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UKRAINE’S INTERNATIONAL ECONOMIC SECURITY

The article examines the modelling of regional energy clusters in the
context of Ukraine’'s international economic security. The relevance of the
study is determined by the large-scale destruction of Ukraine’'s energy
infrastructure caused by the full-scale war, the increasing vulnerability of the
centralized energy system, and the need to strengthen the energy resilience
of territorial communities. According to the International Energy Agency,
since the beginning of the full-scale invasion, nearly two-thirds of Ukraine’'s
dispatchable power capacity has been occupied, damaged or destroyed. At the
same time, Ukraine’s total reconstruction and recovery needs are estimated
at almost USD 588 billion, of which nearly USD 91 billion is required for the
energy sector. The significant potential for decentralized renewable
generation is also confirmed by the estimated rooftop photovoltaic potential
of Ukraine, which reaches 238.8 GW, or 290 TWh per year. The purpose of the
article is to substantiate an economic and mathematical model for assessing
the effectiveness of a regional energy cluster in terms of energy availability,
demand coverage, autonomy and dependence on centralized energy
infrastructure. The proposed model includes the indicator of total available
electricity, the energy coverage coefficient, the energy autonomy coefficient,
and the coefficient of dependence on the centralized power grid. This
approach makes it possible to quantitatively assess the capacity of a
territorial community to meet its electricity demand through local generation,
energy storage systems and centralized supply, taking into account
technological losses. The study demonstrates that regional energy clusters
can become an important tool for strengthening Ukraine’s international
economic security. They reduce the vulnerability of communities to attacks on
centralized energy infrastructure, support the functioning of critical facilities,
stabilize local production and create conditions for more resilient post-war
economic recovery. The proposed modelling approach can be used as a
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decision-support tool for local authorities, policymakers and energy
managers in developing decentralized energy strategies and improving the
resilience of regional energy systems under crisis conditions.

Keywords: regional energy cluster; international economic security;
energy resilience; decentralized energy system; territorial communities; local
generation; energy storage systems; economic and mathematical modelling.

Formulation of the problem. The current energy crisis in Ukraine
has revealed the structural vulnerability of the existing centralized
energy supply model. Large-scale damage to generation facilities,
transmission lines and distribution infrastructure has led to a chronic
shortage of electricity, prolonged power outages, reduced industrial
consumption and increased pressure on households, businesses and
social infrastructure. Under such conditions, the restoration of the energy
system within the traditional centralized framework does not fully ensure
its resilience, flexibility and ability to respond effectively to military,
technological and socio-economic challenges.

The problem is not limited to the physical destruction of energy
infrastructure. It is also related to the insufficient adaptability of the
existing energy management model, which is based on large-scale
generation facilities, complex hierarchical coordination and a high
dependence on centralized networks. In wartime conditions, such a
system becomes highly vulnerable to targeted attacks and is unable to
guarantee stable and equitable access to electricity for all categories of
consumers.

At the same time, energy supply is becoming not only an economic
and technical issue, but also an important component of international
economic security. The instability of the Ukrainian energy system affects
the country’s industrial capacity, investment attractiveness, foreign trade
potential, integration into European energy markets and overall
economic resilience. Therefore, the search for new models of energy
supply should be considered in the broader context of Ukraine's
international economic security.

In this regard, there is a need to develop and scientifically
substantiate decentralized energy models based on regional energy
clusters, local generation, smart microgrids, energy storage systems and
alternative technologies. Such models can reduce dependence on
centralized infrastructure, strengthen the energy autonomy of territorial

300



BicHuk
HYBIM

communities and increase the resilience of the national economy to
external and internal shocks.

Thus, the scientific problem of the study lies in the need to model
regional energy clusters as an instrument for transforming Ukraine's
energy system and strengthening its international economic security
under conditions of war, global energy instability and post-crisis
recovery.

Analysis of recent research and publications. Theoretical and
applied aspects of energy security, energy resilience and the
transformation of energy systems have been widely studied by both
Ukrainian and foreign researchers. Among Ukrainian scholars,
considerable attention to the issues of energy security, strategic
development of the energy sector and resilience of critical energy
infrastructure has been paid by 0. Sukhodolia, Ye. Bobrov and other
researchers whose works focus on the institutional, economic and
security dimensions of Ukraine’'s energy policy. Their studies emphasize
the importance of energy independence, diversification of energy
sources, infrastructure protection and adaptation of the national energy
system to external threats.

