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Abstract: The article discusses the evaluation of potential heat production options for a large-scale
district heating system in Narva (Estonia). Heat is currently generated at the Balti Power Plant’s CHP
unit using local oil shale mixed with biomass. The CHP unit consists of two circulating fluidised bed
boilers and a reheat steam turbine. According to the development strategy, the district heating system
is expected to achieve carbon neutrality in the future. Various options and parameter variations
should be analysed. The following scenarios were compared: (1) baseline scenario featuring an
existing CHP extraction steam turbine; (2) alternative Scenario I featuring a CHP backpressure steam
turbine; and (3) alternative Scenario II featuring a CHP gas turbine. To evaluate the above scenarios,
a comprehensive energy/exergy analysis was performed, and economic indicators were calculated.
The primary energy consumed, as well as the heat and electricity generated, were all taken into
account. Based on this analysis, a scenario was selected using multiple-criteria decision-making that
will improve energy efficiency and reliability of the system.

Keywords: district heating; CHP; efficiency; electrical and thermal loads; efficiency; exergy; heat;
turbine; demand; scenario

1. Introduction

Rising energy prices, the effects of the pandemic on the social and economic lives of
all countries, and global energy transition processes characterised by a massive increase
in the use of green energy sources and the transformation of global energy markets are
currently affecting the energy industry. This resulted in a decrease in cogeneration elec-
tricity production in terms of heat consumption during periods of lower spot prices in
the electricity market, especially during the global pandemic, and created conditions for
unbalanced production and consumption of heat and electricity according to optimal pa-
rameters. However, during the energy crisis of winter 2022, there was a significant demand
for the production of both power and thermal energy. Furthermore, the war in Ukraine has
significantly exacerbated the issue of improving the reliability of electricity and heat supply.

Centralised combined heat and power (CHP) plants have been identified as a priority
for meeting the European energy sector’s decarbonisation targets. Increased use of CHP
and renewable energy sources is widely recognised by the EU administration as an effective
way to improve the overall energy efficiency of energy systems, reduce CO2 emissions, and
minimise dependence on imported fuels. The heating sector is often characterised by old,
inefficient equipment that loses a lot of heat. According to [1], the heating sector accounts
for the majority of energy consumption and carbon emissions in Germany.

The purpose of this study is to analyse the possibilities of using various turbine
modifications for the existing CHP and to determine the best scenario. Furthermore,
the paper establishes the primary comparisons of the characteristics and performance
indicators of the scenarios and calculates the ratios of thermal load fuel consumption and
fuel savings for various scenarios. The practical value of the paper is in the implementation

Energies 2023, 16, 603. https://doi.org/10.3390/en16020603 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16020603
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3802-3510
https://doi.org/10.3390/en16020603
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16020603?type=check_update&version=1


Energies 2023, 16, 603 2 of 14

of methodological provisions for selecting a rational option for CHP plant renovation. This
will improve the efficiency of heat supply system sources and aid in the selection of the
most effective directions for their transformation.

Estonia’s energy sector is one of the most carbon-intensive in the EU. According to
the EU climate and energy framework, the EU aims to reduce Estonian CO2 emissions
by at least 70% compared to 1990 (6500 t/a) or reach a new target of 55% compared to
1990 (9800 t/a) by 2030. By 2050, it is planned to reduce emissions by 80–90% compared
to 1990 [2]. In Estonia, the target has been raised to 81% (9800 t/y) in 2021. It is expected
to further increase to 85% (3300 t/y) by the end of 2022 in order to reach zero emissions
by 2050 [3]. The transition from the 2050 target to 100% renewable energy in the EU has
been analysed as a series of steps in [4]. Each step represents a significant technological
advancement. At the same time, the decline of the oil shale industry threatens the local
economy of Narva, a city in eastern Estonia.

Narva has a CHP plant with a maximum heat capacity of up to 160 MWDH and an
electrical capacity of up to 215 MWel (depending on the heat capacity). In addition to
the CHP unit, heat can also be supplied via the boiler house in the event of the unit’s
failure or during maintenance. The emergency boiler house has three boilers with a total
heat capacity of 240 MW. Average district heating production in Narva is approximately
450 GWh/a, peak demand in winter is approximately 160 MWth, and summer supply is
only approximately 15 MWth.

