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Abstract: The paper contains a simplified energy and exergy analysis of pumps and pipelines system
integrated with Thermal Energy Storage (TES). The analysis was performed for a combined heat and
power plant (CHP) supplying heat to the District Heating System (DHS). The energy and exergy
efficiency for the Block Part of the Siekierki CHP Plant in Warsaw was estimated. CHP Plant Siekierki
is the largest CHP plant in Poland and the second largest in Europe. The energy and exergy analysis
was executed for the three different values of ambient temperature. It is according to operation of the
plant in different seasons: winter season (the lowest ambient temperature Tex = −20 ◦C, i.e., design
point conditions), the intermediate season (average ambient temperature Tex = 1 ◦C), and summer
(average ambient temperature Tex = 15 ◦C). The presented results of the analysis make it possible
to identify the places of the greatest exergy destruction in the pumps and pipelines system with
TES, and thus give the opportunity to take necessary improvement actions. Detailed results of the
energy-exergy analysis show that both the energy consumption and the rate of exergy destruction in
relation to the operation of the pumps and pipelines system of the CHP plant with TES for the tank
charging and discharging processes are low.

Keywords: district heating system; combined heat and power; sensible thermal energy storage; hot
water tank; energy and exergy analysis

1. Introduction

Nowadays, heat production for heating or domestic hot water is carried out in various ways.
The heat can be produced locally, e.g., by gas or electric heaters, biomass boilers [1–3], etc., applicable
to individual buildings or apartments [4,5]. Heat can also be produced ecologically using renewable
energy sources [6]. Examples of this are solar collectors [7,8] and geothermal sources [9–14]. Heat can
be also produced on a large scale, e.g., for a whole city (so called District Heating System—DHS) [15–19].
For this purpose, district heating plants (DHP) or combined heat and power plants (CHP) producing
electricity and heat in the so-called cogeneration are used.

Heat storage is an important aspect in the functioning of today’s energy sector. This is related,
inter alia, to the dynamic development of renewable energy, and hence to the uneven generation of
electricity in relation to the demand. Heat is a by-product in the functioning of large power plants
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with condensing turbines or a commercial product in the case of combined heat and power generation
(CHP). The production of heat in these sources is directly proportional to the production of electricity.
An important parameter in CHP power plants is the “power-to-heat ratio”. This coefficient determines
the proportion of electricity to heat generated in a single CHP system. Of course, this coefficient is not
constant but in the range of operation of most cogeneration units does not change much. Observing the
cogeneration units operating in Poland, it can be seen that in the load range of 70–100%, the change in
this factor is small. It can therefore be assumed that in the useful range of a cogeneration unit operation,
the production of electricity is directly related to the production of heat. There are large discrepancies
in the demand for electricity and heat in the case of CHP operation. Therefore, it seems advisable
to store either electricity or heat. Storing electricity is quite difficult and expensive on a large scale.
The electricity can be easily sold to the grid making the use of a storage system unfavorable. The same
cannot be said for the sale of heat as it is only transported locally. Moreover, its sale is closely related to
the order carried out by the operator of a DHS or an industrial plant (in the case when heat can be sold
for technological processes). Therefore, CHP plants began to invest in heat storages [15–19].

Due to their age, heating systems in Poland are currently undergoing extensive modernization.
Mostly, the scope of modernization related to the generation and distribution of heat in the district
heating system does not include pumping systems and pipelines located in energy sources or is carried
out in a limited manner. In Polish district heating plants and CHP plants, pumping and pipeline
systems are characterized by high energy consumption by devices installed in them, e.g., pumps, and
also by flow losses through pipelines. The system is also not adapted to changing working conditions.
The current modernization activities consist mainly in an attempt to reduce losses in pumping systems
and pipelines, increasing their efficiency and availability. According to the authors of this article,
all currently undertaken actions to modernize the above-mentioned systems, both in heating plants
and in combined heat and power plants, should also take into account the introduction of Thermal
Energy Storage (TES).

The water TES, known as heat accumulators, is commonplace in Denmark, Sweden, and Finland.
They are also in use in other EU countries such as Austria, Italy, and Germany. It is difficult to establish
an exact quantity of the installed capacity of the thermal energy storage projects worldwide. In the
Nordic countries there were more than 100 heat storage projects at the end of 20th Century, most of
them smaller than 2500 m3.

