@ Market: forecast and conjuncture

https://doi.org/10.15407/econforecast2021.04.62
JEL R11, R58, Q01, Q2, Q3, Q4, Q54, 01, 02

Oleksandr Diachuk!
Andrii Semeniuk?

METHODS AND MODELS OF ESTIMATING ENERGY
TRANSITION ON THE EXAMPLE
OF ZHYTOMYR UNITED TERRITORIAL COMMUNITY

The paper presents results of scenario modelling and assessment
of energy transition to 2050 in the Zhytomyr territorial community (TC),
which provides for a switching from fossil carbon based energy
resources in the current TC energy system functioning to 100% use of
renewable energy sources (RES) which meets all energy demands and
supports the Sustainable Development of TC in accordance with the
relevant UN goals. For this purpose, the optimizational economic and
mathematical TIMES-Zhytomyr model (no analogues in Ukraine), based
on the TIMES-Ukraine model, was developed. It includes 647 energy
technologies that are currently available or may be presented in the
coming years in Ukrainian market.

For the development of the TIMES-Zhytomyr model, a low-
available local energy statistics was processed. As a result, the first
energy balance by the form of the International Energy Agency for the
large Ukrainian city and the basic energy-technological system of
Zhytomyr TC were developed.

Using the TIMES-Zhytomyr model, based on foreign and
Ukrainian experience, for the first time, four scenarios of Zhytomyr TC
energy system development were designed and modelled, covering all
economic sectors and household sector (population). The first one is the
Baseline scenario, which displays the possible dynamics of the energy
system development without a purposeful energy efficiency policy, the
development of RES, etc. Three other scenarios are aimed at studying
TC's transition capabilities by 2050 to 100% renewable energy and
environmentally friendly technologies use.
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The results of modelling confirmed that the available renewable
energy resource and technological potential allows Zhytomyr TC to
perform the energy transition to 2050 in an economically feasible and
socially acceptable way, significantly reducing energy and carbon
intensity of the local economy, substantially eliminating GHG
emissions, increasing the welfare of citizens and creating at least 10
thousand new workplaces. It will also significantly contribute to
Zhytomyr TC to reach at least 10 of the 17 UN Sustainable
Development Goals.

The research results presented, due to a significant novelty and
large-scale relevance of the task, are essential in both the theoretical
and practical significance. They can be used by scientists for their
research and by authorities and experts for development of local,
regional or national level strategies, plans or programs of economic,
energy, transport, climate and ecology scope. It can also be considered
as one of the first steps in preparation of a comprehensive strategy for
the Zhytomyr TC development to achieve climate neutrality in
accordance with the current objectives of the European Union.

Key words: climate change, sustainable development, energy
transition, renewable energy, modelling and forecasting, TIMES
model

Formulation of the problem. Since the end of the twentieth century,
mankind has faced an extraordinary challenge - climate change, which has affected
and continues to increase its negative impact on natural systems and directly on
people in all continents. At the moment, rising temperatures of the atmosphere,
oceans, and melting glaciers, together with abnormal and extreme weather
(droughts, floods), as well as rising levels of World Ocean, are undoubted facts.

In 2015, 195 countries adopted the Paris Agreement, which recognizes
climate change as an urgent and potentially irreversible threat to humanity and the
planet, whose solution requires keeping the increase in average temperature on the
planet well below 2°C compared to pre-industrial level and making efforts to limit
this increase to 1.5°C [1].

During 1880-2012, the global average temperature of the surface of
continents and oceans increased by 0.85 © C. According to the report by the World
Meteorological Organization "The State of the Global Climate 2020" [2] in 2020 -
one of the three warmest years recorded - the average global temperature exceeded
by 1.2°C the pre-industrial level, and there is a 90 percent probability that at least
one year between 2021 and 2025 will be the warmest in the history of observations
and a 40 percent probability that during this period the mark of 1.5°C will be
surpassed.

The use of fossil energy resources, such as coal, petroleum products, natural
gas, has a negative impact on global climate situation, because it is accompanied
by the release of greenhouse gases (GHG) [3]. At the same time, by various
estimates, 70-80% of energy is consumed in cities being the latter accountable for
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over 60% of total GHG emission [4]. This necessitates implementing policies and
measures in the energy sector aimed at combating climate change and improving
the environmental situation, not only at the level of the central government, but
also local authorities [5].

Municipal energy sector is an important element in the country's energy
system, because by providing energy services to population, local enterprises and
organizations, it significantly affects the development of socio-economic relations
in the regions and in the country as a whole. However, due to low energy
efficiency, resulting primarily from moral and physical deterioration of equipment
and networks, lack of funds for their modernization, both Ukraine's energy sector
in general and municipal energy sectors in particular are unable to work efficiently
and reliably, so they produce much more GHG emissions than in European
countries hence they have a significant potential for decarbonization.

