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ABSTRACT

The article is devoted to the development of a model and a set of methods for improving the efficiency of using small-distributed generation systems. The basis of the developed model is the integration of methods of price-dependent demand management for electricity and natural gas with a system of small-distributed power generation. The developed management model allows electricity consumers to reduce the cost of purchasing energy resources in comparison with the cost of electricity supplied from energy companies, based on the analysis of price indicators for the supply of electricity from regional energy markets and the terms of natural gas supply. The article presents the results of the pricing principles analysis for all components of the electricity and natural gas cost. The possibility of complex price-dependent demand management for the consumption of electric power is demonstrated through the management of electricity generation schedules by a small-generation system and schedules of gas consumption spent on electricity generation by a system of small-distributed generation. The complex of methods of price-dependent power consumption developed by the authors, taking into account the use of the system of small-distributed generation, can be adapted to the use by various types of electricity consumers that purchase electricity in the energy markets of various countries of the world. 
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1  INTRODUCTION

One of the basic components of the modern technological order of global economic system development is the improvement of energy conservation and energy efficiency, whose intro-duction at the level of national economies or individual large consumers of energy resources allows a qualitative leap in the stability of economic entities without the need of significant investment. The increase in the cost of hydrocarbon raw materials in the world energy markets, accompanied by the growth in world demand for energy resources, calls for drawing attention to the development of analytical, methodological papers in the field of improving energy efficiency. 

Among the technologies that have received the greatest popularity among consumers of world energy resources, the use of autonomous resource systems of power supply, called small-distributed power systems [1,2], should be noted. During the last decade, the study of the use of a small-distributed generation system was pursued both in world [3–5] and Russian studies [6,7]. The latter consider autonomous power plants of medium capacity (up to 25 

MW and/or 20 Gcal/h) installed on the sites of electricity consumers and designed to generate electrical and/or thermal energy [8]. 

Advantages of using small-distributed generation systems are: the possibility of obtaining a lower cost electricity, compared to that supplied by energy companies due to a lower production cost, as well as elimination of the cost component for the transportation of electricity and the network losses due to the location of the power supply source being in close 
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2  RELEVANCE OF IMPROVING THE EFFICIENCY OF SMALL-DISTRIBUTED 

GENERATION SYSTEMS

An urgent issue for world researchers in the field of application of small-distributed generation systems remains an increase in the economic efficiency of their use [9,10]. 

Operation of small-distributed generation systems allows to:

•  reduce the average and marginal costs of paying for energy consumed by an enterprise; 



• reduce the supplier’s risk, that is, the dependence on external energy suppliers, through their own production; 

•  increase the efficiency of the energy consumers’ main activity that use distributed generation systems. 

One of the modern mechanisms that make the increase of the economic efficiency of electricity consumption possible is price-dependent consumption technology, which consists in managing the cost of purchasing energy resources by regulating the schedules of own demand for electricity and natural gas, taking into account market parameters [11,12]. The mechanism of price-dependent consumption of electric power and natural gas makes the reduction of the purchased energy resources unit cost possible without reducing the volume of their total consumption. 

There is a possibility of flexible management of own energy demand for electricity consumers with small-distributed generation systems operating on natural gas and simultaneously purchasing part of the consumed electricity from energy companies. 

3  RESEARCH METHODOLOGY

The use of a small-distributed generation system is advisable if the average tariff for electricity on the market is higher than the average cost of its own generation; the difference can be calculated using eqn (1) [13]. 
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is the difference between the cost of 1 kWh of electricity on the market and the cost of its production by a system of small-distributed generation; V PS

 m  – the cost of electricity purchased from energy companies for the settlement month; V SDG
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– the cost of electricity generated by the small-distributed generation system for the settlement month (RUB); 
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– the amount of electricity generated by the small-distributed generation system for the settlement month (kWh). 
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Thus, the effect of using systems of small-distributed generation is represented by  DEm, which is the difference between the cost of electricity purchased in full from energy companies and the cost of electricity partially purchased and partially generated by the system of small-distributed generation. 

This paper considers the situation when an enterprise already has small-distributed generation and does not require additional costs for its purchase and installation. 

The cumulative effect of power generation using the small-distributed generation system Σ
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 m E

for a period is determined using eqn (2) (in RUB). 
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The average tariff for electricity consumption T  for a period is determined using eqn (3) m
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As can be seen from eqns (1), (2) and (3), the parameters  ESDG
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Thus, using the mechanism of price-dependent power management in conjunction with the use of a distributed generation system allows us to reduce the average tariff for consumed electricity T , and, consequently, the total cost of electricity consumption. 

 m

In the same manner, the method of price-dependent management can be applied in many countries of the world at enterprises that have systems of small-distributed generation. 

