the adoption
of innovative economic models that are both profitable and environmentally sustainable,
capable of providing high levels of economic well-being and social protection.

Consequently, Dragoi et al. [10] conducted research to analyze how the developments
of the CE in Romania can be identified within the new sustainability paradigm using
econometric models. The authors used the LLC test and the IPS test, which were described
by Levin, Lin, and Chu in 2002 (LLC) [11] and by Im, Pesaran, and Shin in 2003 (IPS) [12].
These tests are employed to assess the presence of the unit root. Consequently, the authors
constructed an autoregressive model [10].

Botezat et al. [13] conducted a study that focuses on identifying how manufacturers in
Romania implement Circular Economy principles and evaluating their performance in this
regard, aiming to formulate recommendations for the future. To achieve this, the authors
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conducted a survey among Romanian firms and applied a cluster analysis based on their
level of green-oriented supply chain cooperation. The results of the research indicate that
belonging to a particular group of firms partially influences Circular Economy practices
and significantly affects performance in this direction.

Tripa and Indrie [14] conducted a study to investigate the fate of textile waste in Ro-
manian households under the condition that the population is aware of the environmental
impact of textiles and the appropriate recycling methods. Through an online survey, they
found that only a small portion of unused clothing items are disposed of in the trash.
However, there is a concern that this quantity may increase in the future because most
citizens are not informed about the existence of recycling centers or because these centers
are not available in their localities.

In the case of quantitative case studies, several researchers have employed autore-
gressive models to analyze the CE. For instance, Tiwari et al. [15] examined the impact
of the Circular Economy on CO2 emissions growth using Quantile Autoregressive Dis-
tributed Lags (QARDL) models. Their findings indicate that the Circular Economy and the
stringency of climate policies have a significantly negative impact on carbon emissions.

Another analysis that can be indirectly related to the CE is the one conducted by
Androniceanu et al. [16], which examines the renewable energy sector in Romania using an
approach that integrates economic cybernetics and the ARDL model.

In another study conducted by Xu et al. [17], the ARDL estimation technique was
used to measure the impact of logistics digitalization on the efficiency of natural resource
utilization and depletion. The case study covered the analysis period from 1990 to 2021
and focused on China. The study found that logistic digitization has a positive impact
on the efficiency of natural resource utilization in China, both in the short and long term.
This suggests that investments in information technology can contribute to more efficient
use of natural resources and sustainable development in China. Practical implications
include the development of a regional digital logistics network and the expansion of
financing markets for ecological projects. Khan et al. [18] explore another perspective with
an impact on the Circular Economy (CE), specifically examining the role of blockchain
technology in the CE to improve organizational performance in the context of the China—
Pakistan Economic Corridor (CPEC). A closed-ended questionnaire was used to collect data
from 290 respondents in manufacturing firms, which were then analyzed using structural
equation modeling. Their findings indicate that blockchain technology, with features such
as visibility, transparency, relationship management, and smart contracting, plays a positive
role in the Circular Economy. Moreover, it was found that green practices have a positive
impact on both the economic and environmental pathways concerning firms’ performance.
Ultimately, both economic and environmental performances contribute to the improvement
of organizational performance.

Regarding the integration of a cybernetic approach into Circular Economy sector
analysis, the existing literature has not yet explored this perspective. Our study serves as a
starting point for further research in this field and represents a novelty in the current state
of knowledge in this domain.

Kabirifar et al. [19] conducted a study focusing on Construction and Demolition Waste
(CDW) management within the framework of the CE. The research identifies and prioritizes
significant factors affecting CDW management throughout its entire lifecycle, from precon-
struction to end-of-life. By employing a cybernetic, fuzzy multicriteria approach, factors
such as “on-site sorting, reusing, and recycling of waste materials”, “various procurement
models”, and “precise implementation of waste management regulations” were identified
as the most important. This study contributes to understanding how CDW can be efficiently
managed in construction and demolition projects within the Circular Economy context.

Starting from the premise that consumer contribution is crucial in the CE, the case
study conducted by Stoica et al. [20] proposes a model based on the cybernetic principle of
external complementarity, applied to consumer behavior, with the aim of minimizing the
impact on the environment. Using the data collected within the model and a factor reduc-
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tion analysis, the most significant elements in the process of generating new production
resources were identified.

Through its systemic approach, the study highlights the connections between the
factors influencing consumer behavior in the context of the natural environment, thus
providing crucial information to manufacturing organizations for the transition from a
linear to a Circular Economy.

Chirita et al. [21] analyze the Circular Economy in their research from the perspective
of a cybernetic approach, which involves integrating it into a complex adaptive system.
Additionally, the authors employ the ARDL model to examine both long-term and short-
term causality between renewable energy as the dependent variable and its determinants,
such as real GDP per capita, net greenhouse gas emissions, and others. The results highlight
not only the dependencies between renewable energy and macroeconomic factors but also
the incorporation of the Circular Economy into a cybernetic system. Delcea et al. [22]
examined the positive relationship between consumers’ attitudes, awareness, self-efficacy,
social norms, and their intention to recycle e-waste in Romania. Additionally, it found
that demographic variables such as age and gender can influence residents’ pro-e-waste
recycling behavior. These findings can provide guidance to decision makers in developing
more effective policies for e-waste management.

3. Materials and Methods
3.1. Exploring Complexity in Economic Analysis: Cybernetics and Complex Adaptive Systems

Economic Cybernetics applies cybernetics principles to tackle intricate economic
challenges. It employs systemic models to structure problems and systematically describes
the relationships among various economic components [23,24], integrating their functions.
The cybernetics of economic systems is a field that extends cybernetics’ principles, methods,
and specific models to analyze and manage complex economic systems within dynamic
and intricate environments [24]. This approach emphasizes comprehending the interactions
between various components and the feedback mechanisms that arise within economic
systems. The overarching goal of this holistic analysis, rooted in cybernetics, is to create
models and methodologies that optimize economic processes, enhance decision making,
and attain desired economic outcomes. Through the application of cybernetics tools
and concepts, economic cybernetics aims to tackle issues related to economic stability,
efficiency, and adaptability. It provides a framework for analyzing and predicting economic
behavior [25].

Complexity theory, which emerged in the mid-1980s at the Santa Fe Institute in New
Mexico, primarily focuses on the study of Complex Adaptive Systems (CAS) [26]. This CAS
movement is predominantly rooted in the American context, differing from the European
“natural science” tradition within cybernetics and systems. Similar to cybernetics and
systems theory, CAS investigates the fundamental properties of complex systems that
transcend traditional disciplinary boundaries. Nevertheless, CAS stands out by extensively
utilizing computer simulations as a research tool and concentrating on systems such as
markets or ecologies, which exhibit lower levels of integration or “organization” compared
to those explored by the older tradition, such as organisms, machines, and companies [27].

The focus of economic cybernetics today is centered on applying the principles, tech-
niques, and ideas of cybernetics to examine, construct models for, and oversee intricate
economic systems within dynamic and unpredictable environments [25-28]. These sys-
tems are characterized as complex adaptive systems, and their attributes are thoroughly
described by this field of study.

Figure 3 depicts how a system is examined through a cybernetic lens, identifying
various feedback mechanisms that the control operator manages. These mechanisms serve
either to stabilize the system or to amplify a particular effect.
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Figure 3. Design of cybernetics systems.

As far back as 1997, Kevin Dooley provided a definition for Complex Adaptive Systems
(CAS) as a collection of semi-autonomous agents that engage in interconnected interactions,
giving rise to overarching patterns within the system [29]. These patterns, in turn, exert
an influence on the behavior of the agents. Within human systems of various scales, we
observe the emergence of patterns resulting from interactions among the agents within
that system. These interactions span thoughts, experiences, and perceptions, ultimately
giving rise to patterns of thought. Similarly, shared attitudes regarding aspects such as
diet, exercise, and physical awareness interact to sculpt patterns of health within a team
or community. Within an organization or business, individuals fulfill their roles, engage
in relationships, and hold expectations, collectively shaping patterns such as competition
or innovation [30]. Moreover, in organizations and communities, factors such as history,
traditions, and expectations all contribute to behavior, thereby molding predominant
patterns that we recognize as the culture of that particular group.

According to Sullivan [30], a complex adaptive system exhibits three distinctive fea-
tures. Firstly, it comprises diverse agents, each responsible for making decisions regarding
their behavior. Importantly, these decisions evolve over time. Secondly, these agents engage
in interactions with one another. This interaction culminates in the third characteristic
known as emergence, where the system as a whole manifests properties that extend beyond
the mere aggregation of its individual components. Crucially, comprehending the entire
system necessitates more than simply examining its constituent parts in isolation.

