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Abstract — One of the new challenges arising from 
the transition of the energy industry to the path 
of intelligent development is to assess the effect of 
distributed generation (DG) on the prospects for the 
development of regional energy supply systems. Such 
an assessment requires that the factors characterized 
by high uncertainty be taken into account. In this 
case, it is expedient to employ a combination of the 
optimization method with the Monte Carlo method. 
Such an approach has already been adopted in a 
model (computer program) developed at the Melentiev 
Energy Systems Institute, Siberian Branch of the 
Russian Academy of Sciences. This model is designed 
to determine the rational mix of new power plants (with 
investment risks assessed and factored in) and the likely 
cost of electricity generation in a given aggregated 
region. We propose using this model as a source of 
projected data for an approximate assessment of the 
DG expansion, given the projected conditions for the 
energy sector and electric power industry development. 
It may also provide the basis for an array of research 
tools for relevant studies. The new toolkit requires a 
more detailed representation of the administrative 
division and the inclusion of consumers with their 
sources of electric power generation in the generating 
capacity. Although such an estimate is approximate, it 
can give an overall idea of the extent to which the cost 
and demand for electricity may vary under different 
options for the DG expansion in a region.

Index Terms: projections, distributed generation, 
consumers, energy carriers, demand, energy sector, 
electric power industry, optimization, uncertainty. 
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I. IntroductIon

The well-established practice of making projections 
for Russia’s energy sector [1-3] focuses primarily on 
determining the structure of energy carriers production 
and the volume of fuel and energy consumption in the 
sector itself, so as to meet a given demand of the economy 
for energy carriers, such demand being exogenous to the 
sector. Such studies fail to consider the possible adjustment 
effect of consumption on the energy development options, 
for example, due to the emergence of the consumer’s 
ability to change their energy consumption when prices of 
different types of energy change or to have self-generation 
and/or storage facilities. These new opportunities may 
entail changes in the structure or volume of the initially 
assumed energy demand and affect the optimization of the 
energy sector.

At present, the global energy system is rapidly 
transitioning from an electric power system built on 
conventional centralized generation with a unidirectional 
flow to an integrated and hybridized grid containing 
elements of both centralized generation and distributed 
energy resources [4]. According to [5], the technologies 
of distributed energy (distributed energy resources (DER)) 
are understood internationally as covering the following:
• distributed generation;
• demand response;
• energy efficiency management;
• microgrids;
• distributed energy storage systems;
• electric cars.

The basic property of all these technologies is proximity 
to the energy consumer.

As stated in [6 p. 272], «distributed generation 
is the generation of electricity/heat at the place of its 
consumption. Having no grid eliminates the losses (costs) 
of electricity/heat transmission, which implies the presence 
of many consumers that generate heat/electricity for their 
own needs and transfer its surplus to a common grid.»

Small-scale distributed energy has been a leading trend 
in the world for several decades now. Experts estimate that 
this trend will continue in the coming decade. Navigant 
Research predicts that by 2026, the amount of distributed 
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generation capacity commissioned worldwide will exceed 
the amount of centralized generation by a factor of three. 
According to the data published by the SCC Research 
company, the size of the global market for distributed 
generation technologies in 2015 was $65.8 billion. [7]. 
The International Energy Agency estimates that distributed 
energy can provide up to 75% of new connections in the 
course of global electrification by 2030 [5].

There is virtually no accurate data on the share of 
distributed generation and its dynamics in the energy 
industry of Russia. In [5], the total capacity of distributed 
generation facilities in Russia as of 2017 was estimated 
at 23-24 GW or 9-9.5%. The studies presented in [5] 
demonstrate that given the full utilization of the distributed 
energy potential it is possible to meet the entire projected 
demand for generating capacity of 54-66 GW in the Unified 
Energy System of Russia by 2035. 

II. LIterature revIew 
Research into various aspects of distributed generation 

development has become a relevant topic in recent years. 
In [8-13], the authors consider the main advantages, 

system-wide effects, and issues related to the connection 
of distributed energy sources to distribution networks. 
Studies [14-16] cover the operation of power grids with 
DG, including power system protection, hourly load, and 
electric power quality of distributed generation devices 
[17-20]. In [21-23], the authors investigate the security 
of electric power systems with distributed generation in 
terms of cascading failures and present the models for 
determining the limit operating conditions in power grids 
and methods for assessing the operating parameters of 
energy service areas with distributed generation facilities. 
Some studies address the reliability of energy supply 
systems [24, 25] and examine the possibility of ensuring 
reliable electric power supply to consumers through the 
construction of distributed generation facilities [26-29]. 
Furthermore, distributed energy generation is viewed as 
a factor of energy security improvement and sustainable 
development of regions [30-32]. Despite the significant 
body of published research covering various issues of 
distributed generation expansion, it proved impossible to 
find the studies on its effect on electricity demand, its price, 
and generation structure. 

