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Abstract: The transition of the global economy to a low-carbon development path has led to dramatic changes in the organization and functioning of energy markets around the world, where hybrid energy systems (HESs) are one of the decisive active agents. At the same time, a number of problems facing the modern HESs are primarily due to the stochastic nature of the renewable energy they use, require further profound changes not only in the technologies they use and how they manage them, necessary to meet the needs of end consumers and interact with the unified energy system, but also to preserve the ability of the environment to self-heal. In order to make the process of changes more efficient and eco-deep, the article proposes to use and discusses the approach based on service-dominant (SD) logic, which opens up new opportunities for solving the problems of HESs. First of all through: the implementation of closer service interaction with other participants in the energy markets, as well as with the environment; a systemically organized process of transforming the “product” economic activity of HESs into a service-dominant one; developing the generalized and engineering models for solving the problems of optimizing the technical and economic indicators of HESs, operation in steady-state and transient modes. The calculations confirm the effectiveness of the proposed approach and its ability to reduce the average daily costs for the system as a whole by 14.7% compared to the costs with a uniform distribution of power between the modules.
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1  Introduction

The transition of the world economy to low-carbon development, driven mainly by pollution from the burning of fossil fuels, has caused fundamental changes in the organization and functioning of energy markets. These markets that were centralized decades ago, mainly operating with conventional types of energy resources, are now becoming decarbonized and decentralized with active involvement of prosumers in the processes of energy production and consumption. Today’s energy markets are shifting to a real-time model, taking into account the widespread use of solar and wind power plants, energy storages, electric vehicles, etc., based on smart technologies and virtual organization management. On the one hand, this creates more problems with ensuring the reliability and stability of the operation of energy systems, and on the other hand—opens up more opportunities for energy efficiency (EE) and renewable energy sources (RES).

There are three closely interconnected directions (design solutions) for solving of the above problems, which are currently being implemented through: increasing the flexibility of the centralized energy system; carrying out its decentralization; and implementation of hybrid energy systems (HESs). But what is already clear today is that: the new format (type) of a centralized energy system should be based on a modular structure with deep regulation of the generated energy; the decentralized energy system should consolidate local prosumers; and HESs—integrates different types of clean conventional and renewable generation. It is also clear that:

•   Each type of these systems, taken (considered) separately, has its own advantages and disadvantages, and their consolidation should open up new opportunities for using synergistic effects;

•   None of the types of energy systems being considered for implementation should be inferior to others in terms of energy efficiency, ecology and energy security;

•   All energy systems selected for implementation must be integrated, coordinated and balanced as subsystems within the framework of unified (united, bulk, also) energy system.

Here it is necessary to emphasize that the decision-making process for choosing the optimal structure and operation parameters (modes) of the unified energy system (UES) is a process of multi-level, multi-objective optimization taking into account the specifics of the scale, location, connectivity, proximity, flexibility and manageability of the selected subsystems, as well as their differences in energy, economic and ecological characteristics [1,2].

Reviews of problematic issues containing more than 160 references covering most aspects of the comparative analysis of centralized and decentralized energy systems operating in electricity markets can be found, for example, in [3]. In our analysis, we single out hybrid power systems as an important class of UES, characterized by wide possibilities for using different types of power plants operating on different types of energy sources, including, as a rule, RES. In addition to traditional power plants, these can be energy storage devices such as pumped hydroelectric power plants, compressed air systems, hydrogen systems, super capacitors, etc., thermal energy sources (biogas plants, solar thermal collectors) and organic biofuel sources (e.g., diesel generators) that act as backup power. Given the renewable nature of the RES and the ever-increasing prices for oil and natural gas, HESs with renewable sources are already successfully competing with traditional ones today [4].

Autonomous (i.e., not connected to a centralized network) energy systems that use only certain types of renewable energy (solar, wind, etc.), in real time conditions of variability of weather/climate, do not always meet the requirements of consumers for the reliability and quality of the generated energy. Obviously, a system that combines several types of renewable energy, especially with other types of clean energy, becomes more efficient in terms of price, reliability and productivity. Such a system, referred to as a hybrid system, is becoming the fastest growing element of energy markets worldwide [5,6].