Guidelines for solving the problem. The most globally widespread program to
support local decarburization is the Covenant of Mayors [6]. Due to its unique
characteristics and capabilities, it is positioned as an exceptional model of broad
movement and multilevel management, uniting local, regional and national forces with
the support of national governments. It was launched in the EU in 2008 and is currently
signed by over 7,000 local authorities far beyond Europe. Under the provisions of the
Covenant of Mayors, local and regional authorities have made voluntary commitments
to reduce CO2 emissions by at least 20% by 2020 and 40% by 2030 via implementing
energy efficiency and energy saving measures and expanding the use of renewable
energy sources (RES) thus contributing to low-carbon economic development or, in
other words, energy transition and higher quality of life. One of the main tools for
planning decarburization measures under the Covenant of Mayors is the Sustainable
Development Action Plan (SEAP) until 2020 [7] and the Sustainable Development and
Climate Action Plan (SECAP) until 2030 [8]. As of early 2021, 284 local governments
in Ukraine joined the Covenant of Mayors, including major cities such as Kyiv,
Kharkiv, Dnipro, Zaporizhia, Lviv and Zhytomyr.

Many cities do not limit themselves to committing to the Covenant of
Mayors and set higher goals for decarburization, low-carbon energy use and energy
efficiency. For example, the legislations of seven US states (including New York,
Ohio, California, New Jersey and Rhode Island) provide municipalities with the
opportunity to choose energy service providers. This opportunity is widely used,
for example, in California, which is the most progressive state in RES terms, 42
cities and Santa Cruz county receive all their electricity from the suppliers of
“clean" energy [9]. There are five more such cities in other states where lesser
powers to choose suppliers are compensated by their own RES capacities. The
number of municipalities and districts that declared their desire to achieve full
electricity supply from RES in March 2021 were 173 and 6, respectively. The
Ukrainian cities of Zhytomyr, Lviv, Kamianets-Podilskyi, Chortkiv, Trostyanets,
as well as the Baranivka United Territorial Community (UTC) and the Association
of Small Towns of Ukraine (ASTU) have also declared the goal to switch to
renewable energy by 2050 [10].

64 ISSN 2663 — 6557. Economy and forecasting. 2021, Ne 4



Oleksandr Diachuk, Andrii Semeniuk @

Large international investment banks are redirecting their investments from
fossil fuel into green projects. For example, the European Bank for Reconstruction
and Development (EBRD) plans to invest 1 trillion euros by 2030 in projects to
combat climate change and maintain environmental sustainability, including the
construction of RES facilities [11]. The EBRD is the largest foreign investor in
Ukraine since independence, so the demonstration of local governments' intentions to
work towards low-carbon development will provide an opportunity to attract
significant investment in the development of their communities.

The goal and objectives of the study. The urgency of the problem of
decarbonization and new guidelines and conditions for the development of UTCs
necessitate the search in Ukraine for new ways to increase the efficiency of decision-
making in the development of local energy supply systems. Given the complexity of
energy systems, and the large number of technical, socio-economic, spatial and
environmental factors, as well as the long-term nature of the problem, it would be too
difficult to complete the assigned tasks without the use of modern information tools
and mathematical models.

Economico-mathematical models are the most common way to study the
current condition and prospects for the development of energy functioning of the city
or UTC. With their help it is possible to adequately display the UTC’s entire energy
system, representing energy processes as a detailed technological structure with
certain economic and environmental parameters, as well as to make multivariate
calculations of its development in different scenarios. Mathematical models can also
focus on individual aspects of energy systems development (e.g., calculating the cost
of electricity, estimating the number of new jobs and economic conseguences, energy
saving potential, energy demand, required investment, etc.) [12, 13].

In European countries and the United States, quasi-dynamic optimization
models of energy systems used for strategic planning and forecasting of energy
supply at the local, national, regional, interregional and global levels have gained
great popularity. The most widespread of these are dynamic optimization models of
type TIMES (The Integrated MARKAL-EFOM System), used in more than 70
countries by more than 80 research centers [14]. The objective function in such
models is to minimize the power system’s consolidated costs with a number of
restrictions.

A model of the energy system of Ukraine has been developed at the Sector
of Energy Development Projections of the Institute for Economics and Forecasting
of the National Academy of Sciences of Ukraine [15]. More detail about the
structure and methodology of TIMES-Ukraine model is given in [16, 17].

Based on the national model TIMES-Ukraine, a municipal model of the
energy system of Zhytomyr UTC was developed and tested, which was supported
by the non-governmental organization “350.org” and Zhytomyr City Council [18].
The purpose of this study is to model and assess the ways of energy transition in
Zhytomyr UTC until 2050 in various scenarios. The main objectives of the study
were to analyze the current state of energy sector in Zhytomyr UTC, data

ISSN 2663 — 6557. Economy and forecasting. 2021, Ne 4 65



@ Methods and models of estimating energy transition...

collection, direct development of the TIMES model and a number of scenarios and
post-optimization analysis based on foreign and Ukrainian experience.

Analysis of research and publications. The relevance of modeling the
energy transition in foreign municipalities is demonstrated by a number of studies
conducted in recent years [19-22], in particular, using TIMES-models [23, 24]. For
example, the study [22] is based on the toolkit EnergyPLAN, which simulates the
entire energy system to develop a strategy for the transition to renewable energy in
the city of Aalborg (with a population of 211 thousand people). The toolkit allows
choosing the mode of economic or technical modeling, and the latter was chosen for
this study, which means a priority to those energy generation technologies that have
the highest conversion efficiency and use local energy resources, while their
economic efficiency is sidelined.