The intensive process of implementation of TES for DHS is presently observed in EU countries,
but the TES market varies considerably, depending on the application fields and regions [20–23].
Some projects with thermal energy storage in Europe can be tracked with the Interactive Thermal
Energy Storage Map [24].

Due to large differences between the supply and demand for energy, these discrepancies should
be corrected. One of the best technologies currently used for this purpose is thermal energy storage.
These systems contain a temporary medium that is responsible for high or low temperature storage
depending on the needs and subsequent use [25]. Usually the energy storage system consists of a tank
with all auxiliary equipment like a cushion system [26], storage medium, and devices responsible for
the appropriate inlet and outlet conditions. The energy in the storage system is stored by increasing the
temperature of the storage medium. The amount of energy stored is proportional to the temperature
difference between the inlet and outlet of the reservoir, mass (volume), and heat capacity [27,28].

Connecting TES to district heating system is treated as a quite new technology in the Polish district
heating sector. This technology can improve the operational conditions of district heating systems.
This results, inter alia, in a reduction of heat and electricity production costs, reduction of emission of
pollutants to the atmosphere, and increasing energy security for consumers [29,30].

In this paper energy and exergy analysis was performed for the whole hydraulic system of the CHP
plant before and after implementation of the TES system. Additionally, the analysis was performed
for the heating season (the highest outside temperature Tex = −20 ◦C, i.e., calculating conditions),
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intermediate season (average temperature Tex = 1 ◦C), and summer season (average temperature Tex =

15 ◦C) using hourly operational data.
Such detailed analysis of implementation of the TES to the CHP plant and DHS is quite unique

and can be considered as novel. This approach offers real conclusions resulting from energy and exergy
analysis for future investors to furnish CHP plants with a TES system.

2. System Description

Energy and exergy analysis was performed for the Blocks Part of CHP plant Siekierki in Warsaw.
CHP Plant Siekierki is the largest CHP plant in Poland and the second largest in Europe. The heating
capacity of this plant is 2078 MWth whereas electrical capacity is 622 MWel. CHP plant Siekierki was
launched in 1961. It consists of:

• Collector Part—the boilers supply a common steam collector from which the steam is directed to
the turbines (number of boilers—4, number of turbines—5, electrical capacity—170 MWel).

• Blocks Part—each block consists of its own boiler and its own turbine (number of blocks—3,
electrical capacity—110 MWel each, heating capacity—175 MWth each).

• Condensing turbine with steam extraction (electrical capacity—125 MWe).
• Water boilers (number of boilers—6, total heating capacity—884 MWth).

The Blocks Part of the Siekierki Combined Heat and Power Plant consists of base load units.
During the heating season, all blocks work as basic units in continuous mode. Only one heating block
is in operation in summer. This is due to the much lower heat demand. Heat is only needed to provide
domestic hot water. When the ambient temperature drops below zero, the collector part is introduced
to operation. When the temperature drops below −15 ◦C, the water boilers are started. They are
considered as a peak load boilers. Some cogeneration units are also put into operation when heat
demand is low or does not exist. This takes place when the electricity demand is high or electricity
prices are profitable. The decisive factor here is the economic calculation.

Figure 1 shows a simplified layout of CHP plant Siekierki. The CHP plant is connected to the
DHS. The main piping lines indicated in the Figure 1 as O, C, L, and U are responsible for supplying
hot water to the DHS (top of the figure) and collecting cold water coming back (return) from DHS
(bottom of the figure). The pumps responsible for return water are indicated as RP, pumps supplying
water to the DHS are indicated as SP, water boilers B, and network water heaters XB or XC.
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TES at the Siekierki CHP plant was put into operation in March 2009. Its design process started
in 2007 and it was built in 2008. Its design is pressure-free tank. The TES was integrated with the
DHS system by Discharging Pumps (DP). A steam cushion system has been used to prevent oxygen
absorption by the water in the reservoir.

The TES tank is shown in Figure 2 and the basic technical parameters of the TES are presented in
Table 1.
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Table 1. Basic technical parameters of Thermal Energy Storage (TES) in CHP plant Siekierki.

Parameter Value Unit

Total volume of the tank 30,400 m3

Diameter of the tank 30 m
Height of shell of the tank 43 m

Radius of room dome 45 m
Insulation thickness 0.5 m

Charging/discharging flow rate 1250 kg/s
Temperature of stored water 98/40 ◦C

Total mass of the tank 53,000 kg

3. Materials and Methods

Energy and exergy analysis was undertaken for three different operation variants for the Blocks
Part of the CHP plant [31]:

• operation without TES,
• operation with TES—charging process,
• operation with TES—discharging process.