Complex Adaptive Systems [31] is a framework for studying systems of agents that
work together to create emergent global properties. These agents can vary, from organisms
to particles and groups of objects or people. They generate emergent patterns through
correlated feedback within the system, which create and reinforce stable patterns of behav-
ior outside of equilibrium. Similarities between complex systems in diverse domains can
reveal common fundamental principles, providing insights into seemingly distinct fields.

The National Economy is a complex adaptive system [25] that incorporates millions of
other complex adaptive systems such as corporations and businesses, financial markets,
commercial banks, households, public and private institutions, and more. Among all these
systems, various types of relationships and interdependencies are established: material,
financial, energy, human, informational, command based, etc. Complex adaptive systems
theory methods address some of the shortcomings and deficiencies in the study of the
national economy [25,32], providing a systemic, dynamic, and adaptive perspective on key
macroeconomic phenomena and processes. In our study, we will adopt this approach and
analyze the national Circular Economy, framing it within a complex adaptive system. The
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National Economy system can be analyzed using various concepts and methods, ranging
from descriptive methods in macroeconomic theory to econometric or econophysics meth-
ods. As the economy has evolved, it has incorporated numerous corporations, economic
organizations, real and financial markets, sectors, and services, among others. Among
these components, significant connections and interdependencies [24,32] have emerged
through which material and energy flows, information, and knowledge are exchanged,
both within and outside the system. Within these networks, labor and financial flows
circulate, decisions are made, and regulations are developed. Furthermore, coevolution
is another characteristic specific to complex adaptive systems. The complex system of a
national economy or a national Circular Economy coevolves in a fitness landscape that
can exhibit significant differences between the paths taken in certain periods. The fitness
landscape of an economy is constantly changing due to the influence of external factors on
the economy, such as political, social, environmental, or external factors [33]. Dooley [34]
defines a complex adaptive system based on three principles: history is irreversible in such
a system, the future is uncertain in a CAS, and order and control specific to cybernetics
are emergent properties, not predetermined. Mitleton-Kelly [35] considers that a complex
adaptive system can be characterized by ten generic traits: connectivity, interdependence,
coevolution, historicity, trajectory dependence, far-from-equilibrium behavior, exploration
of possibility space, feedback, self-organization, and emergence. Complex Adaptive Sys-
tems [36] form the core of significant contemporary challenges, encompassing numerous
components that adjust and acquire knowledge through their interactions.

Another valuable tool offered by the field of economic cybernetics is the Viable Sys-
tem Model (VSM) [16,37,38]. Initially used for the cybernetic analysis and synthesis of
enterprises, the VSM provides a qualitative assessment of strategies for handling the in-
herent complexity of cybernetic systems. It facilitates the development of practical tools
for operational diagnosis and optimal decision-making processes [38]. Stafford Beer, a
pioneer in managerial cybernetics, developed the VSM, drawing from cybernetic concepts
by Norbert Wiener, McCulloch, and Ross Ashby. Beer’s [39] work drew parallels between
the functioning of the human organism and that of an organization. The author viewed
the human organism as consisting of three interdependent parts: organs and muscles,
nervous systems, and the external environment (body, brain, environment). Later, the
author identified five interactive systems within the human body (S1: totality of muscles
and organs; S2: sympathetic nervous system; S3: the basic brain; S4: the middle brain,
diencephalon; S5: the functions of the higher brain, cortex), which the author analogously
applied to five systems relevant to an organization [39]:

System 1: Primary Activities;

System 2: Conflict Resolution;

System 3: Internal Regulation, Optimization, Synergy;
System 4: Adaptation, Action Planning, Strategy;
System 5: Policies, Final Decisions, Identity.

YYVYVYY

Today, through the utilization of the viable system model (VSM), intricate systems
have the capability to recognize and tackle the intricacies and uncertainties they encounter.
This empowers them to remain flexible and attain enduring success. While the model was
originally employed for evaluating and shaping businesses, its applicability extends to
various scenarios including strategic decision making and operational evaluation within
both organizations and complex systems [40].

3.2. Multiple Linear Regression Model and ARDL (Autoregressive Distributed Lag) Econometric
Model

Multiple linear regression is a statistical method employed to model the connection
between a dependent variable (often referred to as the target) and two or more independent
variables (known as predictors) [41]. This method involves constructing a linear equation
based on observed data to understand the relationship. Notably, multiple linear regression
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expands upon the principles of simple linear regression, which utilizes a single predictor to
account for changes in the dependent variable.

Unknown parameters in multiple linear regression models can be estimated using
various criteria, such as minimizing the sum of squared errors (MSSE), minimizing the
sum of absolute errors (MSAE), and minimizing the maximum absolute error (MMAE).
However, the MSSE criterion remains the most popular in the research [41]. In uncertain or
ambiguous cases, it is appropriate to use estimates based on multiple criteria rather than a
single criterion to estimate the unknown parameters in a multiple linear regression model.

To describe the mathematical form of multiple linear regression, we will denote the
observation j on a response variable and n predictor variables as (yj, Xj1, Xj, - - .,x]»n),
where j = 1...n. In a multiple linear regression, the model takes the following form:

]/]‘:,30-1-,313(/'1+,32X]'2+...+,3nx]‘n+£]‘,j=1...n €))

where yj represents the dependent variable, Xj1, Xj2, .-, Xjy are the independent variable,
Bo is the intercept (constant), and B1, B1, ..., Bn are the coefficients of the independent
variables, representing the change in the dependent variable for a one-unit change in the
respective independent variable, holding all other variables constant. ¢; represents the
error term, the random variation in the dependent variable that cannot be explained by the
independent variables.

In matrix notation, multiple linear regression can be stated as:

Y]‘:X]“Bj+€j,]':1...1’l )

where Y; and ¢; are (1 x 1) vectors, Bjisa (k+ 1) x 1 vector, and X;isan x (k + 1) matrix.
Multiple Linear Regression (MLR) and Autoregressive Distributed Lag (ARDL) are
two different statistical modeling techniques used for different purposes. MLR is used to
model the relationship between a dependent variable (also known as the response or target
variable) and multiple independent variables (also known as predictors or features).
The methodological steps for constructing a multiple linear regression model that I
used in the case study are:

1.  Problem Definition: based on the objectives stated at the beginning of the study, I
identified the variables that could be considered in the model.

2. Data Collection: official sources were sought from which I extracted the dataset
containing the variables of interest.

3. Data Exploration and Preprocessing: the extracted data were checked and cleaned to
prepare them for modeling. This stage includes handling missing values, normaliza-
tion, and data transformation.

4. Variable Selection: typically, selection techniques such as correlation analysis or
specific techniques such as forward elimination and backward elimination are used to
choose the variables that will be included in the model.

5. Model Construction: the data will be used to construct the multiple linear regression
model.

6. Model Evaluation and Validation: statistics such as R-squared, F-test, and t-test for
coefficients were used to evaluate and validate the quality of the model.

To analyze time series data and model the short-term and long-term relationships
between economic variables, the ARDL (Autoregressive Distributed Lag) econometric
model can be used, according to Adebayo et al. [42]. This model combines elements
of autoregression (AR) and distribution (DL). Regarding the structure of independent
variables, the model is flexible, which is one of its characteristics. Additionally, it allows for
the inclusion of outcome and control variables, typical in cybernetic modeling.

Another description of the ARDL model is that, as Hassler et al. [43] point out, it is a
tool used in dynamic regressions based on a single equation. This model has become an
essential instrument in econometrics, especially because cointegration for non-stationary
variables is described as an error correction mechanism. This is also supported by Granger’s
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representation theorem, defined in the work of Engle and Granger [44]. If we analyze this
statement from a cybernetic perspective, we once again see how cybernetics can provide a
holistic understanding of economic phenomena. The error correction mechanism through
cointegration can be understood as a system regulation process (feedback mechanism).
While developing feedback control mechanisms for stabilization policy, Phillips [45,46]
introduced error correction (EC) models to the field of economics. Sargan [47] employed
them for estimating structural equations that had autocorrelated residuals, and Hendry [48]
played a significant role in popularizing their application in econometrics through a series
of papers.

The ARDL model is used for variables that are stationary at I (0) or I (1), or a combi-
nation of both I (0) and I (1). The autoregressive distributed lag model of order p and n,
denoted as ARDL (p, q), is defined for a scalar variable y; as follows, according to Pesaran
and Shin [49]:

P q
yr = by + Z a;izy_i + cht,i + & 3)
i=1 =0

1

where a y-dependent variable is determined by its past values and the delayed values
of the independent variables found within vector x;. According to Hassler et al., x; is
a K-dimensional column vector process. p and g are often determined by the Akaike
information criterion (AIC). a and ¢ are constants, called short-run coefficients. &; represents
the scalar zero mean error term.