To increase the efficiency and flexibility of the heating sector, European regulators are
looking into combining different generation systems, particularly cogeneration plants [5].
Through energy and exergy analyses of the cogeneration mode, it is possible to increase
electricity generation, improve heat load, and reduce heat loss in the DH network [6].
A review of the literature explores technical solutions aimed at improving the flexibility of
CHP plants, considering the potential transition to 4th generation district heating, which
improves efficiency and balances the thermal and electrical loads of CHP plants [7]. The im-
portance of CHPs in the integrated energy sector was analysed in [8]. The use of low-carbon
capacities after system integration, as well as the installation of heat pumps and electric
boilers, was described in [9]. The heating system’s energy and exergy efficiencies were
investigated, with the energy and exergy flow diagrams presented in [10]. The importance
of identifying appropriate methods and reference parameters was discussed in [11], with
a particular emphasis on applications that require the determination of allocation factors
and potential effects, followed by the selection of a renovation scenario. In [12], exergy
and economic analyses of CHPs were performed in order to determine the specific exergy-
economic rates and CO2 emissions of end products. Much better indicators of economic
and environmental sustainability, demonstrated using actual project inputs, were noted
in [13], implying that similar concepts can be developed for other networks in accordance
with the approach leading to a flexible modular DH solution based on CHP. According
to the review of the literature, various modelling approaches are focused on optimisation
algorithms for the integration issue of the electric power industry and thermal power
industry [14].

2. Methodology

This paper compares different heat production scenarios in Narva’s district heating
network. The following methodologies use the basic principles of analysis: thermal effi-
ciency analysis, exergy analysis, and the concept of energy conservation. Based on the
second law of thermodynamics, the efficiency factor is the most basic indicator of a sys-
tem’s (or process’s) efficiency in relation to the energy used. Efficiency is defined as the
ratio of useful energy used in the system (useful work) to total energy supplied. Process
energy efficiency analysis for various process improvement options and selection of the
most efficient option can be used to justify the adoption of energy efficiency improvement
methods. This paper compares different heat supply scenarios for Narva’s heating network
during operation and different values of specific power generation for heat consumption,
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which characterise the power/thermal energy generated ratio. In this article, the efficiency
indicators of various types of heat supply sources are calculated using the ratio of generated
types of energy, and the following heat supply technologies are compared:

1. Baseline scenario—a CHP extraction steam turbine.
2. Alternative scenario I—a CHP backpressure steam turbine.
3. Alternative scenario II—a CHP gas turbine.

2.1. Baseline Scenario: A CHP Extraction Steam Turbine

This scenario reflects the existing heat generation process in Narva’s district heating
network. A CHP extraction steam turbine requires replacing the existing CHP unit with
70–100% wood waste-based biomass CFB boilers that use the same steam turbine to supply
heat to Narva. The plant is expected to be able to operate without a heat load.

The CHP plant will cover the full load of Narva. The CHP plant consists of a biofuel
boiler (a mixture of oil shale and biomass, and in the future only 100% biomass) that
generates high-pressure steam, a steam turbine, and a set of heat exchangers that recover
heat from the turbine’s exhaust steam [15].

Figure 1 depicts the analysed baseline scenario for a CHP steam turbine. The district
heater uses steam from crossover pipes between the intermediate and low-pressure parts
of the turbine to heat the DH circulating water. The peak load receives extra steam from
the hot reheat steam line. The facility’s maximum DH load is 160 MW and the maximum
outlet water temperature is 120 ◦C. The DH water temperature at the inlet ranges from
40 ◦C to 60 ◦C. Narva’s annual heat demand is approximately 450 GWh [16]. Simplified
models demonstrated the relationship between fuel input and heating plant output.
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2.2. Alternative Scenario I: A CHP Backpressure Steam Turbine

A combined heat and power plant with backpressure turbines in which electricity
generation is entirely dependent on heat demand is referred to as a CHP backpressure
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steam turbine. The low demand for heat in the summer complicates the operation of CHP
plants using this type of turbine.