Hybridization makes it possible to improve the technical and economic parameters of energy systems with RES; however, implies the optimal choice of energy sources, technologies and modes of their operation, which ultimately determines the methodology for designing such systems, including the solution of complementary tasks of dispatching and control.

One of the modern directions for the development of HESs is microgrids, which are self-sufficient power systems that serve discrete geographical areas, providing energy to nearby consumers [7,8]. This allows, firstly, to overcome the inefficiency of centralized grids, which have large losses during transmission and distribution—up to 8%–15%, and secondly, to disconnect from the central grid at any time and operate autonomously using a microgrid controller that manages available energy resources in order to achieve the goals set by microgrid customers in cases of unforeseen power outages, scheduled repairs or for other reasons. For its part, autonomous mode requires an independent solution of a whole range of issues at the consumption level; first of all, this is the quality of electricity generation, its excess losses, as well as billing problems [9,10].

Despite the advantages of microgrids systems, it should be emphasized that their complete autonomy and the rejection of the services of a UES are unrealistic and/or unprofitable, since such systems need at least qualified management, even not to mention the advantages of energy exchange between them.

Thus, for the efficient operation of microgrid systems as a self-sufficient part of a UES, an exchange of energy flows with the levels of transmission and distribution of a unified system will be required, that can be realized using new approaches to the organization and management of the system, based on smart information technologies [2]. One of these approaches is based on the principles of building so-called transactive energy systems, which, in contrast to the traditional hierarchical approach, promote a network environment. This makes transactive energy systems more interoperable and flexible due to the wide possibilities of direct interaction of each node of such a network with others (also between levels of the unified system), thereby improving the efficiency and reliability of the system, increasing customer satisfaction and reducing energy costs, etc. [11–13]. The requirements for developing an effective mechanism for transaction management, taking into account various market scenarios and pricing mechanisms, focused on meeting the needs of a consumer, are discussed in detail in [14]. Summing up the above analysis, it should be noted that the difficulties of introducing hybrid energy systems are associated not only with the variability of renewable energy, but also with the urgent need to develop a business paradigm that opens up new, more competitive forms and rules for the organization and operation of HESs in the energy products and services markets. One of the promising innovative approaches to solving this complex problem analysed in our work is service-dominant (SD) logic, but today it has been developed in detail at the level of descriptive explanation [15], which in our case requires its formalization in order to make numerically sound decisions.

Thus, the main objective of the work is to develop a methodological framework and a multi-level model based on the SD approach to improve the competitiveness of HESs due to their performance-based interaction with all subcontractors in the markets of energy products and services, as well as with end-users.

The advantages of the proposed approach to improving the competitiveness of HESs are that the economic interest of subcontractors will not be in the provision of marketable products and services, but in the final results of their utilization by consumers. This obliges subcontractors not only to supply high-quality products, but also to guarantee the effectiveness and efficiency (energy, economic, environmental) of its operation by providing services within the period stipulated by the performance contract.

To achieve the objective, the following sequence of two main steps was applied. The first step is to analyze the main capabilities of the SD approach in order to identify methodological requirements that can be reconciled with the task of increasing the competitiveness of HESs in the markets of energy products and services and as a result, clarify the stages of their implementation within the framework of performance management. At the second step, a multilevel model is constructed that formalizes the identified competitive capabilities by a system of generalized equations with their subsequent adaptation for engineering calculations and analysis.

The novelty of this work is that:

•   At the methodological level, a systemically organized process of transforming the “product” economic activity of HESs into a service-dominant one is proposed. Achievements also include identifying potential performers and developing a continuous improvement management cycle to drive such transformation.

•   At the generalized model level, the problem of optimizing a complex energy system, taking into account the energy, economic and environmental aspects of its operation is formalized on the basis of the set-theoretic approach. A system of corresponding target functions is developed;

•   At the level of an engineering model, an algorithm is developed for numerical solving the problems of optimizing the technical and economic indicators of HESs operation, covering the tasks of minimizing costs in the transmission and distribution of electricity, optimizing power take-off from generators, and mitigating the negative impact of transients when the load changes.

