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Structuring the energy balance of territorial communities
with local infrastructure assets for combined energy production

Abstract. The structure analysis of the energy balance allows use optimal of available resources and infrastructure to
maximize energy production, this is especially important for territorial communities with limited resources. The article
was devoted to conduct a statistical analysis of combined energy production from wind-solar power plants and sources of
thermal generation as part of a typical system of centralized electricity supply and heat for the territorial community of
Smila, Cherkasy region, Ukraine. To promote the use of distributed resources, the concept of a microenergy system (MES)
has been proposed and its basic structure with energy production, conversion and storage devices. Based on indeterminacy
MES leaded a probability distribution model. The results showed that the MES could integrate different types of energy,
such as wind, photovoltaic and gas. Multiple energy cycles were achieved through energy conversion and storage devices,
and different energy needs were met. Seasonality imposed significant restrictions on the use of heat power plant on solid
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biofuel (HPP) and biofuel cogeneration gas-piston plant (BCP) in the summer, even without taking into account possible
maneuvering modes. The level of losses increased from 19.51% till 40.83%, which leads to an increase in the cost of
electricity generation. Average values of the specific cost of electricity on the monthly interval for the selected structure
sources (SPP — 1.0 mW, WPP - 1.6 mW, HPP — 8.5 mW, BCP - 1.0 mW) grew in the summer from 23.63% till 53.37%. At
the same time, F(Y)) reached the highest value in the non-heating season 0.689. The research can be used for practical
purposes in the dispatching of generated electric and thermal energy

Keywords: energy supply of territorial communities; energy balance; micropower system; combined production of

electricity and heat

INTRODUCTION

The concept of the energy green transition is related to the
decarbonization of energy systems which have tradition-
ally depended on fossil fuels. The formation of the energy
policy of territorial communities on the basis of the con-
cept of energy security and environmental protection is a
modern global trend to ensure the conditions for sustain-
able development. At the level of territorial communities,
this leads to increased interaction between the production
processes of the two main types of energy: electricity and
heat (European Directive 2018/2001/EU, 2018).

U.].J. Hahnel et al. (2020) noted known experience in
the production of green energy by local cooperatives at
the regional level through the establishment of an inde-
pendent supplier. The creation of a local supplier opens
up opportunities to provide consumers with an alterna-
tive way of energy supply with further technological re-
organization of infrastructure in accordance the develop-
ment strategy of the territory. Decentralized management
of energy resources helps to achieve three main goals:
energy production at the local level, investment of com-
munity resources in regional sustainable development
projects, strengthening the role of end consumers in the
economic model of formation of energy independence of
the territorial community.

Interest in increasing the energy independence of
communities through the use of local alternative fuels
and renewable sources draws attention to the creation
and improvement of local micropower systems for com-
bined energy production of electricity and heat. Local
communities are transforming and striving to move away
from the traditional role of passive consumers. E. Ghi-
ani et al. (2019) demonstrated the current development of
small-scale renewable energy makes it possible to form an
environment of active users who are both consumers and
producers of energy.

V. Kaplun & V. Osypenko (2020) related the research
of the interaction combined energy supply systems at the
regional level, taking into account functional interrelation
in the production of electricity and heat to cover a demand
in the long term. As components, it is proposed to consider
the subsystems of electricity and heat production in order
to manage energy efficiency. Preliminary results of using
the method for estimating the technical and economic
achievable levels of local energy supply based on micropo-
wer systems with polygeneration are presented.

A comprehensive novel approach is presented in this
paper by N. Saeed et al. (2024) to revolutionized energy
trading within microgrids through integration of block-
chain technology and smart contracts. Energy token and
demand response contracts in decentralized peer to peer
energy trading enhance security, efficiency and transpar-
ency in microgrid operation. The proposed research on
blockchain based microgrid system presents a promising
future scope and few limitations. The paper by M.M. Stojil-
jkovic (2017) was aimed for solving the scientific problem
of managing energy supply costs in the medium and long
term by coordinating the processes formation of the ener-
gy balance on the basis of heterogeneous sources. Access
to modern management technologies in the energy sector
at the local level is a prerequisite for solving this complex
problem. In order to provide territorial communities with
scientific and methodological tools that would meet their
priorities and be as close as possible to practical realities,
it was substantiated the theoretical foundations of the for-
mation of technological and organizational components of
energy supply management at the local level.

According to B.P. Koirala et al. (2016), the creation of
decentralized energy supply systems for territorial com-
munities is an important factor in the formation of their
energy independence. The priority is the consolidation of
combined energy production based on the introduction of
heterogeneous sources at the system (centralized) level.
From the point of view of technical and economic indica-
tors functioning and using of local biofuels, there are tech-
nologies for combined production of heat and electricity at
local heat power plants (mini-HPPs on solid biofuels, gas
reciprocating stations on biogas, etc.).

The scientific solutions for combined heat and power
generation with an assessment of their maneuvering ca-
pabilities for operation in the combined local energy pro-
duction (CEP) system with projected energy supply costs
for the end consumer are interested. In the existing district
heating systems, there is significant potential for modern-
izing power generating and increasing their efficiency in
general. It is mini-HPPs with high fuel efficiency and the
ability to maneuver power in a wide range of loads that will
be most in demand given changes in prices for heat and
electricity with the support of the stochastic mode RES. In
addition, the dispatching of combined energy production
to cover the specified load schedules (especially for peak
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periods) also requires the research of different modes of
co-production of heat and electricity, taking into account
seasonal changes in load schedules.

The paper was devoted to the statistical analysis
of combined energy production in the composition of
wind-solar power plants and sources of thermal genera-
tion (power plants with gas turbines of combined cycle and
cogeneration plants with internal combustion engines on
biofuels) in a typical system of centralized electricity and
heat supply of a separate territory

Centralized power supply

system (CPSS)
r-r—--———"—-"""- " -"-""-7""""—=-— ]

MATERIALS AND METHODS

A micropower system with combined energy production
of electricity and heat in the form of a local energy node
was considered (Fig. 1). The structure of combined heat
and power system (CHPS) included local heterogeneous
sources (Fig. 2) of the network level: solar power plant
(SPP), wind power plant (WPP), heat power plant on sol-
id biofuel (HPP), biofuel cogeneration gas-piston plant
(BCP), heat grid (HG) and centralized power supply sys-
tem (CPSS).
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Figure 1. Structure of combined energy supply of the territorial community

Source: compiled by the authors
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Figure 2. Structure of energy flows of a local CHPS node

Source: compiled by the authors

It was assumed that all energy sources were distrib-
uted. Energy streams are transmitted to various end users
who were connected to the grid infrastructure. In this case,
it considered a homogeneous distributed micropower sys-
tem, in which each end user has the opportunity to receive
energy from all selected sources of the MES in the research
time interval t, =t,=--t, =t, everyone i= 1,n.