The ARDL framework, pioneered by Pesaran and Shin [48] and further developed by
Pesaran et al. [50] has found extensive use in practical research.

The ARDL model finds applications across various fields within the social sciences,
notably in finance and macroeconomics. The ARDL (p, ) process is favored for its intuitive
representation, enabling partial adjustments towards a significant long-term equilibrium
relationship between y; and x;. Furthermore, this model effectively addresses the serial
correlation structure among the first differences of y; and x; and yields reliable estimates of
long-run parameters even in cases of weak endogeneity.

Constructing an ARDL model is a complex and meticulous process, with each step
having an impact on the final quality and interpretation of the model. Similar to the
MLR (Multiple Linear Regression) model, the ARDL model also requires initial steps of
problem and objective definition, data collection, and a data quality stage. Subsequently,
one checks the stationarity of the time series, tests for cointegration, performs stability tests
and diagnostics, and uses impulse response functions.

In summary, the key difference is that MLR models relationships between variables at
a single point in time, while ARDL models dynamic relationships over time by considering
lagged values of the variables. The choice between these models depends on the nature
of your data and the research question you want to address. However, MLR and ARDL
models each have their own set of disadvantages [51-55]. MLR assumes that there is a
linear relationship between the independent variables and the dependent variable. If this
assumption is violated, the model’s predictions may not be accurate. When independent
variables in a MLR model are highly correlated, it can lead to multicollinearity issues. This
can make it difficult to determine the individual impact of each predictor variable on the
dependent variable. MLR assumes that the residuals (the differences between predicted
and actual values) are normally distributed. If this assumption is violated, it can affect the
reliability of the model [54,55].

ARDL models can become quite complex, especially when dealing with multiple lags
and different orders of integration. This complexity can make interpretation challenging.
ARDL models assume that the time series data are stationary, which means that the
statistical properties of the data remain constant over time. Ensuring stationarity can be a
non-trivial task in practice. Choosing the appropriate number of lags for the ARDL model
can be subjective and requires testing various lag lengths, which can be computationally
intensive [51-53].
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In conclusion, both MLR and ARDL models have their limitations, and the choice
between them depends on the specific characteristics of the data and the research question
at hand. It is essential to be aware of these limitations and conduct appropriate diagnostics
when using either model.

4. Holistic Cybernetics Analysis of the AS-IS Context of Circular Economy Integration
in Romania

The Circular Economy represents a comprehensive and interconnected approach to
production and consumption, encompassing concepts such as resource efficiency, waste
management, transition to renewable resources, and more. This concept replaces the linear
model of unsustainable resource exploitation with a circular and sustainable one, offering
economic, social, and environmental benefits. The goal of CE is to establish a system
where waste and pollution are not generated, promoting optimal resource circulation and
material reuse to regenerate natural capital. This leads to reduced resource consumption
and minimized negative environmental impact, while simultaneously contributing to the
enhancement of human well-being.

The transition to the Circular Economy involves a reassessment of production and
consumption models, urging a redefinition of the concept of “growth” to encompass social
and environmental benefits beyond economic gains. The goal of the CE is to decouple
economic activity from the exploitation of natural resources through the safe circulation
of materials and the elimination of negative externalities, waste, and pollution from the
system.

For Romania, as outlined in the National Strategy for Circular Economy, the tran-
sition to the CE includes several key directions. Raw material consumption should be
reduced through sustainable mining, recycling, and recovery practices. Likewise, con-
sumption of consumables should be minimized by extending product life and reducing
the environmental impact of manufacturing operations. In addition, efforts are made to
minimize the environmental impact of waste management and treatment activities, as
well as wastewater. These goals also involve developing and improving a governance
framework based on effective communication and cooperation between local, regional, and
national governments.

Analyzing the national Circular Economy from the perspective of economic cybernetics
and complex adaptive systems can provide insight into how the Circular Economy works
as a dynamic system and is linked together. This approach can help identify the complex
interactions between the different components of the Circular Economy and how they affect
the long-term evolution and adaptation of the system.

Economic cybernetics focuses on the study of regulation, control, and feedback pro-
cesses in the economy, similar to the operation of a cybernetic system. In the context of the
Circular Economy, cybernetics can be applied to analyze how resource cycles, recycling,
and material reuse are regulated to ensure a balanced flow of resources and that they are
effective in the circulatory system. This may involve analyzing the interactions between
production, consumption, recycling, and waste management, as well as how feedback from
these processes may influence economic decisions and system adaptation. On the other
hand, the circular economic system can also be approached from the perspective of complex
adaptive systems. This involves recognizing that the Circular Economy is a system com-
posed of multiple interconnected components that change and adapt over time in response
to internal and external changes. Complex adaptive systems can exhibit emergent proper-
ties, such as self-organization and adaptation to environmental or contextual changes. In
this case, the analysis can focus on how feedback and interactions among different sectors
and economic actors can lead to changes and transformations in the Circular Economy. In
the following, several variables will be analyzed to build an understanding of the current
(AS-IS) state of the framework defining the context of the CE in Romania. Comparisons
will be made with the levels recorded in the European Union (EU).
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The Circular Material Use Rate quantifies the proportion of recycled materials that
are reintegrated into the economy relative to the total material consumption. The Circular
Material Use Rate provides insights into how resources are efficiently utilized and the
circular practices within a country’s economy. Comparing the rate’s value in Romania to
that at the European level (Appendix A—Figure Al), it exhibited a slight decreasing trend
from 2012 to 2021. This suggests potential areas where circularity and resource efficiency in
Romania could be enhanced.

Emissions represent the measurement of environmental emissions within material
flows for the Circular Economy. This indicator provides information about the environ-
mental impact and sustainability of Circular Economy practices, specifically focusing on
emissions associated with various stages of material utilization, production, and recycling.
Regarding Romania’s analysis from the perspective of this indicator within the CE context
(Appendix A—Figure A2), since 2016, there have been several periods of slight growth. This
suggests that Romania, despite being in the early stages of Circular Economy integration,
is making efforts towards reducing pollution and contributing to the fight against climate
change.

Imports of waste for recovery refer to the amount of waste materials that a country
imports with the intention of recycling or recovering valuable resources from them. Ac-
cording to Figure A3 from Appendix A, the analysis reveals that Romania’s imports of
waste for recovery have shown some fluctuations over the years. While there have been
periods of increase, there have also been periods of decrease. This indicates a certain level
of variability in Romania’s efforts to import waste for recovery, which can be influenced by
factors such as market demand, policy changes, and technological advancements. Since
2014, a significant increase in this indicator can be observed in Romania (Figure A3). This
shows that Romania is importing a large amount of waste for recovery and reuse in its
economic processes. It may reflect efforts to access recyclable or recoverable resources
from other countries for use in the domestic production or manufacturing process. An
increase in this variable could also suggest increased efforts to improve the circularity of
the economy, with a focus on more sustainable use of existing resources.

Exports of waste for recovery represent the quantity of waste that a country exports
to other countries for the purpose of recovery or recycling. Exporting waste for recovery
involves the practice of sending waste materials to other countries with the purpose of
recovering and reusing them in their economic activities. This can be seen as a way to
optimize resource utilization and promote CE practices. In this case, Romania is above
the European average (Appendix A—Figure A4), which signifies its active participation
in the international circulation of resources through the export of waste materials to other
countries for recovery purposes.

Persons employed in Circular Economy sectors quantifies the “Number of individuals
employed” within three specific sectors: recycling, repair and reuse, and rental and leasing
sectors. The number of people employed in Circular Economy sectors provides insight
into the impact of this approach on the labor market in Romania. Romania has seen
an increase in this variable since 2020 (Appendix A—Figure A5), which may indicate a
growing trend towards involvement in Circular Economy activities such as recycling, reuse,
and sustainable resource management. It may also suggest a rise in job opportunities in
sectors such as waste management, recycling, sustainable production, and other Circular
Economy-related activities.

Private Investments related to Circular Economy sectors represent the total investment
made in physical assets during the reference year. Private Investments related to Circular
Economy sectors, also referred to as “Gross Investment in Tangible Goods”, denote the
total financial resources allocated by private entities to tangible assets associated with the
Circular Economy. Regarding the trajectory of this metric, it reached its highest point
in the year 2014, succeeded by a sequence of notable decreases. Starting from 2019 and
continuing through 2021, private investments in Romania have remained at a constant
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level, a phenomenon that can also be explained by the COVID-19 pandemic, which has
created a sense of economic uncertainty.

