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Abstract. In response to global warming and the critical need for .
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emerged as an area of significant focus due to their potential to en-  https://orcid.org/0000-0001-9272-6789
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economic outputs. This research addresses the critical issue of es-  Ukraine, Kyiv, Ukraine.
tablishing a methodological framework for evaluating the efficiency
of DHS as market relations evolve within the heating sector. The study's aim is to develop and validate meth-
odological principles that assess the operational, economic, and technological dimensions of DHS in a com-
petitive market landscape. The framework encompasses the complex interplay of regulatory frameworks,
market dynamics, production technologies, and consumer engagement strategies. Key objectives include an-
alyzing current challenges in implementing competitive market structures, justifying the non-linear nature of
cost functions for energy producers, and developing criteria for the equitable distribution of thermal energy
losses. The overarching goal is to strategically propel DHS towards greater efficiency and sustainability by
using renewable energy sources (RES). The research utilizes simulation modeling in a case study of Irpin city,
Ukraine, employing machine learning and computer vision technologies through the "Solvergy: Buildings"
mobile application to provide rapid, detailed energy performance assessments. Results from the simulation
in "Solvergy: Systems" software indicate benefits from the market conditions functioning in DHS, quantified
at 727,120 per year, and highlight the cost-saving potential of the RES-based supply diversification struc-
ture. The relative market efficiency at 28.05% suggests that the market delivers high potential economic
value relative to a scenario without market conditions. The study concludes that transitioning to market re-
lations and integrating independent energy producers can lead to substantial system efficiency improve-
ments, lower thermal energy prices, and enhanced sustainability in DHS. Suggested policy measures advocate
for the modernizing of infrastructure and the implementation of efficient technologies within a competitive,
consumer-oriented market environment, thereby facilitating the decarbonization process and optimizing sys-
tem performance.

Key words: district heating system, district heating market, thermal energy loss, renewable energy sources,
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YeHHS 8UKUOI8 8yaneyto ma rnoKpaweHHs eKOHOMIYHUX pe3yabmamis. Y ybomy 00CniOHeHHi po32190aemeocsa 6a-
Huse NUMAHHA CMBOPEHHA Memo00s102iYHOI OCHOBU 0718 OUiHIOBAHHSA eheKmu8HOCMI cucmem ueHmparniso-
8aH020 merinonocmayvyaHHA (CLT), OcKinbKu puHKo8i BIOHOCUHU PO38UBAIOMbCA 8 CEKMOPI MENaA0NoCMa4yaHHA.
Memoto 0ocnionceHHs € po3pobka ma nepesipka Memooosa02iYHUX NPUHUUIIS, AKI oyiHoMb onepayiliHi, eKo-
HOMIYHi ma mexHonoeiuHi acriekmu CLT y KOHKYpeHMHOMY PUHKOB8OMY AaHOwagmi. CmpyKkmypa OXOritoe
CK/AOHY 830EMOOI0 HOPMAMUBHO-MPAB0o8oi 6a3u, OUHAMIKU PUHKY, mexHosoeili supobHUYMea ma cmpameaziti
3any4YeHHn crioxcusayie. Ceped OCHOBHUX Yineli — AHAni3 MomMOoYHUX BUK/UKIB Y 8MPo8a0MEHHI KOHKYPEHMHUX
PUHKOBUX CMpyKmMyp, 06rpyHmMys8aHHs HesiHiliHoeo xapakmepy ¢yHKuili sumpam 014 supobHukie eHepaii ma
po3pobKa Kpumepiis 014 cripasednueo2o po3mnodisy empam mennosoi eHepeii. OCHOBHA Mema MosA2a€E 8 MOMY,
wob cmpameziyHo nidwmosxHymu CUT 0o nidsuuweHHA ecpekmusHocmi ma cmilikocmi 3a paxyHOK 8UKopuc-
MaHHSA 8i0HOB08AHUX OXepen eHepeii (BAE). ¥ 0ocnidmceHHi sukopucmosyemocs imimayjiliHe Mooento8aHHs 8
npuknadi micma lpniHe, YKpaiHa, 3 8UKOPUCMAHHAM MeXHO02ill MAWUHHO20 HABYAHHA MA KOMIT'tomepHOo20
b6ayeHHsA yepe3 mobinbHuli 3acmocyHok «Solvergy: Buildings» 01a HOOGHHA WEUOKUX 0emasbHUX OUiHOK eHep-
2oehekmusHocmi. Pe3yanbmamu MoOesnto8aHHs 8 npozspamHomy 3abesneqeHHi "Solvergy: Systems" ekazyrome
Ha nepesaau yHKUioHy8aHHA CLT y puHKOBUX yMO8aXx, fKi KinbKicHO oyiHeHi 8 727 120 Oonapie CLUA 3a piK, i
niOKpecms MomMeHYian eKoHoOMIi sumpam cmpykmypu ousepcugikauii nocmayaHHA Ha ocHogi BAE. BidHo-
CHa echeKmuBHICMb PUHKY Ha pisHi 28,05 % ceiduume npo me, w0 pUHOK 3abe3neyye 8UCOKUL eKOHOMIYHUL ro-
meHuian NopieHAHO 3i cueHapiem 6e3 puHKoBUX yMo8. Y 00cnioxeHHi 3pobaeHo 8UCHOBOK, W0 nepexio 00 puH-
Kosux Bi0OHOCUH ma iHmMezapayia He3anemcHuUx eupobHUKie eHepeil cnpusmume icmomHomy nid8UUEHH!O
egheKmusHOCMI cucmemu, 3HUMCEHHIO UiH HO merso8y eHepeaito ma nidsuujeHHo cmilikocmi e CUT. 3anpornoHo-
8GHI NMOAIMUYHI 3aX00U CrIPAMOBAHI HO MOOEPHI3aUi0 IHhPACMpPYKMypU ma 8rnpoeaoHeHHs e(heKmusHUX mex-
Hos02ill y KOHKYPEeHMHOMY, OPIEHMOBAHOMY HA CIOXUBAYA PUHKOBOMY cepedosullyi, mum Camum nonezwyrovu
npouec 0ekapboHi3auii ma onmumizyro4u NPoOyKMuUBHICMs cucmemu.

