International Journal of Sustainable Energy Planning and Management \Vol. 45 2025 40-57

International Journal of

Sustainable Energy Planning and Management

System integration of geothermal heat plant in high-temperature dis-
trict heating system - technical and economic issues

Mariusz Tanczuk?, Stanistaw Anweiler®”, Stawomir Pochwata?, Eligiusz Olszewski®,
Pawet Luczak®, Jacek Kalina¥, Stanislav Boldyryev®

9Department of Mechanical Engineering, Opole University of Technology, Mikotajczyka Str. 5, 45-271 Opole, Poland

bECO SA, Harcerska Str. 15, 45-118 Opole, Poland

¢ECO Kutno Sp. z 0.0., Metalowa Str. 10, Kutno,

dDepartment of Energy and Environmental Engineering, Silesian University of Technology, Konarskiego Str. 18, 44-100 Gliwice, Poland
€Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia

ABSTRACT Keywords

Second-generation district heating (DH) systems based on coal combustion remain prevalent and
inefficient in Central and Eastern Europe, particularly in Poland. This study investigates the
technical and economic feasibility of integrating geothermal energy into an existing high-
temperature DH system with a peak demand of 60 MW. Three retrofit scenarios are analyzed: (1)
a geothermal doublet with a direct heat exchanger; (2) Scenario 1 extended by an absorption heat
pump (AHP) powered by a gas boiler; and (3) Scenario 2 enhanced with an additional geothermal
doublet. A detailed hour-by-hour simulation of thermal performance was conducted for each
configuration. The share of geothermal heat in total production increases from 35% in Scenario
1 to nearly 70% in Scenario 3, enabling all variants to meet the efficiency thresholds defined in
the EU Energy Efficiency Directive. An economic assessment using Net Present Value (NPV) and
Internal Rate of Return (IRR) indicates that Scenario 1 is the most cost-effective, yielding an IRR
above 17% and a 4-year discounted payback period. Although Scenario 3 achieves higher
decarbonization, it requires significantly greater capital investment. The findings highlight that
geothermal retrofitting, particularly with direct heat exchangers, offers a realistic and economically
justified path for transforming legacy DH systems toward carbon neutrality.
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1. Introduction 200 billion USD and is projected to expand at an annual

Modern cities face mounting challenges such as rapid
urban growth, environmental stress, social disparities,
and rising expectations for public services. In this con-
text, district heating (DH) systems emerge as a corner-
stone of sustainable urban energy, driven by climate
goals and development principles [1]. Though not a new
concept, these systems rapidly evolve to support the
transition away from fossil fuels, offering a scalable path
to low-carbon, efficient heating infrastructure [2]. The
worldwide digital heat market is estimated to be worth
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growth rate of 5% over the next three years. The growth
of the district heating market is driven by an increasing
demand for energy efficiency and is supported by strict
environmental regulations that promote cleaner heating
solutions.

Additionally, the demand is boosted by rising urban-
ization, which underscores the need for centralized heat-
ing solutions [3]. The latest generation of district heating
technologies facilitates using low-temperature renew-
able heat sources [4]. Recent research has focused
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List of Abbreviations

DH: District Heating

CHP: Combined Heat and Power

AHP: Absorption Heat Pump

DHE: Direct Heat Exchanger

TES: Thermal Energy Storage

EED: Energy Efficiency Directive (EU)

EU ETS: European Union Emissions Trading
System

SET_HEAT: Supporting Energy Transition and
Decarbonisation in District Heating
Sector Project

O&M: Operation and Maintenance

MPa: Megapascal

CAPEX: Capital Expenditure

NPV: Net Present Value

IRR: Internal Rate of Return

Qgoali’ Instantaneous heat output from coal boil-
ers at time step i [MW]

Qchpi’ Instantaneous heat output from CHP
units at time step i [MW]

Qores: Instantaneous heat output from direct geo-
thermal heat exchanger at time step i [MW]

Qurpi Instantaneous heat output from absorp-

tion heat pump at time step i [MW]

Qo well: Heat output of one geothermal well
exchanger [MW]

Qgpit Annual heat output of the geothermal
plant in scenario i [MWh]

Ecupi: Instantaneous electrical output of CHP
units [MW]