The practical implications of this work are to provide designers as well as practicing engineers with a methodological framework for improving the competitiveness of HESs by making more informed, performance-based decisions about the actions to be taken to improve it.

2  The Logic of Service-Dominant Approach

In the last decade, the service-dominant (SD) logic [16] has become increasingly in demand as a means of creating innovative solutions in which manufacturing and service companies pool their resources with retail customers to encourage the efficient production and sale of products and services while reducing business costs. This means that consumers become full participants in the SD market in the production and use of goods and services [17,18]. Very closed to the SD logic is the concept of product-service systems (PSS) [18,19]. Their mutually agreed integration (denote it as a SD-approach) contributes to a closer and longer-term relationship, which means better mutual understanding and more profitable commodity-money transactions, including in the implementation of EE and RES projects [20–22].

Among other advantages of the SD-approach in the implementation of EE and RES projects, the following two should be highlighted. First, result orientation, when the synergy of interaction between manufacturing and service companies with customers is aimed at effectively meeting the final needs of consumers in lighting, heating, cooling, etc. Second, the focus on demand management (low cost planning, integrated resource management, etc.) originated in the US energy sector in order to introduce more cost-effective services to reduce energy demand than to increase generating capacity.

The energy services market within the framework of the SD-approach is actually determined by a systemically organized energy community of participants united by a network structure of interconnections, which, depending on the level of their integration, can cover both the national and local levels and even the level of specific energy-intensive equipment.

Considering the complexity and a significant number of geographically dispersed and, as a rule, legally independent participants, the organization of such energy communities in practice has become possible only on the basis of smart information platforms created in a virtual (cloud) environment and functioning in conditions of competitive interaction between participants [23,24].

Here we should state that from the point of view of management theory, such a community is a complex socio-technical system that unites business entities acting in energy sector (e.g., energy cooperatives, microgrids, prosumers, etc.), each of which produces (uses and/or provides) separate, but systemically consistent with all other entities, products and/or services, which together form a single business solution for end users. The organization of a waste-free cycle in managing the flow of energy, material, financial and economic resources through waste disposal by these entities increases their energy efficiency and expands the spheres of using RES.

Considered within the framework of the SD-approach, such a socio-technical system can be displayed as a set of sub-blocks, each of which reflects the business activity of participants (energy communities) in the primary resource markets, materials and products (both renewable and non-renewable), energy services, secondary resources, materials and products of their processing, as well as in the production market, which rightfully occupies a central place in such frameworks [22].

It is clear that the practical implementation of the SD-approach requires the creation of a virtually organized service center for control, coordination and balancing of the activities of energy communities in the above-mentioned markets on a mutually beneficial basis [24]. Herewith, the center should be able to compare heterogeneous and multi-scale projects of system participants, coordinating their local efficiency and comparing the effects received by energy communities from attracting investments within individual projects with system-wide efficiency. At the same time, the center should organize the process of selecting the best investment proposals without prejudice to the interests of any of the participants, since the deterioration in the efficiency of each of them directly affects the performance of all other participants in the system [25].

One of the most effective and widespread forms of such activities is energy service, which, as a rule, performs most of the functions necessary for a SD business (technical, economic, financial and legal) [20]. Among them are design, engineering, installation, commissioning, monitoring and verification of energy saving measures (projects), including those based on EE and RES, which are carried out by energy service companies (ESCOs) [26–28]. It is important that ESCOs provide energy services to their clients by assuming a certain degree of financial risk and receiving payment (in whole or in part) for the services rendered based on achieving results in improving energy, economic and environmental efficiency.

However, with the traditionally established relations between legally independent providers of energy products and services, in which their own interests in relation to making a profit do not coincide, synergy of interaction between participants is not fully realized outside the SD-approach.

To do this, it is proposed to modify the known mechanism of energy performance contracting (EPC) [20], based on the following principles that should be binding on every provider of energy products and services within the framework of the common EPC, as well as their users:

•   To guarantee the quality of products and services provided to clients (subcontractors) within the terms stipulated by each particular EPC, which will improve the economy and/or energy and the environment of the clients;

•   To invest own funds (in whole or in part) in the implementation of energy service projects within the EPC on a mutually beneficial basis;

•   To carry out a competent restructuring of own business, aimed at improving energy efficiency, competitiveness and the financial stability of all EPC providers, as well as their users.

