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Abstract

The aim of this study is to optimize existing ecological-economic models used for 
assessing the value of the environment by integrating social and economic factors. 
Using a rigorous scientific methodology and systems analysis, the author synthesizes 
existing models of environmental valuation within the broader framework of global 
sustainable development. The proposed model incorporates mathematical algorithms 
that enable the quantitative estimation of environmental damage while also support-
ing the development of effective strategies to reduce the depletion of natural capital 
through its substitution with alternative resources. The study identifies significant 
shortcomings in existing ecological-economic models, particularly the omission of the 
social dimension and the lack of explicit consideration of critical natural capital as an 
essential component of total natural capital [1, 7, 8]. Such omissions are scientifically 
unjustifiable. The economic valuation model of natural capital proposed in this paper 
aims to refine and enhance existing methodologies through optimization.

Introduction

Contradictions in environmental 
and economic development

Human economic activity, including activities in the field of logistics and 
the organization of transport processes, is directly or indirectly associated 
with environmental impacts. In some cases, these impacts are so signifi-
cant that they lead to irreversible changes in parameters such as the chem-
ical and physical composition of the atmosphere, its ozone layer, average
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annual air temperature, radiation levels, and others. In 
this context, the problem of ensuring the stability of en-
vironmental and physical parameters has extended be-
yond the scope of individual engineering programs and 
has acquired broader socio-economic significance. An 
evolution of the scientific worldview is currently taking 
place, marked by a transition from anthropocentrism to 
the theory of natural biotic regulation of the environment, 
and further toward a model of sustainable development.

Methodological approaches, mathematical frame-
works, and practical applications have been developed 
in such scientific fields as industrial and transport ecol-
ogy, environmental management, and related areas.

However, the problem remains unresolved due to 
contradictions between the desire to minimize produc-
tion costs and reduce overall expenditures, on the one 
hand, and the increasing environmental burden, on 
the other. This article examines the causes and con-
sequences of this contradiction using the modeling of 
ecological and technological processes.

Problem statement

The concept of scientific creativity makes it possible to 
integrate biological concepts of sustainability and evolu-
tion while also addressing the human drive for improve-
ment and development. It should be noted that modern 
science dealing with complex self-organizing systems 
(synergetics) suggests that new structures emerge under 
conditions far from equilibrium. This postulate of syn-
ergetics appears to contradict the concept of sustainable 
development. There is reason to believe that this con-
tradiction may be resolved over time, as society learns 
to transition between nonequilibrium states without 
causing destruction to itself or the natural environment.

At present, science seeks to answer the question 
of why the Earth’s biosphere, composed of numerous 
organisms lacking intelligence, functions as a highly 
precise, balanced, and stable system, whereas human 
society, despite its high level of intelligence, does not 
exhibit these advantages. Moreover, due to its sponta-
neous organization, human society poses a threat to 
the very existence of the biosphere [9].

International climate 
conventions
Concern about threats to the biosphere is reflected in 
the Paris Agreement (2016). The agreement emphasizes 

the significant increase in the value of non-renewable 
natural capital, including vital resources such as the 
global climate, drinking water, and the ozone layer. 
A dangerous situation is emerging in which an ecolog-
ical crisis may develop into an ecological catastrophe. 
Consumption has begun to exceed the regenerative 
capacity of natural systems. The main reason for this 
trend is the overexploitation of the non-renewable, 
critical components of natural capital.

The central message of the Paris Agreement is that 
resolving the contradiction between the economy and 
the natural environment within the framework of the 
modern concept of “sustainable development” remains 
extremely difficult. A shift in the overall paradigm of 
the relationship between humans and nature is there-
fore required [9]. The research presented in this article 
addresses the issue of greening the economy.

Structure of the article
The article presents the research methodology and 
methods, system analysis, justification of the problem, 
as well as process modeling that takes into account 
restrictive measures in the use of natural capital. The 
results of the study have been obtained and can be 
used in the development of scientific and practical pro-
grams for human interaction with nature.

Research method

Justification and characteristics of the method

The methodology adopted in the article is based on 
a philosophical approach to the objective reflection of 
reality. The main method used in the study is the sys-
tems approach, along with systems analysis of com-
plex objects consisting of environmental, scientific, 
technical, economic, and social subsystems. 