Examples of applying the model of price-dependent electricity consumption management on the Russian market can be given. The electricity market of Russia was formed in the con-text of existing global mechanisms, such as NYISO, PJM, Nord Pool, Garabi, Siepac. In this regard, pricing mechanisms applied to the Russian electricity market are similar to those used in many countries of the world. 

3.1  Formulation of the cost of electricity purchase All electricity that is converted into Russia’s power systems is sold and bought within the framework of electricity markets [15]. The final cost of electricity purchased by large consumers of electricity from the power system ( VPS) consists of three main components as indicated by eqn (4) [14]:

 V PS =  VW +  VP +  VN  (4) where  VW is the cost of consumed electric energy (in RUB);  VP, the electric capacity charge (in RUB) and  VN, the cost of consumed electricity transmission services (rub.). 

The description and calculation parameters of each component of the electricity cost are presented in Table 1. 

Thus, the cost of electricity purchased from the power system for each settlement period depends on both the price parameters of the electricity market and the characteristics of its own demand volume and schedule for power consumption from the power system  W PS

 t

as 

indicated by eqn (12)
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The hourly schedule of the amount of electricity  W PS, consumed by an industrial enter-t

prise from the power system per time t (hours) is determined using eqn (13): W PS
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generation system as shown in Fig. 1. 

Taking into account the peculiarities of price-dependent electricity consumption management, the schedule of electricity generation by a small-generation system can be adjusted depending on the price parameters of the electricity market, thereby reducing the total cost of production and purchase of electricity and maximizing the company’s profits. 

3.2  Formulation of the cost of natural gas purchase The cost of electricity generated by the system of small-distributed generation, working on natural gas is given by
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 I. Baev, et al., Int. J. of Energy Prod. & Mgmt., Vol. 3, No. 4 (2018) Figure 1:  An example of the distribution of demand for electricity consumption of the enterprise between the hourly schedule of electricity generation by a small-generation system and the amount of consumption from the power system. 

affect the cost of electricity generation by a system of small-distributed generation for the settlement month (RUB). This cost depends on the observance of the contractual limits on the gas offtake from the Unified Gas Supply System. Exceeding contractual limits may significantly increase the cost of generating electricity. Moreover, in many countries the limits on the gas offtake are more stringent than in Russia. 

The schedule of electricity generation by the system of small-distributed generation is synchronous with the schedule of natural gas consumption from the Unified Gas Supply System as shown in Fig. 2; this is explained by the dependence of the generator load of a small-distributed generation system on the intensity of natural gas combustion as indicated by
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According to the terms of gas supply contracts by regional gas supply organizations, gas offtake during the calendar month is carried out when the condition of uniformity of daily consumption is met and the offtake volume is calculated by A it
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Figure 3 shows an example of daily gas offtake limits for a calendar month, the size of admissible gas offtake corridors and a schedule of gas consumption for a particular consumer. Apparently, the daily limits are constant during the settlement month of gas supply, 
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Figure 2: Configuration of  electricity generation schedule by the system of small-distributed generation and the schedule of gas consumption for electricity generation. 

Figure 3: Example of daily limits and schedule of daily gas consumption by a large consumer. 

with the volatile nature of actual consumption, which can go beyond the permissible corridor. 

Thus, if the volume of gas consumption exceeds the daily limit, the consumption volume over the limit will be calculated using
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1 1  (17)
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In the case of gas consumption below the value of the established corridor of the average daily rate of gas offtake, the consumer bears penalties according to the volumes of under-consumption. At the same time, according to the rules of gas supply in the Russian Federation (RF) [19], when gas is not taken by buyers consuming up to 10,000 thousand m3 of gas per year, the volume of untaken gas is not paid. 

Thus, if the amount of gas consumption is below the daily limit, the amount of consumption is paid with penalties according to
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The cost of gas consumed in excess of the admissible gas offtake corridors for the settlement month is given by
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is the tariff for the supplied gas (rub. / thousand m3).  Koverlimit is the value of the exceed-gas 

ing coefficient [20]. 

  for the period from 15 April to 15 September:  Koverlimit = 1.1; 

  for the period from 16 September to 14 April:  Koverlimit = 1.5. 

A similar principle of flexible pricing for natural gas is applied in various countries of the world, such as the USA, Canada, Europe, and China. The principles of management proposed in this paper can be adapted to the processes of gas consumption by enterprises in many countries of the world. 

Thus, the price-dependent management of the demand schedule for power consumption by covering a part of the demand with a small-generation system is the operational regulation of the small-distributed generation work. At the same time, it is important to remember that there is a probability of a situation when the tariff for electricity production by a system of small-distributed generation is higher than the tariff for electricity consumption from the power system due to non-observance of the limits for natural gas offtake by the enterprise, namely
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At the same time, as can be seen from eqn (19), the limits on the gas offtake depend only on the daily period, and the price-dependent demand management for electricity consumption is made with hourly discretion, which provides the possibility of managing the intra-day 
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Figure 4: Example of hourly demand for gas offtake schedules. 

volatility of electricity generation by a small-generation system, with the condition of not exceeding the limits for gas offtake in terms of the day. 