The development of business relations between providers of products and services within the SD-approach framework is implemented through a systemically coordinated integration of their production and communication processes based on closed performance management cycles. The cycles organized in this way can be thought of as Deming’s continuous improvement process that combines the steps of planning (establish objectives and plans), doing (implement plans), checking (measure and monitor results against planned) and acting (correct and improve plans) into one ongoing performance management process.

In our case, the generalized model that reflects this process consists of at least two system-coordinated closed cycles managed by the service center (Fig. 1). With an internal closed cycle, the agreed harmonization of services provided by business entities in the SD-approach framework is carried out throughout the entire life cycle of the product. These are: primary resource services; product-related services; UES-related services; waste recovery services; and consumer-related services. All these services sequentially go through each step of the external cycle in accordance with the Deming process.
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Figure 1: The cycles of the organizational mechanism to support the implementation of the SD-approach

It is clear that the process of performing such complex procedures requires, on the one hand, the involvement of a professional organization, and, on the other hand, methods and models suitable for engineering design. The role of such organizations (let us call them coordination-balancing service centers) is usually performed by ESCOs, while the numerical methods and models necessary for this are acutely scarce, especially for HES.

The last task considered within the framework of the SD-approach is not easy, even from a mathematical point of view, since it is necessary to connect each stage of each service with each other in a systemically balanced and consistent way, while optimizing the resulting process according to a set of technical, economic and environmental criteria.

3  Mathematical Model and Engineering Calculations

3.1 Principles of Building a Generalized Model

Turning structured model of SD-approach, presented in Fig. 1, into a formal mathematical one is an essential for its implementation in practice. To achieve this goal, we used the synergistic combination of energy systems requirements analysis and set theory, reflecting business activity of participants (energy communities) considered above to create a system of adequate equations. First of all, it should be noted that from the point of view of Dubin’s method of structural-component analysis the model shown in Fig. 1 is a three-level vertically organized system of performance management, where coordination-balancing service centers are located at the upper (first) level of this system. The next (second) level of the system is occupied by business entities providing different types of services. The third level is the level considering the stages of the performance management cycle reflected by the external cycle.

In accordance with this, the structured three-level model shown in Fig. 1, can be formalized based on symbolic mappings of set theory and is represented by three mutually consistent systems of equations (the main and two auxiliary ones) [29,30]. The main system of equations in our case will reflect the relationship of input variables into sets of output variables for each level (subsystem) of the model under consideration, and the auxiliary ones will reflect the energy, economic and environmental efficiency of interaction between levels (subsystems) due to direct and feedback links:

{ϑi:Xi×Uh/i×Zj/i→Yi;ϑj:Xj×Ui/j×Zk/j→Yj;ϑk:Xk×Uj/k×Zl/k→Yk,{μh:Yi→Uh/i;μi:Yj→Ui/j;μj:Yk→Uj/k,{εj:Yj→Zj/i;εk:Yk→Zk/j;εl:Yl→Zl/k.(1)

where: X—set of input, and Y—set of output variables of the system of equations; U is the set of control variables (direct links), and Z is the set of feedback variables of one subsystem with another (others); ϑ,μ,ε—sets of mappings of the corresponding sets of variables reflecting the performance, efficiency, etc. of these mappings in physical systems; i, j, k—indexes of hierarchy levels of the main three subsystems of the structured model; h is the index of the set of impact factors external to the given system (for example, from outside organizations), and l is the index of the set of impact factors from consumers; /—a symbol showing here the direction of interaction between the levels of the system; × is the sign of the direct (Cartesian) product.

As a result of applying Eq. (1) to formalize the three-level model shown in Fig. 1, we have received a structured procedure for searching and accounting for all possible interactions in the system. This is not an easy task for a three-level model. For example, if you need to take into account n parameters in each of the variables X, U and Z, then this will be a task for n3 different types of their interaction. For further formalization of Eq. (1), we propose to display them in the form of mutually consistent subsystems of balance equations (energy, economic, environmental), linking input and output variables (parameters) for each business entity and the energy system as a whole. This makes it possible to use the logical operations of set-theoretic union or in a linear form—the summation functions.