For all three operation variants the calculations for three representative values of outside
temperatures were provided, i.e., Tex = −20 ◦C—calculated temperature for the District Heating
System in this region of Poland, Tex = 1 ◦C—temperature close to the average temperature for the
heating season, Tex = 15 ◦C—average temperature during the summer season.

The efficiency levels of the pumps in the system are set as below:

• Return Pumps—ηRP = 80%,
• Supply Pumps—ηSP = 82%,
• Discharging Pumps (TES pumps)—ηDP = 90%.

As input data for the calculations, operating parameters were collected from the existing plant
(CHP plant Siekierki Warsaw). The data are hourly average taken from the DCS system for the period
of 2 years before the TES installation and for 2 years after the installation. Data were measured
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and collected from characteristic CHP plant points which are indicated as numbers 1–7 presented in
Figures 3–5. The parameters that were measured are as follows: temperatures, flows, and pressures
(return and supply water). The remaining quantities necessary for energy and exergy analysis
were calculated.
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3.1. Energy Analysis

3.1.1. CHP Plant Operation without TES

The pressures diagram for the Blocks Part of the CHP plant Siekierki during operation of the plant
without TES is shown in Figure 3. The thermodynamic parameters of water at five points of the system
for block numbers 7, 9, and 10 were calculated on the basis of collected operational data of CHP plant
(1—before RP pumps, 2—after RP pumps and before XA heat exchanger, 3—after XA and before XB
heat exchangers, 4—after XB heat exchanger and before SP pumps, 5—after SP pumps).

The power of the pumps RP and SP and heating capacities of the heat exchangers XA and XB were
calculated from following equations for various external air temperatures: Tex = −20 ◦C, Tex = +1 ◦C,
and Tex = +15 ◦C:

Power for RP pumps (η = 0.8; three devices) is calculated as:

WRP =
.

m·(h2 − h1)/ηRP (1)

Heating capacity for XA heat exchanger is expressed as:

.
QXA =

.
m·(h3 − h2) (2)

Heating capacity for XB heat exchanger is stated as:

.
QXB =

.
m·(h4 − h3) (3)

Power of SP pumps (η = 0.82; three devices) is described as:

WSP =
.

m·(h5 − h4)/ηSP (4)

3.1.2. CHP Plant Operation with TES—Charging Process of TES

Figure 4 shows a pressures diagram for the Blocks Part of CHP plant Siekierki during operation
of the plant with TES in the course of the charging process of the TES. The thermodynamic parameters
of the water at seven points of the system for block numbers 7, 9, and 10 were calculated on the basis
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of operational data of the CHP plant collected during the charging process of the TES (1—before RP
pumps, 2—after RP pumps and before XA heat exchanger, 3—after XA and before XB heat exchangers,
4—after XB heat exchanger and before SP pumps, 5—after SP pumps, 6—cold side of TES before
control valve, 7—cold side of TES after control valve).

The power of the pumps RP and SP and heating capacities of the heat exchangers XA and XB
were calculated from the same Equations (1)–(4) as for operation of the plant without TES and also for
various external air temperatures: Tex = −20 ◦C, Tex = 1 ◦C, and Tex = 15 ◦C

3.1.3. CHP Plant Operation with TES—Discharging Process of TES

Figure 5 shows the pressures diagram for the Blocks Part of CHP plant Siekierki during operation of
the plant with TES in the course of the discharging process of the TES. The thermodynamic parameters
of the water at seven points of the system for block numbers 7, 9, and 10 were calculated on the basis
of operational data of the CHP plant collected during the discharging process of the TES (1—before RP
pumps, 2—after RP pumps and before XA heat exchanger, 3—after XA and before XB heat exchangers,
4—after XB heat exchanger and before SP pumps, 5—after SP pumps, 6—cold side of TES after DP
pump, 7—cold side of TES before DP pump).

The power of the pumps RP and SP and heating capacities of the heat exchangers XA and XB were
calculated from the same Equations (1)–(4) as for operation of the plant without TES. The power of the
DP pumps was calculated from Equation (5). As in previous cases all calculations were performed for
various external air temperatures: Tex = −20 ◦C, Tex = 1 ◦C, and Tex = 15 ◦C.