The flow rate of live steam in the case of a backpressure turbine is equal to the flow rate
of steam discharged from the turbine to the network heater. Figure 2 depicts a schematic
diagram of a CHP plant with backpressure turbines.
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Figure 2. Schematic diagram of a CHP plant with a backpressure turbine.

The generation of electricity at CHP plants with backpressure turbines is entirely
dependent on the demand of industrial and municipal enterprises for thermal energy. In
the summer, when there are no thermal loads, steam from the turbine is only used to cover
the load of hot water supply and is thus consumed in a limited amount. The bulk of the
steam flow enters the condenser. In the winter, the network heater receives the most steam
from the heat extraction, while the condenser receives the least.

2.3. Alternative Scenario II: A CHP Gas Turbine

A gas turbine-based CHP plant is one that operates by converting the heat of combus-
tion products from gaseous or liquid fuel into mechanical work performed in a gas turbine.
Figure 3 depicts a schematic diagram of a CHP with gas turbines.
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Figure 3. Schematic diagram of a CHP plant with a gas turbine.

Internal losses accompany the compressor and gas turbine’s compression and expan-
sion processes the value of which is estimated using the internal relative efficiency of the
gas turbine and compressor.

If the gaseous byproducts of combustion exhausted in the gas turbine are routed to the
heat recovery steam generator (HRSG), the resulting steam can only be used in the steam
turbine cycle for additional electrical energy generation (combined steam-gas cycle power
plant), or additional electrical and thermal energy generation (steam-gas cycle CHP).

Purified atmospheric air enters the gas turbine through the air intake and then into
the compressor, where adiabatic compression occurs. The compressed air then enters
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the combustion chamber, where fuel is constantly supplied and burned. The combustion
products then enter the gas turbine and expand, completing the useful work of the gas
turbine cycle. The compressor, which is located on the same shaft as the gas turbine,
consumes a significant portion of the useful work.

3. Case Study
3.1. Heat Demand Characteristics

Narva’s district heating network follows a 120/70 ◦C temperature schedule. The actual
temperatures at the district heating network’s inlet and outlet are based on the outdoor
temperature in 2021 (see Figure 4) and the demand for district heating (see Figure 5).
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Because so-called qualitative control is commonly used in Estonian district heating
systems, the supply temperature to the district heating network is determined by the
outside temperature, while the flow in the district heating pipeline remains constant.
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The temperature of the return water changes with qualitative control, but this cannot be
controlled directly by the heat producer.

The temperature curve of the supply and return network water affects the consumption
of network water (kg/s), which transfers the necessary amount of heat to the heating
systems (Equation (1)).

GDH =
QH

Cp(ts − tr)
(1)

where QH is the thermal load of the district heating heater, MW; cp is the specific heat
capacity of water, J/kg·K; ts is the supply temperature, K; tr is the return temperature, K.

In the case of qualitative control, the supply and return temperatures of the district
heating system depend on the ambient air temperature, but in order to heat domestic hot
water to the required temperature (55 ◦C), the flow temperature must be maintained around
65 ◦C. If the supply temperature is regulated at the heat producer, the return temperature
is calculated for each temperature regime and is determined by consumer behaviour and
the settings of the heating units (Figure 6).
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The heat balance equation for a network heater allows us to determine the heating
steam flow rate needed to cover the heat load (Equation (2)).

DH =
QH

hH − h′H
(2)

where hH is the enthalpy of the steam coming from the turbine to the district heating heater,
kJ/kg; h′H is the enthalpy of the condensate at the heater outlet, kJ/kg.