The authors of [23] use the TIMES model to minimize the net present costs
in predicting the low-carbon development of space heating and hot water systems
in Sweden of three different types: individual, local and centralized. At the same
time, the demand for these services is set exogenously, and so are the relationships
between the simulated system and the sector of electricity, transport and housing.
The article [24] on the example of the city of Oslo (population over 650 thousand
people) shows how cities can make a sustainable energy transition. The study is
based on the use of the TIMES optimization model for finding optimal ways to
reduce GHG emissions and reduce energy consumption. As electricity in Norway
is mainly generated by hydropower, the decarburization potential of the electricity
sector is rather small, so the study is more focused on the transport sector, where
decarbonization potential is more significant and can be realized via the
widespread use of so-called e-fuels, including hydrogen, as well as via the
development of cycling. The study also identifies cost-effective decarburization
measures aimed at total phase-out of fossil fuels by 2050.

In Ukraine, economic and mathematical modeling of national energy
systems is only becoming popular, but still is not very widespread, and the number
of studies on modeling energy transition at the municipal or regional level is
extremely low. However, the accession of Ukrainian cities to the Covenant of
Mayors [6] has created certain demand for such research from local governments
thus provoking a number of works on forecasting fuel and energy balances and
GHG emission dynamics within the preparation of municipal action plans on
sustainable energy development and climate by 2030

For example, the Municipal Energy Plan of the city of Zaporizhia for 2014-
2030 [25] takes into account the key provisions of EU Directives and commitments
under the Covenant of Mayors and provides for the creation of economical and
green energy sector in this city via complete renovation of public and residential
buildings, energy supply systems, etc. To develop this plan, its authors compiled
the city’s fuel and energy balance as the sum of merchandise balances of major
utilities, but excluding industry and road transport; calculations of forecasted
consumption of fuel and energy resources and their cost are made based on the
forecast model the city’s development. That is, the authors did not develop full-
fledged model of energy flows in the city of Zaporizhia. For more detail about
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sustainable energy action plans of some cities until 2030 see
http://seap.ecosys.com.ua/.

Among the scientific publications there are practically no comprehensive
model based studies of the transition of all energy flows in Ukrainian cities or
territorial communities. Instead, very common are publications providing the
results of modeling transport and passenger flows [26, 27], the impact of transport
flows on the city environment [28], forecasting the amount of municipal solid
waste [29], and modeling individual aspects of sustainable urban development [30].
The problems of modeling the processes of regional energy sector development are
studied separately [31].

Research methodology. In this study, the Zhytomyr United Territorial
Community means the city of Zhytomyr and the village of Veresy (as of early
2020). In the same constant composition, this UTC is the object of study
throughout the modeling horizon.

The initial task was to define the current state of the energy sector in
Zhytomyr UTC, for which a relevant statistical base was developed [32-35]. The
base year for modeling was 2017, because it was the last year with the most
complete information. During the data processing, numerous discrepancies were
revealed in the statistical reporting on the consumption of individual energy
resources, as well as insufficient detail of statistical information, lack of data on
consumption of motor fuel by the population and other consumers. Finally, after
conducting the necessary calculations, based on the above mentioned statistical
data sources, the authors compiled the energy balance of the city of Zhytomyr
(Table 1), which was used in the subsequent stages of the study.

Besides, for the first time a scheme of the energy system of Zhytomyr UTC
was developed (Fig. 1), which reflects the technological chain of production,
transformation and consumption of energy resources. In Fig. 1, dotted line
indicates promising technologies that may appear in the process of modeling the
development of the energy sector in Zhytomyr UTC.

The TIMES-Zhytomyr model is an optimization model of energy flows of
Zhytomyr UTC. The energy system in the model is represented by a single region
and consists of six sectors (Fig. 1): the energy supply sector (production, imports,
and production of secondary energy resources); production of electricity and heat;
industry; transport; household sector (population); and trade and services. That is,
the model’s structure corresponds to the structure of Ukraine’s energy balance [36]
according to the IEA form, except for the absence of the agricultural sector. To
date, the TIMES-Zhytomyr model takes into account 647 technologies, the model’s
database is updated until the 2017 data and calibrated for the same year.

The future development of energy sector in a city or country highly
depends on socio-economic development. According to the projected industrial
output, population, housing development, energy prices and other
macroeconomic and demographic indicators, the need for energy resources will
be determined, while the technological structure and structure of energy used
will depend on economic, energy, environmental and other policies.
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Due to the lack of long-term (until 2050) macroeconomic and
demographic indicators of Zhytomyr UTC, which would determine the
dynamics of the main drivers (control parameters of demand for energy
services), the study used the relevant national indicators provided in [15]°.
Table 2 presents the forecast of Ukraine's GDP, developed in early 2019 and
used to forecast the economic development of Zhytomyr UTC. The impact of
the COVID-19 pandemic on the economy was not estimated, because the
calculations were made before its emergence.