Power of TES pumps (DP) is calculated as:

WDP =
.

m·(h6 − h7)/ηDP (5)

3.2. Exergy Analysis

Exergy is defined as the maximum amount of work that a thermodynamically open system can do
in a given environment by going into equilibrium with the environment. The environment is treated
as a reservoir of useless energy and matter at a constant temperature. Maximum energy is obtained in
a reversible process [27]. Exergy analysis can be recognized as one of the most important methods for
performance evaluations and design calculations of TES systems. It is considered as more powerful
than energy analysis [32–35].

In this paper exergy analysis is simplified and neglects exergy destruction for the storing period
of the TES. This is related to the fact that the analyzed TES in Warsaw CHP plant has the following
construction and operation characteristics:

• the tank insulation is 500 mm thick (glass wool), therefore heat losses to ambient air are very low,
• the storing periods are short, not usually more than a few hours,
• stratification and thermocline are observed as good and very stable.

The heat losses from the TES tank depend mainly on the thickness of insulation, insulation
conductivity, and the heat transfer coefficient [36]. For sensible water TES with a short-term storage
period, 500 mm thickness of insulation is commonly applied. Presently, as insulation material, usually
glass wool is preferred due to its low density and thermal conductivity. In case of such insulated
water tank, heat losses do not exceed 1–3% of the total heat stored in the tank as was observed during
start-up and commissioning of the TES in the last few years in Poland [31].

Results of analyses presented in [33,37] indicate that for properly designed TES, the storing period
is characterized by relatively high exergy efficiencies in excess of 80%.

In order to integrate the heat accumulator into the existing hydraulic system of the CHP plant,
new pipelines were added. The length of new pipelines does not exceed 5% of the length of existing
pipelines. Exergy losses in pipelines should be considered as an important element of the balance of
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losses for the entire system, however, due to a slight change in the existing hydraulic system, it was
decided to omit these calculations in this study.

As was presented in [33,38,39], the three-zone temperature-distribution models for the TES
tank appear to provide sufficient calculation accuracy for exergy contents of vertically stratified TES.
Additionally, in this paper [33], a stepped (two-zones) temperature-distribution model was analyzed
and the results were compared with a basic three-zone temperature-distribution model. The equivalent
temperature of a mixed TES that has the same exergy as the stratified TES was calculated for both
of the above-mentioned models. The difference between temperatures computed for those models
was less than 1%, therefore for further calculation of exergy destruction for the TES tank, a stepped
two-zones model was applied, for reasons of greater simplicity.

3.2.1. CHP Plant Operation without TES

For the scheme presented in Figure 3 thermodynamic parameters at specified points of the system
for block numbers 7, 9, and 10 were calculated on the basis of collected operational data of the CHP
plant without TES [32]. Water and steam parameters were calculated using IF-97 formulas [40].

In pumps, exergy destruction is described by following equation (Gouy–Stodola Theorem) [41].
Due to the fact that the heat transfer in this process is assumed to be zero, the equation takes the form
as below:

.
ΠP = To∆

.
SP (6)

The Gouy–Stodola Theorem states that the rate of exergy destruction is proportional to the
rate of entropy generation. This destruction is caused by irreversibility and is equal to the ambient
temperature multiplied by the sum of the increases in entropy of all components participating in the
thermodynamic transformation. The exergy losses calculated according to this equation are additive.
The exergy loss described by the Gouy–Stodola Theorem is completely irreversible and cannot even be
partially recovered.

Exergy destruction in RP pumps (three devices):
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Exergy destruction: 

.
ΠRP = To∆

.
S = To·

.
m·(s2 − s1) (7)

Exergy destruction in XA heat exchanger (necessary parameters of medium, i.e., steam, condensate,
and water, were calculated for the points shown in the sketch) was calculated as per the procedure
shown below.
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Steam/condensate mass flow:
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ms/c =
.

QXA/
(
h′′1 − h′2

)
(9)
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Water mass flow:
.

mw—was given from operational data (10)

Entropy change:
∆

.
SXA =

( .
ms/c·s2 +

.
mw·s4

)
−

( .
ms/c·s1 +

.
mw·s3

)
(11)

Exergy destruction:
.

ΠXA = To∆
.
SXA (12)

Exergy destruction in XB heat exchanger is calculated in a similar way as for heat exchanger XA:
power of XB heat exchanger:

.
QXB—was given from operational data (13)

Steam/condensate mass flow:
.

ms/c =
.