The linear form of balance equations is most suitable for finding engineering solutions in the HES sphere, since the energy, economic and environmental performance indicators here, as a rule, are subject to the superposition principle. However, the search of the optimal solution for multilevel system based on the totality of energy, economic and environmental objective functions is a vector (multi-criteria) optimization problem, which generally does not have a single solution.

To overcome this limitation, we propose to apply the following 2-step algorithm: firstly, to solve three separate one-criteria optimization problems, according to energy, economic and environmental criteria and then, using the consensus method, to find the quasi-optimal solution at the system level.

The single-objective functions used are as follows:

OgC=∑h⁡∑i⁡∑j⁡∑k⁡∑l⁡Cgh,i,j,k,l→min;OgL=∑h⁡∑i⁡∑j⁡∑k⁡∑l⁡Lgh,i,j,k,l→min;OgE=∑h⁡∑i⁡∑j⁡∑k⁡∑l⁡Egh,i,j,k,l→min,(2)

where: OgC, OgL, OgE—economic (costs, C), energy (losses, L), and environmental (CO2 emissions, E) single-objective functions, respectively; index g highlights their using in the generalized model, and indexes h, i, j, k, l—hierarchy levels of this model.

Note that the solution of optimization problem (1) and (2) is guaranteed, since the objective functions (2) will be deterministic, continuous, differentiable, unimodal and convex if the numerical values of the parameters of these functions you will measure or in monetary units, for example, in thousands of dollars, or in energy units, for example, in kg of oil equivalent (kgoe), kWh, etc.

3.2 Engineering Model and Calculations

The practical use of the above aspects of building a generalized model of the HES functioning will be further considered using one of the examples of microgrid systems, which are actively developing today and are beginning to occupy one of the central places in the structure of the modern electricity generation.

In accordance with the approach of balance equations, the engineering model should allow for a comprehensive analysis of the economic and technical aspects of the microgrid systems functioning, aimed at minimizing costs and losses in the production, transmission and distribution of electricity, as well as optimizing the choice of type and balancing the power of generators, taking into account the influence of transient (dynamic) processes when changing consumer loads. The cost of energy produced by local microgrid systems is in most cases calculated on the basis of economically justified costs, where investment (capital), operating and fuel costs are distinguished for energy technologies [31–33].

3.2.1 Generation and Supply Costs

Consider a microgrid system consisting of the following energy subsystems (modules): wind turbines modules, solar photovoltaic modules, storage battery modules, and uninterruptible power supply modules, the total annual cost C of generating electricity of which consists of the total fixed costs CT and the variable operating costs ΔC:

C=∑k=1hCTk+∑k=1hΔCk,  thousand $, (3)

where: h is the number of energy modules in the system.

The total fixed costs of the microgrid system consist of

CT=CW+CPV+Cb+Cdg, thousand $,(4)

where: CW—the annual costs of wind turbiny modules, CPV—the annual costs of solar photovoltaic modules, Cb—the annual costs of battery modules, and Cdg—the annual costs of an uninterruptible module.

Let us represent the costs for each energy subsystem in the following detailed form:

Cw=CUwNwf+CcapwNw+CexpwNw;Cpv=CUpvNpvf+CcappvNpv+CexppvNpv;Cb=CUbNbf+CcapbNb+CexpbNb;Cdg=CUdgNdgf+CcapdgNdg+CexpdgNdg,(5)

where: CUw, CUpv, CUb, CUdg—the cost of one module in each of the subsystems, N is the number of modules in each of the subsystems, Ccapw, Ccappv, Ccapb, Ccapdg—the capital costs for the supply, installation and adjustment of the corresponding modules; Cexpw, Cexppv, Cexpb, Cexpdg—operating costs for one module in each of the subsystems; f—fixed capital renovation ratio, all costs in thousands of dollars.

When several modules of different types of subsystems operate in parallel or with their own dependences of costs for power, the total costs are determined as the sum of the generation costs of each:

C(t)=∑j=1nCwj(t)+∑j=1mCpvj(t)+∑j=1vCdgj(t),thousand $, (6)

where: n is the number of wind modules, m is the number of solar modules, v is the number of uninterruptible modules.