Foreign researchers have also made a significant contribution to
the development of the scientific foundations of energy security and
energy system resilience. In particular, B. Sovacool, A. Cherp, J. Jewell,
R. Schmitz, F. Flachsbarth, L. S. Plaga, M. Braun and P. Hartel consider
energy security and resilience as multidimensional concepts that
combine technical reliability, economic stability, environmental
sustainability and institutional adaptability. Their studies show that
modern energy systems should be able not only to withstand shocks, but
also to adapt to long-term geopolitical, technological and climate-related
changes.

A separate group of studies is devoted to the resilience of power
systems, smart grids and microgrids. M. Panteli and P. Mancarella
analyze the resilience of critical power infrastructure and emphasize the
need for modeling approaches that allow assessing the impact of
external disturbances on electricity systems. S. Mishra, K. Anderson, B.
Miller and other researchers examine microgrids as flexible local energy
systems capable of improving reliability, reducing vulnerability and
supporting critical consumers during disruptions.

Recent analytical reports of international organizations also
confirm the relevance of decentralized energy models for Ukraine. The
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International Energy Agency emphasizes that distributed energy
resources, renewable generation, storage systems and smart grids can
play an important role in rebuilding and modernizing Ukraine’s electricity
sector. This approach is particularly important under conditions of
military threats, large-scale infrastructure damage and the need to
strengthen the resilience of territorial communities.

At the same time, despite the considerable number of studies on
energy security, energy resilience, renewable energy sources,
microgrids and post-war reconstruction, the problem of modeling
regional energy clusters in the system of Ukraine's international
economic security remains insufficiently developed. Existing publications
mostly focus either on technical aspects of energy infrastructure
recovery or on general energy policy measures. Less attention is paid to
the integrated modeling of regional energy clusters as complex socio-
economic and technological systems that combine local generation,
energy storage, smart microgrids, economic optimization, community
governance and international economic security priorities.

Thus, the analysis of recent research and publications shows that
the transformation of Ukraine’s energy system should be considered not
only as an engineering or infrastructural task, but also as an important
component of international economic security. This creates a scientific
basis for developing a conceptual model of regional energy clusters
aimed at strengthening Ukraine’'s energy autonomy, reducing
infrastructure vulnerability and increasing the resilience of the national
economy under conditions of war, global energy instability and post-
crisis recovery.

Formulating the article goals. The purpose of the article is to
substantiate the theoretical and methodological foundations for
modelling regional energy clusters as an instrument for strengthening
Ukraine’'s international economic security under conditions of war, global
energy instability and post-crisis recovery.

The current energy crisis in Ukraine has demonstrated that the
problem of energy supply should be considered not only as a technical
issue, but also as an important component of international economic
security. Large-scale damage to generation facilities, transmission lines
and distribution infrastructure has reduced the stability of the national
energy system and created additional risks for industrial production,
foreign trade, investment activity, regional development and the
functioning of critical infrastructure.
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The scale of the problem is confirmed by a number of quantitative
indicators. According to the International Energy Agency, since the
beginning of the full-scale invasion, nearly two-thirds of Ukraine's
dispatchable power capacity has been occupied, damaged or destroyed.
The IEA also emphasizes that distributed energy resources, including
solar PV, wind, batteries and small modular gas turbines, can reduce
vulnerability to targeted attacks and strengthen energy resilience [1]. The
World Bank, together with the Government of Ukraine, the European
Commission and the United Nations, estimates that Ukraine's total
reconstruction and recovery needs reached almost USD 588 billion as of
December 31, 2025, while the energy sector alone requires nearly USD
91 billion [2].

The presented data show that Ukraine's energy crisis has a
systemic rather than purely infrastructural character. The destruction of
a significant part of dispatchable power capacity, the projected electricity
deficit and the high financial needs for recovery indicate that rebuilding
the energy system within the previous centralized model is not sufficient.
At the same time, the estimated rooftop photovoltaic potential of
238.8 GW and 290 TWh per year confirms the significant opportunities for
the development of decentralized renewable generation in Ukraine [3]
(Table 1).