In the absence of heating loads during the summer, steam from heating extraction is
only used to cover the load of hot water supply (Figure 7) and is thus taken in a limited
amount. In the winter, the network heater receives the most steam after the intermediate
pressure turbine cylinder (120 Mwth), and peak load steam is taken from the hot reheat
steam line before the intermediate pressure turbine cylinder (60 MWth) to cover the full
heat load of up to 180 MW, as shown in Figure 7.
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3.2. Optimal Scenario Indicators
3.2.1. Energy Efficiency

The efficiency of power production is calculated using electrical efficiency:

ηel =
NT

B f ·QLHV
, (3)

where Bf is fuel consumption, tonnes; QLHV is the lower calorific value of fuel, MWh/tonne;
NT is the electrical energy of extraction turbine/backpressure turbine/gas turbine, MWh;

A CHP unit’s overall efficiency is the sum of its electricity generation and useful heat
output. The efficiency of a CHP plant producing electricity and heat can be calculated
using the following energy efficiency equation (Equation (3)):

ηCHP =
NT + QH
B f ·QLHV

(4)

where QH is the thermal energy of district heating, MWh.
The fuel consumption at the CHP plant can be determined using the heat balance

equation of the steam generator (Equation (5)).

B f =
D0

(
h1 − h f w

)
QLHV ·ηb

(5)

where ηb is boiler efficiency, %; hfw is the enthalpy of feed water at the inlet to steam
generators kJ/kg; h1 is the enthalpy of superheated steam, kJ/kg.

Since these scenarios consider a mix of fuels (oil shale and biomass), the term ‘standard
fuel’ (coal equivalent) with a lower heating value QLHV = 29.31 MJ/kg is used in this paper.

3.2.2. Exergy Efficiency

Exergy efficiency is calculated using unequal types of energy, which are summed up
in the numerator of Equation (6), i.e., the previously determined ratio of electric power to
heat load can be used as a more objective indicator of the heat supply source’s efficiency. It
can be determined as follows:

ηex =
NT + LDHw
B f · QLHV

(6)



Energies 2023, 16, 603 8 of 14

where LDHw is the useful work of network water, MWh;
If the value of the exergy efficiency, which is the ratio of thermal work to the energy of

the consumed fuel, is used to evaluate the quality of boiler hot water, then the efficiency
of a hot water boiler or boiler must be evaluated using the value of the exergy efficiency,
which is the ratio of thermal work to the energy of the consumed fuel.

ηex =
LDHw

B f ·QLHV
(7)

During the entire operation of the heat supply system, the temperature of the network
water passing through the heating devices is maintained at a higher level rather than
dropping to the ambient temperature. The temperature of the network water in the return
pipeline is determined by the heating network’s temperature schedule. This means that
in heating systems, not all exergy is spent on doing the heat work necessary to raise the
temperature of the heated outdoor air. This portion of the exergy is returned to the hot
water boiler. The quality of the heat supply source (hot water boiler/hot water boiler
house) is evaluated using its thermal efficiency (the ratio of heat supplied with network
water to the energy of fuel consumption; boiler efficiency, heat consumption for auxiliary
equipment, and heat loss in the DH heat exchanger are all taken into account).

ηTH =
QH

B f · QLHV
(8)

The ease and efficiency with which the heat from the burned fuel is transferred to
the network water characterises the operation of a hot water boiler. The boiler has an
efficiency of 90% or higher. At the same time, the hot water boiler’s exergy efficiency does
not exceed 20–40%. Such a significant discrepancy in efficiency values makes it difficult
to fully assess its effectiveness because focusing on one or more efficiency factors leads to
radically different conclusions.

Water in the district heating network is heated to 70–120 ◦C in a hot water boiler,
transferring a significant amount of thermal energy but little working energy or exergy.
This means that only the exergy portion of the transferred heat is capable of performing
thermal work, i.e., raising the temperature of a heated body (air). Except for boiler losses, all
energy from the combusted fuel is transferred to heated water as a heat flow. Nevertheless,
the working portion of this flow, or its exergy, is negligible. The majority of the energy in the
burned fuel is converted into anergy, which is a non-working state. Thermal work is only
performed as a result of network water exergy in the heating devices of the heating system
during thermal interaction, which is then used to raise the temperature of the heated air.

3.2.3. CO2 Emissions

The boilers in each scenario will be capable of burning up to 100% of oil-shale and
wood-based biomass. The addition of biomass to the mix allows for maximum CO2
savings and the potential elimination of all emissions from fossil fuel systems. Carbon
dioxide emissions can be calculated using the formula listed below that takes into account
the efficiency of the CHP unit ηCHP and the carbon dioxide emission factor of the spe-
cific CO2 emission per MWh of oil shale consumption for an oil shale fluidised bed unit
kCO2OS = 0.37 tCO2/MWth.