Figure 4 shows an example of two hourly schedules variants of demand for natural gas consumption in terms of the day. On the schedule À’, the demand is uniform at every hour of the day, and hourly volumes of gas consumption on the schedulèB’ vary, while in the period from 10 a.m. to 5 p.m. the gas consumption volumes exceed the À’ schedule, in other periods it is significantly lower. Despite the difference in the hourly volumes of demand for gas consumption in variants À’ and `B’, the volumes of daily consumption are equivalent and the gas offtake under variant `B’ is within the limits and is paid at base tariffs without penalty. 

Thus, the volatility management of the electricity generation by a system of small-distributed generation makes it possible to use price-dependent management of the cost of purchasing electricity from the power system without exceeding the current limits for the gas offtake, and therefore reduce costs for the purchase of electricity without increasing the cost of producing it by a small-generation system. 

4  MODEL OF THE PRICE-DEPENDENT DEMAND MANAGEMENT

Taking into account the peculiarities of pricing and rules for the electricity and natural gas purchase, the authors developed a model of the price-dependent demand management for power consumption, integration with a system of small-distributed generation. A flow chart of this model is presented in Fig. 5. 

The model consists of a series of successively implemented blocks. In the beginning, the distribution of electricity generation volumes by a small-generation system and electricity consumption from the power system is planned for different management periods, divided by a day, week, month, quarter, etc. 

The basis of the model is the forecast of hourly electric power consumption schedule of the enterprise for various management periods, the correction of which is achieved through the modeling of the cost of electricity purchased by the consumer from the power system, by developing and analyzing different variants for covering the cumulative demand for power 

[image: Image 5]
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consumption by a system of small-distributed generation [14]. An obligatory link is the analysis of technological opportunities for hourly electricity generation by a small-generation system for the management periods under consideration, including restrictions such as avail-ability of fuel reserves, a schedule of repairs, network operating modes and the capacity of electrical networks. The result of the analysis is the modeling of different structure variants for the coverage of the hourly demand schedule for consumers’ power consumption, taking into account the identified technological limitations for different management periods. 

In parallel, the contractual limits for the gas supply for each day are calculated, the values of corridors exceeding the acceptable limits are defined and the price parameters of gas purchases in cases of exceeding the limits are evaluated. Taking into account the cost parameters of gas purchase, for different structure variants of the coverage of the demand schedule for power consumption by a small-generation system, the cost of gas and the cost of generating electricity by a small-generation system for each scenario are calculated. 

The next step is to estimate the cost parameters of electricity consumption for various scenarios of the hourly demand coverage structure and a choice is made of the optimal variant according to the criteria of economic efficiency, technological capability and system stability. 

After determining the optimal variant for covering the hourly demand schedule for electricity consumption and putting it into operation, operational control and management of electricity generation schedules by a small-generation system is carried out. In the event of deviations in the actual demand schedules for electricity consumption from the forecast ones, the efficiency of the variants for the coverage structure of the demand schedule for electricity consumption is recalculated, and, if necessary, the work of the small-generation system is corrected. At the end of each calendar month (the settlement period for the purchase of electricity in the wholesale and retail markets), an economic effect is estimated from the transformations carried out. 

5  EXPERIENCE FROM A PRACTICAL APPLICATION OF THE PRICE-DEPENDENT 

DEMAND MANAGEMENT MODEL

Table 2 presents the results of calculating the cost of purchasing electricity and natural gas for three different options of demand schedules for energy resources from the side of the enterprise - À’, `B’ and `C’. 

Table 2: Economic effect predicted from the implementation of the developed model. 
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23

Total savings from using a distributed 

RUB

0.00

2,600

15,080

generation system per day 

24

Relative savings due to the use of a 

%

0.0%

2.3%
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À’ – the amount of electricity required by the enterprise is fully purchased from the power grid; 

`B’ – a part of the electricity demand is covered by a small-generation system, without applying price-dependent management methods; 

‘C’ – a part of the electricity demand is covered by a small-generation system, using price-dependent management methods. 

Comparing options À’ and ‘B’ shows that the effect of using small-distributed generation is 7 kopecks per 1 kWh, or 2.3% of the total cost of electricity without the use of price-dependent management. Savings in the case of price-dependent management methods are 42 

kopecks per 1 kWh, or 13.2% of the total cost of electricity. 