Knro4oei cnosa: cucmema yeHmpani3o8aHo20 MernaonocmMaYyaHHA, PUHOK UYeHmpasizo8aHo20 mernsonocma-
YaHHSA, BMPaMuU merisnosoi eHepail, 8i0HOBM0BAHI OXcepena eHepail, KOHKYpPeHMHi mopau ma ayKuioHu, bazamo-
¢hakmopHa onmumizayis.

List of Abbreviations and Symbols:

DHS — district heating system
DHM — district heating market

Introduction and task statement. In the context of global
warming and the pressing need for sustainable energy so-
lutions, the efficiency of district heating systems (DHS) has
garnered significant attention. The transition to market re-
lations within the heating sector presents both opportuni-
ties and challenges for enhancing operational efficiency,
sustainability, and customer satisfaction. Evaluating the ef-
fectiveness of reforms in DHSs is essential for policy devel-
opment, strategic planning, and the technological advance-
ment of district heating infrastructures. Such assessments
have the potential to optimize resource use, reduce carbon
emissions, and improve economic outcomes for both sup-
pliers and consumers. Establishing a methodological frame-
work for evaluating the efficiency of DHSs amid the for-
mation of market relations is a critical issue for assessing
the feasibility of transitioning to more competitive, effi-
cient, and environment-friendly centralized DHSs.

The effectiveness of a district heating system can be as-
sessed through various economic, ecological, and techno-
logical efficiency indicators. However, each of these ap-
proaches must consider the current state of energy in the
region to identify the most effective strategies for enhanc-
ing system efficiency. In Ukraine, for instance, the transfor-
mation of DHSs should focus on the utilization of renewable
energy sources (RES) and customer-centric strategies,

SQP —sequential quadratic programming

RES — renewable energy sources

emphasizing the significance of strategic, sustainable, and
feasible reforms aimed at improving energy efficiency, op-
erational reliability, and financial stability [1, 2].

Among the challenges confronting DHSs in Ukraine are out-
dated infrastructure, a high dependence on natural gas, fi-
nancial constraints, the necessity for modernization, and
significant air pollution stemming from emissions produced
by energy facilities [3]. Key strategies for enhancing the ef-
ficiency of DHSs in Ukraine include balancing heat demand
with production and transportation capacities, integrating
biomass as an alternative fuel source, and introducing com-
petitive market dynamics to improve the quality and acces-
sibility of heat supply services [4].

The adaptation of electricity market policies to DHSs is a
particularly relevant area of study. Numerous researchers
emphasize the necessity of establishing competitive condi-
tions in DHSs that are akin to those found in electricity sup-
ply systems. For instance, market liberalization can moti-
vate industrial heat producers to utilize waste heat as an
additional resource within district heating networks. Under
competitive conditions, the system can adopt pool and
peer-to-peer (P2P) market models, wherein the integration
of new participants into district heating systems empha-
sizes consumer choice through differentiated products, al-
lowing consumers to select their preferred heat sources [5,
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6]. Furthermore, various trading strategies available in the
market may influence the feasibility of utilizing excess heat
and the efficiency of centralized DHSs [7, 8].