QXB/
(
h′′1 − h′2

)
(14)

Water mass flow:
.

mw—was given from operational data (15)

Entropy change:
∆

.
SXB =

( .
ms/c·s2 +

.
mw·s4

)
−

( .
ms/c·s1 +

.
mw·s3

)
(16)

Exergy destruction:
.

ΠXB = To∆
.
SXB (17)

Exergy destruction in SP pumps (three devices):
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.
ΠSP = To∆

.
S = To·

.
m·(s5 − s4) (18)

3.2.2. CHP Plant Operation with TES—Charging Process of TES

Throttling losses during the charging process:

.
Πthr = To∆

.
S = To·

.
m·(s1 − s7) (19)

Exergy destruction for TES during the charging process:
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.
ΠTES = To∆

.
S = To·

.
m·cp ln(THOT/TCOLD) (20)

3.2.3. CHP Plant Operation with TES—Discharging Process of TES

Exergy destruction in TES Discharging Pumps (DP pumps):



Energies 2020, 13, 4842 10 of 16

Energies 2020, 13, x FOR PEER REVIEW 9 of 16 

 

ሶ௑஺ߎ ൌ ௢ܶ߂ ሶܵ௑஺ (12) 

Exergy destruction in XB heat exchanger is calculated in a similar way as for heat exchanger XA: 
power of XB heat exchanger: ሶܳ ௑஻—was given from operational data (13) 

Steam/condensate mass flow: ሶ݉ ௦/௖ ൌ ሶܳ௑஻/ሺ݄ଵᇱᇱ െ ݄ଶᇱ ሻ (14) 

Water mass flow: ሶ݉ ௪—was given from operational data (15) 

Entropy change: Δ ሶܵ௑஻ ൌ ൫ ሶ݉ ௦ ௖⁄ ∙ ଶݏ ൅ ሶ݉ ௪ ∙ ସ൯ݏ െ ሺ ሶ݉ ௦ ௖⁄ ∙ ଵݏ ൅ ሶ݉ ௪ ∙  ଷሻ (16)ݏ

Exergy destruction: ߎሶ௑஻ ൌ ௢ܶ߂ ሶܵ௑஻ (17) 

Exergy destruction in SP pumps (three devices): 

ሶௌ௉ߎ  ൌ ௢ܶ߂ ሶܵ ൌ ௢ܶ ∙ ሶ݉ ∙ ሺݏହ െ  ସሻ (18)ݏ

3.2.2. CHP Plant Operation with TES—Charging Process of TES 

Throttling losses during the charging process: ߎሶ௧௛௥ ൌ ௢ܶ߂ ሶܵ ൌ ௢ܶ ∙ ሶ݉ ∙ ሺݏଵ െ  ଻ሻ (19)ݏ

Exergy destruction for TES during the charging process: 

ሶߎ  ்ாௌ ൌ ௢ܶ߂ ሶܵ ൌ ௢ܶ ∙ ሶ݉ ∙ ܿ௣ lnሺ ுܶை்/ ஼ܶை௅஽ሻ (20) 

3.2.3. CHP Plant Operation with TES—Discharging Process of TES 

Exergy destruction in TES Discharging Pumps (DP pumps): 

ሶ஽௉ߎ  ൌ ௢ܶ߂ ሶܵ ൌ ௢ܶ ∙ ሶ݉ ∙ ሺݏ଻ െ  ଵሻ (21)ݏ

Exergy destruction for TES during the discharging process could also be calculated from 
Equation (20). 

.
ΠDP = To∆

.
S = To·

.
m·(s7 − s1) (21)

Exergy destruction for TES during the discharging process could also be calculated from
Equation (20).

4. Results and Discussion

Results of the energy analysis for the Blocks Part of the CHP plant are presented in Table 2.
This analysis was made for three different operation variants of the CHP plant, i.e., operation without
TES, operation with TES—charging process of TES and operation with TES—discharging process of
TES. Calculations were performed for three different outside temperatures: Tex = −20 ◦C, Tex = 1 ◦C,
and Tex = 15 ◦C for each considered operation variant.

Table 2. Power of appliances for CHP plant operation.