Table 2

Average annual growth rates of Ukraine's GDP in 2020-2050, %

Years 2020-2030 2031-2040 2041-2050
Ukraine’s GDP 3.8 35 3.2

Source: the authors’ calculations.

The demographic forecast is based on forecasted data of the MMM
scenario, provided by the Institute of Demography and Social Research of the
National Academy of Sciences of Ukraine [37], which is comparable to the
corresponding forecasts of the UN Department of Social and Economic Affairs
[38], which assume medium values of birth rate, life duration and net migration
(Table 3).

Table 3
Forecasted population dynamics, thousand people
Number: 2017 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Current population of Zhytomyr 267.0 | 262.9 | 259.0 | 254.2 | 248.6 | 243.7 | 237.8 | 231.9
Population of Ukraine 44784 | 44396 | 43646 | 42766 | 41779 | 40816 | 39891 | 38915

Source: calculated by the authors.

This article develops four model scenarios, the first of which is the baseline
scenario, whose assumptions do not involve any fundamental change in the
conditions of the Zhytomyr UTC power system, but it is necessary for comparison
with alternative (target) scenarios. Alternative scenarios assume three different
conditions for the 100% energy transition to RES by 2050, i.e. meeting energy
needs (demand) in the final consumption sectors solely with RES, which should
considerably strengthen the UTC’s energy self-sufficiency and climate resilience.
At the same time, it should attain increased well-being, reliable energy supply and
energy sufficiency; as well as economic, energy, environmental, food and other
types of security. Table 4 summarizes the conditions and assumptions of all
scenarios.

® The baseline macroeconomic scenario was prepared by the researchers of the Institute for
Economics and Forecasting of the National Academy of Sciences of Ukraine in 2016 within
the project of the United States Agency for International Development (USAID) on
"Municipal Energy Reform in Ukraine".
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The transition of the electricity sector to 100% use of RES (with the
predominance of wind and solar generation) will require sufficient maneuvering
capacities to maintain a balance between supply and demand for electricity.
Therefore, the development of energy sector should be accompanied by the
development of technologies of accumulation (batteries), energy transfer (electrolytic
"green" hydrogen) or balancing capacity (gas-piston power plants). Such measures
require significant additional investments. For this reason, it was decided to develop
three scenarios for RES development, so that each of which assumes reaching 100%
RES in the final consumption of heat, electricity and other energy resources, but the
electricity output in the UTC differs across the scenarios.

The TIMES-Zhytomyr model allows calculating for all scenarios the lowest
total costs for energy system development, making corresponding estimates of the
structure of energy supply and use by sectors and fuels, and GHG emissions by
emitter category, defining the optimal technological structure of energy production
and consumption etc.

In order to achieve 100% RES in the structure of energy consumption in
Zhytomyr UTC, it is necessary to assess the RES potential, which should be
sufficient to fully meet the energy needs of the UTC.

At the time of this study, there were no publicly available estimates of the
potential of renewable energy of Zhytomyr UTC, so the authors made their own
calculations of the potential of solar, wind and bioenergy, whose results are given
in Table 5.

Table 5
Potential of renewable energy in Zhytomyr UTC, MW
Type of power plant / biofuel Potential
Terrestrial industrial solar power plants (SPPs) 77.5 MW
Roof SPPs on building of private and communal enterprises and 37.5 MW
other service sector facilities
Roof SPPs of individuals 303 MW
Wind power plants 100 MW
Biomass 1016.5 toe annually
Hydropower 5.5 million kWh annually

Source: the authors’ calculations.

Estimation of the wind potential was performed using data from sources [39,
40], for bioenergy potential, data of the Regional Target Program were used [35].
The development of small hydropower sector is planned in accordance with
environmental criteria, while the total potential is estimated at 5.5 million KWh per
year. Cost characteristics of energy technologies are similar to the data of the
national model TIMES-Ukraine [41]. An assumption is also made, similar to that
used in the TIMES-Ukraine model, that for every 1 MW of SPP or WPP, no less
than 100 kW of storage capacity (e.g. batteries) must be built.

The results of simulation. The implementation of energy efficiency and
energy conservation measures (EE) plays an extremely important role in achieving
100% RES in the structure of final energy consumption. Investments in energy saving
are economically feasible, because, according to the simulation results, thanks to them
in 2050 the final energy consumption will only increase by 26% compared to 2017,
while in the baseline scenario, in which EE measures are practically not implemented,
the consumption will increase by 63% (Fig. 2).
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Note that in all graphs of final energy consumption, the category "solar
energy" only reflect the collectors for hot water heating and space heating.
Electricity generated from rooftop SPPs is supplied to the national grid, so it is not
a final energy resource and is included in the electricity generation sector.

ktoe

2017 2030 2050 2017 2030 2050 2017 2030 2050 2017 2030 2050

Baseline scenario Scenario 100% RES Scenario 100% RES  Scenario 100% RES
No 1 No 2 No 3

W Biofuel O cCoal O Heat
O Electricity Bl Natural Gas O Petroleum products

@ Solar energy [1EE and EC measures

Fig. 2. Final energy consumption across the scenarios, thousand toe
Source: constructed by the authors

In the structure of final energy consumption (Fig. 3), the share of industry will
increase. It is assumed that the energy needs of new types of industrial production
can be met only via renewable sources. At the same time, new carbon-neutral
technologies and electrification of industrial processes will make it possible to
displace fossil fuels from final consumption in industry. Non-energy use of fossil
energy resources as raw materials was not taken into account.
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Fig. 3. Structure of final energy consumption, thousand toe
Source: constructed by the authors.