Eecp™ Annual electricity generation of geo-
thermal plant [MWh]

Eercp™ Annual electricity consumption of geo-
thermal plant [MWh]

Fep: Annual fuel consumption of geother-
mal plant [MWh_fuel]

Nin: Thermal efficiency of coal boilers [-]

Mol cHp: Electrical efficiency of CHP units [-]

e Efficiency of gas boiler driving AHP [-]

COP,,p: Coefficient of performance of the
absorption heat pump [-]

T Time variable [h]

d: Discount rate used in NPV calculation [-]

N: Project lifetime [years]

CAPEX: Capital expenditure [€]

CF.: Cash flow in year t [€]

NPV: Net Present Value [€]

IRR: Internal Rate of Return [%]

LHV: Lower Heating Value of fuel [MJ/kg]

mainly on optimizing demand management during peak
periods, such as peak shaving [5], developing low-emis-
sion solutions with the use of multi-energy resources [6],
and improving load forecasting methods [7].
Nevertheless, there may be confusion about the simulta-
neous development of the latest generation of district
heating systems, which operate at much lower tempera-
tures than traditional systems [8], [9]. It becomes crucial
to define the various fifth-generation district heating and
cooling (5GDHC) systems and briefly this cutting-edge
technology as discussed in their paper [10].

Discussing the dominance of low-efficiency fossil-fu-
el-based second-generation district heating systems in
some European countries [11], including Poland [12],
requires an analysis of the current situation and trends [13].
In many European countries, there is a dominance of
low-efficiency second-generation district heating systems,
mainly based on fossil fuel use. Several factors, such as the
availability of raw materials, existing infrastructure, and
energy policy, are involved [14]. Second-generation district
heating systems primarily use fossil fuels, especially coal,
as the main thermal energy source. In the case of Poland,

most of these systems are based on burning coal, which is
a significant part of the country’s energy mix [15] (Fig. 1).
The undeniable problem of low-efficiency sec-
ond-generation district heating systems is their low ther-
modynamic efficiency. Burning fossil fuels often leads
to energy losses, making these systems inefficient and
generating large CO, emissions. In addition, low-effi-
ciency second-generation district heating systems often
fail to meet regulatory requirements for energy effi-
ciency, particularly the Energy Efficiency Directive
(EV) 2023/1791 (EED) [17]. This poses a challenge for
both local authorities and the energy sector. The existing
infrastructure and investments made in the past encour-
age the continued operation of existing systems. The
illustrative locations of efficient and inefficient district
heating systems in Poland, in the understanding of the
Efficiency Directive, are shown in Figure 2. The graph-
ical illustration of the efficiency requirements as defined
in the Energy Efficiency Directive: status quo and the
timeline of expected changes are shown in Figure 3.
The drive to optimize the operation of district heating
networks is proceeding in multiple directions. For
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Figure 1: Statistics of the DH sector in Poland: a) district heating supply structure, b) district heating fuel supply mix. Based on data from [16].

example, based on the optimization of building clusters
[19], the flexibility of energy storage in district heating
pipelines [20], or optimal planning using the thermal
inertia of the system [21]. In the paper [22] the authors
explore a new business model for the coordinated opera-
tion of a wind power plant (WPP) and a flexible district
heating system. To find optimal coordination of electric-
ity and heat [23] researchers are pointing out that in the
case of geothermal district heating systems, they tradi-
tionally dissipate heat and consume excess electricity,
prompting the integration of thermal energy storage
(TES) to optimize efficiency [24], [25]. The study evalu-
ated 37 parametric cases of an integrated TES

RES only

plants, 4%

Heat

only — CHP
plants, plants,
39% 57%

Effective systems

geothermal district heating system using thermodynamic
analysis, the net present value (NPV) method for eco-
nomics, and efficiency analysis with output satisfaction
(EATWOS) to determine the most efficient design. In
Turkey, for example, such possibilities have been studied
and it has been found that district heating systems using
geothermal resources will reduce greenhouse gas emis-
sions by 1.58% per year, with an amortization period of
about 13 years for a system equivalent to 1,000,000
dwellings [26]. Recent developments in the building
sector, district heating and cooling (DHC), and geother-
mal technology aim to create sustainable and cli-
mate-friendly heating and cooling supply systems [27].
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Figure 2: Locations of efficient and inefficient district heating systems in Poland [Reference data [18]].
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Figure 3: Efficiency criteria of DH systems according to the Energy Efficiency Directive (EED), where, according to the status quo (valid by
the year 2028), an efficient system has the following fuel mix: 50% renewable heat, 50% unspecified or 50% waste heat, 50% unspecified or
75% co-generation, 25% unspecified, or 50% mix (CHP, renewables, waste heat) and 50% unspecified.