It is also crucial to implement practices that regulate third-
party access to the DHS from the production side, particu-
larly through unilateral auctions. Adopting these measures
could result in lower prices, draw in new consumers, and
facilitate the decarbonization of the heat supply sector.
Concurrently, significant attention should be directed to-
wards the role of the regulatory framework, market struc-
tures, and pricing mechanisms [9]. The economic aspects of
heat conservation and strategic system operation planning
are vital, especially in the context of transitioning to RES.
The study [10] underlines the need to revise municipal stra-
tegic energy plans and examines how local district heating
tariffs can incentivize heat savings, thereby supporting the
shift to fourth-generation district heating systems. By in-
vestigating the interactions between tariff policy, interest
rates, and heat-saving initiatives, the study underscores the
importance of aligning economic incentives with system ef-
ficiency, particularly amid technological advancements and
market uncertainty. It is noteworthy that the introduction
of competition in the DHS through market mechanisms,
such as monthly auctions, can yield numerous economic
and social benefits.

Research [11] demonstrates the feasibility and advantages
of transitioning to a competitive market in DHSs, promoting
the use of alternative energy sources, and enhancing the
overall efficiency of the system. It also underscores the im-
portance of robust political and regulatory support in ad-
vancing successful market liberalization initiatives. How-
ever, the introduction of market mechanisms is not without
its challenges; various technical, regulatory, and economic
problems accompany this process [12, 13]. Furthermore,
there exists a divergence of opinions regarding the imple-
mentation of market conditions in DHSs, particularly con-
cerning the economic justification of natural monopolies
within energy sectors. A specific study [14] indicates a sig-
nificant increase in district heating prices post-deregula-
tion, resulting in public protests and debates. Therefore,
the implementation of efficient operational practices
within existing DHSs faces numerous obstacles, especially
at the regional level, due to the presence of unique local
conditions.

Factors such as the technological structure of the DHS, the
conditions for utilizing energy sources, and weather varia-
tions can influence the efficiency of system operation un-
der various models and regulatory approaches. Conse-
qguently, itis crucial to conduct system modeling to simulate
the operation of the system in both static and dynamic
modes, enabling the determination and optimization of ef-
ficiency indicators under suggested operational conditions.
Among the primary efficiency criteria, three are often em-
phasized: economic, ecological, and exergetic (or techno-
logical). These indicators are subject to multi-objective op-
timization, which significantly enhances the stability and
efficiency of district heating systems. Research [15, 16, 17]

highlights the energy and exergy benefits of integrating RES
into district heating, thereby advancing the application of
the exergy principle in system optimization.

Research results [18, 19] indicate that district heating sys-
tems offer several advantages, including enhanced fuel ef-
ficiency, reduced heat production costs, and the potential
for utilizing excess heat sources, positioning them as a via-
ble and environment-friendly heating solution in densely
populated areas. Consequently, there is a need for a sys-
tematic shift in focus towards creating or reforming com-
plex regional centralized systems, as this could lead to a
synergistic effect that enhances their operational effi-
ciency. An increase in consumption volume encourages
greater participation of third parties in the market, driven
by the prospect of increased benefits, which may result in
lower thermal energy tariffs for consumers. However, it is
essential to consider each individual system on a case-by-
case basis, taking into account local factors [20, 21]. Fur-
thermore, the study [22] concludes that while DHS remains
competitive in regions with high heat density, it may en-
counter challenges in areas with low heat density. The
study underscores the importance of considering future
market dynamics, the integration of RES, and urban plan-
ning decisions in shaping the long-term competitiveness of
district heating systems. "Power-to-Heat" systems, which
facilitate the use of energy from RES for heating and hot
water supply, are gaining particular attention. These sys-
tems enable the scaling of DHSs and contribute to their flex-
ibility, resulting in a synergistic effect from integrating elec-
tric and thermal energy markets. Research findings from
studies [23, 24, 25, 26] indicate that the incorporation of
"Power-to-Heat" systems diminishes dependence on fossil
fuels during winter months and promotes a more stable op-
eration of both DHSs and power supply systems.

Subject of study. The subject of this study is the methodo-
logical framework for evaluating the effectiveness of the
DHS, particularly in the context of developing market rela-
tions. This encompasses a comprehensive analysis of exist-
ing district heating systems, the identification of efficiency
indicators, and the assessment of how market dynamics in-
fluence these systems. The research emphasizes the inter-
play between the regulatory framework, market design,
production technologies, and consumer engagement strat-
egies, all of which collectively impact the efficiency and sus-
tainability of heating systems.

Object of study. The focus of this study is on district heating
systems functioning within a competitive market land-
scape. Specifically, it investigates the operational, eco-
nomic, and technological dimensions of these systems,
evaluating ways to optimize and sustain efficiency amid
market liberalization. The research provides a comprehen-
sive analysis of market functioning mechanisms, bidding
strategies, regulatory policies, and technological innova-
tions that aim to enhance both the efficiency and reliability
of district heating services.

The purpose and objectives of the research. Develop
methodological principles for assessing the efficiency of
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DHSs in the context of establishing market relations among
thermal energy producers.

To achieve this goal, it is essential to address the following
tasks:

— Analyze the current challenges facing DHSs from the
perspective of implementing and operating under com-
petitive conditions, and explore methodological ap-
proaches for evaluating the effectiveness of these sys-
tems, considering both economic and technological
implications.