The population and the housing and communal sector have one of the greatest
potentials for increasing EE. In 2050, energy efficiency measures can reduce energy
consumption in all alternative scenarios by almost 428 million kwh. High prices for
natural gas, further reduction in the cost of RES technologies, and electrification will
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contribute to gradual phasing-out of the use of natural gas. According to the
scenarios of 100% RES Nol and No3 in 2050, the population will stop consuming
natural gas thanks to full electrification of cooking, autonomous space heating and
hot water supply. At the same time, 92% of space heating will be provided by highly
efficient district heating, and the remaining 8% - by autonomous electric heating in
private houses. In the scenario of 100% RES No 2 in 2050, district heating accounts
for 89%, and instead of autonomous electric heating, 11% of the demand is covered
by biomass boilers in private houses. Demand for hot water in the 100% RES
scenarios varies. Thus, in the scenario of 100% RES No 1, 66% of hot water is more
profitable to obtain from domestic electric boilers, 12% - from district hot water
supply (DHW) and 22% - from roof solar collectors on private houses. In the
scenario of 100% RES No 2, 90% is accounted by DHW, 7% - by roof solar
collectors in private houses and only 3% - by electric boilers. In the scenario of 100%
RES No 3, the distribution is as follows: 48% - electric boilers, 30% - DHW and
22% - solar energy. These simulation based calculations can be used in developing a
municipal strategy for district heating.

Demand for air conditioning more than doubles by 2050, which is completely
offset by thermal rehabilitation of buildings, due to which residential buildings will
be heated much less during the day. This result is rather mixed, but it once again
confirms the efficiency and relevance of implementing energy efficiency measures.

The model features the concept of more intensive use of public transport instead of
private pransport within the city. Thus, while in the base year the passenger turnover
for cars in the city is 387.2 million passenger-kilometers, and that of public transport
(buses, taxis, trolleybuses and trams) - a total of 645 million passenger-km, which is
38% and 62%, respectively, then in 2050 it is projected to have 558 and 1451.7 million
passenger-km, respectively, which will be 28% and 72%. Demand for freight
transportation will also double by 2050. In all the three scenarios of 100% RES, a
complete decarbonization takes place at the expense of displacement of cars with
internal combustion engines (ICE) by electric cars, electric buses and biofuel trucks. In
the process, total energy consumption in the transport sector will decrease by 40 and
35%, respectively, for the scenarios of 100% RES No 1-3. At the same time, hydrogen
transport, according to current characteristics, still remains inferior to electric vehicles
with batteries and to biofuel vehicles.

The potential for raising energy efficiency in the services sector (commercial and
public) is somewhat lower than in the residential sector, but still allows by 2050 to
reduce energy consumption compared to the baseline scenario by 17%, thanks to
which it only increases by 10% compared to the base year. In the structure of
consumption by resource type, the largest share will be accounted fot be centralized
supply of heat produced from biomass, and electricity is in second place.

In general, 100% RES scenarios develop similarly with only minor differences.
For the scenarios of 100% RES No 1 and No 2, on the condition that electricity
supply starting with 2040 is provided by RES producers from other regions of the
country, the share of clean energy in final consumption in 2050 reaches 99.71%.
For scenario No 3, it will be 100% if the total share of electricity from RES in the
UES of Ukraine is no less than 70%. A key role in the transition to RES will be
played by electricity generated in centralized and distributed photovoltaic facilities,
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wind power plants, and solar energy for water heating and space heating. Biofuel
CHP plants will operate in cogeneration mode and together with biofuel boilers
will supply thermal energy for the vast majority of consumers. At the same time,
due to the electrification of all sectors, the need to use natural gas and oil products
virtually disappears.

In the baseline scenario, electricity generation directly in Zhytomyr UTC is
practically absent, except for the existing small hydropower plant. Therefore,

Figure 4 only shows the simulation results for the 100% RES scenarios.
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Fig. 4. Installed capacity of power generation facilities, MW
Source: constructed by the authors.

The scenario of 100% RES No 2 assumes 768 MW of installed capacity of RES
facilities in 2050, with the domination of solar power plants, whose capacity is the
maximum possible, given the above described assumptions. The scenario of 100%
RES No 1 assumes the construction of new capacities of 558 MW, and the scenario
100% RES No 3 - 326 MW. In order to successfully implement any of the 100%
RES scenarios, in the period from 2020 to 2022, it is necessary to introduce
electricity generation facilities of at least 39.5 MW. The leader in terms of cost-
effectiveness among photovoltaics is the industrial SPPs with tracking technology,
which raises their efficiency and capacity factor, although they are more expensive.