Fig. 1. The structure and relationships of problems to be solved at different time stages of the study of the long-term energy 
development options. Source: [1].

1 - prospects for the energy sector; 2 - a study of the state of regional energy markets (demand and prices);  
3 - an assessment of barriers and threats to energy security; 4 - development of individual industries of the energy sector; 
5 - the interaction with the macroeconomic system; 6 - investment policy of energy companies.
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III. ProPosed methodoLogIcaL aPProach 
The Melentiev Energy Systems Institute, SB RAS 

(ESI SB RAS), has developed and has been continuously 
improving a multi-stage methodological approach to 
enhance the validity of long-term projections of the national 
energy sector development. This approach assumes the 
existence of problems varying in their importance and 
complexity and ways to solve them at different time stages 
of the projection time frame (Figure 1).

We have built a methodological toolkit   (a pool (set) 
of various types of models) for projection studies [33, 
34]. The models are not linked to each other by automatic 
procedures, which allows solving individual problems, 
for which the models were originally developed, and 
employing them as building blocks of systems to be used 
for calculations. In this case, the results of solving some 
models are used as input data for others. As new problems 
arise, the pool is supplemented with new models or 
modifications of existing ones. 

One of the new problems arising with the transition of 
the energy industry to the path of intelligent development is 
a projection of the possible effect of distributed generation 
(DG) on the projected structure and cost of electricity 
generation and the demand for it in a region. A prerequisite 
for solving it lies in considering the region-specific energy 
and economic development conditions and the quality 
of the information used. Earlier studies [35] attested to a 
significant disparity in the cost of electricity generation 
by region and its dependence on the type of probability 
distribution within the ranges of the assumed values of 
input data (Table 1).

Methodological approaches to assessing the energy 
development options depend on the given time frame and 
the objectives of the projection studies. The uncertainty 
increases as the projection time frame extends further into 

the future. Hence, the decision on strategic directions of 
energy industry development looking ahead 20 years or 
more will have less stringent requirements for the accuracy 
of the results, the degree of detail with respect to the 
administrative divisions, and the factors to be considered.

The assessment of the possible effect of distributed 
generation on the projected structure, production cost, 
and demand for electricity in a region is most important 
when the projections extend up to 15 years into the future 
because it is this period that predetermines the conditions 
for the modernization of regional energy supply systems. 

A specific feature of the assessment is the need to 
consider the diversity of behaviors and ways of self-
generation in different groups of consumers, which requires 
a more detailed treatment of the administrative division 
given the conditions for the development of individual 
regional power systems, the characteristics of consumers, 
electrical load curves,  and others. All these parameters are 
highly uncertain, which is why the Monte Carlo method 
along with the optimization method may prove appropriate 
for the assessment. This approach is used in the MISS-
EL model developed at the ESI SB RAS [35]. The model 
designed determines a rational mix of new power plants 
(with investment risks assessed and factored in) and the 
likely cost of electricity generation in aggregated regions 
(Federal districts and/or interconnected power systems) for 
a time horizon of up to 15 years.

The methodological principles and results of the studies 
based on the MISS-EL model are proposed as a framework 
to be used for the approximate assessment of the DG effect 
on the development of regional energy supply systems. 
It is supposed to use model (1) as a source of projected 
data on the conditions for the electric power supply 
systems expansion and (2) as a basis for the new toolkit 
development. The toolkit should factor in the projection 

tabLe 1. Effect of regional differences and the nature of uncertainty in the input data on the cost of electricity generation in the  
interconnected power systems (IPSs) of European Russia as compared to the Ural IPS, %

Fig. 2. The overall flow diagram of the proposed approach to assessing the effect of the DG expansion on 
regional energy supply systems. Source: developed by the author.

The nature of information uncertainty IPS 
Northwestern Central Middle Volga Southern Ural 

Normal distribution 105 103 111 105 100 
Uniform distribution 110 110 118 114 100 
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time frame, the required level of detail with respect to the 
administrative division, the characteristics of consumers, 
and the conditions and opportunities for the DG expansion. 
In essence, the MISS-EL model should serve as a basis for 
a new model of the regional power system (MISS-RPS). 
The flow diagram of the proposed approach to assessing 
the effect of the DG expansion on regional energy supply 
systems and the main relationships between the models are 
shown in Figure 2.