Gross added value related to Circular Economy sectors denotes the adjusted gross
income derived from operational activities, accounting for operating subsidies and indirect
taxes. Gross added value in Circular Economy sectors represents the economic measure of
the contribution of these sectors to the total production of the country. This value reflects
the sum of added values created in the processes of production, reuse, recycling, and
resource management within the Circular Economy. In the context of Romania’s analysis,
we observe a fluctuating trend of this value over the analyzed time period, being at about
half of the values recorded at the European level.

Based on the correlation matrix in Table 1, we can describe the following aspects:

Table 1. Correlation Matrix.

Variables 1 2 3 4 5 6 7
1. Circular Material Use Rate 1
2. Emissions —0.22 1
3. Private Investments related to CE sectors 0.10 —-0.14 1
4. Persons employed in CE sectors —0.31 0.23 —0.10 1
5. Gross added value related to CE sectors 0.47 0.17 —0.44 —0.36 1
6. Imports of waste for recovery —-0.79 0.6 —0.41 0.49 —0.07 1
7. Exports of waste for recovery 0.14 0.37 —0.2 0.52 —0.07 0.27 1

Authors’ calculation.

e  The Circular Material Use Rate (CMR) is negatively correlated with Emissions (—0.22),
but positively correlated with Gross added value related to CE sectors (0.47) and
Imports of waste for recovery (—0.79). In other words, an increase in the circular
material use rate appears to be associated with a decrease in emissions, but an increase
in gross added value in Circular Economy sectors and imports of waste for recovery.

e Emissions have a positive correlation with Imports of waste for recovery (0.60) and
Exports of waste for recovery (0.37). This suggests that an increase in emissions may
be associated with an increase in imports and exports of waste for recovery.

e  Private Investments related to CE sectors have a negative correlation with Gross added
value related to CE sectors (—0.44) and Persons employed in CE sectors (—0.36). This
may indicate that an increase in private investments in Circular Economy sectors
could be associated with a decrease in gross added value and the number of people
employed in these sectors.

e  Persons employed in CE sectors are positively correlated with Gross added value
related to CE sectors (0.49) and Imports of waste for recovery (0.49). This suggests that
an increase in the number of people employed in Circular Economy sectors may be
associated with an increase in gross added value and imports of waste for recovery.

e  Gross added value related to Circular Economy sectors has a negative correlation with
Imports of waste for recovery (—0.07) and Exports of waste for recovery (—0.07). This
may indicate that an increase in gross added value in Circular Economy sectors could
be associated with a decrease in imports and exports of waste for recovery.

e Imports of waste for recovery and Exports of waste for recovery are positively corre-
lated with each other (0.27). This suggests a correlation between the quantity of waste
imported and exported for recovery purposes.

A comprehensive and objective approach used to monitor and guide the transition to-
wards a Circular Economy is the monitoring framework of the European Commission based
on five directions. This holistic framework was established by the European Commission
to track progress towards a Circular Economy. While this common approach exists, in the
case of Romania, there is a limitation due to the lack of data, with certain indicators missing.
Furthermore, not all information is updated to the same annual reference. This has also
posed a limitation to our research, making it quite challenging to select a series of variables
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and indicators for analysis that are statistically significant and provide a framework for
analyzing and diagnosing the current situation of Romania regarding the integration of a
Circular Economy.

In Table 2, the differences in values for each monitored direction regarding the current
level of transition to the Circular Economy can be observed. It is noticeable that Romania
has a double value of the total amount of materials used in the processes of production,
reuse, and recycling of goods compared to the value recorded at the EU level for the last
available year, 2021. This aspect highlights how this indicator contributes to Romania’s
Circular Economy. Another measure in which Romania records a higher value than the
one registered at the European level is total waste generation per capita. In the year 2020,
Romania had a value of 7.338 compared to the EU which recorded a value of 4.813. The
high value in Romania indicates inefficient resource utilization and an increased generation
of waste, suggesting the need to improve recycling, reuse, and waste management practices
to promote a more sustainable and circular model of the economy. From the perspective of
GHG emissions from production activities, Romania has a lower quantity than the value at
the EU level. This indicates that Romania is taking action in this direction to reduce GHG
emissions.

Table 2. Monitoring framework of Circular Economy.

Production and
consumption

Waste management

Secondary raw materials

Competitiveness
and innovation

Global sustainability
and resilience

Monitoring Framework Romania European Union
Material footprint (tons per capita), 2020; 30 14
Resource productivity (index 2000 = 100), 2021; 67.40 135.5
Total waste generation per capita (kg per capita), 2020; 7338 4813
Recycling rate of municipal waste (percentage), 2021; 37.30 49.6
Recycling rate of overall packaging (percentage), 2020; 37 64
Circular material use rate (percentage), 2021; 14 11.7
Imports from non-EU countries (thousand tons), 2021; 706.8 41,388.1
Exports to non-EU countries (thousand tons), 2021; 2018 37,616.2
Private Investments (% of GDP at current prices), 2021; 0.5 0.8
Persons employed (% of total employment), 2021; 1.2 2.10
Gross value added (% of GDP at current prices), 2021; 1 2.1
Patents related to waste management and recycling (number), 2019; 55 295.3
Consumption footprint (Index 2010 = 100), 2021; 109 104
GHG emissions from production activities (kg per capita), 2021; 5183.7 6412
Material import dependency (procentage), 2021; 10 229

Authors’ collection according to [56].

Considering the previous analyses, we can establish the cybernetic framework of the

Circular Economy in Romania. Contemporary cybernetics directs its attention toward
the examination of intricate adaptive systems. Thus, in the first stage of the cybernetic
analysis, we will describe the Circular Economy from the perspective of a complex adaptive
system. Thus, among the most prominent properties of a complex adaptive system that
categorize the Circular Economy within such a framework, we enumerate the following:
self-organization, adaptability, emergence, feedback, diversity, non-linearity, and inter-
connectivity.

Self-organization: The Circular Economy involves the interaction of numerous actors
and economic entities, which can self-organize to create efficient structures and operating
models. In this context, companies, consumers, and other entities can develop initiatives
and partnerships to promote circular activities without the need for strict regulation.

Adaptability: The Circular Economy adapts to internal and external changes, such as
shifting consumer preferences, technological advancements, or policy changes. Circular
systems can adjust processes and practices in real time to meet new requirements and
conditions.

Emergence: Circular Economy practices can lead to the emergence of properties and
patterns that are not evident at the level of individual components. For example, reuse
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and recycling strategies can generate new and innovative supply chains or stimulate the
development of secondary industries.

Feedback mechanism: In the Circular Economy, feedback plays a crucial role. The
continuous exchange of information between producers, consumers, NGOs, and govern-
ments can influence the direction of Circular Economy development. Moreover, feedback
regarding the performance and impact of circular practices can guide future decisions and
strategies.

Diversity: This property manifests itself through the involvement of various industries,
sectors, and stakeholders, each bringing unique perspectives and expertise. This diversity
fosters collaboration and innovation, contributing to the development of creative solutions
for complex problems related to resource management and waste. Essentially, diversity
makes the circular economic system more resilient and adaptable to changes and challenges.

Non-linearity: Small changes in some components of the Circular Economy can have
disproportionate and nonlinear effects on the overall system. For example, widespread
adoption of circular practices can trigger rapid growth in the recycling industry or the
market for reusable products.

Inter-connectivity: The components of the Circular Economy are closely interconnected
and mutually influence each other. Changes in one part of the system can have chain effects
on other components. For example, an innovation in product design can impact the lifecycle
of materials and how they are used and managed.

Designing a Circular Economy at the national level involves the development and
implementation of a comprehensive and sustainable framework for resource management,
production, consumption, and waste management. It can be a complex process and
involves several steps and components. Starting from the integration of the most relevant
characteristics of the complex adaptive system specific to the Circular Economy, in Figure 4
we have created the cybernetic system of the National Circular Economy (NCE) at a high
level. This is a general framework that can be further developed and decomposed into
subsystems.
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Figure 4. Cybernetics system of the National Circular Economy (high-level). Authors’ design.
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Among the entities and general economic agents identified within a national Circular
Economy are the National Government, Local Authorities, Enterprises and Industries,
Consumers and Citizens, Research and Education Institutions, and Non-Governmental
Organizations. Applying complexity in the field of the Circular Economy requires, in the
first instance, a different way of looking at the enterprise itself, the people within it, the
environment in which it operates, as well as the collaborative, control, and communication
relationships with decision-making entities. Thus, the cybernetic system of the National
Circular Economy has been described, starting from the very definition of cybernetics as
the science of communication and control of complex systems in complex, dynamic, and
adaptive environments. Additionally, in Figure 4, you can observe the feedback mecha-
nisms that form based on communication and relationship channels between economic
entities.