Due to its insufficient research in Ukraine, this study does not consider the
Vehicle-to-grid concept®, which involves the use of electric vehicles connected to
electricity grid as dispatched participants in the electricity market.

Total electricity output in the scenarios of 100% RES No 1, No 2 and No 3
(hereinafter less the share of supplies from outside the UTC) is 1075, 1845 and 795
million kWh, respectively. The structure of electricity generation (Fig. 5) slightly

* Vehicle-to-Grid (V2G) explained: What it is and how it works. URL:
https://www.ovoenergy.com/guides/electric-cars/vehicle-to-grid-technology.html
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varies across to the scenarios, but the main producers of electricity in all scenarios
are biomass CHP plants.
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Fig. 5. Electricity output (supply), million kWh
Source: constructed by the authors.

In the sector of district heat supply, a significant increase is observed in heat
generation at the expense of gradual abandonment of fossil fuels by the industry and
the transition to consumption of thermal energy generated by biofuel CHP plants
(67% of total in the 100% RES scenarios No 1 and No 3, and 97% - in the scenario
of 100% RES No 3) at the district and local heat-only plants (Fig. 6). At the same
time, with the increase in heat generation, the total installed capacity of heat
generating equipment is reduced almost four-fold in the scenarios of 100% RES No 1
and No 3 and by more than a half in the scenario 100% RES No 2. This is due to
thermal modernization measures and because the existing heat-only plants still
having a sufficiently high efficiency (according to municipal company
"Zhytomyrteplokomunenergo” (Zhytomyr Heat Municipal Energy Company,
ZhHMEC)), have not been used at full capacity for a long time. In 2017, their
capacity factor averaged 20%, which is an extremely low figure that significantly
affects profitability. Therefore, the heat-only plants that are not used at full capacity
or have exhausted their resources should be closed. According to the scenarios of
100% RES No 1 and No 3, by 2050 it will be enough to have about 200 MW of heat
generating capacities with high efficiency and capacity factor. The scenario of 100%
RES No 2 requires larger biofuel CHE plants.
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Fig. 6. Output (supply) of thermal energy, thousand Gcal
Source: constructed by the authors.

This study does not consider the implementation of measures to reduce heat
losses in the networks, which, according to ZhHMEC, were 6.7% in 2017. Heat
storage technologies are not considered either. Reducing losses and using innovative
technologies could reduce the cost of energy transition to 100% RES for Zhytomyr
UTC.

Investing in new construction and maintenance of energy facilities would
help to create new jobs, and according to some international estimates, the
installation of each megawatt of rooftop SPPs can employ up to 24 workers, i.e.,
implementing alternative scenarios can create from 3.6 to 9.2 thousand new jobs.
Industrial SPPs and WPPs could additionally provide about 400 more jobs".
Bioenergy also has a considerable potential for job creation in the supply of raw
materials, design and construction of power plants and in their maintenance - a
total of about 3.5 full working months per 1 MW of newly installed thermal
capacity, i.e. another almost 800 jobs®.

Carbon dioxide emissions in all the scenarios of 100% RES in 2050
compared to 2017 are reduced by 308 times: from 555.1 thousand tons of CO, up
to 1.8 thousand tons of CO,. They may remain in small quantities in transport and
industry. Total GHG emissions (not only CO,) in 2050 may be reduced by 94%
compared to the baseline scenario: from 525 thousand tons of CO,-eq. to 31.4-46
thousand tons of CO,-eq. (Fig. 7).

> Powering jobs growth with green energy. URL:
https://www.nrdc.org/sites/default/files/jobs-growth-green-energy.pdf

® UK jobs in the bioenergy sectors by 2020.URL:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_da
ta/file/48341/5131-uk-jobs-in-the-bioenergy-sectors-by-2020.pdf
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Fig. 7. Greenhouse gas emissions by sector, thousand tons of CO2-eq
Source: constructed by the authors.

Note that the volume of emission of such greenhouse gases as CH, and N,O
increases from 4.3 thousand tons in 2017 to 30-44 thousand tons in 2050 due to a
significant increase in biomass combustion and the use of biofuel. Although the use
of biofuels in the energy sector is conventionally considered carbon neutral, the
combustion of biomass causes air pollution with fine and ultrafine particles (PMy,
PM, 5 and less than 100 nm), so filtration units must be installed on the chimneys of
combustion bio-plants. Otherwise, having almost completely stopped influencing the
climatic situation, we can spoil the environmental component throughout the city. In
addition, due to the harmful effects of dispersed particles on the human body there is
a risk of increasing the level of diseases of the respiratory tract and circulatory
system [42]. In the TIMES-Zhytomyr model, the capital costs for new biomass plants
include the costs for filter units that meet the highest standards.

In the structure of total annual costs for the operation of the energy system
(Fig. 8), which include investments in energy technologies (modernization, and
purchase of new ones), operating costs, costs of the purchase, transportation and
supply of fuel, the bulk will be the investments in energy end-use technologies.
(household equipment, vehicles, lighting devices, etc.), because the latter have a
much shorter service life compared to, for example, the technologies of electricity
and heat generation, so their number is incomparably greater. However, with the
exception of municipal vehicles, and appliances for urban facilities and the costs of
financing energy efficiency measures, investment in end-use technologies are to be
funded by city dwellers. In the long run, the existing generating capacity must be
replaced by new ones, so capital investments will not be avoided, although in the
baseline scenario, only heat-only plants will be built of the new generation. As a
result, capital expenditures on generating capacity in the baseline scenario are
much lower than in the alternative scenarios, but fuel costs in 2050 will be twice as
high.
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Fig. 8. Annual costs of the operation of the energy system, million euros
Source: constructed by the authors.