— Determine the functional structure and operational
principles of the DHS amidst competition among ther-
mal energy producers.

— Justify the non-linear nature of cost functions for ther-
mal energy producers and heat transport organizations.

— Propose methodological principles for evaluating the
equitable distribution of thermal energy losses among
producers within the DHS during market operation.

— Develop methodological principles for assessing and op-
timizing the efficiency of the DHS in competitive condi-
tions.

The novelty of the study is determined by the systematic
solution of the high thermal energy price problem for con-
sumers by developing a detailed methodological frame-
work for assessing the efficiency of district heating systems
in the context of market liberalization. This includes the for-
mulation and validation of non-linear cost functions for
thermal energy producers and heat transport organiza-
tions, which are critical for accurately evaluating and opti-
mizing business activities within DHSs.

The practical relevance of this study is to provide the prac-
tical management and strategic planning of DHS in various
urban settings, particularly in the context of transitioning to
market-based operational frameworks. This comprehen-
sive assessment approach can be particularly beneficial for
policymakers and regulatory bodies as they devise strate-
gies to liberalize energy markets and implement competi-
tion within DHSs.

District heating system under market conditions for-
mation. To comprehend the operational principles of a DHS
based on competition, it is essential to present a straight-
forward mathematical model that effectively illustrates the
necessity of implementing such system. This model as-
sesses the efficiency of the district heating market (DHM)
by comparing two alternatives: a scenario involving a single
producer (monopoly) versus a scenario with multiple ther-
mal energy producers within the DHS (competition) [27,
28].

The term "district heating market" generally refers to a net-
work of economic interactions involving fuel and energy
suppliers, equipment vendors, energy service providers,
heat-generating organizations, heat network operators,
regulatory authorities, and thermal energy consumers. In
contrast to a monopolistic DHS, where companies oversee

the functions of production, transportation, and distribu-
tion of thermal energy, DHM provides for legal, financial,
and property separation of the municipal vertically inte-
grated monopolist. The primary aim of this separation is to
foster competitive conditions in the thermal energy pro-
duction phase, enabling independent producers to connect
to heat networks and compete with other thermal energy
producers, including utilities, based on self-determined
pricing [29, 30].

It is important to note that energy sources that produce
electricity can be utilized alongside other technological
methods to generate thermal energy. Furthermore, electric
boilers have emerged as an efficient and increasingly pop-
ular means of producing heat from RES, particularly in the
context of district heating systems. These systems can har-
ness electricity generated from RES such as wind, solar, hy-
dro, and geothermal energy. Powerful electric boilers can
be installed at a central station, where electricity generated
from RES feeds the boilers to produce substantial volumes
of hot water or steam. Thanks to smart grid technologies
and real-time monitoring, the system can balance the load
by predicting demand and regulating the boilers accord-
ingly. This synchronization with other energy sources en-
sures optimal efficiency and minimal costs for both electri-
cal and thermal energy production. Moreover, such
approaches can mitigate issues related to system frequency
instability and capacity reservation inherent in RES, thereby
enhancing economic efficiency, reliability, and environ-
mental impact [24, 31, 32].

Each energy resource, according to its intrinsic properties,
will influence the nature of the cost function. Additionally,
for a production company that supplies thermal energy to
the heating supply system and manages multiple heat gen-
eration facilities within the market, the total cost function
can become quite complex. It encompasses all costs associ-
ated with the production of thermal energy as a consuma-
ble product. The total cost function can be categorized into
several components, each representing a specific type of
expense incurred by the company.

To effectively minimize costs, carbon dioxide emissions,
and exergy throughout the year, it is crucial to utilize a di-
verse array of energy sources, including RES such as solar
collectors, air source heat pumps, and cogeneration plants.
However, several challenges need addressing, particularly
in balancing technical efficiency with economic incentives
and institutional regulations as the market for district heat-
ing becomes more competitive [33]. Specifically in Ukraine,
the approach to evaluating efficiency criteria may be inad-
equate due to unique conditions within the DHSs, such as
monopolistic structures, distinct operational characteristics
of heat networks, and the absence of a comprehensive reg-
ulatory framework that promotes competition within DHSs.

Methodological principles for assessing the efficiency of
the DHM. To evaluate the effectiveness of implementing
and functioning market relations within DHSs, a simulation
model has been developed. This model allows for a quanti-
tative assessment of the operational viability of DHM in a
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specified district heating system. The assessment can be
based on various factors, including the configuration of ex-
isting heat networks, the volume of thermal energy con-
sumption, and the density of demand, among others.

The model identifies three types of entities within the sys-
tem: thermal energy producers, thermal energy consum-
ers, and sections of heat networks that are integrated into
a cohesive system for transporting thermal energy from
producers to consumers.