Under such conditions, the restoration of the energy system within
the traditional centralized model is not sufficient. The centralized model
remains vulnerable to targeted attacks, technological failures, high
transmission losses and management delays. Therefore, the
transformation of Ukraine’'s energy sector requires the development of
decentralized models based on local generation, smart microgrids,
energy storage systems and community-level governance.

In this study, a regional energy cluster is considered as an
integrated socio-economic and technological system that combines local
energy generation, storage facilities, smart microgrid infrastructure,
digital energy management and institutional mechanisms of community-
based control. The purpose of such a cluster is to increase the autonomy
of territorial communities, reduce dependence on centralized
infrastructure and strengthen the resilience of the national economy
under conditions of war, global energy instability and post-crisis
recovery.
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Table 1

Selected indicators confirming the need for decentralized energy
solutions in Ukraine

Indicator

Value / trend

Relevance to the study

Dispatchable power

Confirms the vulnerability of

deficitin 2024/2025

capacity occupied, two-thirds . .
centralized generation
damaged or destroyed
Proiected winter power Demonstrates the need for
J P 6 GW rapid deployment of

distributed energy resources

Increase in damaged or
destroyed energy assets
compared with RDNA4

about 21%

Shows the growing scale of
energy infrastructure
destruction

Recovery and

. USD 588 Confirms the macroeconomic

reconstruction needs of 1
. billion scale of post-war recovery

Ukraine
Recovery and Shows the strategic

. . usb 91 .
reconstruction needs in . importance of energy

billion .

the energy sector transformation
Estimated rooftop 238.8 GW Demonstrates the potential of
photovoltaic potential in and 290 decentralized renewable
Ukraine TWh/year generation

Source: developed by the author based on [1-3]

The conceptual structure of the proposed regional energy cluster is
presented in Figure 1.

The proposed model represents a regional energy cluster as an
integrated decentralized system designed to ensure resilient,
autonomous and socially accessible energy supply at the community
level. The central element of the model is the Regional Energy Cluster,
which combines three functional blocks: ambient and wireless energy
sources, local generation facilities and energy storage systems.

The first block (ambient and wireless energy sources) forms the
basic level of the model. It includes atmospheric power systems, Tesla
resonant transformers and wireless power receivers based on laser or
microwave transmission. These technologies are considered as
prospective solutions that may contribute to reducing dependence on
traditional centralized energy infrastructure.
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Figure 1. Conceptual model of a regional energy cluster in the system of
Ukraine’s international economic security
Source: developed by the author.

The second block (local generation) performs a supporting function
and includes solar panels, small wind turbines, micro-hydropower plants
and biogas units. These sources provide distributed electricity production
within the territory of the community and increase the flexibility of the
local energy balance.

The third block (energy storage systems) ensures the stability of the
cluster. It includes industrial modular storage stations, gravity storage
systems, hydrogen storage, supercapacitor banks and power converters.
This component allows the accumulation of surplus energy and its use
during peak demand, emergency situations or interruptions in
centralized supply.

All three blocks are connected to the Smart Microgrid, which acts as
the technological core of the model. The smart microgrid manages
energy flows, balances generation and consumption, optimizes
electricity distribution and reduces losses. Through this system, energy
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is supplied to three main groups of users: consumers, critical
infrastructure facilities and community-level institutions.

A specific feature of the model is the presence of community
oversight and a community energy cooperative. These elements provide
institutional coordination, public control and transparent management of
local energy resources. The cooperative model allows households,
businesses, local authorities and social infrastructure institutions to
participate in the organization and use of the regional energy system.

The final expected result of the model is the achievement of a high
level of regional energy autonomy. In the context of Ukraine's
international economic security, such a model can reduce the
vulnerability of territorial communities to attacks on centralized
infrastructure, support the functioning of critical facilities, stabilize local
economic activity and strengthen the resilience of the national economy
under conditions of war, global energy instability and post-crisis
recovery.

For the purposes of formalizing the proposed model, the regional
energy cluster can be considered as a local energy system in which
electricity supply is formed through the combination of local generation,
energy storage systems and, if necessary, electricity received from the
centralized power grid. At the same time, part of the generated and
supplied electricity is lost during transmission and distribution.
Therefore, the effectiveness of the regional energy cluster can be
assessed through several key indicators: available energy supply, energy
demand coverage, regional energy autonomy and dependence on the
centralized power grid.