In the MISS-RPS model, DG is represented as an 
additional source of electric power generation. The 
functional of such a model for the given region consists of 
the following: costs of electricity generated by centralized 
sources (data obtained from the MISS-EL model) detailed 
for individual administrative divisions r (by Federal 
entity, by district, by city, etc.) of a region, costs of 
electricity generated by DG units (data from the regional 
energy consumption model), and the tariff for electricity 
transmission from centralized and distributed sources:

 miner er er jr jr jr ej ej
r e r j e j

F c N h c N h T W= + + ®åå åå åå ,

where cer – discounted costs of electricity generation at 
a power plant of type е (cent/kWh) in territory r, Ner – the 
installed capacity of a power plant of type е (kW) in the 
administrative division r, her – the number of hours of the 
installed capacity utilization at a power plant of type е (hour) 
in territory r, cjr – discounted costs of electricity generation 
by a DG unit of type j (cent/kWh) in the administrative 
division r, Njr – the installed capacity of a DG  unit of type 
j (kW) in the administrative division r, hjr – the number 
of hours of the installed capacity utilization of a DG unit 
of type j (hour), Tej – the tariff for electricity transmission 
from a power plant of type е and a DG unit of type j (cent/
kWh), Wej – the amount of electricity transmitted from a 
power plant of type е and DG unit of type j (kWh).

The main constraints in the MISS-RPS model are as 
follows:
available potential for the expansion of DG units of type j 

 0 j jN N£ £ ;
possible commissioning of new power plants of type е

 e e eN N N£ £ ;
the projected level of electricity consumption

 W W W£ £ ;
where 

  e e j j
e j

W N h N h= +å å .

The calculation of the values of economic performance 
indicators of DG in the model of regional energy 
consumption involves the analysis of the following: what 
are the sectors of the economy (residential, commercial, 
industrial) that have (are planned to have) the DG units, 
what is their possible generation capacity, what is the 
cost of electricity generation at these facilities, and which 
part of the electrical load curve they can help to handle. 
Specific capital and operating costs are determined for 

each sector separately, given their dependence on the scale 
of DG expansion.

Values of fuel prices, technical and economic 
performance parameters of plants and constraints are 
represented as ranges of their prospective values with the 
possibility of setting the type of probability distribution 
within these ranges (normal, uniform, exponential, etc.). 
The Monte Carlo method allows determining a set of 
well-balanced solutions under different combinations of 
characteristics of future conditions. This set is used to 
form an option of the electricity generation structure at its 
minimum cost under the assumed conditions.

The study presupposes the following sequence:
1. The MISS-EL model is calibrated to match the given 

scenario of economic and energy development. 
Calculations based on the model determine the likely 
mix of new capacity additions (Ne) and the cost of 
electricity generation (c) in the included IPSs. The 
results thus obtained serve as the input data for the 
MISS-RPS model.

2. In the MISS-RPS model, the capacity added is detailed 
for administrative divisions of the region in question 
and is supplemented by the DG capacity of different 
consumer categories (Njr). The latter is determined in 
the model of the regional energy consumption system 
in terms of the electricity production cost obtained by 
MISS-EL (c).

3. Calculations based on the MISS-RPS model clarify 
the cost of electricity generation c’ in the considered 
region, given its distinctive features. Furthermore, they 
allow one to determine the potential of substituting 
centrally commissioned capacity (Ne) for DG capacity 

( jN  –  the upper limit of DG capacity) and the volume 

of electricity generation (  WD ) by the DG capacity.
4. Based on contingency calculations (different scenarios 

of DG expansion), we arrive at the dependencies of 
prices and demand for electricity on the scale of the 
DG expansion in a region.
Results of calculations based on the MISS-RPS model 

in the form of a decrease in demand for electricity(  WD ) 
in the region under consideration can be used to clarify 
and assess possible changes in the structure and cost of 
electricity generation in the studies performed based on the 
MISS-EL model.

Iv. concLusIon 
The development of distributed energy is a leading global 

trend, contributing to the transition from the conventional 
unidirectional arrangement of energy systems to their new 
integrated and hybridized types that combine large-scale 
centralized energy sources with distributed ones. In this 
context, one of the challenges arising in long-term studies 
of feasible options for the electric power industry and the 
energy sector is to assess the effect of the DG adoption 
scale on the structure of electricity generation, its cost, and 
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demand for electricity in a region.
The methodological approach and toolkit proposed 

for solving this problem rely on a combination of the 
methods of optimization and Monte Carlo simulation and 
enable contingency calculations in terms of the quality of 
available information and assessment of changes in the 
cost of electricity and its demand for different options of 
the DG  expansion in a region. 

Such an estimate is approximate, but it can provide 
an overall idea of the extent of the DG impact on the 
development of regional energy supply systems, which will 
be instrumental in improving the validity of projections 
of the electric power industry and the energy sector 
development.
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