In the general case, the objective function for the i-th
technological structure CHPS would look like:

i i=%T . . . .
min Ob] i Z t= lgSE S W;ES + gWES I/VveI/VES + gEHPS WECHPS + ggCP
. We e . . .
WBCP + gecPSS WCPSS + gJ;iG M{G + g?:‘HPS W’E‘HPS + g}I;CP WZCP’ ( 1)

where g&" UAH/kWh - unit costs of end users of energy
types (e- electrical, h — heat); W¢"=P"+ E-t, kWh - the
amount of energy (electrical and heat) that will be gener-
ated in the CHPS to cover the load schedule; E -t — energy
of mutual conversion of primary fuels into final types of
energy of the user. To calculate the unit costs of electricity
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and heat in CHPS,; it used a simplified calculation according
to the formulas (for the first month):

Aj+Bi+Ci+D; i
9éups = we — - 1°(%); 2)
Aj+B;+C;+D;
9lups = Wi 0" (%), ©)]

where A, - specific capital expenditures attributable to
the entire estimated period of operation); B, — primary
fuel consumption for the technological cycle per calen-
dar month; C, - annual overhead; D, - unpredictable costs
caused by the shutdown of energy production; #,(%) — coef-
ficient of the basic power of the CHPS unit for the produc-
tion of electricity and heat in the monthly cycle. Similarly,
calculation g%, .. was for heat energy.

HPP i BCP - were the aggregate that simultaneously
produce electricity and heat in the same production pro-
cess, also known as cogeneration. The electricity generated
was either used locally or fed into a centralized grid, while
heat energy could only be used to be discharged into the
district heating grid.

The variable range of heat load made it possible to re-
duce the installed power of the plant to produce the same
amount of heat and electricity depending on demand. From
the point of view of HPP and BCP technologies, the ratio
of electricity to heat (control limits for maneuvering the
power of systems) depended on the electrothermal charac-
teristics of the systems.

In general, the balancing of a combined MES to cover
the demand for electricity could be as:

Wegs(D) + Wy (B) + Wieyps() + Wigo(D) +

S, (=L I (0 + AL, (1), @

const

Table 1. 1. Initial data for modelling the structure of monthly energy balances CHPS

Kaplun et al.

where L¢(t) — baseline electrical load (according to the sea-
sonal daily power consumption profile); + I (t) - deviation
from the baseline load forecast (the forecast error can be
determined by the addition of the study of extended statis-
tical information); AL¢, _(t) - the part of the electrical load
to cover the heat load (mutual conversion within a com-
bined microgrid system). Similarly, to cover the demand for
thermal energy, the determination of the balance from the
selected sources would be as follows:

W)+ Wiy o) + Wi (0)+ W

onst

O=L't)=LyD). (5)

The research was conducted in 2023 on the example
of a typical district heating system in the territorial com-
munity of Smila, Cherkasy region, Ukraine. The system of
combined energy production included a heat power plant
with gas turbines operating in a combined cycle, as well as
one cogeneration station equipped with internal combus-
tion engines. The study focused on analysing the integra-
tion and performance of these systems within the exist-
ing infrastructure. The annual electricity consumption is
59214 mWh, heat — 39436 mWh). At the first stage, it was
necessary to conduct a retrospective analysis of the nature
of energy consumption and justify such a technological
structure of CHPS that would cover demand with the low-
est cost of electricity production based on available local
biofuels TC and RES.

Based on statistical observations and information in
Table 1 on real energy production aggregate P6-35/5M
(Germany), which operates as part of the regional MES, the
initial data for the research were formed.

_ . § R The type of energy source ,.E ;.bso
= 5= SEfotg )
= 2 25 E8E oad
g 9= S o & LT
IS 5 ~ o~ g 8 v 2 8 : 8 ° g
T g&E EppcE 25 E
< 9% =) Sgv g
g 2 v @ aE = -T2 =
) =3 S ge9F8 T
A =9 BHYs g 6 &3
o — A & E
we 116.04 538.56 2027.86 504.32 3539.24 0 430837.39
> 6726.02 e !
g &° 262 85.3 15.26 146.8 70.5 0 64.06
E 7898 h wkh 0 7108 310.99 0 479.01 174541.49
&' 0 18.15 68.1 0 50.84 22.10
we 260.1 442.82 1953 498.97 4647.16 0 544309.45
g 7802.05 e :
S & 262 85.3 19.21 146.8 70.5 0 69.76
% Wh 0 3365.38 307.68 0 5408.94  380784.75
= 9082 h :
&' 0 25.21 68.1 0 50.84 41.93
we 576.3 626.48 1401.08 478.11 1864.18 0 431848.48
= 4946.15 e
o &° 262 85.3 18.42 146.8 70.5 0 87.31
§ 6245 h wh 0 2670.91 294.77 0 3279.32  256371.67
&' 0 26.05 68.1 0 50.84 41.05
4964.78 we 681.56 644.05 1711.64 490.36 1437.17 0 467163.94
. e
= &° 262 85.3 35.26 146.8 70.5 0 94.10
< 2674 h wh 0 1265.88 302.16 0 1105.96  161415.52
g 0 66.84 68.1 0 50.84 60.36
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Continued Table 1.