Variable system costs are usually associated with the fuel consumption of uninterruptible modules, energy losses for charging and discharging batteries, losses at insufficiently low loads of wind and solar modules, and are mainly due to atypical climatic conditions.

Various methods and models are used to justify the design decisions of HESs, primarily linear and nonlinear programming, genetic, fuzzy logic, neural networks, etc. [34–37]. For example, according to the linear programming method, a savings of about 19% were achieved while minimizing operating costs [33].

3.2.2 Optimization According to Technical and Economic Indicators

To optimize according to technical and economic indicators in the concept of transactive energy, an algorithm improved on the basis of the nonlinear programming method was used. Based on the calculations performed using expressions (3)–(6), the dependences of variables operating costs for power are established, which make it possible to optimize the microgrid system as a whole according to the criterion of minimum costs:

C→min.(7)

To solve the optimization problem (7), a step by step algorithm for distributing power between modules has been developed, which optimizes the operation of the microgrid system both from the technical and economic side. To do this, at each time interval, taking into account the power generated by the modules in the previous interval, to ensure its current value, the required power take-off from each module is calculated to ensure minimal system costs. Along with this, at each time interval, the system has to be in energy balance, and its total generated power P must be equal to the total power required by consumers and required to charge storage batteries:

P=∑j=1kPji(t)=∑n=1mPlni(t)+PBi(t),kW,(8)

where: Pji(t)—power generated by the j-th module at the i-th calculation step; Plni(t)—consumer power at the i-th calculation step; PBi(t)—power of energy input to the storage battery at the i-th calculation step; k is the number of modules involved in the operation, m is the number of consumers.

Let us specify the possibilities of applying the approach indicated by expressions (1)–(8) using the example of a microgrid system with one wind, one solar and one uninterruptible modules. The operation of the step-by-step algorithm for distributing power between modules in this case consists in solving the following tasks:

1.   Setting the initial conditions for each of three generating modules: curves C1(P), C2(P), C3(P) in the form of continuous functions and initial power values P10, P20, P30;

2.   Setting the current value of the consumer power Pli and the maximum power taken from the solar and wind modules;

3.   Calculation of the required range of the total change in the power of the modules

ΔPi=ΔPli(P1(i−1)+P2(i−1)+P3(i−1)),kW;(9)

4.   Finding the minimum of the objective function

C(P)=∑j=1kCj(Pj)→min,thousand $, (10)

subject to the following constraints:

{∑j=1kΔpji=ΔPi,−ΔPi≤Δpji≤ΔPi,(Pj(i−1)+Δpji)≤Pjmax.(11)

where: Δpji are the values by which the power of each module should change (increase or decrease) at the i-th calculation step, kW; Pjmax—maximum power output by each module, kW; Pj(i−1)—power output by modules at (i−1) calculation step, kW. The excess energy produced by the modules is sent to the storage battery;

5.   Calculation of powers required to achieve minimum costs:

P1i=P1(i−1)+Δp1i,kW;P2i=P2(i−1)+Δp2i,kW;P3i=P3(i−1)+Δp3i,kW.(12)

The obtained power values are the initial conditions for the next calculation step;

6. The calculation is repeated according to item 2.

Unlike the algorithm built on the basis of linear programming, where each module is optimized in turn [33], the	 developed algorithm allows simultaneous distribution of power over each module.

Features of renewable energy sources, this algorithm takes into account as follows. As for real-time wind parameters, which are stochastic in nature due to changes in wind speed and direction the power of the wind turbine at any time of the year should be calculated based on local weather conditions [31]:

Pw(t)={0vw(t)<vwminPRw((vw(t)−vci)vr−vci)vci≤vw(t)<vrPRwvr≤vw(t)<vco0vw(t)≥vco},(13)

where: PRw is the rated power of the wind turbine, kW; vw(t) is the current value of the wind speed, m/s; vwmin is the minimum value of the wind speed, m/s; vci is the cut-in speed of the wind turbine, m/s; vr is the nominal (rated) speed of the wind generator, m/s; vco is the cut-out speed of the wind turbine m/s.