Thermal energy consumers are characterized by their an-
nual thermal energy consumption. The aggregation of this
metric across all consumers constitutes the total thermal
energy consumed within the DHS and is determined by the

following formula:
n
Q° = Z Q’,
i=1

where QP is the amount of annual thermal energy con-
sumption by all consumers in the analyzed system, GJ; QiD
is the amount of annual thermal energy consumption by
the i-th consumer, GJ; n is the number of thermal energy
consumers in the system.

(1)

The responsibility for the transportation and supply of ther-
mal energy primarily falls to the transportation organiza-
tion within the system. Each section of the heat network,
which consists of both a supply and a return pipeline, is
characterized by several parameters, including the internal
diameter of the pipeline, the method of installation (above
ground, underground, or in a channel), the type of insula-
tion, and the thickness of the insulation coating. These pa-
rameters are utilized to calculate heat and hydraulic losses
in the heat network, thereby evaluating the impact of the
spatial configuration of the system components.

Heat losses in heat networks are defined as the total of
thermal energy losses resulting from water leakage from
pipelines and the thermal energy losses due to the cooling
of the coolant within the pipelines:

n
QL =QO " Zq}?./j’
j=1

where Q° is amount of thermal energy losses with water
leakage from pipelines, GJ; qu is linear thermal energy losses

(2)

due to coolant cooling in the j-th section of the pipeline, GJ;
l; is the length of the j-th section of the pipeline, m.

Thus, the simplified form of the total costs function for the
organization of transportation and supply of thermal en-
ergy can be presented as follows:

7C'(Q") = Ar + BrQ" + Cr-(QT)?, (3)

where TC" is total cost of thermal energy transportation for
the year, $; A; is constant costs for the year, which do not
change depending on the amount of transferred heat, $; By
is the linear part of the cost of transporting thermal energy
per year, which is correlated with variable costs that scale
directly with the amount of heat supplied, $/GJ; C; is

coefficient that characterizes the nonlinearity of the total
cost function of thermal energy transportation, $/GJ% Q' is
the amount of thermal energy transported per year, GJ.

The total amount of thermal energy that will be produced
in the system for a year will be the sum of heat losses in the
DHS network and the amount of annual thermal energy
consumption by consumers:

a;=Q"=a°+a (4)

In the DHM model, the concept of market share is intro-
duced as a constraint, signifying the maximum amount of
thermal energy that each producer is permitted to release
each month. The market share for the i-th manufacturer
(excluding the primary one) is computed using the market
share coefficient:

Q™ =Q; - Ms, (5)
max

where Q" is value that represents the market share as the
maximum amount of thermal energy production per year
for the k-th producer, GJ; MS - market share coefficient.

Each technological installation for thermal energy produc-
tion can be characterized by indicators of maneuverability,
particularly regarding changes in production capacity and
the minimum capacity required to maintain the heat-gen-
erating station in standby mode. The minimum annual ther-
mal energy requirement can be represented as an addi-
tional constraint for each producer within the objective
function:

Q"™ = Ny - Oy - nys- 86,4, (6)
min

where Q" represents the market share as the minimum
amount of thermal energy production per year for the k-th
producer, GJ; N, is installed capacity of heat-generating
equipment, MW; Uy is coefficient that characterizes the
minimum possible production capacity of the installation;
np, is the number of days of operation of the heat genera-
tion facility in the DHS per year.

A non-linear total cost function for a heat production facil-
ity is warranted due to the complexities and variations in-
herent in operating costs, maintenance costs, fuel ex-
penses, capital investments, and material costs. These
factors are interrelated and cannot be accurately or effec-
tively represented by a simplistic linear model. Therefore,
the general form of the total cost function for each thermal
energy producer can be expressed as follows:

(7)

where TCf is total cost of thermal energy production for the
year of the k-th producer, $; A is constant costs for the
year, which do not change depending on the amount of
thermal energy produced, $; B is the linear part of the cost
of thermal energy production per year, which is correlated
with variable costs that scale directly with the amount of
heat supplied, $/GJ; C; is coefficient that characterizes the
nonlinearity of the total cost function of thermal energy
production, $/GJ%; Q, is the amount of thermal energy pro-
duced per year by the k-th producer, GJ.

TCE(QIJ =Ag +BsQ + CG'(Qk)2 ,

10
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Accordingly, each producer, possessing a complete cost
function and a target profit level, calculates a forecasted
price for the sale of thermal energy, considering market
conditions and the actual quantity of thermal energy avail-
able for sale. This projected price is then included in their
auction bid. The formula for calculating the forecasted
price for thermal energy for each producer is as follows:

TCR(QF™) + P
- T
where T% is forecast price for thermal energy for the k-th

producer, $/GJ; P, is expected annual profit for the k-th
thermal energy producer, S.

Tk (8)

s

Manufacturers' bids for the auction, which specify the pa-
rameters Tf and Q7'™, are evaluated, and the winners are
determined. These winners will sell thermal energy at the

tariffs and in the amounts as proposed in the submitted bid.