> . 5 The type of energy source T = .on
> &.ﬂ s =
2 Bz Gty
: 5% $82%
Eo3Es 825
‘- 82
(=] % a 8‘%
4469 65 . we 1075.3 676.92 2063.27 501.52 152.64 0 450986.13
z Z 262 85.3 13.15 146.8 70.5 0 100.90
= 0 N w 0 0 0 0 0 0 0.00
g 0 0 0 0 0 0 0.00
4350.27 . we 1124.52 418.75 1946.72 488.17 372.11 0 451932.,31
Y & 262 85.3 12.17 146.8 70.5 0 103.89
= 0 N W 0 0 0 0 0 0 0.00
&" 0 0 0 0 0 0 0.00
419211 . we 1168.22 432.79 674.95 469.14 1447.01 0 521332.78
> o 262 85.3 11.05 146.8 70.5 0 124.36
= o | W 0 0 0 0 0 0 0.00
&' 0 0 0 0 0 0 0.00
e 423414 . we 924.1 365.94 1337.18 382.98 1223.94 0 429905.25
a 3z 262 85.3 10.52 146.8 70.5 0 101.53
é’ 0 h wkh 0 0 0 0 0 0 0.00
gh 0 0 0 0 0 0 0.00
E 4204.12 . we 612.24 584.68 550.68 515.05 1941.47 0 428848.07
g & 262 85.3 11.05 146.8 70.5 0 102.01
£ 0 | wr 0 0 0 0 0 0 0.00
« &' 0 0 0 0 0 0 0.00
L 4873.95 . we 473.9 534.36 2289.64 490.13 1085.92 0 344742.29
S o 262 85.3 11.57 146.8 70.5 0 70,73
g 0 h wh 0 0 0 0 0 0 0.00
&' 0 0 0 0 0 0 0.00
5 5440.12 . we 138.24 232.56 2326.31 479.06 2263.95 0 317209.81
?E 8¢ 262 85.3 13.42 146.8 70.5 0 58.31
% 6670 h wh 0 0 5269.08 295.42 0 1105.5 196930.96
z gt 0 0 22.89 68.1 0 50.84 29.52
5 797783 . we 67.66 658.92 2463.68 505.19 3582.38 0 440194.54
"c'é & 262 85.3 16.05 146.8 70.5 0 60.48
§ 10245 h wh 0 0 9546.95 311.54 0 386.46 256910.98
A &' 0 0 22.63 68.1 0 50.84 25.08
Source: compiled by the authors based on Smila city territorial community (n.d.)
Additional characteristics of mini HPPs: Boiler units — RESULTS

KVGM-20, DKVR-10-39-44 (Ukraine); Turbines - P6-
35/5M (Germany) No. 1, 2 with a capacity of 6 MW. To form
the technological structure of CHPS, network level sources
with installed powers were selected for analysis, namely:
SPP - 1.0 mW, WPP - 1.6 mW, HPP - 8.5 mW, BCP — 1.0 mW.

The scientific idea of the study was the assertion of
the possibility of determining the limit levels of the ratio
of particles of electric and thermal energy during a given
calculation period. This would make it possibility to de-
termine the time periods of participation of homogeneous
sources in the formation of optimal energy balances (daily,
monthly, annual) of the combined energy supply system
with the selected structure of heterogeneous sources and a
deterministic load profile.

The using of several local sources that form the structure
of CHPS and were integrated into existing centralized net-
works requires an analysis, namely:

1) determination of annual consumption (demand)
and opportunities of the territorial community for the pro-
duction of biofuels and the power generating capacities in
accordance with the Green Deal;

2) research of the structure CHPS energy balance with
selected sources to cover demand during the billing pe-
riod. It was assumed that own energy production should
only cover current energy needs. The limitation was that
the possibility surplus energy produced in previous periods
cannot cover the needs in future periods in which produc-
tion is insufficient;
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3) determination of short-, medium- and long-term
energy profiles of CHPS for combined heat and power gen-
eration based on a predictive assessment of the cost indi-
cators of energy supply to end users;

4) the formation of energy independence of territorial
communities through the integration of several heteroge-
neous sources of distributed generation of small power re-
quires the justification of certain rules and procedures. The
major feature of the construction of such combined energy
production systems is their ability to predictably change
the structure of the energy balance by replacing the main
component of energy consumption from external networks
with their own generation. Under certain conditions, CHPS
can switch in isolating (island) mode of operation without
reducing the quality of power supply. At the same time,
synchronization with external grids allows maneuvering
distributed generation in the micropower system, taking
into account the stochastic parameters of own generation,
and having operational flexibility when using sources of lo-
cal heat generation.

Wide opportunities for variability ratio of electricity
and heat production expanded the cost ranges of energy
supply for end consumers. The using of multi-unit mi-
ni-HPPs provided a fairly wide range of maneuvering load
of station, which created the prerequisites for the search
for economically justified operational indicators in seasons
with medium or low demand for heat production.

10000

==@==Demand for electricity energy, mW-h

Kaplun et al.

Technological opportunities and constraints for the
electrical and heat generation in the combined cycle gen-
erally is lied in the seasonal demand for final energy (elec-
tricity and heat) and access to local primary fuels.

The schematic flow diagram of the combined heat and
power generation is shown in Figure 3.

. T ..T" )
T
y
I ~—
Lh

‘ O

Figure 3. Technological scheme of combined energy
production by Heat power plant
Note: BB - solid biofuel boiler, T — turbine, G — generator,
C - condenser, L¢ - electrical network, L" - heating network)
Source: compiled by the authors

The graphs of monthly profiles of demand for electrici-
ty and heat (Fig. 4) and total costs for energy supply (Fig. 5)
of the territorial community city Smila, Cherkasy region,
were obtained.

= 10 245
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Figure 4. Monthly load profile (demand for electricity and heat energy)
Source: compiled by the authors
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Figure 5. Total monthly energy costs of the territorial community to cover the demand for electricity and heat energy

Source: compiled by the authors

To test the efficiency of proposing structure com-
bined energy supply micro-energy system the values

the unit costs of electricity and heat averaging on the
monthly interval (Fig. 6) were obtained. It was taken into
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account the peculiarities of technological cycles of con-  the possibility of balancing micro-energy systems from
version of primary fuels of heat generation sources and  external grid.

| Specific cost of electricity energy (ge), $/mW-h
140

<
<
=
120
100
80 ;
60
40 i
20
0
>
5
=

Figure 6. Average values of unit costs of electricity and heat
for the structure of sources micro-energy systems with installed power
Note: SPP - 1.0 mW, WPP — 1.6 mW, HPP - 8.5 mW, BCP - 1.0 mW
Source: compiled by the authors

M Specific cost of heat energy (gh), $/mW-h
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Combining production of heat and electricity with an ~ shows the interrelation between electricity and heat gen-
assessment of their maneuvering capabilities for operation  eration, energy losses in HPP and BCP in non-maneuvering
in the local energy production system make it possible to  mode of operation without taking into account seasonality,
predict the cost indicators of energy supply for the end  when heat recovery does not occur. This mode of operation
consumer, taking into account the efficiency of conversion  of heat generation sources is not optimal. It is applied on
of primary fuels in sources of heat generation. Figure 7  the bject, where the statistical data are used in research.