The work [28], in turn, evaluates the integration of geo-
thermal energy into Geneva’s district heating system to
decarbonize the heating sector, with a potential contribu-
tion of 22% by 2035. In the paper [29] the authors pres-
ent a drive to modernize the district heating system by
integrating modular heat pumps, geothermal water, and
PVs to increase flexibility and decentralize the system in
Poland. Geothermal energy extraction technologies
include Downhole Heat Exchangers (DHE) and Borehole
Heat Exchangers (BHE) [30].

Contemporary approaches to planning the transforma-
tion of heating systems increasingly use high-resolution
heat demand mapping tools, known as heat maps, which
enable the assessment of energy efficiency potential in
geographical terms, with resolution at the level of individ-
ual buildings and distribution networks [31], [32]. At the
same time, in Central and Eastern Europe, including
Poland, there is a growing need to synchronize local
transformation plans with European climate policy objec-
tives, especially in the context of desynchronization from
fossil fuel-based transmission systems and integration
with the continental system, which requires the
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development of system flexibility and operational secu-
rity [33]. In this context, energy transition models at the
municipal and regional levels are becoming increasingly
important. These models consider the characteristics of
local resources, infrastructure, political and social scenar-
ios, allowing for the design of transition paths to low-car-
bon systems in an integrated and realistic manner [11].

The current study considers the integration of a
renewable heat plant based on geothermal energy into a
high-temperature district heating system to partially or
fully decarbonize a municipal district heating system
with a peak demand of 60 MW. The paper presents the
current configuration of the second-generation system
and later analyses several potential reconfiguration sce-
narios based on geothermal resource availability and
power system modelling. The technical and economic
optimization results indicate that a transition to geother-
mal energy could be a viable path to a fully decarbon-
ized district heating system.

Previous studies have focused mainly on low-tem-
perature (3rd and 4th generation) systems and the transi-
tion to lower temperatures. At the same time, there is a
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lack of analysis of the integration of geothermal sources
with existing high-temperature systems, particularly in
the Polish context. Our study fills this gap by presenting
a case study of a water-powered system at temperatures
above 100°C. There is also a lack of detailed analyses
from Central and Eastern Europe in the literature,
despite this region’s geological and structural specificity
— our analysis provides valuable empirical data from
Poland. In addition, although absorption pumps are well
known, few studies examine their role in gas heating
systems in the context of decarbonization. We have con-
sidered this aspect by analysing variants with and with-
out their use. Another novelty is the inclusion of variable
energy prices and subsidies in the economic assessment,
which allows for a more realistic assessment of the prof-
itability of the investment.

2. System description

The analyzed heat generation plant is a heat source for a
high-temperature district heating system with a maxi-
mum (peak) heat demand of about 48 MW. Hot water
with a nominal pressure of 1.6 MPa and a nominal
(maximum) feed temperature of 130 °C is the heat car-
rier in the district heating network. As presented in
Figure 4, the plant remains in operation during the whole
year, supplying the city network with heat to provide
central heating of residential buildings (in the heating

season) and domestic hot water (in the season and
off-season periods). The demand during the off-season
is relatively constant: baseload equals ca. 5 MW. The
ratio between peak and baseload demand is around 10,
which is significant and typical for municipal DH sys-
tems operated throughout the year. The data presented in
Figures 4, 6, and 7 were obtained from the Supervisory
Control and Data Acquisition (SCADA) system of the
district heating plant considered in this study.

The district heating system under consideration is
supplied by the heat generation plant and divided into
two technological parts: a conventional coal-fired source
and a gas-fired, highly efficient cogeneration system.
The coal facility is based on seven water-stoker boilers,
while the cogeneration is one of three IC-engines cogen-
eration units. A schematic diagram of the system under
consideration is shown in Figure 5. The main technical
parameters of the existing production units have been
presented in Table 1.