The total thermal energy losses in the system can be di-
vided into two conventional components: intrinsic losses
for each producer and losses in the system attributable to
each producer. Thus, the total thermal energy losses in the
system can be expressed using the following formula:

Q= Z Q; =Z(Qﬁ°+ Qy),
k=1 k=1

where Qi is total thermal energy losses of the k-th producer
for the year, GJ; Qﬁo is own thermal energy losses of the k-th
producer for the year, GJ; Qis is thermal energy losses in the
system are attributed to the k-th producer for the year, GJ.

€)

Each thermal energy producer, upon connecting to the
heat network, will possess a designated section of the heat
networks for the purpose of transferring thermal energy
into the DHS. Heat losses can be attributed to a specific
heat generation entity, allowing them to be classified as
fixed or determined. The losses attributable to the k-th
thermal energy producer will be calculated using the fol-
lowing formula:

Qe =o' ca,

(10)

where Qf’v is thermal energy losses for the heat generation
facility's own needs for the year, GJ; C,ﬁo is coefficient that
characterizes the share of thermal energy losses from the
total volume of released thermal energy by own heat net-
works; Q, is the actual value of the amount of thermal en-
ergy released by the k-th producer, GJ.

The integration of independent producers into the DHS un-
der market conditions generates uncertainty regarding the
equitable distribution of thermal energy losses. Accurately
attributing the costs of heat loss to various producers is
both challenging and essential for economic justice. Given
these considerations, the thermal energy losses in the sys-
tem attributable to the k-th producer will be calculated us-
ing the following formula [34]:

Q@S- ) QP Hug o rweatagh), (11)
k=1

where w,, is the weight of the criterion ¢, =

ko1 k
weight of the distance of the k-th producer to the centroid
of the DHS; I is the distance of the k-th producer to the
centroid of the DHS; m is the number of thermal energy
producers in the DHS; w,, is the weight of the criterion ¢ =

Q- QL
Y, Q- ap)
consumption produced by the k-th producer; wg is the

Sk
Zﬂlsk
venness of the paths of transportation and supply of ther-
mal energy in relation to the distance to the centroid in the
system of objects of thermal energy consumption for the k-
th producer of thermal energy; S, is the level of unevenness
of the paths of transportation and supply of thermal energy
for the k-th producer.

e
< is th
5 is the

is the weight of the amount of thermal energy

weight of the criterion = is the weight of the une-

At the same time, additional constraints for the objective
function will be the following expressions:

Wy + We +wg=1, (13)
pgin <w, <pT™, (14)
P < wgy < pIOX, (15)
pg’” <wg< pg‘”‘ , (16)

min min min max  ,,max max

where pg™, pi", pE", P PR P
maximum values of the criterion weighting coefficients,
which need to be individually determined within the con-
text of the DHS under consideration, to ensure that all cri-
teria are fairly accounted for.

are minimum and

The objective function for minimizing the weighted average
price of thermal energy in a DHS operating under competi-
tive conditions is presented as follows:

S7 4 (TCE(Q+PHAC (Qg) + 5 )0L(Q,)
Q° -

where T/ is the weighted average price per unit of thermal

energy as a result of the operation of the DHM, $/GJ; AC” is

the function of the average costs of the heat transport or-

ganization in the DHS, $/GJ; Py is the planned profit of the

heat transport organization for the year, $; Py is planned
profit of the k-th thermal energy producer for the year, S.

™= > min, (17)

Given the non-linearity present in the cost functions of
thermal energy producers and transportation organiza-
tions, the proposed solution to the problem involves the
use of Sequential Quadratic Programming (SQP) for non-lin-
ear optimization within the MATLAB software environ-
ment.

The benefits for consumers arising from the introduction of
DHM must be evaluated by comparing the cost of con-
sumed thermal energy with the weighted average tariffs for
thermal energy, both during its operation and in its ab-
sence. This difference constitutes one of the components
of the objective function for optimizing the operation of
DHM, where the market share coefficient serves as a con-
straint.

11
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In the absence of DHM, the projected tariff for the main
producer is:

TC3(QY?) + P + ACT(QY") - Q5
where T is annual tariff for thermal energy from the main
producer without the operation of the DHM, $/GJ; Q%"is

the total amount of thermal energy produced in the system
for a year without the operation of the DHM, GJ.