January -1.07% T I Y 98.93%
February -1.05% Il I e 198.95%
March -1.16% NN D e (98.84%
April -1.72% [T i T 1e8.28%

May  -40.83% I E 59.17%
June ' -40.07% I e 59.93%

July -21.70% | I 78.30%
August -32.35% [ N 67.65%
September -19.51% | . I 80.49%
October  -38.47% (I s e 61.53%
November -1.67% HETNT e - 98.33%
December -1.04% HETTT I Y 98.96%
-60% -40% -20% 0% 20% 40% 60% 80% 100%

B Generation of electricity energy SPP B Generation of electricity energy WPP
1 Generation of electricity energy CHPS Generation of electricity energy BCP
M Generation of electricity energy CPSS B Generation of heat energy CHPS
B Generation of heat energy BCP m Generation of heat energy HG

B Own needs of electricity energy CHPS B Own needs of electricity energy BCP

Figure 7. Interrelation between electricity and heat generation, energy losses in HPP and BCP in non-maneuvering
mode of operation without taking into account seasonality, when useful heat recovery does not occur
Source: compiled by the authors

To algorithmize the operation of the micro-energy sys-  taking into account the provision of the basic part of de-

tem, taking into account seasonal changes in local genera-  mand during the calendar year and the response to demand
tion and demand, it is necessary to determine model series  taking into account seasonal changes. At the same time, the
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formation of MES energy balances with the selected struc-
ture of sources should be considered as management effi-
ciency of the system as a whole. Combined energy sources
with high fuel efficiency and the ability to maneuver power
in a wide range of loads will be the most request a season
with demand for heat energy. The demand for electricity
(primarily in the summer) should be provide by the gener-
ation of wind and solar power plants. Dispatching of com-
bined energy production to cover specified load schedules
(especially for peak periods) also requires the research of
different modes of co-production heat and electricity ener-
gy, taking into account seasonal changes in load schedules.

To analyse the efficiency of structuring a micro-energy
system with the selected sources, it was used the approach
proposed by V. Kaplun (2023). Let denote the vector of pa-
rameters of external factors in the formation of the energy
balance D(t) such as the cost of primary fuel, the efficiency
of combined energy production technologies, and the in-
terdependence between electricity and heat production in
the cogeneration cycle. The structuring vector R(t) includes
the structural implementations of micro-energy systems
with the stochastic nature of RES (renewable energy sourc-
es). The vector of control influences is denoted as Y(t), and
the criterion functionality as F,.

The criterion (goal) functional is integral, since in
multicomponent systems, optimal solutions, as a rule, are

Kaplun et al.

determined not by the instantaneous reaction of the sys-
tem, but for a certain calculation period T

Fr= [ R(D@.R®,Y®)dt, i=TLn. (6

With this representation (6), the value of the F is a
function of input parameters and control influences Y(t).
Parameters D(t), R(t), Y(t) depend on the season and the se-
lected structure of the sources and their being in the active
state (state of generation), are variable and are given by an
expression of the type:

DminSDSDmax’
Changes in these parameters are also mutually de-
pendent
A (D), R(t), Y(t)) > 0.

To understand the features of the formation of func-
tionality F,. is considering the diagram of electricity, heat
generation and technological energy losses related to the
sources of heat generation (Fig. 6). Results of functional
calculations F, as the coefficient of imbalance of the select-
ed structure MES in the conditions of deterministic defini-
tion of the output data combining production of electricity
and heat are given in Table 2.

Table 2. Results of functional calculations F,

Y 0.533

0.608 0.401 0.312 0.038 0.098 0.409 0.328 0.497 0.233 0.421 0.494
Y 0.581 0.534 0.411 - - - - - - 0.166 0.562
Y, 0.011 0.012 0.011 0.016 0.689 0.668 0.277 0.478 0.242 0.625 0.017 0.011

L

Source: compiled by the authors

The functionality F, is calculated Table 1 as an un-
balance coefficient for the selected structure of electricity
sources (Y*) and ranges from 0.038 till 0.608, which indi-
cates an insufficient share in the balance of MES solar gen-
eration in the summer calendar period, especially for July
and August (F¢=0.409 ta F,=0.328). It is foreseeable that
the electricity balance will be sufficiently structured in the
periods from May to September on the basis of the gen-
eration of wind-solar systems with minimal consumption
from the centralized CPSS grid.

The heat supply system has a slightly different design
of the energy balance of the territorial community. The
lack of demand for district heating from April to October
imposes restrictions on the use of heat generation with
combined energy production, since most of the heat en-
ergy cannot be disposed of in the summer. The constancy
of the heat consumption schedule requires the operation
of heat generation sources at the rated power of HPP and
BCP without the use of shunting modes in the periods from
November to March. Balancing MES by heat (Y") should be
carried out at the expense of the heat grid (HG) and local

(objects) tools of heat supply. Only in November, the de-
mand for heat energy is provided with sufficient efficiency
F, =0.409.

Dispatching of combined energy production to cover
specified load schedules (especially for peak periods) re-
quires the research of different modes of co-production
heat and electricity energies, taking into account seasonal
changes in load schedules. Combined energy supply pro-
cesses will encourage territorial communities to a new type
of activity, which is due to own energy production based on
the use of local fuels and renewable energy sources (RES).
The outlined approaches can be a theoretical basis for the
development scenarios for the formation energy independ-
ence of territorial communities.

The dispatching strategy based on the specific value
indicators of energy generation opens the way for the max-
imization of operating income. The priority of balancing
the micro-power system to cover the demand is given to
WPPs and SPPs, which are highly profitable generating
facilities. Optimal cost performance and energy efficiency
performance of primary biofuels conversion are key criteria
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during periods when CHPS and BCP operate in the “heat
load determined capacity” mode. It was shown that the re-
sults of functional calculations, from which it can be seen
that combined energy supply (supply of electricity and heat)
can be achieved due to energy complementarity, provided
that reducing the cost of energy is the goal of optimization.