Stoker boilers (CSB1 to CSB7) operated in the
existing plant in the current configuration are fed up
with fine coal of a lower heating value (LHV) between
21 and 22.5 MJ/kg. Three cogeneration units based on
IC engines are supplied with nature and connected to
the DH network’s return pipeline. The historical heat
output of the operated units is the base for further sim-
ulations. The hour-by-hour load of the existing coal
boilers and gas CHP units is presented in Figure 6 and

Total heat output, MW

0 730 1460 2190 2920 3650

4380 5110 5840 6570 7300 8030 8760
Time, h

Figure 4: Heat demand of analysed DH system - a real-time hour-by-hour data of heat demand, based on data from SCADA system of the
plant under consideration.
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Figure 5: Simplified schematic diagram of DH plant — status quo configuration.

Table 1: Main technical parameters of existing stoker boilers.

Unit Tve Rated output Nominal thermal Overloading Design
yp power, MW power in fuel, MW capacity, MW efficiency, %
CSB1 6.00 6.78 7.50 88.5
CSB2 6.00 6.94 8.00 88.5
CSB3 WR-5/EM - stoker 6.00 6.78 8.00 88.5
boilers, equipped with
CSB4 economizer 6.00 6.94 8.00 88.5
CSB5 6.00 6.78 7.50 88.5
CSB6 6.00 6.78 7.50 88.5
CSB7 WR-5 - stoker boiler 5.82 7.09 7.00 82.1
Coal boilers - total 41.82 48.09 53.2 -
CHP1 ) 2.212.0 4.86 - 86.4
CHP1 IC_-based CHP unit fired 29120 486 - 86.4
with natural gas
CHP3 2.2/2.0 4.86 - 86.4
Gas CHP units - total 3.60 14.58 - -

the heat load duration curve is presented in Figure 7.
As can be seen, the base load of system heat demand is
covered by the CHP plant which is the only unit work-
ing in the summer period, when the heat demand
reaches almost 5 MW. In the period when heating
demand begins to grow, the coal boilers start operating.
According to historical data, the CHP plant operates
nearly year-round, supplying heat to the municipal
grid. CHP units operate from about 8 200 to 8 400
hours per year. From the data presented in Figure 6 and
Figure 7, it can also be observed that there are periods
of reduced operation of the gas CHP during high heat
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demand. Temporary or short-term reductions of the gas
CHP loads recorded in the operational data acquisition
system result from planned system downtime or the
necessary decrease of CHP capacity due to the techni-
cal minimum requirements of the coal-fired boilers
being operated simultaneously with the CHP unit.

Reconfiguration concepts of the ineffective DH
system have to face different challenges specific to
using geothermal energy for district heating systems. In
general, the following critical issues can be specified
regarding DH application, specific to the circumstances
in the given location (Poland):
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Figure 6: A real-time hour-by-hour heat output of the existing units, based on data from SCADA system of the plant under consideration.

— relatively low temperature of available associated with Mesozoic Lower Cretaceous and Lower
geothermal water resources, generally 40-70°C,  Jurassic reservoirs. Aquifers are formed by sandstone

maximum 80-90 °C; formations with good reservoir parameters, which, com-
—  the need to perform deep boreholes, sometimes  bined with the deep location of these formations and
several kilometres; their considerable thickness, make it possible to obtain
— limited flow and thermal efficiency of the high yields of thermal waters with sufficiently high tem-
resource (geothermal water). peratures for use in heating.
Regarding geological structure, the analysed DH For configurations of wells used in recovering geother-

plant is located in the Polish Lowlands, in the axial part mal heat for district heating PUrposes, it ?hOUId !oe_ nof[ed
of the Kuyavian section of the midland dike (Figure 8). that a geothermal (_joublet design is essential. Re-ln_Jectlng
The Polish Lowlands is the largest geothermal region in geothermal water is mandatory to prgvent reservoir pres-
Poland by area. Geothermal resources here are primarily sure drops, water wastage, and pollution of surface waters