"’ (18)

’

The absolute efficiency of the DHM encompasses the total
advantage to consumers resulting from the introduction of
the DHM, the cumulative profits of independent producers,
the earnings from the heat transport organization, and
compensations for losses incurred by the primary producer,
specifically when the condition U < 0 holds true. But, to
compare the success of implementing competitive condi-
tions in the DHSs of various cities, it is advisable to utilize
the relative efficiency of DHM. This relative efficiency is de-
fined as the ratio of the absolute efficiency of the market to
the total cost of thermal energy consumed over the year,
assuming a scenario where the market is not operational:

_ @ JRTRQ) + Q3 Ty -TCH(Q) + Pr
TQV’P- QP

where e is the relative efficiency of the DHM as a value that
shows the ratio of the total benefits relative to the total
cost of thermal energy in the DHS under monopoly condi-
tions, which means that an increase in benefits in the nu-
merator leads to an increase in the efficiency value.

e (19)

Case study. District heating systems are vital components
of urban infrastructure, particularly in temperate climates
where seasonal heating demands are significant. This case
study examines the district heating system in Irpin city in
Ukraine, under market conditions where multiple heat pro-
ducers compete in monthly auctions to supply energy.

The assessment was conducted to evaluate the thermal en-
ergy consumption of 19 buildings within a DHS in Irpin city,
Ukraine. This study utilized the “Solvergy: Buildings” mobile
application [35, 36], which leverages machine learning and
computer vision technologies to rapidly analyze and deter-
mine the energy performance of buildings. Through Al-
based mechanisms, this mode evaluates a building's energy
class and characteristics within minutes. The objective was
to determine various characteristics like total annual heat
energy consumption, average and maximum heat energy
power consumption, and specific thermal losses and gains
through the building envelope. The calculation results were
analyzed in detail, with indicators and graphs generated for
each building. The example of building assessment process
is presented on Fig. 1.

These results provided insights into the energy perfor-
mance and highlighted areas where improvements could
be made to enhance energy efficiency. Key characteristics
of the obtained results are presented on Fig. 2.

The district heating system in Irpin city consists of three in-
tegral components: consumers, heating networks, and

producers. On the first step, it is necessary to evaluate heat
losses in the heating network during the heating period.

Fig. 1. The example of thermal energy consumption assess-
ment process for a building in “Solvergy: Buildings” mobile
application

W Solar W Internal M Ventilation M Transmission

Total annual
heat energy -191,5 I
consumption:
63617.05G) 50198

I, 2
I 742

2

Buildings
count:
19

Total heating
area:
88928.4 m2

-1000 0 1000 2000 3000 4000

Average thermal energy power, kW

Fig. 2. Key characteristics of the provided assessment of
the buildings in the DHS

The simulation was conducted using “Solvergy: Systems”
software [35] as a comprehensive platform for technical
and economic modeling of energy systems. This process
aimed to quantify the heat losses to understand the
amount that must be distributed between producers under
market conditions. The district heating system under study
includes 19 buildings (consumers), 130 segments of heating
networks and 4 producers of the thermal energy. The sim-
ulation project in “Solvergy: Systems” software of the DHS
in Irpin city is presented on Fig. 3.

Thus, the results of buildings assessment were imported to
the energy system simulation as a part of Solvergy software
“ecosystem”. Heat demand profiles for each of the 19
buildings were established based on historical consumption
data and weather conditions. As a result, the software per-
formed a detailed calculation of heat losses across the net-
work segments. The calculations were conducted on a tem-
poral basis (annually, monthly, daily) to capture the
dynamic nature of the heating period. The technical char-
acteristics of the system after the calculations are showed
in Table 1.

The district heating system under study operates within a
market-based framework wherein thermal energy producers
engage in monthly auctions to bid their price and quantity
for the sale of thermal energy. This energy market adheres
to a "single buyer" model, meaning that there is one central
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entity responsible for purchasing the energy produced by all
participants. Currently, four distinct producers compete in
this market, each utilizing different energy sources and pos-
sessing unique cost structures for their operations.

& |

Fig. 3. Developed project for energy system simulation in
“Solvergy: Systems” software

Historical weather data for Irpin was accurately integrated
to model heat demand variations over the heating period.

The main producer in this system utilizes natural gas as its
primary energy source. Historically, this entity functioned

as a monopolist before the market paradigm was estab-
lished. The environmental implications of natural gas con-
sumption, such as greenhouse gas emissions, remain signif-
icant concerns. “Independent producer 1” thermal energy
producer employs biomass in the form of wood pellets as
its energy source. Biomass is often lauded for its renewable
nature and its potential for reducing carbon emissions com-
pared to fossil fuels. Wood pellets, in particular, are a com-
pact and energy-dense form of biomass that can be easily
transported and stored. “Independent producer 2” utilizes
heat pump technology to generate thermal energy. Heat
pumps are highly efficient devices that transfer heat from
one location to another, often from the outside air, ground,
or water into buildings. “Independent producer 3” relies on
coal as its energy source. Coal has historically been a dom-
inant source of energy due to its abundance and high en-
ergy density. However, the environmental impacts of coal
have led to increased scrutiny and regulation.