CCO2 =
kCO2OS(1− sbio)

ηCHPi
(9)

where kCO2OS is the specific CO2 emission factor, tCO2/MWh, sbio is the share of biomass,
ηCHPi is the energy efficiency of the i heat load. Because biomass cannot be used in
alternative scenario II, this indicator will only be calculated for the baseline scenario and
alternative scenario I.
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Figure 8 depicts the contribution to reducing the environmental impact of heat and
power production using oil-shale and biomass co-combustion 40% and 70% biomass
(thermal energy input) for baseline scenario and alternative scenario I.
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Figure 8. CO2 emissions under baseline scenario and alternative scenario I from a mix of oil shale
and biomass (40% and 70%).

4. Results

Quantitative indicators of energy use are reflected in the thermal efficiency of processes,
but their qualitative aspects are ignored. In this regard, exergy analysis methods have
been developed to assess the efficiency of energy-related technological processes. Exergy
is the maximum amount of work that any thermodynamic system can do during the
reversible transition from a state with specific parameters to a state of equilibrium with
the environment. Exergy efficiency is defined as the ratio of usefully absorbed exergy to
spent exergy. Although the exergy analysis condition for improving energy efficiency is
formulated similarly to thermal efficiency, the exergy analysis produces excellent results.
When the exergy efficiency of some power units is compared to the thermal efficiency,
the exergy efficiency is 1.5–2 times lower (for example, ηex = 45%, ηb = 90% for a steam
generator). The exergy efficiency is low due to significant heat loss from the fuel and
heat transfer.

As a result of the exergy analysis, the main approaches to improving the efficiency
of energy technological processes, namely combustion and heat transfer processes, can
be highlighted.

The transition from a hot water boiler to cogeneration sources of heat supply is
accompanied by an increase in electrical energy production while maintaining the same
volumes of thermal energy production. If we consider the baseline scenario (CHP steam
turbine) as Narva’s current heat source, the switch to alternative scenario II (CHP gas
turbine) results in a 1.5-fold increase in electricity. To conduct a comparative analysis, the
calculation results were summarised in Table 1.

As shown in the table, the commissioning of new highly efficient combined-cycle
energy sources under alternative scenario I (CHP gas turbine) will result in a significant
increase in electricity generation while reducing heat production. To make up for the
lost thermal energy, a heating water boiler must be installed, limiting the most efficient
way to generate electricity via heat consumption. Thus, this scenario is characterised as
unbalanced in terms of optimal production and consumption of heat and power, leading to
significant excess fuel consumption.

As can be seen in Table 1, the share of generated electrical energy in the determination
of exergy efficiency far outweighs the share of heat flow exergy. Alternative scenario II
(CHP gas turbine) has an exergy efficiency of 42%, while the baseline scenario (CHP steam
turbine) has an exergy efficiency of only 33%.
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Table 1. Comparison of energy supply source indicators.

1 2 3

Baseline Scenario Alternative Scenario I Alternative Scenario II

Extraction Steam Turbine Backpressure Steam Turbine Gas Turbine

Max heat capacity QH, MW 160 160 160

Max electrical capacity NT, MW 215 220 450

Thermal efficiency ηth 0.78 0.76 0.68

Exergy efficiency ηex 0.33 0.37 0.42

Overall efficiency ηCHP 0.55 0.57 0.56

Energy efficiency, which refers to the efficiency of the fuel consumed, decreases as
electricity generation increases. This makes it difficult to assess the true quality of the
heat supply source. For a comparative assessment of the quality of heat supply sources,
it is recommended to use the value of the exergy efficiency. The proportion of generated
electrical energy in determining exergy efficiency far outweighs the proportion of heat flow
exergy. Alternative scenario II (CHP gas turbine) has the highest exergy efficiency of 42%,
while the baseline scenario (CHP steam turbine) has an exergy efficiency of only 33%.

Baseline scenario (CHP extraction steam turbine) has an energy efficiency of 78%,
whereas alternative scenario II (CHP gas turbine) has a thermal efficiency of 68%. At the
same time, alternative scenario I has a thermal efficiency of 76%.