- GasCHP  m Coal boilers

Heat output, MW

h

0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760
Time, h

0+ T

Figure 7: A load duration curve of the operation of the existing units, based on data from SCADA system of the plant under consideration.
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Figure 8: Approximate location of the considered geothermal plant on the background of the geological structure of the Kuyavian dike with
the distribution of deep boreholes [34].

if the fluid is rich in minerals. Assuming sufficient reser-
voir depth, the standard design involves drilling two wells
- typically deviating from the same platform to minimize
surface land use and reduce the need for surface-level
geothermal water transportation. The simplified techno-
logical layout of the geothermal plant integrated into the
structure of the existing DH plant is presented in Figure 9.
There is a direct heat exchanger and an absorption heat
pump recovering heat from the geothermal water taken
from the production well.

For the research, it was also assumed that in the area
of the current DH plant, it is possible to capture thermal
waters with a temperature at the outflow of about 90°C
with a borehole (production well) capacity of at least
150 m3/h.

3. Methods and input data

The assumption of the analysis was to retrofit the existing
fossil-fuel-based DH system with the deep geothermal
plant according to different configuration scenarios. The
study’s basic premise was based on the assumption that
recoverable renewable geothermal heat could be obtained

from deep (about 3 km) wells directly using heat exchang-
ers or an absorption heat pump driven by heat produced
in a gas boiler. The capacity of the geothermal well was
also a variable quantity in the simulations. The following
three reconfiguration scenarios were adopted for further
analysis (Figure 10 and Table 2):

—  Scenario 1 is based on one geothermal doublet
of wells with a direct heat exchanger,

—  Scenario 2 is based on one geothermal doublet
of wells with a direct heat exchanger and an
absorption heat pump unit supplied with hot
water from a gas boiler,

—  Scenario 3 is based on two geothermal doublets
of wells with a direct heat exchanger and an
absorption heat pump unit supplied with hot
water from a gas boiler.

The decision to include a natural gas-fired absorption
heat pump in the Scenario 2 was based on the availability
of gas infrastructure on site and the role of natural gas as
a transitional fuel recognized in EU climate policy.
Natural gas is currently used in high-efficiency cogenera-
tion at the plant and is available in sufficient quantity for
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Figure 9: Technical layout of the geothermal plant integrated into a coal and gas-based DH plant.

use in the absorption heat pump. Furthermore, the use of
gas-driven absorption heat pumps can be considered envi-
ronmentally responsible due to their use of natural refrig-
erants (e.g., ammonia-water systems) with zero Ozone
Depletion Potential (ODP = 0) and Global Warming
Potential (GWP = 0). Given the investment’s relatively
short economic payback time (less than 4-5 years for all
scenarios), the gas-driven solution can be considered a
practical transitional step towards deeper decarboniza-
tion, especially considering that biomethane or green
hydrogen may become available within this timeframe.

It should also be noted here that coal boilers remain
as peak units in each scenario. In cases with an absorp-
tion heat pump, no cogeneration units are left.

Simplified configurations of the plant for analyzed
retrofitting scenarios: a) Scenario 1, b) Scenarios 2 and 3
are shown in Figure 10.

As Figure 10 shows in Scenario 1, the geothermal
source is connected to the DH grid via a direct heat
exchanger without an absorption heat pump. Due to the
limited supply temperature of the geothermal water
(90 °C), this configuration alone would not be sufficient
to meet the highest temperature requirements of the DH
network. Therefore, it is assumed that the coal boilers
will be activated during peak demand periods or when
higher supply temperatures are needed to supplement
the heat supply. This ensures continuous system opera-
tion and compliance with temperature constraints of the
existing DH infrastructure. The coal boilers remain
backup and peak units in all scenarios, reflecting a real-
istic hybrid system configuration typical for transi-
tion-phase DH systems.