The first stage of the model is to determine the total amount of
electricity available within the regional energy cluster during a specific
period. This indicator forms the basis for further assessment of energy
sufficiency, autonomy and dependence on centralized infrastructure.

Eav(t) = Eloc(t) + Est(t) + Egrid(t) — Ejps5(0)

where:

Eav(r) - the available amount of electricity in the regional energy
cluster during period t

Eloc(r) - electricity generated by local sources;

Est(t) - electricity obtained from energy storage systems;

Egriace) - electricity supplied from the centralized power grid;

306



BicHuk
HYBIM

E;,ss(t) - technological losses during electricity transmission and
distribution.

This formula shows that the energy capacity of a territorial
community depends on local generation, stored energy, centralized
supply and technological losses. The increase in local generation and
storage capacity directly strengthens the stability of the regional energy
cluster. After determining the total available amount of electricity, the
next step is to assess whether this amount is sufficient to meet the actual
electricity needs of the community. For this purpose, the energy coverage
coefficient is introduced.

Energy Coverage Coefficient

E o, (1)

Kcov(t) = D(b)

K., (t) - the energy coverage coefficient;

E.,(t) - the available amount of electricity in the regional energy
cluster;

D(t) - the total electricity demand of households, local businesses,
social infrastructure and critical facilities.

If:

KCOU(t) 2 1

the regional energy cluster is able to fully cover local electricity
demand.

If:

KCOV(t) < 1

the region experiences an electricity deficit.

This coefficient makes it possible to determine whether the
proposed cluster model can ensure stable electricity supply for the
community. In the context of Ukraine’s international economic security,
this indicator is important because electricity shortages directly affect
local production, business activity, critical infrastructure and the socio-
economic stability of territories.

However, the ability to cover total demand does not fully reflect the
level of energy independence of the region. Therefore, it is necessary to
determine what share of electricity demand can be covered by local
generation and storage without relying on the centralized power grid.
Energy Autonomy Coefficient

K (t) — Eloc(t) + Est(t)
aut D(t)

where:
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K,,:(t) - the energy autonomy coefficient;

E;,.(t) - electricity generated by local sources;

Eg: (t) - electricity obtained from energy storage systems;

D(t)- the total electricity demand in the region.

This coefficient shows what share of local electricity demand can
be covered without using electricity from the centralized power grid. The
closer K,,,;(t) isto 1, the higher the level of regional energy autonomy.

For example, if:

Koyt (t) =0,75

this means that the regional energy cluster is able to independently
cover 75% of local electricity demand.

At the same time, energy autonomy should be analysed together
with the degree of dependence on centralized electricity supply. This is
especially important under crisis conditions, when centralized energy
infrastructure may be damaged, overloaded or temporarily unavailable.
Dependence on the Centralized Power Grid

Egrid(t)
Kdep(t) - D(t)
Kgep (t) - the coefficient of dependence on the centralized power grid;
Egria(t) - electricity supplied from the centralized power grid;
D(t) - the total electricity demand in the region.

This coefficient shows how dependent the territorial community is
on centralized energy infrastructure. A decrease in Kdep(t) indicates a
reduction in vulnerability to disruptions of centralized electricity supply
and an increase in the resilience of the regional energy system.

Thus, the proposed system of indicators makes it possible to assess
the effectiveness of a regional energy cluster from the standpoint of
energy availability, demand coverage, autonomy and dependence on
centralized infrastructure. In the context of Ukraine's international
economic security, this approach allows determining the capacity of
territorial communities to maintain stable electricity supply, support
critical infrastructure, reduce energy vulnerability and ensure the
continuity of local economic activity under crisis conditions.

The modeling of regional energy clusters confirms that
decentralized energy systems can become an important tool for
strengthening Ukraine's international economic security. Such clusters
reduce the vulnerability of communities to attacks on centralized energy
infrastructure, support the functioning of critical facilities, stabilize local
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production and create conditions for more resilient post-war economic
recovery.