Having designed the cybernetic system of the National Circular Economy and demon-
strated that the NCE falls within the specific characteristics of a complex adaptive system,
for a comprehensive understanding of holistic analysis from the perspective of economic
cybernetics, in Figure 3, we have constructed the Viable System Model (VSM), starting
from the development proposed by the father of managerial cybernetics, Stafford Beer. The
novelty of this model in our research comes from its application within the NCE, with VSM
initially being developed and applied to a company.

This model represents a complex cybernetic approach that can be used to analyze
and manage complex systems, such as the Circular Economy. It enables an understanding
of the interactions and interdependencies between the system’s constituent parts and the
external environment. The following specific systems of the NCE have been identified [57]
to develop this model:

National Commission on Climate Change: It is an inter-ministerial body that has a
consultative role, without legal personality, and its activities are coordinated by the Ministry
of Environment. The National Commission for Climate Change has main competencies,
such as proposing modifications to Romania’s National Strategy on Climate Change and
the Action Plan, analyzing reports from the technical group, informing the Romanian
Government, recommending specialized studies for implementing European policies on
climate change, proposing external collaboration actions, and contributing to raising public
awareness about the effects of climate change and the need to support policies and measures
for its reduction.

The Interdepartmental Committee for Sustainable Development: It is an interministe-
rial advisory body operating within the Prime Minister’s Cabinet. This committee’s main
objectives include monitoring, evaluating, and reviewing the implementation of Romania’s
National Strategy for Sustainable Development until 2030, integrating it into national
programs and policies, and ensuring Romania’s compliance with reporting obligations to
the European Union in the field of sustainable development. Therefore, the Committee
plays an essential role in ensuring coherence in the process of developing and promoting
sustainable development policies.

The Interministerial Committee on Climate Change: This is an interministerial body
with an advisory role within the Prime Minister’s Cabinet, focusing on coordinating
and monitoring government actions related to climate change. The main responsibilities
include proposing a well-founded message on climate change, ensuring policy coherence,
suggesting annual priority climate policies, evaluating implementation progress, proposing
solutions for emission reduction, overseeing budgeting, and recommending indicators for
assessing climate commitments.

Figure 5 illustrates Beer’s five developed systems [39], with System 3* emphasizing a
particular degree of complexity and adaptability. This level of adaptability is crucial for sus-
taining the system’s viability and efficient operation, especially when facing environmental
changes and challenges.
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Figure 5. Beer’s five developed systems Authors’ design.

By representing the cybernetic system of the national Circular Economy in Figure 4,
as well as applying the Viable System Model (VSM) in Figure 5, we can establish a frame-
work in which the analysis of Romania’s circular economic system as a complex system
provides an understanding of key elements and their interactions. In other words, it aids
in comprehending how resources flow through the economic network and how they are
transformed and reintroduced into the economy, processes understood through the feed-
back mechanisms that form among different agents within the Circular Economy system.
Through the application of the VSM, specific bottlenecks or inefficiencies can be identified,
and decisions can be made to optimize resource flows.

Circular economies must be adaptable and resilient to changes and disruptions in
the economic environment. The model can assist in evaluating the capacity of Romania’s
Circular Economy to adapt to changes and withstand disruptive factors. The VSM can
serve as a tool for strategic decision-making in the development of the Circular Economy:. It
can provide a framework for defining strategic objectives, identifying necessary resources,
and assessing the impact of decisions on the entire system.

Circular economies entail significant complexity, involving multiple sectors, resource
flows, and interactions. The VSM can help manage this complexity by offering a systemic
view and clarifying the roles and responsibilities of various stakeholders. The VSM can
also be employed as an educational tool to help professionals and decision-makers in the
field of circular economics better understand the complexity and interconnections of the
system.
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5. Analysis of Circular Economy in Romania Using Multicriteria Linear Regression
and ARDL Model

The proposed study examines causal relationships, both in the long and short term,
between the dependent variable, namely real GDP per capita, and its factors such as
waste generation per capita, recycling rate per region, labor productivity, production of
environmental goods, and circular material use rate. The information was collected from
Eurostat for Romania between 2010 and 2021. The variables used in the first analysis are

presented in Table 3.

Table 3. Description of the variable used in model.

Variables Description of Variables Abbreviations Unit of Source of Data
Measurement
Real GDP per capita Ratio of .Rea.l GbP to.aiverage GDP (Y) Euro per capita Eurostat
population in a specific year
. The indicator represents the amount of . .
Waste per capita waste per capita at the national level WST (X1) Kilograms per capita Eurostat
Recveling rate The indicator measures the proportion
by ‘o im of municipal waste recycled in the RCY (X2) (%) Eurostat
yres total municipal waste generation
It is calculated as real production per
Labor productivity unit of labor input (measured by the LBR(X3) (%) Eurostat
total number of hours worked)
. Represents the quantity of products
'Productlon of that have been made using PRD (X4) mil. Euros Eurostat
environmental goods .
environmentally reused resources
Circular material The indicator measures the proportion
of recycled material reintroduced into MTR (X5) (%) Eurostat

use rate

the economy

Authors’ collection.

At the core of this analysis lies the Multicriteria Linear Regression (MLR) model,
which is a data analysis method used to model the dependence between variables, with a
dependent variable (Y) and a number of independent variables (X).

In the case of our analysis, logarithm-transformed data were utilized due to the
presence of variables with different measurement units, such as percentages, EUR per
capita, EUR 1 million, or kilograms per capita. Consequently, in order to develop a valid
model, we normalized the dataset by logarithmizing the input data.

For model estimation, we employed the econometric software EViews 12, following
the subsequent steps: loading the data into the system, defining the dependent and inde-
pendent variables, normalizing the dataset to establish a common measure, executing the
multicriteria regression within the system, analyzing the outcomes through examination of
key indicators such as R — squared, t-Statistic, or the p-value, and interpreting the results.
We note that in the following tables, the obtained values are presented with only two
decimal places. Regarding the mathematical form of the equations based on the obtained
results, the coefficients will include all decimals.

Following the model construction analysis, we obtained the results presented in
Tables 4 and 5. Analyzing the results from Table 5, the model’s R — squared which in
our case is 75.95%, signifies the amount of information by which the dataset explains the
dependent variable, namely GDP per capita in our case. Similarly, we need to examine
the F-statistic, which should be relatively large, and the probability associated with the
F-statistic should be below the accepted threshold of 0.05, indicating that the model explains
the variable with a 95% probability. After assessing the R — squared and F-statistic, we will
examine the individual probability (p-value) of each indicator, which should also be below
the model’s acceptable limit of 0.05 (Table 4). In our case, we observe that out of the five
selected indicators for analysis, four are significant, and only one is not compatible.
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Table 4. Multicriteria Linear Regression Output.

Variables Coefficient Std. Error t-Statistic Prob.
C 3.27 1707.64 0.00 0.99
X1 0.52 6.42 3.30 0.01
X2 0.76 65.84 1.43 0.01
X3 2.08 27.35 0.65 0.53
X4 0.19 0.07 2.52 0.04
X5 1.01 321.68 —4.62 0.00

Authors’ calculation.

Table 5. Performance Metrics of MLR.

Statistics Metrics Values Performance Metrics Values
R-squared 0.75 Mean dependent var 7843.33
Adjusted R-squared 0.57 S.D. dependent var 1145.10
S.E. of regression 158.61 Akaike info criterion 13.27
Sum squared resid 150,948.10 Schwarz criterion 13.52
Log likelihood —73.66 Hannan-Quinn criterion 13.18
F-statistic 113.46 Durbin-Watson statistic 1.72
Prob (F-statistic) 0.00

Authors’ calculation.

The mathematical form of the linear regression can be expressed as follows:

GDP = 3.276916 4 0.520555 x WST + 0.767915 x RCY + 2.088623 x LBR + 0.196676 x PRD + 1.01501 x MTR  (4)

The Autoregressive Distributed Lag (ARDL) model is an econometric model that
involves the analysis of a dependent variable and its independent variables over a longer
period. This model allows for the combination of autoregressive and distributed lag
components, capturing both short-term and long-term effects of independent variables on
the dependent variable. Therefore, we can examine and observe the results obtained in the
above-multicriteria linear regression analysis to determine whether the variables exhibit
dependency over the long term or only in the short term.