Power
(MW)

Block No

7 9 10

Tex (◦C)

−20 1 15 −20 1 15 −20 1 15

Operation without TES

RP pumps 7.9 1.4 1.2 8.3 1.4 - 2.5 1.5 -
XA heat exchanger 113.6 103.7 97.6 117.0 131.0 - 117.3 94.4 -
XB heat exchanger 91.4 89.8 84.9 58.6 74.0 - 75.3 96.9 -

SP pumps 2.6 2.4 1.5 2.7 2.0 - 3.9 2.7 -

Charging process of TES

RP pumps 8.1 1.4 1.2 8.8 1.2 - 2.6 1.5 -
XA heat exchanger 111.2 108.9 112.5 125.0 140.5 - 113.6 101.0 -
XB heat exchanger 108.9 94.7 95.1 68.5 71.0 - 78.4 91.8 -

SP pumps 3.0 2.5 1.6 2.8 1.8 - 2.5 2.8 -

Discharging process of TES

RP pumps 7.9 1.4 1.0 7.8 1.4 - 2.6 1.5 -
XA heat exchanger 112.0 105.8 75.4 126.3 133.8 - 119.9 99.6 -
XB heat exchanger 89.1 91.4 65.2 68.9 72.3 - 77.3 96.0 -

SP pumps 3.4 3.4 1.6 2.6 2.0 - 2.9 2.9 -
DP pumps 0.7 0.8 0.5 0.7 0.8 - 0.7 0.8 -

Results of the calculations shown in Table 2 indicate that in all cases, i.e., for each operation
variant of the CHP plant and each different outside temperature, TES pumps power is relatively low in
comparison to RP and SP pumps power and especially to XA and XB heat exchangers heating capacity.

Figure 6 shows the percentage of pumps power for discharging of TES operation variant and
outside temperatures Tex = −20 ◦C alternative. In that case TES pumps power represents only 2% of
pumps total power in the Blocks Part of the CHP plant.
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Results of the calculation of exergy destructions in the Blocks Part of the CHP plant are presented
in Tables 3 and 4. Table 3 contains exergy destructions of RP, SP pumps and XA, XB heat exchangers for
block numbers 7, 9, and 10 operating without TES and during the charging and discharging process of
TES for different outside temperatures.

Table 3. Exergy destruction in block numbers 7, 9, and 10 for CHP plant operation.

Exergy Destruction
(MW)

Block No

7 9 10

Tex (◦C)

−20 1 15 −20 1 15 −20 1 15

Operation without TES

RP pumps 4.63 0.39 0.36 5.06 0.48 - 1.10 0.52 -
XA heat exchanger 4.93 5.1 4.4 1.04 8.9 - 6.97 7.09 -
XB heat exchanger 1.96 2.48 2.13 1.56 2.85 - 1.77 3.95 -

SP pumps 0.65 0.60 0.73 0.67 0.20 - 1.22 0.48 -

Charging process of TES

RP pumps 4.80 0.38 0.44 5.56 0.46 - 1.10 0.48 -
XA heat exchanger 4.93 5.33 5.04 1.27 9.08 - 6.97 7.78 -
XB heat exchanger 2.28 2.82 2.33 1.87 2.33 - 1.77 3.57 -

SP pumps 0.87 0.49 0.68 0.83 0.37 - 1.22 0.84 -

Discharging process of TES

RP pumps 4.66 0.39 0.35 4.65 0.48 - 1.22 0.49 -
XA heat exchanger 5.10 5.30 3.69 1.27 8.76 - 7.50 8.56 -
XB heat exchanger 2.36 2.74 1.87 0.95 2.59 - 1.77 3.72 -

SP pumps 0.65 0.87 0.69 0.58 0.20 - 1.22 0.80 -

Table 4. Exergy destruction for operation of the TES system for the Blocks Part of the CHP plant.

Exergy Destruction
(MW)

Tex (◦C)

−20 +1 +15

Charging process of TES

Throttling losses 0.32 0.16 0.45
TES charging process 0.12 0.12 0.12

Discharging process of TES

DP pumps 0.15 0.15 0.13
TES discharging process 0.15 0.24 0.16
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Table 4 covers exergy destructions for the TES system (charging and discharging process) for the
Blocks Part of the CHP plant for different outside temperatures.

Figures 7 and 8 present values of exergy destruction in the Blocks Part of the CHP plant, respectively,
for the charging and discharging processes of TES and outside temperature Tex = −20 ◦C.
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Figure 7. Values of exergy destruction in the Blocks Part of the CHP plant for charging of TES and
Tex = −20 ◦C.
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Figure 8. Values of exergy destruction in the Blocks Part of the CHP plant for discharging of TES and
Tex = −20 ◦C.