Conclusion. The study demonstrates that the modelling of regional
energy clusters provides an effective theoretical and methodological
framework for assessing the energy resilience of territorial communities
under crisis conditions. In contrast to traditional approaches focused
mainly on centralized energy supply, the cluster-based approach
emphasizes the importance of decentralization, local generation, energy
storage systems and reduced dependence on centralized infrastructure.
This makes it possible to interpret regional energy security not only as
the availability of electricity, but also as the ability of communities to
maintain stable economic and social functioning during disruptions.

The proposed system of indicators allows the effectiveness of a
regional energy cluster to be assessed through several interconnected
dimensions: total energy availability, demand coverage, energy
autonomy and dependence on the centralized power grid. The available
energy indicator reflects the overall capacity of the cluster to accumulate
electricity from local sources, storage systems and the centralized grid
while taking into account technological losses. The energy coverage
coefficient makes it possible to determine whether the cluster can fully
meet the electricity demand of households, local businesses, social
infrastructure and critical facilities. The energy autonomy coefficient
shows the share of demand that can be covered without centralized
supply, while the dependence coefficient reflects the vulnerability of the
community to disruptions in the national power grid.

The results confirm that the development of local generation and
energy storage capacity directly strengthens the resilience of territorial
communities. A higher level of energy autonomy reduces exposure to
attacks on centralized energy infrastructure, limits the risk of electricity
shortages and supports the continuity of local economic activity. At the
same time, the model shows that even partial decentralization can have
a significant stabilizing effect, especially when critical infrastructure,
small and medium-sized businesses, healthcare facilities, educational
institutions and public services require uninterrupted electricity supply.

It is established that regional energy clusters should be considered
not only as a technical solution, but also as an important component of
Ukraine's international economic security. Stable electricity supply at the
local level supports production processes, protects critical
infrastructure, reduces socio-economic vulnerability and creates
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conditions for post-war recovery. In this context, decentralized energy
systems contribute to strengthening national resilience, reducing
dependence on vulnerable centralized infrastructure and increasing the
adaptive capacity of the economy under conditions of military, energy and
geopolitical instability.

The findings highlight the practical value of the proposed model as
a decision-support tool for regional energy planning and crisis
management. The system of indicators can be used by local authorities,
policymakers and energy managers to assess the current level of energy
resilience, identify vulnerable areas and justify investments in renewable
energy sources, storage systems and local energy infrastructure.
Further research should focus on the empirical testing of the model using
data from Ukrainian territorial communities, as well as on the
development of scenario-based assessments of regional energy cluster
performance under different crisis conditions.
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"HawuioHanbHwWit yHiBEPCATET BOAHOIO rocroAapcTsa Ta NpupoaoKoPUCTYBaHHSA, M. PiBHe,
YKkpaiHa

MOAEJIOBAHHSA PEFNOHAJIbHUX EHEPFTETUMHUX KNACTEPIB Y
KOHTEKCTI MDKHAPOOHOI EKOHOMIYHOI BE3MEKWU YKPAIHU

Y cratTi pocnimkeHo MoAeNoBaHHA pPerioHasibHUX EeHepreTUYHuxX
KNacTepiB y KOHTEKCTIi MiKHaApoAHOi eKOHOMiYHOi 6e3nekn YKpaiHu.
AKTyanbHiCTb TeMM 3yMOBJIEHa MaclWUTaBHUMU PYWHYBAHHSAMU €HepreTu4Hoi
iHppacTpyKTypu BHacC/iAOK NMOBHOMACLWITAOHOI BiNHW, NOCUIEHHAM PU3MUKIB
ANSA LEeHTpani3oBaHoOi eHeprocucreMu ta HeobxigHicTio ¢opMyBaHHA 6Ginblu
CTIMKOI, THYYKOoi W p[eueHTpani3oBaHOi Mopaesii eHepro3abesne4vyeHHsA
TepuTopianbHux rpomaa. 3a paHumum International Energy Agency, 3 nouatky
NOBHOMAcCIUTAa6HOro BTOPrHeHHs MaiKe ABi TPeTUHU AUCNETYEPU30BAHUX
eHepreTU4HUX MNOTY)XKHOCTEeW YKpaiHu Oynum OKynoBaHi, NowKomKeHi abo
3pynHoBaHi. BopgHouac 3aranbHi noTtpe6u YkpaiHu Yy BiAHOBNEHHi Ta
PeKOHCTPYKUII oUiH0IOTbCA Maxe y 588 mnppa aon. CLUA, 3 akux 6namsbko 91
mnpa pon. CLUA npunagae Ha eHepreTU4HUM ceKtop. [loaaTKOBO 3HAYHUMH
noTeHuian ANA po3BUTKY AELEHTpPani3oBaHOI eHepreTUKU NiATBEPAXKYETbCA
ouiHkolo rooftop photovoltaic potential Ykpaiuu Ha piBHi 238,8 I'BT, abo 290
TBT-rop Ha pik.