The instantaneous power of the wind turbine with a horizontal axis of rotation (using the example of an ideal wind wheel) can be determined by the formula

PRw=ηKρ3πvw(t)D28,kW.(14)

Here: η is the energy efficiency ratio (coefficient of performance) of the turbine; K is the wind energy utilization coefficient; ρ is the air density, kg/m3; D is the wind wheel diameter, m.

The power of the solar panel (module) is calculated by the expression:

PPV=fPVηPVIscUoc,kW.(15)

Here: Isc is the short circuit current, kA; Uoc is the open circuit voltage, V; fPV is the power reduction factor (capacity factor), ηPV is the energy efficiency ratio (coefficient of performance) of the solar panel.

According to the Eqs. (3)–(15) of the algorithm considered above, daily graphs of the dependence on the power of the solar and wind modules (Fig. 2) were built with an interval of T = 10 min.
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Figure 2: Time dependence on the power of wind (1) and solar (2) modules

Unlike renewable sources, whose energy generation opportunities are sometimes limited by the climatic conditions instability, the uninterruptible power supply modules are usually used in microgrid systems to compensate for such types of energy shortages among consumers, as well as in other cases of damage and losses in the energy system [38].

3.2.3 Study of Steady-State Operating Modes

When solving the problem of optimizing the operating modes of microgrid systems, one of the determining factors is the amount of energy consumed. The use of actual measured hourly or every 15–30 min power consumption data provides sufficient information on the rate of change of load, including peak loads, necessary for the engineering analysis of such systems. As an example, Fig. 3 shows in the form of a step function the total daily consumer schedule (load curve), divided into T = 144 intervals of 10 min each.
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Figure 3: Daily load curve in steady state operating mode

Taking into account the weather conditions on that day, optimization calculations were carried out under the criterion of minimum costs, according to the results of which the powers were distributed between the system modules at each time interval. The results of these calculations are shown in Fig. 4.
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Figure 4: Power distribution among the modules in steady-state operating mode. I—solar module, II—uninterruptible module, III—wind module

The time distribution of the corresponding total costs, calculated in relative units, is shown in Fig. 5.
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Figure 5: Optimal system costs in steady state operating mode

Analysis of the obtained results shows that at intervals 44–56 and 127–132 there is a sharp increase in total costs, since the maximum wind energy is taken to cover the load. In this case, there is a minimum consumption of solar energy, the inverter of the solar generator is underloaded and its efficiency is low. The maximum load power take-off is ensured with the maximum use of solar energy. The average total costs per day is C=0.263Cmax. When the load profile changes, the distribution of daily costs differs, but remains optimal for the technical and economic components of the analyzed microgrid system.

Note that the presented above algorithm, operating within the framework of the service-dominant logic, makes it possible to optimize the composition of the microgrid system and the rated powers of its modules to reduce costs without involving consumers to change their load schedules. For comparison, the costs were analyzed for a uniform distribution of power over three modules. In this case, the power of the solar module was equal to PPVmax, if PPV<Pl, i.e., less than a third of the load power. The average costs per day were C=0.41Cmax, which is 14.7% more than with the optimal distribution of capacities. This necessitated a guaranteed power source to generate more than the nominal (rated) power, which leads to high fuel consumption.

3.2.4 Study of Transient Operating Modes

Transient processes in hybrid microgrid systems that occur with rapid changes in environmental conditions, as well as loads, as a rule, lead to corresponding structural and/or regime changes that reduce the stability limits of these systems. In these cases, a hybrid system can be considered sustainable if it is able to function normally under disturbance conditions, satisfying consumer demand in terms of the volume and quality of generated energy.

An excess level of such impacts can lead to the transition of hybrid microgrid systems to a state close to emergencies, when they operate at the limit of their capabilities. There are various scenarios for the development of events: an emergency shutdown of the load, which they are unable to provide, or the connection of an additional generator, in particular, an uninterruptible one. Herewith, the microgrid system can be characterized as stable if it is able to return from an emergency or extreme state to a normal one within a certain period of time limited by the norms.

