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Abstract: An important problem in our world is that humanity’s energy consumption is constantly
rising. Therefore, nowadays there is an increasing emphasis on the problem of reusability and efficient
energy management. The present paper studies the energy sustainability of systems by developing a
unique test model. Using this test model, the theoretical problems of closed systems are investigated.
With a theoretical experiment, the temporal motion of rigid systems is monitored and the behavior of
flexible systems is analyzed. Finally, the study of the energy interaction of the general system and its
environment shows the basic condition for the system’s overall sustainability.
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1. Introduction

An important problem in our world is that humanity’s energy consumption is constantly rising.
Therefore, nowadays there is an increasing emphasis on the problem of reusability and efficient
energy management [1–3]. Among other things, increasing efficiency is one of the requirements for
the existence of long-term sustainable systems. Due to energy hunger, the need for sustainability is
emerging in all areas of life. Demand is emerging everywhere from the industry’s new paradigmatic
concept to the smart city concept [4–7]. From other aspects, the need for sustainability must be
emphasized in the underlying legal regulation [8] and in education [9–11].

The long-term sustainability of systems can be examined by the energy balance of the system.
The aim of the present study is to examine the energy relationship between the ideal system and
its environment in theoretical experiments, and to use this to demonstrate the energy conditions for
the long-term sustainability of systems. The result can help to understand the relationship between
the flexibility, efficiency and sustainability of systems. Furthermore, the result can help to show the
dependence of the energy requirement of sustainability.

There are several arguments in favor of the energy aspect. The analysis of the movement of
systems over time differs depending on the structural changes [12–14]. Structurally static motion can
be modeled with the loops of cybernetics. This modeling leads to a system of differential equations
with a static structure [15–21]. The result of organic change is a system of equations with a variable
structure that cannot be handled easily. The study of such system changes is more based on textual
modeling of human-based systems’ change management. Long-term sustainability requires structural
change. The energetic modeling of this is problematic because of the above. The series of theoretical
experiments seeks a solution to this problem.

2. Methods

The study is based on the results of energy balance modeling according to [3]. Said modeling
showed the energy relationship of the system components and the whole system and grouped the
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energy issues. Theoretical experiments have analyzed the energy balance [1–3] of several types of
system connections. As a first theoretical experiment, the problem of closed systems was investigated.
Ideal dual relationships were modeled in the second series of theoretical experiments. In the third
phase of the experiments, one of the actors in the dual relationship was replaced by the outside world.
With this method, the operation of real systems can be deduced in several steps. It is also possible to
formulate the energy conditions for long-term sustainability.

To achieve this:

1. one should create a system model to be used to investigate the problem;
2. the problem of closed systems should be investigated. Based on this, a conclusion can be drawn

for singular cases;
3. a test model should be developed in which only two systems have an ideal relationship. This

constitutes the general dual system testing model. It should examine the relationship between
structurally different systems:

a. the dual relationship of rigid systems must be examined;
b. the dual relationship between fully flexible systems needs to be examined;

4. in the dual test model, one system must be replaced with the complement of the other system.

Thus, the two systems in the study are the same as the system and the world outside it.
Generalization is the aim of this theoretical experimental step, from which conclusions can be drawn
regarding the general sustainability requirements of systems.

3. Results

The structure of the model produced for the tests is the same as the general simplified model of the
systems. In terms of energy balance, the behavior of the system can be characterized by the behavioral
pattern of the general energy model. The mechanism of the interaction of the systems can be modeled
with the model of cybernetic loops [15,16,19]. Theoretical experiments should be performed on the
resulting system model.

Using the energy model of general systems, it can be shown that ideal closed systems are
completely safe [22–25]. However, information on such systems cannot be obtained in reality, so their
existence has not been proven. Thus, closed systems are only worth talking about at the level of a
theoretical model. An examination of the pairwise interaction of the systems showed that rigid systems
devour each other, while flexible systems are in balance with each other. Theoretical examination of
the system and its environment has shown that the energetic condition for the long-term sustainability
of the systems is that the stored energy of the system shows a continuous and unlimited increase.
Summarizing the results:

• modeling of perfectly closed systems is only possible in theory, their existence cannot be proved,
• completely rigid systems engulf each other;
• perfectly flexible systems are balanced;
• the energy condition for sustainability is the continuous and unlimited growth of stored energy.

This result is consistent with the experience that the energy of the long-life systems increases
exponentially.

4. Discussion

The series of experiments is based on a modeling procedure not used so far. It uses the general
energy and structural model of the systems simultaneously. The logical sequence of the series of
theoretical experiments is also unique. The cases that resulted in anomalies are also examined during
the experiments. For this reason, the sequence of experiments provides a way to answer the problem
and get closer to real systems.
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4.1. Model

Since the aim is to study the energy conditions, the application of the operating model used in the
energy balance modeling of the systems may be expedient. According to this, the energy entering
the system is equal to the sum of the change in stored energy and the energy leaving the system. The
relevant equation is:

E(in) = ∆E(store) + E(out). (1)

In performing theoretical experiments, the logical separation of each experiment is based on the
structure of the systems. For this reason, it is worth using the structure of the information system
simplified system model [12–14] to model the structures of the systems. According to this, systems
can be easily structurally modeled by defining the system, its properties, and the designation of its
interface. In this case, the energy exchange of the system is only possible through its interface.