Metolo cTaTTi € O6GrpyHTYBaHHA €KOHOMiKO-MaTeMaTU4YHOi Mopaeni
OLiHIOBAHHA e(PEeKTUBHOCTI perioHaNbHOro eHepreTUYHOro KiacTepa 3 no3uuin
€HepreTM4YHOI AOCTYNHOCTI, NOKPUTTA NONUTY, aBTOHOMHOCTI Ta 3aJ1e)XHOCTI Bif
LLeHTPani3oBaHoi  eHepreTUu4Hoi iHppacTpyKTypMm. Y  pocnimkeHHi
3anponoHOBaHO CUCTEMY MOKAa3HMKIB, WO BKJOYAE 3aranbHuh obcar
BOCTYNHOI eNeKTpoeHeprii, KoediliEeHT eHepreTUYHOro NOKPUTTA, KoedilieHT
€HepreTMYHOI aBTOHOMIi Ta Koedgilli€eHT 3aneXHOoCTi BiA LEeHTPanizoBaHOI
Mepexi. Takuh nipxipn pAO3BOASE KiNIbKICHO OWIHUTM  CNPOMOXHICTb
TepuTOpianbHOI rpoMaau 3abe3nevyyBaTu BNacHi noTpebu B enleKTpoeHeprii 3a
PaxyHOK MicueBOi reHepauii, CUCTEM HaKONU4YEHHA  eHeprii Ta
LLeHTPani3oBaHOro MNOCTa4aHHA 3 YypaxyBaHHAM TEeXHONOriYHMX BTpaT.
[doBeaeHo, WO perioHanbHi eHepreTUUHi KNacTepym MOXKYTb CTaTU BaXKIIUBUM
iHCTPYMEHTOM NOCUJIEHHSI MiIDKHapoAHOI EeKOHOMi4YHOi 6e3neku YKpaiHu,
OCKi/IbKM BOHM 3HMXKYHOTb BpPa3/IMBICTb rpoMaA A0 aTaK Ha LieHTpani3oBaHy
€HepreTuyHy iHPpPaACTPYKTYpy, NIATPUMYOTb YHKUIOHYBAHHA KPUTUYHMUX
06’ekTiB, cTabinisyoTb MicueBe BUpOGHULTBO Ta CTBOPIOIOTb NepeayMoOBM Ans
CTIMKOro nicNABOEHHOro BiAHOBJIEHHSI €KOHOMIKW. 3anponoHOBaHa MoAesb
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MO)Ke 6yTH BUKOPMCTaHa OpraHaMu MiCLLeBOro CaMOBPsiAyBaHHS, AePXXaBHUMM
iHCTUTYLIIAMM Ta eHepreTUMHUMU MeHemKepaMu AN OUIHIOBAaHHA PiBHSA
€HepreTMyHoi CTIMKOCTIi rpoMaa, BU3HA4YeHHA BpPas3IMBUX Micub i
OOrpyHTYBaHHA iHBeCTMUiIA y BiOHOB/NIOBaHY EHepPreTuKy, CUCTEMM
HaAKOMWYEHHS Ta JIOKAJZIbHY eHepreTU4YHy iHppacTpyKTypy.

KniwyoBi cnoBa: perioHaJlbHUA €HepreTUYHUM KiacTep; MiXKHapoaHa
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cucTeMa; TepuTopianbHi rpoMagun; MicueBa reHepauisi; CUCTEMU HAKOMUYEHHS
eHepril; eKOHOMiKO-MaTeMaTUYHE MOAEIIOBAHHS.
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