The results of the simulation of transient processes in a hybrid microgrid system are shown in Figs. 6–8, where: Fig. 6 shows a load curve with four (1–4) different sections (types) of transients; the optimal distribution of power between modules is shown in Fig. 7 and the time distribution of the corresponding costs is shown in Fig. 8.

[image: images]

Figure 6: Load curve in transient operating mode

[image: images]

Figure 7: Power distribution among the modules in transient operating mode (I—uninterruptible module, II—wind module, III—solar module)

[image: images]

Figure 8: Optimal system costs in transient operating mode

As can be seen from Fig. 6, load change in time interval I causes a transient overshoot by 58%, which leads to a change in the operating mode of only the uninterruptible module, while solar and wind generation remains unchanged (Fig. 7). Transients in time intervals II and III caused minor fluctuations in the power of all modules, and the oscillatory transient process in the interval IV leads to an extreme power distribution over all modules, so the microgrid system is at the limit of stability here. Note, that the microgrid system costs during transients increase in each of the intervals I–IV (see Fig. 8). So, with a sharp change in load, it is calculated that costs increase of up to 2%.

4  Discussion and Conclusions

Hybrid energy systems (HESs) and microgrids as their brightest representative are already today a decisive factor in the eco-transformation of the unified energy system (UES). It is also not difficult to predict the emergence of ‘nanogrid’ systems in the near future when each workplace will be equipped with a smart power system. At the same time, a number of problems facing the modern UES, primarily due to the rapid spread of RESs and the stochastic nature of the energy they generate, have already required significant structural and technological changes in the direction of its decentralization and greening based on specialized energy efficiency methods, energy management systems and information smart technologies.

Modern HESs generally cope with the tasks of providing end consumers with electrical and thermal energy, both in terms of volume and quality. Nevertheless, in the list of unresolved problems that these systems still need to untie, among others, we note the following, which are of the greatest importance in our study:

•   From the organizational side—creation of management systems (service center) for coordination and balancing the energy needs of each specific energy community at the level of a household, an energy cooperative, a city, a country, a region, etc., in conditions of limited self-regenerating capabilities of their environment;

•   From the methodological side—development of theory, software, tools and means that implement a cycle of continuous improvement of energy production and consumption processes, which include technological renewal, recycling and disposal of waste equipment and materials involved in this cycle.

To solve these problems we conducted a structural-component analysis and developed a three-level vertically organized model of performance management, where:

•   Coordination-balancing service centers are located at the upper (first) level;

•   Business entities providing different types of services occupy the next (second) level;

•   Stages of the performance management are explored at the third level of the model.

To formalize this three-level model, symbolic mappings of set theory, represented by three mutually consistent systems of equations, were used at the first stage, which were then displayed in the form of balance equations (energy, economic, environmental) at the second stage and, finally, in the form of summation functions for solving optimization problems at the third stage of formalization. Of course, the considered method, model and procedures for their implementation are not the only ones of their kind, and the identified problems cannot be considered unambiguously resolved.

In general, the considered logic of the service-dominant (SD) implementation of HESs helps to open up new possibilities for solving optimization problems due to:

•   Increase in the share of services aimed at providing end-users of energy with not so much quantitative as quality services in lighting, ventilation, heating and air conditioning, etc.;

•   Development and implementation of virtually organized energy services management systems (centers) for decentralized and spatially distributed generation, as well as for its integration with centralized unified system;

•   Active attraction of specialized energy services companies (ESCOs).

The presented results of engineering calculations of HES operation in steady and transient modes confirm that the developed optimization algorithm allows minimizing total costs, optimizing power take-off from HES modules, as well as transient parameters when switching consumer loads. So, in the calculation example, the average daily costs are reduced by 14.7% compared to the costs with a uniform distribution of power between the modules, although the costs due to transients can reduce this achievement by 2%.

In general, the proposed structural-and-functional framework for the transformation of modern energy systems, based on SD logic, allows researchers and engineers to more deeply and clearly identify problems and make a strategic decision to improve the results of the widespread introduction of renewable energy and energy efficiency measures in energy systems.

Further research in this direction will be aimed at expanding the scope of the discussed model, which makes it possible to carry out simulation calculations of HES operating modes, taking into account the possibilities of recycling and reuse of spent equipment and materials.
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