The so-called principle of alternative forecasting 
of relationships in ecosystems was also applied in the 
study [3], [7]. This approach combines two fundamen-
tal ideas: the principle of subsystem identification and 
the cybernetic principle of feedback. The method in-
cludes economic and ecological modeling as its math-
ematical framework. Within this framework, natural 
capital is considered as a subsystem, represented by 
its main critical components—such as non-renewa-
ble resources, the global climate, the ozone layer, and 
freshwater resources.
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Analytical method

At this stage, the internal patterns of the system are 
identified. The internal structure of the object is ex-
amined, and the interactions between its elements 
are analyzed. However, this method also has its limi-
tations: it does not account for the emergence of new 
properties in complex systems that exhibit self-organ-
ization. It should be noted that ecological systems are 
typically self-organizing.

Systems approach method

With the development of scientific knowledge, purely 
analytical methods—based on decomposition and sim-
ple summation of results—became insufficient. These 
methods assume that system properties are deter-
mined solely by the properties of their elements. How-
ever, in some cases, systems acquire properties that 
are not inherent in their individual parts (a phenome-
non known as emergence) [1].

It is now widely accepted that knowledge of objects 
in isolation is only basic and direct. This must be ex-
tended to systemic knowledge, where an object or phe-
nomenon is understood as part of a broader system. 

The emergence of systems research methods is driv-
en both by the internal logic of scientific progress and by 
practical needs. The ecological approach is character-
ized by the presence of two major subsystems within an 
ecosystem. One is considered the central or “main” ob-
ject, while the other represents the environment, which 
is evaluated in terms of its influence on the main object.

Systems research does not focus solely on the cen-
tral object. Instead, the central object is treated as 
a subsystem within a larger system that includes the 
environment and the network of key relationships.

If the exchange of interactions is temporally or-
dered and linear, the ecosystem can be said to be in 
dynamic equilibrium. Otherwise, disruptions in this 
exchange lead to contradictions that drive changes 
and development within the ecosystem. Development 
implies increasing interaction between the ecosystem 
and its environment. If the ecosystem maintains equi-
librium with the environment despite ongoing changes, 
it can be considered sustainable. Ecological sustaina-
bility can be defined as the preservation of the qual-
itative identity and stability of an ecosystem over an 
indefinite period.

In all research approaches, the principle of alter-
nativeness may be applied—that is, the use of a wide 
range of scientific and practical methods to predict en-
vironmental changes in ecosystems.

The concept of sustainable 
development and its 
relevance
The concept of sustainable development, due to its sig-
nificance, has become one of the most widely studied 
and influential theories today. It serves as a fundamen-
tal framework for understanding the future structure 
of the world.

The central issue within the concept of sustainable 
development is the need to account for the long-term 
environmental consequences of economic decisions 
made today. Researchers emphasize the importance 
of minimizing negative environmental impacts and fu-
ture externalities for the benefit of future generations. 
Figuratively speaking, humanity cannot live at the 
expense of its children and grandchildren or exploit 
natural resources solely for present needs. Thus, the 
challenge of environmental constraints and the need 
to balance current and future consumption form the 
foundation for developing socio-economic develop-
ment strategies in any country [8].

The experience of developed countries demon-
strates that development projects which take natural 
laws into account are economically beneficial in the 
long term. Conversely, projects that ignore environ-
mental consequences and externalities often prove to 
be unprofitable. Therefore, in the long run, the well-
known principle applies: “what is environmentally sus-
tainable is also economically efficient.”

The issue of natural resource valuation examined in 
this article is considered an integral part of the sustain-
able development model, which is widely recognized 
as a model of progress that meets present needs with-
out compromising the ability of future generations to 
meet their own needs [2, 5].

The analysis and resolution of this issue are based 
on achieving a balance between ecology, economics, 
and the social sphere, particularly in the context of cli-
mate change, resource depletion, and the transition to 
a “green” economy [6].

For the analysis and comparison of methods for 
valuing natural resources, this article refers to source 
[4], which also addresses sustainable development in 
relation to environmental values. However, the author 
of that source does not fully consider the role of insti-
tutional factors in environmental valuation.

In this article, calculation algorithm (1) incor-
porates the aforementioned institutional factor (I), 
which, alongside other factors, determines the social 
dimension of addressing environmental issues from 
the perspective of global sustainable development. 
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A multi-factor, enhanced assessment of natural re-
sources within the framework of algorithm (1) im-
proves the quality and objectivity of environmental 
and economic policies, regulations, and instruments, 
including taxation systems, fines, and administrative 
and criminal liability for environmental violations.