Figure 9 shows the difference between the costs in the baseline scenario and
those in the alternative scenarios. The negative section of the cost axis shows the
savings made compared to the baseline scenario.
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Fig. 9. The difference between the annual costs of the operation of the energy
system between the RES scenarios and the baseline scenario, million euros
Source: constructed by the authors.

Total cumulative costs (2.152 billion euros under the baseline scenario and
2.655 billion, € 2.790 billion and € 2.656 billion euros under the 100% RES
scenarios No 1, No 2 and No 3 respectively) for the development of a carbon
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neutral energy system for the period from 2020 to 2050 in the scenarios of 100%
RES No 1 and No 3 are by 23%, and in the scenario 100% RES No 2 — by 30%
higher than the costs in the baseline scenario. At the same time, the difference in
capital investments (Fig. 10) for the whole period is 45-47%, being the lowest
value scenario that of 100% RES No 3.
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Fig. 10. Capital investments by 5-year periods, million euros
Source: constructed by the authors.

Conclusions

In the absence of an effective policy to encourage energy efficiency measures
and intensify the use of RES (baseline scenario) in Zhytomyr UTC final energy
consumption in 2050 will increase by 63% compared to 2017. At the same time,
under the same socio-economic conditions, the implementation of any of the
ambitious scenarios of transition to 100% RES would allow to effectively and
economically limit the above mentioned increase in energy needs to only 26%. At the
same time, there will be a cardinal reduction in GHG emissions, which in 2050 may
be kept at no more than 6% of the level of 2017, or 0.14-0.20 tons per capita.

Recommendations for achieving the above mentioned targets are as follows:
— large-scale implementation of energy efficiency and energy saving measures;
— introduction of new carbon-neutral technologies both by energy production and
energy consumption, as well as intensified electrification of industrial production
and transport;
— stopping the degradation of district heating and increasing its share in meeting
the heating needs of the population living in apartment buildings, as well as the
budget funded sector up to 90%;
— electrification and/or transition to the use of biofuels for individual space heating;
— electrification of individual hot water supply, by maximizing the use of
electricity from rooftop solar panels together with the development of solar energy
powered rooftop collectors in private houses, which would cover the demand by
20-25%;
— implementation of the concept of more intensive use of clean public transport
instead of individual transport within the city with a complete displacement of
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vehicles powered by internal combustion engines by electric cars, electric buses
and biofuel trucks (hydrogen transport is another possible solution, but in this study
it is not sufficiently investigated).

A key role in the transition to RES will be played by electricity generated by
centralized and distributed photovoltaic and wind power facilities, as well as solar
energy for water heating and space heating. Biofuel CHP plants will operate in
cogeneration mode and together with biofuel heat-only plants will supply the vast
majority of consumers with thermal energy. At the same time, due to the
electrification of all sectors, the need to use natural gas and petroleum products will
virtually disappear.

In 2050, the need of new electricity generating RES capacities is estimated at
326-768 MW, and that of heat generators with high capacity factor and efficiency - at
200-350 MW, which could potentially create up to 10.5 thousand new jobs and the
funds involved in their construction would contribute to social development.

Cumulative costs for the operation of the energy system of Zhytomyr UTC
in 2020-2050 in the baseline scenario are by 23-30% lower than in alternative
scenarios, in particular due to the lower (by 45-47%) need for capital investment.
However, fuel costs in the baseline scenario in 2050 could be twice as high as in
the alternative scenarios.

The results of the study once again confirm that saving energy resources (in
terms of energy efficiency and energy conservation) is the cheapest way to meet
the energy needs of the population and the economy as a whole, while the related
investments are more economically justified than those needed to produce
additional energy resources to meet the same demands.
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Onerxcanop Jauyk?
AHOpiui Cemenrors