In this competitive market, each producer's cost function
plays a crucial role in their bidding strategies for the
monthly auctions. As the market evolves, the interplay be-
tween these diverse energy sources and cost structures will
shape the dynamics of the DHS, influencing both economic
and environmental outcomes. The integration of RES such
as biomass and heat pumps offer a pathway toward re-
duced carbon footprints, whereas the continuing use of fos-
sil fuels like natural gas and coal underscores the challenges
of transitioning to a more sustainable energy system. The
nature of the total cost functions for each of the described
producers is presented on Fig. 4.

Table 1. The technical characteristics of DHS in Irpin city, Ukraine

Name | Total annual Total annual Average Maximum Electricity Network
heat energy heat losses in thermal thermal consumption length
consumption networks energy power | energy power | for heat
consumption consumption transmission
Unit GJ GJ MwW MW kWh km
Value | 63617.05 3034.7 4.05 5.78 45959.27 6.42
Main producer, as the former monopolist, transitioning o ¥ 600000
from a dominant player to one of several competitors, ; & 500000 1
must adapt its strategies to remain viable in this newly S % 400000 /
structured market. As the largest actor in this market, the £ w 300000 -l
main producer's installed generation power is substantial, = aE—, iggggg /
necessitating a baseline of minimum possible thermal en- :g’ ﬁ g LT
ergy generation annually to maintain operational efficiency s = 888888888888888
and to meet market demand. 8888883g8g8828s8

The simulation-based analysis demonstrates clear eco-
nomic benefits from implementing market conditions in
DHSs. The optimal distribution of thermal energy produc-
tion among various producers and the resulting lower
weighted average price underscore the potential for cost
savings and efficiency gains. The model also highlights the
importance of equitable loss allocation and the necessity
for compensatory mechanisms for key producers. The op-
timization results of the DHS under market conditions are
presented in Table 2.

Annual amount of thermal energy released by
the producer, GJ
Independent producer 1
= Independent producer 3

e [\|2in producer
e |ndependent producer 2

Fig. 4. Total cost function for each thermal energy producer

These results suggest a significant role for independent
producers in meeting the overall thermal energy demand,
highlighting the efficiency of a diversified supply structure.
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Table 2. The optimization results of the distribution of thermal energy production and prices of thermal energy

among the main and independent producers

Optimal Optimal weighting factors Monopoly price, Optclmal .
Producer Gl $/G weighted price,

Qk/ UJQ, Wy Wg S/GJ
Main producer 16977 39.22
Independent producer 1 | 19996 -

0.5 0.2 0.3 28.99

Independent producer 2 | 19996 -
Independent producer 3 | 6649 -

The optimal weighted price of thermal energy is signifi-
cantly lower than the main producer's price, demonstrat-
ing the potential cost savings from implementing market
conditions. At the same time, weighting factors reflect the
relative importance of each criterion in the overall optimi-
zation process, indicating that distance to the centroid is
the most significant factor in current DHS.

The economic benefits for market participants in DHM sim-
ulation are presented in Table 3.

Table 3. The economic benefits for market participants

Parameter Unit | Value
Market share (MS) % 30
Main producer loss (U) S 0
Consumers benefit (V) S 651120
Producers Benefit (P) S 75000
Transportation Benefit (H) S 1000
Absolute market efficiency (E) | $ 727120
Relative market efficiency (e) % 28.05

The simulation results indicate a considerable benefit to
consumers from the introduction of market conditions,
quantified at $651,120. Producers also realize a significant
benefit of $75,000, while the transportation organization
sees a modest gain of $1,000. The relative market effi-
ciency of 0.2805 suggests that the market delivers 28.05%
of the potential economic value relative to a scenario with-
out market conditions.

Conclusions

The shift to market dynamics in DHSs is a strategic move
aimed at optimizing system efficiency. Market liberaliza-
tion introduces competitive pressures that can lower con-
sumer prices, increase service quality, and drive technolog-
ical innovation.

Policymakers should prioritize creating a supportive regu-
latory environment that encourages competition, protects
consumers, and incentivizes the adoption of RES. Consider-
ation of local conditions and unique characteristics of each
DHS is crucial for the successful implementation and opti-
mization of market-based heating systems.

The diversification of energy sources, as evidenced by the
integration of biomass, heat pumps, and RES, can signifi-
cantly bolster system efficiency and sustainability. This

integration reduces dependency on fossil fuels, mitigating
carbon emissions and advancing environmental objectives.

Methodological principles for determining and optimizing
the weighted average price for thermal energy, as well as
the efficiency of DHM, are proposed in the context of inde-
pendent thermal energy producers competing within the
system. This framework enables the modeling of DHSs
from a market perspective, supporting strategic planning
and decision-making for the implementation of such pro-
jects in real DHSs.

The case study of Irpin city, Ukraine, demonstrates the
practical application of the developed methodological prin-
ciples. The introduction of competitive market conditions
in Irpin's DHS led to significant economic benefits for con-
sumers, producers, and the transport organization, high-
lighting the potential gains from market liberalization.
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