The definition of variables is carried out similarly to the Multicriteria Linear Regression
model in Table 1, with the only modification being the abbreviation used for each variable,
namely, Y—LGDP, X1—waste per capita = WST, X2—regional recycling rate = RCY, X3—
labor productivity = LBR, X4—environmental goods production = LPRD, and X5—circular
material utilization rate = MTR.

Below, we will observe the ARDL model implemented in EViews, where the dependent
variable is GDP per capita and the other variables are independent. In our case, we used
logarithm-transformed data since the variables had different measurement units such as
%, EUR per capita, EUR 1 million, or kilograms per capita. This normalization through
logarithm transformation was performed to obtain a valid model.

According to Tables 6 and 7, the validity of the model is evident from the values
of R? and F-statistic. The significant F-statistic indicates that the variables in the model
are efficiently used and collectively explain approximately 98.56% of the variance in the
dependent variable, GDP per capita. The independent variables contribute significantly to
explaining the variation in the dependent variable.

To confirm the validity of the obtained model’s performance, we conducted the Bounds
test (Table 8) to assess the presence of long-term relationships between the independent
variables and the dependent variable. The purpose of this test is to verify whether a
bidirectional causal relationship exists between the variables.
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Table 6. ARDL model Output.

Dependent Variable LGDP (Logarithmic GDP)
Sample 2010-2021
Dependent Lags 1 (Fixed)
Dynamic Regressors LBR, MTR, RCY, WST, LPRD
(0 Lag, Fixes)
Variables Coefficient Std. Error t-Statistic Prob.
LGDP (-1) 0.14 0.39 0.37 0.02
LBR 0.00 0.00 0.10 0.02
MTR —0.17 0.06 —291 0.04
RCY 0.01 0.01 1.09 0.03
WST 0.00 0.00 1.05 0.05
LPRD 0.28 0.18 1.54 0.02
C 4.48 3.42 1.31 0.25
Authors’ calculation.
Table 7. Bounds Test—statistics cointegration output.
Statistics Metrics Values Performance Metrics Values
R-squared 0.98 Mean dependent var 8.97
Adjusted R-squared 0.96 S.D. dependent var 0.13
S.E. of regression 0.02 Akaike info criterion —4.21
Sum squared resid 0.00 Schwarz criterion —3.95
Log likelihood 30.16 Hannan-Quinn criterion —4.37
F-statistic 45.77 Durbin-Watson statistic 1.60
Prob (F-statistic) 0.00
Authors’ calculation.
Table 8. Bounds Test.
Null Hypothesis: No Long-Run Relationships Exist
Test Statistic Value K
F-Statistic 3.37 5
Critical value bounds
significance 10 bounds I1 bounds
10% 2.26 3.35
5% 2.62 3.79
2.5% 2.96 4.18
1% 3.41 4.68

Authors’ calculation.

The F-statistic for the Bounds test, which represents the critical values, is 3.38 at the
10% level. Therefore, long-term causality between the variables can be explained at a 10%
significance level, inferred from the value of the F-statistic.

We observe from Table 9 that the cointegration term value is —0.85, which is a negative
and significant value at the 10% level. Thus, we deduce the idea that there is long-term
cointegration. The speed of adjustment to the long-term equilibrium after deviation is
85.2%. For instance, the deviation from the equilibrium of environmental goods production
is 32.92% from the next year’s average. In addition, in Table 6, we can notice significant
coefficient values at the 10% level of significance. The explained value of the dependent
variable GDP per capita is given by R?, which is 98.56% of the information.
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Table 9. Cointegration and Long Run model.

ARDL Cointegration and Long Run Form

Dependent Variable LGDP
Selected Model ARDL (1,0,0,0,0,0)
Sample 2010-2021
Cointegration Form
Variables Coefficient Std. Error t-Statistic Prob.
D(LBR) 0.00 0.00 0.10 0.02
D(MTR) —0.17 0.06 -291 0.04
D(RCY) 0.01 0.11 1.09 0.03
D(WST) 0.00 0.00 1.05 0.05
D(LPRD) 0.28 0.18 1.54 0.04
CointEq (—1) —0.85 0.39 —2.13 0.00
long run coefficient
variables coefficient std. error t-statistic prob.
LBR 0.00 0.01 0.10 0.01
MTR —0.21 0.09 —2.32 0.00
RCY 0.01 0.01 1.04 0.05
WST 0.00 0.00 0.83 0.05
LPRD 0.32 0.23 1.41 0.03
C 5.26 2.24 2.34 0.07

Authors’ calculation.

The form of the cointegration equation can be written, according to the results from
Table 6, as follows:

Cointeq = LGDP — (0.0011 %« LBR — 0.2103 * MTR + 0.0142 %« RCY + 0.0027 « WST + 0.3292 « LPRD + 5.2680  (5)

We further aim to investigate whether “greenhouse gas emissions from production
activities” and “labor productivity per person employed and hour worked” have an impact
on the “generation of municipal waste per capita”. By utilizing these variables, we seek to
explore whether an increase in greenhouse gas emissions from production activities could
lead to an increase in the generation of municipal waste per capita. This could potentially
be attributed to the fact that industrial production and other activities associated with
greenhouse gas emissions may contribute to a higher overall consumption of resources,
thus leading to an increase in waste generation. Additionally, we want to see how a unit
change in labor productivity per person employed and hours worked influences a change
in the generation of municipal waste per capita. For this purpose, we will use the R Studio
4.2.3 software tool, the “dLagM" library, the ardlDIm function, and construct an ARDL
model with the independent variable being Greenhouse gases emissions from production
activities and the dependent variable being Generation of municipal waste per capita. The
data for the two variables were collected from Eurostat, covering the period 2010-2021.
These data were loaded into R Studio and declared as time series. Stationarity was checked
using the Phillips—Perron test.

In the case of unit root tests such as Dickey-Fuller or Phillips—Perron for the stationarity
of time series, the null hypothesis asserts that the data series is non-stationary, meaning it
exhibits trends or patterns of variation that may not be constant over time. The alternative
hypothesis, on the other hand, asserts that the data series is stationary, indicating it does
not display significant trends or patterns of variation and its values fluctuate around a
constant mean. Thus, the two hypotheses are as follows:

H,: The series is non-stationary;

Hj: The series is stationary.
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In the case of the Phillips—Perron test, the lower or negative the value of the test
statistic, the higher the probability that the series is stationary. In our case, as observed
in Table 10, the Dickey-Fuller statistic for both variables is negative, and the p-value is
greater than 0.05, which means we reject the null hypothesis and conclude that the series is
stationary.

Table 10. Stationarity: Phillips—Perron test.

Phillips—Perron Unit Root Test

Dickey-Fuller z(alpha) —8.19
Greenhouse gases emissions from production activities (GEP) Truncation lag parameter 2
p-value 0.59
Dickey-Fuller z(alpha) —3.44
Labor productivity per person employed and hour worked (LBR) Truncation lag parameter 2
p-value 0.90
Dickey-Fuller z(alpha) —6.77
Generation of municipal waste per capita (GWA) Truncation lag parameter 2
p-value 0.69

Authors’ calculation.

For the purpose of constructing the ARDL model, we will select the appropriate lags
based on the information observed from the data’s autocorrelation test and according to
the Akaike Information Criterion (AIC), Hannan—Quinn criterion (HQ), Bayesian Schwarz
criterion (SC), and Final Prediction Error (FPE) criteria. For this purpose, we used the
VARselect function from the “vars” library in R Studio to analyze the information criteria.

The AIC measures the quality of model fit to the data, considering how well the model
fits the data and how many variables are used to adjust it. The lower the AIC value, the
better the model is considered. In our case (Table 11), if the AIC is 1, it means that the model
with one lag is preferred according to AIC. HQ, similar to AIC, puts more weight on the
number of parameters in the model. The goal is to find a compromise between model fit
and complexity. In our case, if HQ is 1, then the model with one lag is preferred according
to the HQ criterion. The SC criterion penalizes model complexity more strongly than AIC
and HQ. The goal is to avoid overfitting the model. If SC is 1, then the model with one
lag is preferred according to the SC criterion. FPE assesses the model’s performance in
predicting future data. The lower the FPE value, the better the model is considered. If FPE
is 1, it means that the model with one lag is preferred according to the FPE criterion.

Table 11. Information criteria.

GEP LBR GWA
Akaike (AIC) 1 0 1
Hannan—Quinn (HQ) 1 1 1
Schwarz Bayesian (SC) 1 1 1
Final Prediction Error 1 0 0

Authors’ calculation.