The results of the research can be used to develop
dynamic energy management systems, which will allow
formation tariff plans for end consumers of the territorial
community, taking into account combined energy produc-
tion based on local biofuels, the positive impact of MES of
this class on the survivability energy islands in case of an
unpredictable decrease in the power of centralized sources,
system accidents, blackouts, etc.

M. Bagheri et al. (2019) noted the introduction of local
energy supply systems for territorial communities is an im-
portant factor in gradually increasing their level of energy
independence. The priority direction is the fusion of com-
bined energy production through the use of decentralized
sources at the system (centralized) and local (on the side of
the end consumer) level.

A.Karimi et al. (2024) researched that from the point of
view technical and economic indicators of the functioning
and using local fuels, the technologies, which are combined
production heat and electrical energy at regional heat pow-
er plants are attractive. New challenges, in territorial com-
munities are mainly associated with the consequences of
rising prices in electricity market, as well as the variability
of generation resulting from an increasing deal of RES. In
many existing district heating systems, there is significant
potential for modernizing power generating and improving
their efficiency in general. The study suggests a manage-
ment strategy that involves using a new decentralized con-
troller for the effective organization and coordination of
ESSs and RESs to enhance the operation of isolated micro-
grids. According to M. Bagheri et al. (2019) for the combined
production of thermal and electrical energy with an assess-
ment of their maneuverability, working in a combined local
energy system with predicted specific values of energy sup-
ply for the end consumer are solutions of interest. Exactly
local heat power plants with high fuel efficiency are able to
maneuver power in a wide range of loads. Therefore, they
will be the most in demand given the increase in tariffs
for heat and electricity with the support of the stochastic
mode with RES. In addition, the dispatching of combined
energy production to cover the specified load schedules
(especially for peak periods) also requires the research of
different modes of co-production of heat and electricity,
taking into account seasonal changes in load schedules.

L. Mehigan et al. (2018) researched the prerequisites
for the technical modernization of traditional energy in-
dustries, highlighting the challenges that drive the devel-
opment of innovative energy Internet platforms. X. Zhao et
al. (2018) explored how micro-energy systems serve as
prototypes for object-oriented decentralized microgrids
within the energy Internet framework. Their work suggests
that these systems could promote the formation of multi-

energy and polygenerational energy supply models for
territories and communities, emphasizing the use of re-
newable energy sources and local fuels. In the notable pub-
lications by L. Ju et al. (2016), research on microgrids is de-
voted to the coordination of operational planning and the
solution of optimization problems aimed at minimizing
operating costs and reducing environmental impact. The
principles of constructions a dispatching system and the
strategy of energy management in the long term are pre-
sented in detail. In a paper by K. Fellah & R. Abbou (2024)
a layer-like optimization model based on the modes of the
regulated thermoelectric cogeneration unit’s coefficient
is presented. At the first level, the criterion of minimum
energy costs was applied, and the second level of efficien-
cy is according for the economic criterion. H.A. Gabbar et
al. (2015) presented the results of optimizing the function-
ing of regional networks with minimal energy consumption
and environmental impact. The works of G. Guandalini et
al. (2017) and X. Zhang et al. (2018) were dedicated to the
introduction of carbon credits as a market commodity us-
ing technical and economic indicators (minimum costs
for electricity production) and carbon emissions trading
on the performance of the system. Photovoltaic modules,
energy storage devices and heat exchangers for local load
were integrated into the microgrid system, which helped to
reduce the cost of electricity generation. These articles did
not address the uncertainties associated with the function-
ing of microgrids with polygeneration. This complicates
the understanding formation of energy security levels for
such objects. The uncertainty of micropower systems with
polygeneration is mainly related to the operation of wind
and solar power plants, the lack of use of controlled gen-
erating units, energy storage and flexible load for optimal
matching of supply and demand. In the research by F.]. He-
redia et al. (2010), the method of stochastic optimization of
electricity generation by a wind-solar station by means of
two-level dispatch optimization for virtual power plants is
described. J. Li et al. (2024) proposed day-ahead scheduling
model is a mixed-integer, nonlinear, large-scale, stochastic
optimization problem with high dimensional random var-
iables, which is difficult to be solved directly by traditional
centralized method. The simulation results show that the
proposed distributed optimization algorithm has high ac-
curacy and good convergence, the virtual power plant can
achieve day-ahead optimal scheduling and effectively pro-
mote renewable energy accommodation under the security
and reliability of the grid. The problem of wind consump-
tion based on fast maneuvering control with the help of gas
generators has been solved by J. Mohammadi et al. (2007),
H. Yang et al. (2014).

Methods based on stochastic programming optimiza-
tion are the most common for processing indetermination.
However, it is problematic to obtain a probabilistic analysis
of the stochastic processes on which stochastic optimiza-
tion depends. Therefore, optimization procedures are often
characterized by boundary parameters of indetermination
factors and the selection of a reliable optimum. As a rule,

Machinery & Energetics. Vol. 15, No. 4

4



it’s a conservative decision. Solving multi-purpose optimi-
zation models is also a key problem in microgrids function-
ing. In general, multi-purpose models are solved with the
help of related algorithms, but the introduction of inde-
termination and several optimization criteria significantly
complicates the models and introduces contradictions into
the solutions. Solving algorithms mainly incorporate tra-
ditional approaches and heuristic intelligent algorithms,
which were reviewed by Z.-F. Tan et al. (2014). In the first
case, problems in defining parameters and transforming
constraints are shown, which leads to low optimization
effectiveness. In the second case, the best solutions are
obtained, but the research and selection of the extrem-
um is carried out without taking into account the princi-
ples of multi-purpose programming. Therefore, according
to Z.-F. Tan et al. (2014), the algorithm stops at the local
extremum, which limits the possibility of finding the opti-
mum. As noted by Y.-W. Jiang et al. (2008), the solution of
the problem dispatching energy flows in a multicomponent
system by optimizing particles and algorithms of differen-
tial evolution. It shows the solution of the multi-purpose
model as the main problem in structure optimal strategies
for dispatching micropower systems.

A. Bloess et al. (2018) researched that the presence of
commonality of modes of combined energy production of
electricity and heat is characterized by the fact that the
cost of accumulating heat energy is much lower compared
to the cost of accumulating electrical energy, which makes
the planning and operation of electricity and heat more
and more attractive in practical implementation. Coordi-
nated management of energy flows between electricity and
heating networks can simultaneously contribute the de-
carbonization of the heating sector and provide the great-
er flexibility needed for renewables with indetermination
generation. By D. Connolly et al. (2014) noted that energy
system modelling tools are usually created for the electric-
ity sector, and the potential benefits of local district heat-
ing systems are generally overlooked.