Based on assumed technical configurations of the
plant, the design parameters of applied units, and the
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Figure 10: Simplified configuration of the plant for analyzed retrofitting scenarios: a) Scenario 1, b) Scenarios 2 and 3.
Table 2: Main technical parameters of the DH plant after retrofitting with a geothermal facility.
Retrofitting scenario Fuel Installed thermal power, MW | Installed electrical power, MW
Coal boilers 41.8 -
S1 CHP - natural gas 6.0 6.6
Direct heat exchanger - geothermal energy 6.3 -
Total 54.1 6.6
Coal boilers 41.8 -
S2 Absorption heat pump driven by gas boiler 13.0 -
Direct heat exchanger - geothermal energy 6.3 -
Total 61.1 -
Coal boilers 418 -
S3 Absorption heat pump driven by gas boiler 13.0 -
Direct heat exchanger - geothermal energy 12.6 -
Total 67.4 -
given load duration curve, an hour-by-hour simulation of 128760
the plant’s annual operation was conducted for each sce- ES p= I ( N CHPi)dT
nario case. The hourly simulation of the district heating ’ =0 ’

plant was performed for all scenarios (8760 h/year), based
on real demand data and technical parameters of each
unit. Heat and fuel flows were calculated using thermody-
namic balances and device efficiencies. As a result, the

annual heat production (), and electricity production ) .
EZ ., and consumption E° ., of the DH plant was The fuel consumption of the analysed plant was derived

8760
E 6 = I (NGP,i)dT[

7=0

derived with the use of the following formulas: from:
8760 =8760 8760 8760
Oop; = J. (Qcoal,i)df + I (QCHP,,-)dT + Fop = I (Efoal,i)dT + J (FCHP,i)dT +
T= T= 7=0 =0
<8760 0 <8760 ' =8760
I (QDHE,i)dT+ I (QAHP,i)dT Io (FAHP,i)dT
=0 7=0 7=
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where the fuel consumption of the analyzed coal units
F ou,p Natural gas cogeneratlon units FCHP and the

absorptlon heat pump unit F Lnp,; Was calculated based
on the following formulas:

Fcoa/,i = (Qcoal,i/ Tlth)
FCHP,[ = (NCHP,i /nel,CHP)

AHP i (QAHP i /(CO AHP, z*LHV* TIGB,i )

The proximate values of heat and electricity flow for a
particular hour of the DH plant operation have been
provided by the simulation procedure conducted for the
i-th case of the reconfiguration scenario. In the case of
heat generated from geothermal resources through the
direct heat exchanger, the heat output Q'DHE,W” in a par-
ticular hour, it was determined on the assumption that
the production from one well of the capacity of 150 m%h
and the geothermal water temperature of 90 °C. It was
estimated using a sixth-degree polynomial Eq. (8) and
chart in Figure 11), which was obtained by fitting a trend
line to the results of hourly simulation data derived from
the assumed operating profile of the system. The input
dataset consisted of heat transfer values calculated based
on assumed geothermal water parameters (flow rate and

OO (R -

temperature) and operational constraints. The polyno-
mial function reflects the empirical relationship between
the system’s hourly operation (represented by time
step 1) and the achievable heat output under stable flow
and temperature conditions. This approach allows for a
simplified yet accurate approximation of geothermal
heat contribution in the annual simulation.

710742102 -7° =210 .7* +
73 =310 .72 +0.0035-7 +3.5672

QDHE well
107

Following the presented method, the thermodynamic
evaluation was the basis for further economic analysis.
The goal of the calculation procedure was to find the
best configuration of the DH plant (optimal geothermal
plant configuration within the analyzed cases) regard-
ing the economic feasibility. The performed economic
evaluation based on the discounted method, with Net
Present Value (NPV) as the result of the calculations:

CF.
=1 (l d)
where a lifetime of the project N was assumed as 15

years, and the annual cash flow CF for a particular year
T was calculated based on Eq. (10).

NPV (r=N)=-CAPEX +Y"
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The annual operation curve of the capacity of a direct geothermal heat exchanger under analysis.
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Figure 12: Fuel, electricity, and CO, EUA path prices — forecast by 2050.
_ do not include general inflation or short-term (hourly or
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C, are the annual costs of operation, including electric-
ity costs (mainly pumping), natural gas costs (for the
CHP and gas boiler supplying AHP), and maintenance
costs (O&M), S_ is the annual sale income generated by
electricity sales (only in case of Scenario 1) as well as
cutting down operational costs of coal-fired boilers (coal
price and O&M costs) and the annual incomes from
avoiding costs of buying CO, EUA allowances.