6  CONCLUSION

The main points of conclusion from the results of the study can be stated as follows: 1.  Application of the price-dependent electricity consumption technology in industrial enterprises with small-distributed generation systems makes the efficiency increase from using autonomous power-generating systems possible by reducing the total cost of purchased electricity, reducing the payback period of investments in the creation of small-distributed generation systems, expanding the number of serviced facilities. It also promotes growth of the general efficiency of electricity consumers’ functioning using small-distributed generation systems. 

2.  The economic effect obtained from the joint use of the price-dependent electricity consumption technology and distributed generation systems is formed by lowering the average tariff for the electricity purchase from the power system and, consequently, the total amount of electricity consumption costs for all its components (electric energy cost, electric capacity cost and cost of the services for electricity transmission). 

3.  The price-dependent consumption of natural gas consumed by the system of small-distributed generation in the process of electricity generation eliminates the risk of its over-limit consumption, and therefore, improves the efficiency of the model of price-dependent electricity consumption. 

4.  The authors’ model of price-dependent demand management for electricity and natural gas consumption, developed on the basis of integration with a system of small-distributed generation, allows large consumers of electric power to reduce the cost of paying for energy resources and significantly increase the economic efficiency of using small-distributed generation systems. 

5.  The effectiveness of the application and the practical importance of the developed price-dependent management model are confirmed by the results of its appraisal carried out by the authors on the basis of an industrial enterprise. As a result of the application of the price-dependent electricity consumption management in parallel with the use of small-distributed generation, it was possible to achieve cost savings of 13.2%, which is almost 
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 I. Baev, et al., Int. J. of Energy Prod. & Mgmt., Vol. 3, No. 4 (2018) six times higher than the savings obtained only with the use of small-distributed generation in Russia. The obtained results underline the relevance and practical significance of the research results for large electricity consumers in Russia and other countries of the world. 

6.  The authors’ model of price-dependent electricity consumption management based on integration with a system of small-distributed generation can be adapted to the use by various types of electricity consumers that purchase electricity on the energy markets of various countries around the world. 

7.  The increase in energy cost savings from the use of the system of small-distributed generation when applying the proposed methods of price-dependent management (from 2.3% to 13.2% in the framework of the considered example) emphasizes the relevance and practical significance of the research results for modern science and practice. 

8.  When using other types of alternative energy sources, such as solar generation, wind generation, solid fuel power plants, price-dependent management methods can also be used, but they need to be adapted taking into account the specifics of pricing for these electricity sources. 
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ABSTRACT

The article is devoted to the development of a model and a set of methods for improving the efficiency
of using small-distributed generation systems. The basis of the developed model is the integration
of methods of price-dependent demand management for electricity and natural gas with a system of
small-distributed power generation. The developed management model allows electricity consumers to
reduce the cost of purchasing energy resources in comparison with the cost of electricity supplied from
energy companies, based on the analysis of price indicators for the supply of electricity from regional
energy markets and the terms of natural gas supply. The article presents the results of the pricing prin-
ciples analysis for all components of the electricity and natural gas cost. The possibility of complex
price-dependent demand management for the consumption of electric power is demonstrated through
the management of electricity generation schedules by a small-generation system and schedules of gas
consumption spent on electricity generation by a system of small-distributed generation. The complex
of methods of price-dependent power consumption developed by the authors, taking into account the
use of the system of small-distributed generation, can be adapted to the use by various types of electric-
ity consumers that purchase electricity in the energy markets of various countries of the world.
Keywords: Electric power industry, Energy efficiency, Energy market, Fuel and energy complex, Gas
consumption, Modeling, Power consumption, Price-dependent consumption, Small-distributed power
industry, Small generation.

1 INTRODUCTION

One of the basic components of the modern technological order of global economic system
development is the improvement of energy conservation and energy efficiency, whose intro-
duction at the level of national economies or individual large consumers of energy resources
allows a qualitative leap in the stability of economic entities without the need of significant
investment. The increase in the cost of hydrocarbon raw materials in the world energy mar-
kets, accompanied by the growth in world demand for energy resources, calls for drawing
attention to the development of analytical, methodological papers in the field of improving
energy efficiency.

Among the technologies that have received the greatest popularity among consumers of
world energy resources, the use of autonomous resource systems of power supply, called
small-distributed power systems [1,2]. should be noted. During the last decade, the study of
the use of a small-distributed generation system was pursued both in world [3-5] and Russian
studies [6,7]. The latter consider autonomous power plants of medium capacity (up to 25
MW and/or 20 Geal/h) installed on the sites of electricity consumers and designed to generate
electrical and/or thermal energy [8].

Advantages of using small-distributed generation systems are: the possibility of obtaining
a lower cost electricity, compared to that supplied by energy companies due to a lower pro-
duction cost, as well as elimination of the cost component for the transportation of electricity
and the network losses due to the location of the power supply source being in close
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