Model for assessing the value 
of the natural environment
In general, sustainable development over time, taking 
into account the main parameters, can be represented 
in the form of an algorithm expressed by inequality (1):

Ft(L,K,P,I) ≤ Ft + 1(L,K,P,I),	             (1)
where: 
Ft(L,K,P,I), Ft  +  1(L,K,P,I)—sustainable development functions 
at time t ant t + 1;
L—labor resources;
K—produced (man-made) capital;
P—natural capital;
I—institutional factor (e.g., public health , cultural traditions, 
science, and education)

To monitor changes in inequality (1) over time, the 
following cost-based assessment model is introduced:

Cs = Cp + ∑4
i = 1Ei + 1		              (2)

where:
Cs—total social costs;
Cp—private (individual) costs;
Ei—external costs of type i

with:
∑4

i = 1Ei = Ec + Eh + Ef + Er

and:
Ec—costs borne by entrepreneurs;
Eh—public health-related costs;
Ef—costs associated with resource degradation;
Er—costs due to the loss of recreational value;
I—institutional factor (estimated based on statistical data).

Relations (1) and (2) indicate the need to maintain 
and increase production potential over time, primarily 
determined by three types of capital: L, K, and P.

Moreover, natural capital P may decrease, provid-
ed that this reduction is compensated by an increase 
in produced capital K (e.g., advanced technologies, 
infrastructure) and improvements in human capital 
L (e.g., education and skills). This substitution perspec-
tive has led to the concept of critical natural capital.

Critical natural capital refers to those natural assets 
essential for life that cannot be replaced by artificial 

means, such as the ozone layer, atmospheric air, and 
the global climate. This type of capital must be pre-
served under all economic development scenarios. 
The remaining natural capital may be partially substi-
tuted by produced capital. This applies to renewable re-
sources and, to some extent, non-renewable ones (e.g., 
replacing fossil fuels with renewable energy sources 
such as solar and wind energy). Taking critical natu-
ral capital into account, the sustainable development 
function Ft  should include constraints on its depletion.

Supporters of the technogenic approach argue for vir-
tually unlimited substitution of natural capital through 
market mechanisms and technological progress. In con-
trast, proponents of weak sustainability support substi-
tution but emphasize maintaining the overall stock of 
natural capital, based on its prior valuation.

The application of the research results, conduct-
ed within a rigorous methodology and a systemic ap-
proach, allows for:

a)	 the development of an environmental program 
for the optimal use and preservation of critical 
non-renewable natural capital;

b)	 the promotion of standardized institution-
al approaches to the concept of sustainable 
development.

Conclusions
The article provides a systematic analysis of existing 
models of sustainable development, taking into ac-
count the valuation of the natural environment. As 
a result of the analysis, shortcomings in the struc-
tural content of the methodologies were identified. 
In particular, these models do not specify or distin-
guish between approaches to the use of the non-re-
newable component of critical natural capital. The 
author has developed and presented a new model in-
corporating logistics, accounting techniques, and the 
use of specific types of natural resources, including 
their valuation.

The proposed model is supported by mathematical 
algorithms for assessing the effectiveness of reducing 
the consumption rate of non-renewable natural re-
sources. The model confirms that an important direc-
tion in the development of the concept of sustainable 
development is a comprehensive economic, ecologi-
cal, and social approach that includes the valuation of 
natural capital.

The article also provides a systematic analysis of 
existing methods for assessing natural resources and 
identifies shortcomings in their structural content.
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Existing models do not define approaches to in-
corporating institutional factors in the assessment of 
social costs.
•	 The author presents a model in mathematical 

form that includes a factor related to social costs.
•	 The proposed model represents a comprehensive 

approach to the economic and social assessment 
of the environment, taking into account all types 
of internal and external externalities.

•	 The practical significance of the article lies in its 
potential use in analyzing institutional support, 
as well as in developing plans to ensure environ-
mental safety and protect human health.

Taking into account the scientific analysis, in-
cluding the findings of this article, it is necessary to 
promptly optimize national strategies for the transi-
tion to a low-carbon economy, decarbonization of pro-
duction, technological modernization, and adaptation 
to climate change. In this context, methods for assess-
ing the value of natural resources and environmental 
damage are of primary importance.
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