Finally, to model the interaction of systems, it is worth borrowing the mechanism of action of the
cybernetic loops used in control theory [15–19]. According to this, negative feedback control loops
were used to control the system according to the chain of action within the system. Based on the
evaluation of the output, an intervention was made at the input of the chain to achieve the desired
effect. This model assumes that the system is continuously exposed to external disturbances. The
general model of the study is shown in Figure 1.
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4.2. Closed Systems

The interface of a perfectly closed system model is an empty set. This means that such systems are
unsuitable for energy exchange. As a result, there is no exchange of information between the closed
system and its environment. They know nothing about each other. Therefore, the discussion of closed
systems is purely theoretical. In practice, such systems cannot be observed. A simplified structural
model of closed systems is shown in Figure 2.
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4.3. Dual Systems

At the beginning of the study of the interaction of systems, it is worth creating a general model.
According to this model, there is no system in the imaginary world other than the two systems studied.
The effect of one system is in interference with the other system and vice versa. Thus, the energy
exchange also takes place only between the two systems. That is, systems only communicate energy to
each other. The life of this dual system is determined by the variability of the energy transfer capacity
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and the structure of each system. The relevant equations are (2) and (3). The system identifiers (E1 and
E2) are in the lower index.

E2(out) = E1(in) = ∆E1(store) + E1(out), (2)

E1(out) = E2(in) = ∆E2(store) + E2(out). (3)

The model of the dual systems is shown in Figure 3.
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4.4. Rigid Dual Systems

Rigid systems are systems in which it is not possible to flexibly change the energy storage capacity
of the system. As a result, it is not possible to quickly change the structure of the system. Almost all of
the energy entering the system serves the operation of the system, which energy leaves the system after
work. In the case of a dual examination of these systems, systems that are the same in terms of energy
balance operate in balance with each other. This is based on Equations (2) and (3). The consequence is
Equation (4). Due to the rigidity of the structures, the equilibrium condition is Equation (5).

∆E1(store) + ∆E2(store) = 0, (4)

∆E1(store) = ∆E2(store) = 0 (5)

This balance is not ideal. Although a small deviation causes the excess energy to be absorbed by
the other system without damage, the difference between the systems involved in the study gradually
increases. As a result, the higher energy system swallows up the lower energy system. In the event of
a high degree of difference in systems, this effect is immediate and severe. So, it is characteristic of
rigid systems that they seek to achieve singularity.

4.5. Flexible Dual Systems

Flexible structured systems are systems that are capable of rapid structural change. This is
conditional on the possibility of storing a large part of the incoming energy. The energy demand
for the operation of the system is much lower than the energy storage capacity. In the case of a
dual examination of these systems, the identical systems are also in balance. Here, however, small
differences are immediately offset because the ability of systems to change is rapid. The system can
store the incoming excess energy without structural damage. The equilibrium condition is (6).

∆E1(store) + ∆E2(store) = ∆E1(out) = ∆E2(out) (6)

As a result, the energy balance of systems with different parameters and the amount of stored
energy are balanced in the long run. So, flexible systems maintain a stable state of equilibrium with
their environment.
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4.6. Complementary Dual Systems

During the complementary test, one of the dual systems must be replaced with the complement of
the other system. This means that the interaction between the system and the outside world is studied
as shown in Figure 4. This type of approach is already closer to real-world interactions than previous
studies. The system under study has neither a perfectly rigid structure nor a perfectly flexible structure.
Several conclusions can be drawn when conducting the theoretical experiment.
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The model of the complementary dual systems is shown in Figure 4.
The system is safe until a larger amount of energy arrives in its direction than it can store or pass.

At higher energy doses, the system reacts as a rigid structure. Its structure is forced to change. The
system then moves in the direction of the singularity. With a lower dose of energy, the system can store
the excess. The structure of the system varies according to its own capabilities. In this case, the system
moves towards balance with its environment. The general equation of the complementary dual system
model is (7).

0 < Esystem(in) = Eenvironment(out) <∞. (7)

The results of the study show the basic condition for the long-term energy sustainability of a
general system. The system is most secure under the conditions if it is possible to ensure the storage
and transmission of excess energy for all time intervals. This means that the change of the system must
also be of this nature. All this suggests exponential behavior. This involves continuous flexibility. At
the same time, the energy level of the environment can be characterized by infinity at the scale of the
system. Therefore, the continuous flexibility of the system and thus its continuous sustainability can
be increased by increasing the energy of the system continuously and unlimitedly.

5. Summary

Industry 4.0 represents a new paradigm in terms of production. The smart city concept represents
the same paradigm in terms of consumption, among other things. One of the most important features
of this paradigm is to ensure long-term sustainability in all aspects [1–7].

In the present study, a unique test model has been developed to study the energy sustainability
of systems. Using the test model, the theoretical problems of closed systems were first investigated.
Subsequently, the temporal motion of rigidly structured systems was analyzed, which showed that
such systems strive for singularity—they swallow up each other. Then, the study of flexible systems
revealed that these systems strive for balance with their environment. Finally, a closer examination of
the system showed that the basic condition for the energy sustainability of systems is that the system’s
own energy should increase continuously and unlimitedly. This result is consistent with the experience
that the energy of long-life systems increases exponentially.
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