The assumed 15-year analysis period reflects an eco-
nomic assessment horizon rather than the technical life-
time of the geothermal system. While the actual
operational lifespan of geothermal infrastructure typi-
cally exceeds 25-30 years, 15 years was selected to
align with the typical planning and financing cycles for
DH retrofit projects in Poland, and to enable a conserva-
tive evaluation of investment feasibility.

Apart from the NPV index, the Internal Rate of
Return (IRR) index was also derived within the analysis
by the iteration formula:

NPV |, pg=0

To substantiate the results of the economic analysis and
take into account changing financial circumstances, it
was carried out for variable prices, according to the price
and cost paths developed for this purpose. The price path
projection up to 2050 was generated and used within the
calculations, according to data presented in Figure 12.
The prices presented in Figure 12 are long-term pro-
jections. These forecasts incorporate expected trends in
energy markets and policy-driven cost developments but

daily) market volatility. For this study, energy procure-
ment is assumed to be based on long-term supply con-
tracts with fixed pricing structures that follow projected
average annual trends. Moreover, hourly fluctuations in
electricity or gas prices were not considered, as the focus
of the economic assessment is on the strategic planning
level and not on operational market optimization.

In the case of geothermal projects, receiving a sub-
sidy is very likely, hence the assumption of a subsidy of
between 50% and 55% of expected CAPEX was used
for the calculations. A discount rate d = 7.5% was
assumed for discount calculations.

This assumption on subsidy is based on the availability
of dedicated national and EU co-financing programs that
support the integration of renewable energy sources into
district heating systems in Poland. In particular, geother-
mal energy projects are eligible for grants under schemes
such as the National Fund for Environmental Protection
and Water Management (NFOSiGW) and EU-funded
initiatives under the LIFE Programme, Cohesion Fund,
and Just Transition Fund. These programs typically offer
support covering 50-60% of eligible CAPEX, especially
for projects that contribute to decarbonization of munici-
pal infrastructure. Therefore, the assumed subsidy range
reflects realistic and documented funding levels for such
investments in the Polish context.

4. Results and discussion

Based on the presented method and given input data the
thermodynamic simulations were made for three cases
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Figure 13: Results of the simulation of the annual operation of the DH plant conducted for the retrofitting Scenario 1.

of different geothermal plant configuration scenarios.
The results in the form of the heat load duration curves
are presented in Figures 13, 14, and 15.

The plant configuration and size of the units result
in the amount of electricity and heat production, fuel
consumption, and other operational parameters. Based
on conducted simulations, the resulting fuel mix in the
total amount of heat delivered to the system for each of

55
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the analyzed scenarios was obtained. As can be seen in
Figure 16, the share of heat generated from geothermal
resources is increasing along with subsequent scenar-
i0s. In the first Scenario, it is equal to 34.8%, while in
Scenario 2 and 3, where an absorption heat pump is
applied, it goes up to 77.6% and 88.7% respectively.
In the case of Scenario 1, although the geothermal
source alone does not cover the full supply temperature
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AHP - natural gas

M Coal boilers

5111 5841 6571 7301 8031 8761

Figure 14: Results of the simulation of the annual operation of the DH plant conducted for the retrofitting Scenario 2.
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Figure 15: Results of the simulation of the annual operation of the DH plant conducted for the retrofitting Scenario 3.
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Figure 16: Annul fuel mix achieved for the assumed reconfiguration scenarios.

range, the use of peak-load coal boilers provides the
necessary flexibility. This hybrid configuration ensures
that the DH system operates reliably throughout the year
despite the temperature limitations of the geothermal
water. It is worth noting that even without the absorption
heat pump, the integration of geothermal heat via direct
exchange contributes significantly to system decarbon-
ization and efficiency improvement.

It is also worth noting that in the case of using a heat
pump, the amount of renewable heat extracted in the geo-
thermal system under study is less than the heat produced
by the heat pump, due to the need to use a non-renewable

medium to drive the pump. In the case analyzed, this is
natural gas. With this in mind, the amount of renewable
heat generated in each scenario will amount to: 34.8%
(Scenario 1), 51.3% (Scenario 2), and 69.4% (Scenario
3). In all analyzed scenarios, the DH system under inves-
tigation will gain the status of an effective system meeting
the efficiency criteria according to the EED directive.
The summary of main operational data, used as input
data to further economic analysis can be found in Table 3.
Based on the data generated from the simulation of the
operation of individual cases of DH systems and financial
input to the analysis, a cost-effectiveness analysis was
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Table 3: Basis annual operational data derived for each reconfiguration case.