Selecting the appropriate lags for an ARDL model can be an empirical process and
depends on the nature of the data and the context of the proposed analysis. The results
of the information criteria tests, as well as the ACF tests in Figures 6 and 7, indicate that
the appropriate lag for the ARDL model with the three variables is (1,0,0). Such a model
is interpreted as the dependent variable being regressed on its own lagged value and
independent variables without lags.
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Figure 6. The result of applying the autocorrelation function (ACF) to the variable GWA. Authors’
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Figure 7. The result of applying the autocorrelation function (ACF) to the variables: GEP, LBR.
Authors’ computation.

In the model resulting in Table 12, greenhouse gas emissions from production activities
(GEP) and labor productivity per person employed and hours worked (LBR) are the
independent variables, and the generation of municipal waste per capita is the dependent
variable. The interpretation of the coefficients from the output of the ARDL model using
the ardIDIm function in R Studio is as follows:

e Intercept (3.45): This is the expected value of the dependent variable when all inde-
pendent variables are zero.

o L(LGWA, 1) (0.23): This coefficient represents the impact of a one-unit change in the
lagged value of “Generation of municipal waste per capita” on the current value of
the dependent variable.
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e  LGEP (0.11): This coefficient indicates how a one-unit change in “Labor productivity
per person employed and hour worked” affects the dependent variable.

e  LLBR (0.43): This coefficient represents the effect of a one-unit change in “Greenhouse
gas emissions from production activities” on the dependent variable.

Table 12. ARDL model2 Output.

Dependent Variable Generation of Municipal Waste per Capita
Sample 2010-2021
Multiple R-Squared 94.06%
Adjusted R-Squared 91.51%
F-Statistic; p-Value 36.92; 0.01%
Residual Standard 0.01
Error
Residuals
Min 10 Median 30 Max
—0.02 —0.01 —0.04 0.01 0.02
variables estimate std. error t-value Pr(>1tl)
Intercept 3.45 1.26 2.73 0.02
L(LGWA, 1) 0.23 0.12 2.85 0.01
LGEP 0.11 0.17 1.69 0.05
LLBR 0.43 0.07 6.04 0.00

Authors’ calculation.

For p-values associated with the coefficients:

e  p-values less than 0.05 (commonly used significance level) indicate that the corre-
sponding independent variable has a statistically significant impact on the dependent
variable.

e  t-value is the coefficient divided by its standard error, and it helps determine if the
coefficient is statistically different from zero.

In summary, the model suggests that the variables LGWA (lagged value of municipal
waste), LGEP (labor productivity), and LLBR (greenhouse gas emissions) have significant
impacts on the generation of municipal waste per capita. The high R-squared values
indicate a good fit of the model to the data. Multiple R-squared (94.06%) indicates that
approximately 94.06% of the variability in the dependent variable (LGWA) is explained by
the independent variables in the model. The adjusted R-squared considers the number of
independent variables and provides a measure of the model’s goodness of fit. In this case,
around 91.51% of the variability in the dependent variable is explained by the independent
variables, considering the model’s complexity. The F-statistic tests the overall significance
of the model. A higher F-statistic and a very low p-value suggest that at least one of the
independent variables is significantly related to the dependent variable. The residual
standard error measures the dispersion of the residuals around the fitted values. A lower
value indicates a better fit of the model to the data.

According to Figure 8, it can be observed that the residuals are within the range of
—0.02 and 0.02, indicating that the model is relatively stable and consistent over time.

In Table 13, we conducted a cointegration analysis using the Johansen procedure.
Regarding the eigenvalues, these are used to determine the number of cointegration rela-
tionships (r). In our case, the first eigenvalue (0.99) is significant, indicating the presence
of at least one cointegration relationship. As for the values of the test statistic and crit-
ical values, these are used to test the cointegration hypotheses. The values of the test
statistic should be smaller than the critical values to reject the null hypothesis (absence of
cointegration). In our case, we observe a potential presence of cointegration.
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Figure 8. Residuals cumulative sum for ARDL model.

Table 13. Cointegration analysis.

Johansen Procedure

Eigenvalues
(lambda) 0.99 0.76 0.03
Values of test statistic and critical value of test
Test 10 pct 5 pct 1 pct
r<2 0.32 6.50 8.18 11.65
r<1 14.78 15.66 17.95 23.52
r=20 75.52 28.71 31.52 37.22
Cointegration relations
LGWA .12 LGEPI12 LLBR.12
LGWA.12 1.00 1.00 1.00
LGEPI2 -0.38 0.52 0.88
LLBR.12 —0.48 —0.39 —1.95
Cointegration matrix
LGWA.I2 LGEPI2 LLBR.12
LGWA.12 —0.65 —0.44 -0.01
LGEP12 2.00 —0.48 —0.01
LLBR.12 0.57 —0.56 0.03

Authors’ calculation.

The cointegration coefficients represent the links between the cointegrated variables.
For instance, the cointegration coefficient between LGWA.12 and LGEP.2 is 1.00, suggesting
a direct relationship between these two variables. Overall, the results indicate that our
variables are cointegrated in at least one long-run equilibrium relationship. This implies
that changes in these variables are connected and can influence each other in the long term.
A detailed interpretation of the cointegration coefficients can provide more specific insights
into the nature of relationships among your variables.

Figure 9 compares the actual evolution of municipal waste generation per capita with
the values estimated using the ARDL model. It provides a visual depiction of the model’s
performance in fitting the actual data. The blue line (real values) represents the actual trend
of municipal waste generation per capita over the given period. The data points on this
line correspond to observed values from the input data. The red line (estimated values)
depicts the estimated values of municipal waste generation per capita using the ARDL
model. The better the red line aligns with the blue line, the better the model fits the data.
The distance between the blue line and the red line at each point indicates the error or
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difference between the real and estimated values. If the residuals are small and randomly
distributed around the blue line, it suggests a good fit of the model to the utilized data. In
our case, this statement is confirmed.

Actual value vs. estimate value

575
I

— Actual value — Estimate value

Dependent variable
570
l

5.55
l

550

2 4 6 8 10 12
Year

Figure 9. The real and estimated values of the dependent variable of the Generation of municipal
waste per capita.

6. Limitations and Future Research

The analysis of complex adaptive systems can offer multiple advantages in framing the
Circular Economy within the context of Romania. The Circular Economy, by its nature, is
complex and interconnected. The cybernetic approach from the perspective of CAS aids in
the in-depth understanding of how various components of the CE interact with each other.
This perspective can identify vulnerable, critical points, and potential secondary effects.
The Circular Economy involves various sectors and diverse interests. The analysis of
complex adaptive systems offers a comprehensive view on the interconnections and mutual
influences among various components, which is crucial for the development of effective
strategies and for coordinating efforts among different stakeholders. This approach enables
a deeper understanding of the system’s dynamics, including how small changes can have
a large-scale impact or how the system adapts over time. By considering the complexity
and adaptability of the system, planners and decision makers can better anticipate future
challenges and opportunities, leading to more resilient and sustainable solutions.

However, our study has encountered several barriers and limitations. First and
foremost, the most significant barrier was obtaining data and information regarding the
indicators/variables that characterize the Circular Economy in Romania. Due to this
limitation, only a few variables for which the necessary data for the analyzed time period
were available were selected. Furthermore, for certain variables that we would have liked
to include in the analysis, no data at all were published on the Eurostat platform. For
example, “food waste”, “End-of-life recycling input rates (EOL-RIR)”, “EU self-sufficiency
for raw materials”, etc.

Although we have identified six systems that influence the Circular Economy through
holistic analysis from the perspective of economic cybernetics, the ARDL analysis covers
only a limited set of variables, thus failing to capture the complexity of the model. This
integral aspect of the research remains a significant limitation.

For future research, we recommend diversifying the econometric tools to model the
relationship between economic growth and variables across all five thematic areas described
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in the EU Monitoring framework in Romania. For instance, a specific analysis could involve
the comprehensive examination of the new dimension introduced in the framework, which
is global sustainability and resilience.

Another future research direction we have in mind is to explore the development
and implementation of digital platforms that connect producers, consumers, and other
stakeholders in the Circular Economy, facilitating the exchange of resources and products.
Furthermore, we could investigate how artificial intelligence and data analysis can be
applied to optimize processes within the Circular Economy, such as waste identification
and management or resource planning.

7. Discussion

In the last decade, interest in the Circular Economy has increased, especially as part of
efforts to create a more sustainable society [57]. However, this revival of the concept has
also come with a series of controversies and confusions, both in the academic and practical
realms. In their study, Reike et al. [57] suggest that policymakers and the business sector
should focus their attention on implementing short-term value retention options, such as
remanufacturing, reconditioning, and reusing, while also considering the feasibility and
overall system impact. In contrast, researchers should support practical efforts to advance
the Circular Economy by taking a more prominent role in harmonizing views on what the
Circular Economy entails. The conclusions of Reike et al. [57] also underscore some of the
findings we have elaborated on in our own study, namely that sustainable practices and
policies are critically important in Romania’s transition towards a Circular Economy.