As a result, alternative scenario II (CHP gas turbine) generates the most useful energy.
It’s worth noting that the generation of electrical energy at the CHP gas turbine exceeds the
thermal energy supplied via the source. When there is a low demand for electricity but a
high demand for heat, the question of whether new combined cycle energy sources should
be introduced may arise. It is necessary to compare the baseline scenario (CHP extraction
steam turbine) and alternative scenario II (CHP gas turbine) as sources of heat and power
operating in the Narva district heating system. We will compile a table of performance
indicators for the compared energy supply sources to analyse the results of the calculation.

The amount of fuel consumed is a clear and objective indicator of the energy supply
source’s efficiency. The electrical efficiency in the baseline scenario (0.37) corresponds to the
fuel consumption in scenario II (0.37), with the maximum production of the same amount
of electricity and heat. However, switching to separate generation of the same amount
of electricity (using a CHP gas turbine) and thermal energy (using a hot water boiler), as
described in scenario II, decreases efficiency by 4% to (0.33). Given that the capital costs for
construction under scenario II (CHP gas turbine) are 30–40% higher than under scenario
II (CHP gas turbine), the feasibility is called into question. The renovation of the existing
CHP costs two times less under the baseline scenario (CHP steam turbine).

Table 2 provides the energy and exergy balances for all scenarios.

Table 2. Comparative total energy and exergy balances of the boiler unit for all scenarios.

Balance
Energy Exergy

106 kJ/h % 106 kJ/h %

Flow

Fuel 629 100 629 100

Consumption

Received via water(steam) 572 91.0 290 46.0

Flue gases 45 7.0 8.2 1.3

Incomplete chemical combustion of fuel 9 1.5 9.4 1.5
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Table 2. Cont.

Balance
Energy Exergy

106 kJ/h % 106 kJ/h %

Heat loss to the environment 3 0.5 2.2 0.4

Loss incurred during the combustion process - - 152.1 24.2

Loss during heat transfer - - 153.7 24.4

Loss due to air suction - - 13.4 2.1

Total: - 100 - 100

According to this exergy balance, the losses consist of losses incurred during the
combustion process, heat transfer and air suction.

Under all heat supply scenarios, the same amount of thermal energy is produced (140,
120, 100, and 80 MWth), whereas electricity generation remains constant at a minimum of
44 MWel. The values for the scenarios are given in Table 3.

Table 3. Baseline scenario values for different heat loads.

Heat Load, MW 140 120 100 80

Scenarios B I II B I II B I II B I II

HPR 3.2 3.2 3.2 2.7 2.7 2.7 2.3 2.3 2.3 1.8 1.8 1.8
Bf, kg/s 8.26 8.46 8.65 7.89 7.73 7.56 7.42 7.19 7.14 6.83 6.67 6.61

b, kg/MWh 161.6 165.4 169.2 173.3 169.6 166.0 185.4 179.9 178.5 198.2 193.7 191.8
hth, % 76.0 74.2 72.6 70.9 72.4 74.0 66.2 68.3 68.8 62.0 63.4 64.0

HPR is heat-to-power ratio (HPR = NT/QDHw), Bf is standard fuel consumption (kg/s), b is fuel specific consump-
tion (kg/MWh), hth, % is thermal efficiency.

The amount of fuel consumed is a clear and objective indicator of the energy supply
source’s efficiency in the scenarios. As shown in Table 3, the amount of fuel consumed
at maximum heat generation under all three scenarios is at its lowest in the baseline
scenario (8.26 kg/s). When we consider that capital costs during construction under the
two alternative scenarios are 40–50% higher than during construction under the alternative
scenario, the question of expediency arises. When comparing the considered energy supply
sources with a heating coefficient TPR = 3.2 in which the consumption of thermal energy
is more than three times that of electrical energy, we see that the efficiency of the baseline
scenario, estimated based on the standard fuel consumption for the production of thermal
and electrical energy, was 156.9 g/kWh. In alternative scenarios, the minimum specific
consumption of reference fuel decreases as the thermal factor decreases, as shown in Table 3.