Retrofitting scenario Fuel Heat production, MWh | Electricity production, MWh Fuel mix,%
Coal boilers 57 510 0 40,1%
S1 Natural gas 35973 32703 25,1%
Geothermal energy 49 958 0 34,8%
Total 143 440 6.94 100
Coal boilers 32093 - 22,4%
S2 Natural gas 37779 - 26,3%
Geothermal energy 73 569 - 51,3%
Total 143 440 - 100
Coal boilers 16 157 - 11,3%
S3 Natural gas 27 758 - 19,4%
Geothermal energy 99 526 - 69,4%
Total 143 440 - 100

carried out using the discount method. The NPV of the
project for three assumed reconfiguration scenarios is
depicted in Figure 17. As can be seen from Figure 17, the
shortest payback is for Scenario 1 and 2 where the small-
est CAPEX is required. Scenario 3, with additional geo-
thermal doublets of wells, despite the most significant
increase in green heat production, it is the least profitable,
although still very beneficial (discounted payback time
around 4 years). However, it should be noted that NPV

values after 15 years of operation, are almost equal for
Scenario 3 and Scenario 2 (around 21 million €).

A summary of the conducted analysis is presented in
Table 4. The economic indicators prove that the feasibil-
ity of each analyzed scenario is acceptable. Net Present
Values after 15 years of operation and the Internal Rate
of Return (IRR) values are high. The optimal scenario
regarding these parameters is the first case of the pro-
posed reconfiguration: one pair of wells and a direct
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Figure 17: Net Present Value curves for analyzed geothermal plant scenarios.
54 International Journal of Sustainable Energy Planning and Management Vol. 45 2025



Mariusz Tanczuka, Stanistaw Anweiler; Stawomir Pochwala, Eligiusz Olszewski, Pawel Luczak, Jacek Kalina, Stanislav Boldyryev

Table 4: Chosen results of the calculations of feasibility.

Retrofitting scenario CAPEX, million € Subsidy, million € NPV(15), million € IRR,%
S1 23.844 11.922 25.005 17.3%
S2 35.467 20.116 21.305 10.5%
S3 49.800 27.713 21.414 10.6%
geothermal heat exchanger coupled with existing coal — Acknowledgment

boilers and gas-based CHP units. In this case, NPV/(15)
exceeds 25 million € and the IRR is higher than 17%.
In complement to the discussion regarding the selected
time horizon for analysis, it is essential to note that the
investment is highly profitable within this timeframe, and
extending the time horizon would only increase the Net
Present Value without changing the overall investment
decision. The choice of 15 years also reflects expected
changes in regulatory, market, and technology frameworks,
which may justify re-evaluation of the system in the future.

5. Conclusion and recommendations

This paper considers the integration of a renewable heat
plant based on geothermal energy into a high-tempera-
ture district heating system as a means to partially or
fully decarbonize a municipal district heating system,
depending on the assumed reconfiguration scenario. The
current configuration of the second-generation system is
presented, and various potential scenarios for its recon-
figuration are proposed based on available geothermal
resources and the system’s energy modeling. The techni-
cal and economic optimization results show that the
geothermal transition path can be a beneficial solution of
transformation, enabling transition into a fully decar-
bonized system meeting efficiency criteria.

The analyses indicate that the most favorable variant
for implementing an investment is related to the use of the
direct heat exchanger system for recovering geothermal
resources. Adding an absorption heat pump unit driven by
high-parameter water from a gas boiler (Scenario 2)
reduces the profitability of the plant retrofitting.

The recommended variant can be developed by drill-
ing and attaching a second double of geothermal bore-
holes to the system, which will significantly increase the
coverage of heat demand of the district heating system
by a renewable energy source. However, even if the
additional doublet of geothermal wells is considered
(Scenario 3), the profitability of such a variant is still
lower than in the case of Scenario 1.

The presented research was conducted within the frame
of the SET_HEAT project, number 101119793, acronym
LIFE22-CET-SET_HEAT, co-funded by the European
Union.
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