Obviously, in order to assess the potential of district
heating networks, it is necessary to take into account the
availability of local infrastructure and available fuel. As a
rule, modelling tools are used that do not take into account
the interaction between the processes of combined energy
production of electricity and heat. At the same time, it is im-
portant to understand that in this case, there are naturally
restrictions on the use of tools that would embody a holistic
approach, considering both systems as an integrated whole.

CONCLUSIONS

The research focused on the statistical analysis of combined
energy production in wind-solar power plants and thermal
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generation sources (gas turbine power plants in combined
cycles and cogeneration plants with biofuel internal com-
bustion engines) within a typical centralized electrici-
ty and heat supply system. The territorial community of
Smila, Cherkasy region, Ukraine, served as the case study.

The results showed that combined energy production
systems with high fuel efficiency and flexible load manage-
ment are crucial for minimizing heat and electricity costs,
especially when dealing with the stochastic nature of Re-
newable Energy Sources (RES) generation. These systems,
including biofuel-based cogeneration plants (BCP) and
heat power plants (HPP), face challenges such as increased
energy losses during the summer season, where losses rose
from 19.51% till 40.83%, leading to higher electricity gen-
eration costs. The average specific cost of electricity for
the selected energy sources (SPP — 1.0 mW, WPP — 1.6 mW,
HPP - 8.5 mW, BCP — 1.0 mW) increased in the summer from
23.63% till 53.37%. The imbalance coefficient reached its
highest value of 0.689 during the non-heating season, in-
dicating significant inefficiencies in the summer months.

From the perspective of electricity demand coverage,
thermal generation and, to some extent, wind energy sys-
tems are foundational in the energy structure, while solar
power contributes to covering morning load peaks during
the spring and summer. BCPs act as operational power re-
serves, ensuring flexibility during both peak demand peri-
ods and load decreases.

The study also established that the efficiency of com-
bined heat and electricity generation strongly correlates
with the demand for thermal energy, suggesting further
research into optimal dispatching strategies. These find-
ings highlight that local energy systems, particularly mi-
cro-energy systems (MES), can be more self-sufficient and
cost-effective with decentralized power generation.

Future research will explore the development of decen-
tralized microgrids with polygeneration capabilities and
short-term load forecasting, providing better energy bal-
ancing and reliability. This shift towards energy-independ-
ent islands and peer-to-peer energy trading within energy
communities will create new opportunities for decentral-
ization, enabling consumers to actively manage their en-
ergy use and enhance energy efficiency in local systems.

ACKNOWLEDGEMENTS

The work was supported by the National Research Founda-
tion of Ukraine in the competition “Science for the Recon-
struction of Ukraine in the War and Postwar Periods”, grant
No. 94/0129.

CONFLICT OF INTEREST

None.

REFERENCES

[1] Bagheri, M., Delbari, S.H., Pakzadmanesh, M., & Kennedy, C.A. (2019). City-integrated renewable energy design for
low-carbon and climate-resilient communities. Applied Energy, 239, 1212-1225. doi: 10.1016/j. apenergy.2019.02.031.
[2] Bloess,A.,Schill, W.-P., & Zerrahn, A. (2018). Power-to-heat for renewable energy integration: A review of technologies,
modeling approaches, and flexibility potentials. Applied Energy, 212, 1611-1626.doi: 10.1016/j.apenergy.2017.12.073.

Machinery & Energetics. Vol. 15, No. 4

N


https://ideas.repec.org/a/eee/appene/v239y2019icp1212-1225.html
https://doi.org/10.1016/j.apenergy.2017.12.073

Structuring the energy balance of territorial communities...

[3] Connolly, D.,Lund, H., Mathiesen, B.V., Werner, S., Moller, B., Persson, U., Boermans, T., Trier, D., @stergaard, P.A., &
Nielsen, S. (2014). Heat roadmap Europe: Combining district heating with heat savings to decarbonise the eu energy
system. Energy Policy, 65, 475-489. doi: 10.1016/j.enpol.2013.10.035.

[4] European Directive 2018/2001/EU of the European Parliament and of the Council on the promotion of the use of energy
from renewable sources (recast). (2018, December). Retrieved from https://eur-lex.europa.eu/eli/dir/2018/2001/0j.

[5] Fellah, K., & Abbou, R. (2024). Modelling and formal verification approach for microgrid energy management systems
under random load. IFAC-PapersOnLine, 58(1), 270-275. doi: 10.1016/j.ifacol.2024.07.046.

[6] Gabbar, H.A., Runge, J., Bondarenko, D., Bower, L., Pandya, D., Musharavati, F., & Pokharel, S. (2015). Performance
evaluation of gas-power strategies for building energy conservation. Energy Conversion and Management, 93, 187-196.
doi: 10.1016/j.enconman.2014.12.060.

[7] Ghiani, E., Giordano, A., Nieddu, A., Rosetti, L., & Pilo, F. (2019), Planning of a smart local energy community: The
case of Berchidda Municipality (Italy), Energies, 12(24), article number 4629. doi: 10.3390/en12244629.

[8] Guandalini, G., Robinius, M., Grube, T., Campanari, S., & Stolten, D. (2017). Long-term power-to-gas potential from
wind and solar power: A country analysis for Italy. International Journal of Hydrogen Energy, 42(19), 13389-13406.
doi: 10.1016/j.ijhydene.2017.03.081.

[9] Hahnel, U.].]., Herberz, M., Pena-Bello, A., Parra, D., & Brosch, T. (2020). Becoming prosumer: Revealing trading
preferences and decision-making strategies in peer-to-peer energy communities. Energy Policy, 137, article number
111098. doi: 10.1016/j.enpol.2019.111098.

[10] Heredia, F.J., Rider, M.]., & Corchero, C. (2010). Optimal bidding strategies for thermal and generic programming
units in the day-ahead electricity market. IEEE Transactions on Power Systems, 25(3), 1504-1518. doi: 10.1109/
TPWRS.2009.2038269.