The Circular Economy can have a significant impact in Romania, especially considering
the general objective outlined in the National Strategy for the Circular Economy in Romania.
According to this strategy, policy approaches should aim to advance the Circular Economy
in Romania in the following ways [58]:

I.  Promoting the conservation of natural resources by adopting sustainable practices in
extraction, recycling, and recovery processes;

II.  Prolonging product lifecycles to curtail the demand for consumer goods;

II.  Alleviating the environmental repercussions of production methods;

IV.  Minimizing the ecological footprint associated with waste management and wastewa-
ter treatment;

V. Enhancing collaboration and coordination among governmental entities at local,
regional, and national levels.

In a context where Romania faces both economic and environmental challenges, the
transition to a Circular Economy becomes essential. Our study adopted a holistic ap-
proach, combining economic cybernetics and complex adaptive systems to understand the
complexity of the Circular Economy in Romania. This approach allowed us to identify
multi-dimensional relationships and propose viable solutions for promoting sustainable
development. Moreover, our research suggests that transitioning to a Circular Economy
could bring significant benefits for both GDP and environmental indicators. Addition-
ally, we identified several critical connections between recycling rates, labor productivity,
and sustainable resource use. These connections are vital for formulating policies that
simultaneously address multiple aspects of the Circular Economy.

MLR and ARDL modeling highlighted a series of key factors affecting per capita
GDP and the generation of municipal waste. The results emphasize the importance of an
integrated approach in public policy formulation. Based on our findings, we recommend
aligning future development policies with Romania’s National Strategy for the Circular
Economy. This would not only boost economic performance but also reduce environmental
impact. The transition to a Circular Economy in Romania has the potential to lower green-
house gas emissions and improve environmental quality, aligning with global sustainability
objectives.

Our study also has limitations, such as the use of a limited dataset. The COVID-19
pandemic has had a significant impact on various aspects of the Circular Economy, both
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in Romania and at the European level. Given that the time period we are analyzing also
includes the context of the pandemic, some aspects of analysis are necessary concerning
the variables used in the models. Regarding the “circular material use rate” variable, as
can be observed in Figure Al, the rate at the European level dropped in 2019, while it
showed a slight increase in Romania. Lockdown periods led to decreased consumption,
explaining the reduction in the circular material use rate. However, consumer interest in
sustainability has increased, counterbalancing this effect in Romania. Emission releases
initially dropped due to reduced industrial activities and traffic, although this decrease
was temporary, as can be seen in Figure A2. Imports and exports of waste for recovery
and recycling were likely affected by supply chain disruptions and quarantine measures,
as indicated in Figures A3 and A4. As many businesses closed or scaled back operations,
employment in the Circular Economy sectors may have been negatively affected, at least
in the short term. However, starting from 2020, there is observable growth in Romania in
the number of people employed in the Circular Economy sector (Figure A5). According
to Figure A6, investments in tangible goods related to the Circular Economy declined at
the European level during the pandemic, which can be explained by the fact that these
investments were postponed or reduced due to economic uncertainty. Gross added value
in the Circular Economy sectors (Figure A7) could have been influenced by a range of
factors, including reduced demand for products and services as well as potential supply
chain disruptions. Nevertheless, the EU’s post-pandemic economic recovery initiatives,
such as the European Green Deal [59], could offer opportunities to boost investments and
innovation in the Circular Economy.

Future research could incorporate more variables and utilize advanced modeling meth-
ods to solidify the results and we can explore the opportunities offered by the European
Green Deal.

8. Conclusions and Policy Recommendations

Regarding the comprehensive approach to the subject discussed in the study concern-
ing the current status of Circular Economy implementation and transition in Romania,
aiming towards a sustainable economic future analyzed through the lens of economic
cybernetics and the ARDL econometric models, we have managed to outline a holistic per-
spective on how we can assess the complex challenges of Romania’s transition to a Circular
Economy. In this context, the Circular Economy has been explored from the standpoint of
an adaptive complex system, which represents a novelty in the current state of research in
this field, allowing us to identify and highlight its characteristics.

Furthermore, we have conceptualized the Circular Economy as a cybernetic system
to illustrate and understand who the key agents are within this Circular Economy and
how this system can be regulated through the feedback mechanisms that form. As a
result, we conclude that the national Circular Economy is a complex adaptive system in
which numerous parts and elements interact dynamically and change in response to the
environment. In other words, the cybernetic perspective has enabled us to understand
the key elements of this sector and how it can be considered as a complex system. In
other words, analyzing the Circular Economy as a complex adaptive system confirms
that to ensure a fair and equitable transition to a Circular Economy, it is essential to
involve all stakeholders—governments, industry, communities, and civic organizations—in
planning and implementing changes. Equal access to resources, training opportunities,
and technology is crucial. Social and economic support programs should be put in place
to assist vulnerable and disadvantaged groups. Regulations should be designed in such a
way as to not create inequalities, but rather to encourage sustainable development for all.

To better understand the subcomponents of this complex system, the Viable System
Model was applied as a managerial diagnostic framework, focusing on the Circular Econ-
omy in Romania as a complex adaptive system. The analysis conclusions have highlighted
the advantages of this CE, which can be invested in to ensure sustainable development.
These advantages include adaptability and resilience, synergy, policy, and strategy integra-
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tion, as well as coordination and learning. At the same time, there may also be negative
effects on workers and communities involved in the Circular Economy. To minimize the
negative impact, it is important to develop transition strategies for the affected workers and
communities. This could include retraining and vocational programs, providing people
with the skills needed to work in emerging sectors. Additionally, a robust social protection
system should be in place to help mitigate any short-term economic or social shocks. Con-
sulting and involving communities in the decision-making process could also help identify
the best ways to address the specific challenges and opportunities for each community. In
the long term, investments in education and job creation in sustainable sectors can aid in a
smoother and less painful transition.

After cybernetic analysis provided us with a holistic framework for understanding the
CE, another analytical direction we pursued was examining causal relationships, both in
the short and long term, between the dependent variable, namely real GDP per capita, and
its factors such as waste generation per capita, regional recycling rates, labor productivity,
production of environmental goods, and the circular material use rate. Consequently, a
multicriteria linear regression model was constructed.

Based on this model, we observed that the variable LBR is not statistically significant
in the model. Therefore, we constructed an ARDL model where we logged all the variables
to increase the level of statistical significance. The results of the initial ARDL model led us
to the conclusion that all the selected independent variables impact real GDP per capita.

Following the analyses conducted so far, we considered examining separately, also by
constructing an ARDL model, how greenhouse gas emissions from production activities
and labor productivity per person employed and hour worked impact the generation
of municipal waste per capita. The model results suggested that the new independent
variables do influence the generation of municipal waste per capita.

The novelty of this article and its significance in advancing the specialized literature lie
in the holistic analysis from a cybernetic perspective and its integration with econometric
models, such as the ARDL model.

Author Contributions: Conceptualization, I.N., C.D. and N.C.; methodology, I.N.; software, LN.;
validation, LN. and C.D.; formal analysis, I.N.; investigation, LN. and C.D.; resources, I.N., C.D. and
N.C.; data curation, I.N. and C.D.; writing—original draft preparation, I.N.; writing—review and
editing, LN., C.D. and N.C,; visualization, N.C. and C.D.; supervision, I.N.; project administration,
LN., C.D. and N.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2023, 15, 14433 31 of 36

Appendix A AppendixA

The Circular Material Use Rate

125
,-——/\" o ) —
" =
R = el [

10.0
B 75
& colour
& ~— European_Union
3
g — Romania
(8]

50

25

——

2012 2014 2016 2018 2020
Year

Figure A1. The evolution of Circular Material Use Rate in Romania compared to the EU during the
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Figure A2. The evolution of Emissions in Romania compared to the EU during the 2012-2020 period.
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Figure A3. The evolution of Imports of waste for recovery in Romania compared to the EU during
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Figure A4. The evolution of Exports of waste for recovery in Romania compared to the EU during
the 2012-2020 period.
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Persons employed in circular economy sectors
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Figure A5. The evolution of Persons employed in Circular Economy sectors from Romania compared
to the EU during the 2012-2020 period.
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Figure A6. The evolution of gross investment in tangible goods from Romania compared to the EU
during the 2012-2020 period.
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Gross added value related to circular economy sectors
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compared to the EU during the 2012-2020 period.
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