METOAHU TA MOJEJII ONIHKN EHEPTETUYHOI'O IEPEXOAY
HA IPUKJAII KKUTOMUPCBHKOI OB'€JITHAHOI
TEPUTOPIAJIBHOI TPOMA I

IIpedcmasnero pesynbmamu CUeHapHO20 MOOENO8AHHSL ma
OYiHKa 30ilCHEeHHs eHepzemuuHo2o0 nepexody oo 2050p. vy
2Kumomupcekiii ob6'eOHaHili mepumopianeHiii 2pomadi (OTT), wio
nepeobauae 3MIHY  CbO200HIUHBLOL, 30CHOBAHOI HA  BUKONHUX
8Y2/leyeemMHUX eHepaopecypcax, Mooeni pYHKUIOHYBAHHS eHepzemuKU
OTT" Ha HalicyuacHiwy — maky, wo Ha 100% eurxopucmosye
8i0H081108aHIL Oxkepena eHepeil (BAE), 3a0080/16HAOUU NPU UbOMY YCL
eHepeemuuHi nompebu i chpuse cmanomy pozseumky OTI 32i0HO 3
gionogioHumu yinamu OOH. /[lns uvbozo enepuie po3pobeHo
ONMUMIBAUIIHY eKOHOMIKO-mamemamuuHy mooesno TIMES->Kumomup
(ananoeie 8 YkpairHi Hemae), uo 6aszyemocst Ha HAYIOHANbHIU MO0eni
TIMES-Ykpaina i exnwouae 647 eHepzemuuHUX MexHOoNo2Illl — YoxKe
Hasi8HUX ab0 MaKux, SKi HAUONUKUUMU POKAMU MOXKYMb Obymu
npeocmaenieHi Ha 8IMUUSHIHOMY PUHKY.

Lns pospobku moodeni TIMES-> Kumomup 6ysno onpaubo8aHo
manodocmynHy  mMicyesy eHepzemuuHy cmamucmury, 3a
pesynemamamu sikoi 3a copmoro MiDKHApPOOHO20 eHepzemuuHo20
azeHmcmea enepuie CcOpMOBAHO eHepzemuuHuill 6banavc 0as
genukozo wmicma Ykpainu -2Kumomupa, a makoxx nobyooeaHo
6azosy eHepz0-mexHono2iuHy cucmemy 2Kumomupcoroi OTT.

I3 sukopucmaHHam  mooleni TIMES-> Kumomup  ynepwe
po3pobneHo ma 3M00enbOB8AHO UOMUPU CUEeHapii po3sumky
eHepeemuuHoi cucmemu Kumomupcokoi OTI, wo oxonnwoe yci
eKOHOMIUHI cekmopu, Yy m.u. domozocnooapcmaa. Iepwuil cyeHapiti —
6azosuili — NoKasye MOXKAUBY OUHAMIKY pO3BUMKY eHep2emuuHoi
cucmemu 6e3  npogedeHHsT — ULlecnpsimMoeaHoi  noaimuxku 3
eHepzoecpexkmusHocmi, pozsumky B/AE mowo. Tpu iHwux cueHapil
HauUleHi Ha OOCNIOXKeHHS moxxaugocmell nepexody OTIT do 2050
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poky Ha 100% i0HO08N108AGHOI eHepeemuKku ma BUKOPUCMAHHSL
€eKO0NI02TUHO-UUCMUX MEXHOJI02T.

Pe3ysniemamu M0O0ent08aHHST Ni0mMaepouiu, o HAsI8HUI pecypc
8I0HOBNH0BAHOI eHepeemMuKU Ma MexHOJI02IUHUT NOMeHYIanl 00380/5€
Kumomupcokiiti OTI 30ilicHumu eHepeemuuHuil nepexio 0o 2050 p. 8
eKOHOMIUHO OOYULTbHUTL MaA COUIANbHO NPUUHAMHUN cnocib, cymmeeo
CKOpOMUBULU EHEeP20EMHICMb | 8Y2/leUCEMHICMb MICUE80i eKOHOMIKU,
NpaxmuuHo YcyHysuwu sukuou napHurkosux 2azig (I1I), nidsuwusuwiu
0obpobym 2pomadssH ma cmeopuswu uwoHatimeHwe 10 muc. HO8UX
pobouux Micub. Lle maxox cymmeso cnpusimume Kumomupcoriil
OTT docsizHymu wioHalimeHwe decsimu i3 cimHaoysmu Llineli cmanozo
poszsumxy OOH.

IlpedcmaeneHi pe3ynbmamu OO0CNIOIKEHHSL 3a80saKU  C80ill
HOBU3HI MA AKMYalbHOCMI NOCMABAEHO20 3A80AHHS MOXKYmb dymu
BUKOPUCMAHI HAYKOBUIMU 8 PAMKAX iXHIX O0ocniOrKeHb, Op2aHaMU
enadu ma exkcnepmamu npu po3pobreHHi cmpameeili, NaaHis,
npozpam eKOHOMIUHO?20, eHepzemuuHoz0, mpaHcnopmHozo,
KLMAmMu4uHO20, €KOJI02IUH020 ma IHUWL020 xapaxmepy He MmilbKu Ha
JIOKANHOMY, A U HA PeiOHANbHOMY mMa HAUIOHANIbHOMY PIBHSIX.
Taxork ix MoxHQ esarkamu OOHUM i3 Nepulux KpokKie Yy nid2omosul
KOMNAEKCHOL cmpamezii  po3sumKy Kumomupcoroi O1TT,
CNpsAMoO8aHOi  Ha  OOCSIRHEeHHsT  KamMamuuHoi  HelmpanbHocmi
810n08i0HO 00 cyuacHux yineti €eponeticokozo Coro3y.

Knrouoei cnoea: 3miHa wkaimamy, CmMaauli po3sumor,
eHepeemMuuHUll nepexio, 8I0HOB08AHA eHep2emuKd, MOOEH08AHHS.
ma npozHo3yeaHHst, mooeno TIMES
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