[11] Jiang, Y.-W., Chen, C., & Wen, B.-Y. (2008). Application of stochastic simulation’s particle swarm algorithm in the
compensation of reactive power for wind farms. Proceedings of the Chinese Society of Electrical Engineering, 28, 47-52.

[12] Ju, L., Li, H., Zhao, J., Chen, K., Tan, Q., & Tan, Z. (2016). Multi-objective stochastic scheduling optimization model
for connecting a virtual power plant to wind-photovoltaic-electric vehicles considering uncertainties and demand
response. Energy Conversion and Management, 128, 160-177. doi: 10.1016/j.enconman.2016.09.072.

[13] Kaplun, V. (2023). Principles of resource-process modeling of territorial communities combined energy supply in the
climate change prevention context. System Research in Energy, 4(75), 54-64. doi: 10.15407/srenergy2023.04.055.

[14] Kaplun, V., & Osypenko, V. (2020). Energy efficiency analyses in polygeneration microgrids with renewable sources
2020. In IEEE 7th international conference on energy smart systems (ESS) (pp. 139-143). Kyiv: IEEE. doi: 10.1109/
ESS50319.2020.9160346.

[15] Karimi, A., Nayeripour, M., & Abbasi, A.R. (2024). Coordination in islanded microgrids: Integration of distributed
generation, energy storage system, and load shedding using a new decentralized control architecture. Journal of
Energy Storage, 98(B), article number 113199. doi: 10.1016/j.est.2024.113199.

[16] Koirala, B.P., Koliou, E., Friege, J., Hakvoort, R.A., & Herder, P.M. (2016). Energetic communities for community
energy: A review of key issues and trends shaping integrated community energy systems. Renewable and Sustainable
Energy Reviews, 56, 722-744. doi: 10.1016/j.rser.2015.11.080.

[17] Li, J., Mo, H., Sun, Q., Wei, W., & Yin, K. (2024). Distributed optimal scheduling for virtual power plant with high
penetration of renewable energy. International Journal of Electrical Power & Energy Systems, 160, article number
110103. doi: 10.1016/j.ijepes.2024.110103.

[18] Mehigan, L., Deane, J.P., Gallachéir, B.P.O., & Bertsch, V. (2018). A review of the role of distributed generation (DG) in
future electricity systems. Energy, 163, 822-836. doi: 10.1016/j.energy.2018.08.022.

[19] Mohammadi, J., Rahimikian, A., & Ghazizadeh, M.S. (2007). Aggregated wind power and flexible load offering strategy.
IET Renewable Power Generation, 5(6), 439-447. doi: 10.1049/iet-rpg.2011.0066.

[20] Saeed, N., Wen, F., & Afzal, M.Z. (2024). Decentralized peer-to-peer energy trading in microgrids: Leveraging
blockchain technology and smart contracts. Energy Reports, 12, 1753-1764. doi: 10.1016/j.egyr.2024.07.053.

[21] Smila city territorial community. (n.d.). Statistical data on energy consumption. Retrieved from http://surl.li/pcelaf.

[22] Stojiljkovic, M.M. (2017). Bi-level multi-objective fuzzy design optimization of energy supply systems aided by
problem-specific heuristics. Energy, 137, 1231-1251. doi: 10.1016/j.energy.2017.06.037.

[23] Tan,Z.-F.,Ju,L.-W., Li, H.-H., Li, ].-Y., & Zhang, H.-]. (2014). A two-stage scheduling optimization model and solution
algorithm for wind power and energy storage system considering uncertainty and demand response. International
Journal of Electrical Power & Energy Systems, 63, 1057-1069. doi: 10.1016/j.ijepes.2014.06.061.

[24] Yang, H.,Yi,D., Zhao,].,Luo, F., & Dong, Z. (2014). Distributed optimal dispatch of virtual power plant based on ELM
transformation. Journal of Industrial and Management Optimization, 10(4), 1297-1318. doi: 10.3934/jimo0.2014.10.1297.

[25] Zhang, X., Yang, ]J., Wang, W., Zhang, M., & Jing, T. (2018). Integrated optimal dispatch of a rural micro-energy-
gridwith multi-energy stream based on model predictive control. Energies, 11, article number 3439. doi: 10.3390/
enl11123439.

Machinery & Energetics. Vol. 15, No. 4

4


https://doi.org/10.1016/j.enpol.2013.10.035
https://eur-lex.europa.eu/eli/dir/2018/2001/oj
https://doi.org/10.1016/j.ifacol.2024.07.046
https://doi.org/10.1016/j.enconman.2014.12.060
https://doi.org/10.3390/en12244629
https://doi.org/10.1016/j.ijhydene.2017.03.081
https://doi.org/10.1016/j.enpol.2019.111098
https://doi.org/10.1109/TPWRS.2009.2038269
https://doi.org/10.1109/TPWRS.2009.2038269
http://iauthor.fzu.edu.cn/item/323585
http://iauthor.fzu.edu.cn/item/323585
https://doi.org/10.1016/j.enconman.2016.09.072
https://doi.org/10.15407/srenergy2023.04.055
https://doi.org/10.1109/ESS50319.2020.9160346
https://doi.org/10.1109/ESS50319.2020.9160346
https://doi.org/10.1016/j.est.2024.113199
https://doi.org/10.1016/j.rser.2015.11.080%20
https://doi.org/10.1016/j.ijepes.2024.110103
https://doi.org/10.1016/j.energy.2018.08.022
https://doi.org/10.1049/iet-rpg.2011.0066
https://doi.org/10.1016/j.egyr.2024.07.053
https://www.rayrada.ck.ua/8-silski-rady/5605-smilianska-miska-terytorialna-hromada.html
https://doi.org/10.1016/j.energy.2017.06.037
https://doi.org/10.1016/j.ijepes.2014.06.061
https://doi.org/10.3934/jimo.2014.10.1297
https://doi.org/10.3390/en11123439
https://doi.org/10.3390/en11123439

Kaplun et al.

[26] Zhao, X., Yang, L., Qu, X., & Yan, W. (2018). An improved energy flow calculation method for integrated electricity
and natural gas system. Transactions of China Electrotechnical Society, 33, 467-477.