Relevant features from the standpoint of indicator calculations include the fact that
alternative scenario I uses backpressure turbines with tightly interconnected electrical
and thermal loads. The thermal load is used as the primary load in the scheme, and the
electrical load is calculated from the steam flow through the turbine and thus can be greater
or less than that indicated for all schemes, which has an effect on both technical, economic,
and financial indicators. As a result, we use a steam turbine CHP plant as the baseline
scenario, because the transition to alternative Scenario II is accompanied by a 1–2-fold
increase in electricity, whereas the transition to alternative Scenario I comes with a 3+fold
increase. A comparison of scenario cogeneration sources reveals that the most thermal
energy (140 MW) is generated under the baseline scenario with the least amount of standard
fuel consumption.

As the presented comparative analysis of various sources of heat supply has demon-
strated, it is more convenient to produce electrical and thermal energy at steam turbine CHP
plants; however, such a path for further development of heat supply cannot be recognised
as promising because all of the shortcomings inherent in the existing district heating system
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are preserved. As a result, with the continued development of heat supply, alternative
sources and technologies of low-temperature heat supply must be introduced.

It is critical to remember that the feasibility of implementing any scenario must be
considered in relation to the conditions of each specific facility, taking into account the
thermal scheme’s characteristics and the plant’s operating mode. The latter is crucial
because, when a heat-extraction steam turbine is operating on a thermal schedule, using
steam extractions before the thermal is impractical.

The well-known effective strategies to increase the thermal efficiency of the steam-power
cycle, namely the regeneration system, are ignored when introducing steam-gas technologies.

Under the baseline scenario, significant thermal efficiency reserves can be realised by
making more extensive use of regenerative steam extraction from CHP plants.

Specific CO2 emissions were calculated for variable heat load scenarios with biomass
shares of 40% and 70%. The results are depicted in Figure 8.

5. Conclusions and Discussion

Different scenarios of possible heat supply for the Narva district heating network were
compared, including a scenario where an existing extraction CHP steam turbine completely
replaces fossil fuel with biomass and covers both base and peak loads (with boiler house
as backup), a scenario with a CHP backpressure steam turbine, a scenario with a CHP
gas turbine. The overarching goal of the various scenarios for power supply solutions
is to identify technologies that best meet the needs of DH from a technical standpoint.
The system efficiency analysis revealed that the baseline scenario (CHP extraction steam
turbine) made the best use of the input primary energy at various heat loads.

In the future, the use of a heat pump to preheat circulating network water should
be investigated as the most promising option for improving a district heating system’s
energy efficiency. Network water is supplied by a network pump to the condensers of
parallel-connected vapor-compression heat pumps with an electric drive and then, already
heated, to the main heat exchanger, where it is further heated according to the network
temperature schedule. It is necessary to select the optimal parameters and determine
the maximum water temperature after the HP condenser in order to evaluate the energy
efficiency of the combined HP as an additional heat source for district heating. In this
scenario, the heat pump’s conversion factor must be at least equal to the value that ensures
the primary energy costs for heat generation via the combined HP station and the main
source are the same.

As a result, in the scenario under consideration, replacing a hot water boiler with a
combined heat pump can potentially reduce annual fuel consumption for heat generation
by up to 10%. The creation of combined heat pumping stations with electrically driven
heat pumps as part of the main operation mode allows for the reduction of total fuel
consumption by utilising low-grade thermal energy from renewable and secondary sources.
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Nomenclature

Abbreviations
CHP combined heat and power
DH district heating
CFB circulating fluidised bed
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HPR heat to power ratio
Parameters
G network water flow rate, m3/h
Q thermal load, MW
cp specific heat of water, J/kg·K
D heating steam flow rate, kg/s
h enthalpy of steam, kJ/kg
η efficiency, %
N electrical energy, MWh
B fuel consumption, t
QLHV calorific value of fuel, MWh/t
t temperature, ◦C
L useful work, MWh
k carbon dioxide emission coefficient, tCO2/MWth
s share of biomass
Subscripts
DH district heating
H heat
s supply
r return
T turbine
f fuel
fw feedwater
b boiler
ef energy efficiency
ex exergy efficiency
bio biomass
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