BikTop Karuryn

IoKTOp TeXHiUHUX HayK, Tpodecop
HauioHanpHUIT yHiBEpcUTeT 6iopecypciB i MPUPOJOKOPUCTYBAHHS YKpaiHu
03041, Bysn. TepoiB O6oponu, 15, M. Kuis, Vkpaina
https://orcid.org/0000-0001-7040-9344
BikTop TpoxaHsk

Kangmpat TeXHIiYHMX HAyK, TOIEHT
HarionanpHMit yHiBepcuTeT GiopecypciB i mpupomoKopmcTyBaHHS YKpainm
03041, Byn. lepoiB O6oponu, 15, M. Kuis, Ykpaina
https://orcid.org/0000-0002-8084-1568
CpiTrana MakapeBu4

Kangupat TexHiuHMX HayK, TOLEHT
HarmionanpHMit yHiBepcuTeT 6iopecypciB i mpupomoKkopucTyBaHHS YKpainu
03041, Byn. l'epoiB O6oponn, 15, m. Kuis, Ykpaina
https://orcid.org/0000-0002-9601-5156
IBan Pagbko

Kanaupmat TexHiYHUX HAYK, JOLIEHT
HarrionanbpHMiT yHiBepcUTET 6iopecypciB i MpupomoKopMCTyBaHHS YKpainu
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Ykpaina
https://orcid.org/0000-0002-4235-3969
Bagyim JIuTBUH

AcmipaHT
HauioHanbHMi1 yHiBEpcUTeT 6iopecypciB i mpupomoKopucTyBaHHS YKpainu
03041, By:n. I'epoiB O6oponu, 15, m. Kuis, Vkpaina
https://orcid.org/0009-0008-9003-308X

CTPYKTYpPYBaHHSl eHepreTU4Horo 6anaHcy TeputopiaslibHUX rpomMag
3 NNOKaflbHUMMU iHPPACTPYKTYPHUMM aKTUBaAMM
A9 KOM6iHOBaHOro BUPO6HULTBA eHeprii

AHoTauifA. AHasi3 CTPYKTYpM €HePTreTUYHOTro 6asaHCy JO3BOJISIE ONITUMAIbHO BUKOPUCTOBYBATY HasIBHI pecypcu
Ta iHdpacTpyKTYypy 451 MakCUMi3allii BUpOOGHMIITBA eHeprii, 1110 0CO6IMBO BasKIMBO IJISI TEPUTOPiaJIbHUX TpoMal 3
obMeskeHMMU pecypcamu. MeToro cTaTTi 6yJ10 MPOBeAEHHS CTaTUCTUYHOTO aHajli3y KOMOiHOBAaHOTO BUPOOHUIITBA €HEPTil
Bifl BITPO-COHSIUHUX €JIeKTPOCTaHIIili Ta Aykepesi Ter0BOi reHepallii y ckaafi TUIIOBOiI CUCTeMMU LIeHTPaai30BaHOTO
MOCTaYaHHS elIeKTPUYHOI Ta TeIJIOBOi eHeprii 11 TepuTopiaabHOi rpoManu micta Cmina, Yepkacbka 061acTb, YRpaiHa.
1106 cripusaT BUKOPUCTAHHIO PO3TIOAIIEHNX PecypciB, 3alIpONIOHOBaHA KOHLIeMNIIisl MikpoeHepreTnyHoi cuctemu (MEC)
Ta ii OCHOBHA CTPYKTYypa 3 MPUCTPOSIMYU BUPOOHUIITBA, TIepeTBOPEeHHSI Ta 36epiraHHs eHeprii. Ha ocHOBI HeBU3HAUEHOCTE
MEC BBOOUTBCS MOJe/Ib PO3IMOAITY IMOBipHOCTel. 3 IIIMM MaKkCUMi3allii omepaliiiHOTO LOX04y Ta MiHiMizallii
oTiepalliiiHOro pU3MKY Ta BUKU/iB BYITIEKMCIOTO rasy 6yJio CTBOPeHO 6araToliiboBy CKOOPAVMHOBAHY MOJIe/b ONTMUMi3allii
nucreTuepusatlii. Pe3ynpraTu mokasyioTh, 1o MEC Moske iHTerpyBaTy pi3Hi Tmmu eHeprii, Taki sk BitTep, poToenekTpuyHa
eHepris Ta ra3. Kizibka eHepreTMUYHMX LUMKIIB JOCITAE€THCS 32 JOTIOMOTOI0 IIPUCTPOIB 1151 IepeTBOPEHHSI Ta 36epiraHHs
eHeprii, i 3aJ0BOMBHSIIOTHCS Pi3Hi MOTPe6y B eHeprii. Ce30HHICTh HaKIaga€e CyTTEBI 0OMeXXeHHS Ha BUKOPUCTAHHS
TeIUIOBUX eJIeKTPOCTaHIIiil Ha TBepromy 6ionanusi (TEC) Ta 6iomanMBHMX KOTeHepalliifHMX ra30MOpIIHEBMUX YCTAHOBOK
(BI'Y) B niTHil nepioz, HaBiTh 6e3 ypaxyBaHHS MOXJIMBMUX MaHEBPOBUX peXXuMiB. PiBeHb BTpart 3pocrae 3 19,51% no
40,83%, 1110 TPMU3BOAUTD [0 36iMblIeHHST CO6iBapTOCTi BUPpOOHUIITBA eneKTpoeHeprii. CepegHi 3HAUEHHS TUTOMOIL
cobiBapTOCTi enekTpoeHeprii Ha MicsTYHOMY iHTepBaIi AJist o6panoi ctpykrypu mkepen (CEC - 1,0 mBt, BEC - 1,6 MBr,
I'EC - 8,5 MBr, BI'Y - 1,0 MBT) 3pocTarorhb BITKy 3 23,63 % 10 53,37 %. IIpu upomy F¢ (Y,) mocsrae Haii6inbIIoro sHa4eHHs
B HeomnasoBaibHMit ce30H 0,689. [ocmimKkeHHSI MOXKYTb 6yTY BUKOPUCTAHI Y TPAKTUUHUX IISIX TIPU AUCTIeTYepu3anii
reHepOBaHOI eJIeKTPMUHOI Ta TeIJIOBOi eHeprii

KniouoBi cnoBa: eHeprosabes3nevyeHHs TepUTOPiaSbHUX TPOMajl; eHepreTUHuit 6GanaHc; MiKpoeHeprocmcrema;
KOMOiHOBaHe BMPOOHUIITBO eJIEKTPOEHePTii i Teruia
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