5. Conclusions

The paper contains a simplified energy and exergy analysis of the hydraulic system integrated
with Thermal Energy Storage (TES). The analysis was performed for combined heat and power plant
(CHP) supplying heat to the District Heating System (DHS). The energy and exergy analysis was
performed for the winter season (the lowest ambient temperature Tex = −20 ◦C, i.e., design point
conditions), the intermediate season (average ambient temperature Tex = 1 ◦C), and summer (average
ambient temperature Tex = 15 ◦C). The presented results of the analysis make it possible to identify the
places of the greatest exergy destruction in the pumps and pipelines system with TES, and thus give
the opportunity to take necessary improvement actions in further steps. The analysis carried out as
part of the article shows that in order to significantly reduce the consumption of electricity and heat
in the considered hydraulic system, modernization work should be undertaken in the area of heat
exchangers and pumps. In the case of pumps, the possibility of increasing the efficiency of the pumps
(e.g., by replacing them with modern ones) and introducing their effective regulation (variable-speed
regulation, i.e., introduction of frequency converters, etc.) should be considered. In the case of heat
exchangers, replacing them, for example, with heat pumps, however, such an operation will require
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separate analysis and significant investment costs.Detailed results of the energy-exergy analysis show
that both the energy consumption and the rate of exergy destruction in relation to the operation of the
pumps and pipelines system of the CHP plant with TES for the tank charging and discharging cycles
are relatively low, i.e., the power of the additional equipment (discharging pumps DP) is at the level
of 0.5–0.8 MW which corresponds to about 0.5–0.8% of the total power of the block (each block has
110 MWe). The exergy destruction is in the range of 0.12–0.45 MW.

It should be emphasized that the introduction of a heat accumulation system like TES does
not significantly increase energy losses and exergy destruction in the analyzed cases, so this type
of investment will not significantly increase the consumption of electricity (pumps) and heat (heat
exchangers and TES). Obviously, the amounts of energy and exergy losses differ significantly for
different ambient temperatures, i.e., CHP plant operation in winter, intermediate, and summer periods,
but the percentage of these losses is practically constant.

Detailed conclusions resulting from energy and exergy analysis could be expressed as follows:

• Power of the TES pumps is relatively low in relation to the power of the block and is approx.
500–800 kW, which equates to approx. 0.5–0.8% of the block electric power.

• For the lowest considered outside temperature Tex = −20 ◦C TES pumps power represents only
2% of pumps total power in the Blocks Part of the CHP plant.

• Differences in powers and losses of the RP and SP pumps are negligible during operation of the
CHP plant without and with the TES.

• The biggest exergy destruction appears in the heat exchangers, but the differences between them
for the analyzed cases, i.e., during operation of the Blocks Part of CHP plant without the TES and
the charging and discharging processes of the TES, are negligible.

• Throttling losses during the charging process of the TES and exergy destruction in Discharging
Pumps (TES Pumps) are also low and fluctuate in the range 120–450 kW depending on the
considered case.

A simplified energy and exergy analysis was also carried out for CHP plants with technologically
similar TES systems, i.e., CHP plant in Białystok and CHP plant in Bielsko Biała. CHP plant in Bialystok
is equipped with a TES with a capacity of 12,800 m3, while CHP plant in Bielsko Biała with a TES with
a capacity of 21,450 m3 [29]. The results of the analysis indicate that the percentages of energy losses
and exergy destruction for heat exchangers, pumps and TES tanks are analogous to those presented in
this paper.
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Nomenclature

cp specific heat capacity (kJ/kg·K)
h specific enthalpy (kJ/kg)
m mass (kg)
.

m mass flow rate (kg/s)
p pressure (bar)
.

Q heat rate (kW)
s specific entropy (kJ/kg·K)
.
S entropy rate (kW/K)
T temperature (◦C or K)
W power (kW or MW)
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Greek letters
η energy efficiency (—or %)
.

Π exergy destruction rate (kW or MW)
Subscripts and superscripts
0 dead state (environment) condition
ex external air temperature
el electrical
s/c steam/condensate
th thermal
thr throttling losses
w water; ′—liquid, ”—vapor states
Abbreviations
CHP Combined Heat and Power
DHS District Heating System
DHP District Heating Plant
DP Discharging Pump
RP Return Pump
SP Supply Pump
TES Thermal Energy Storage
XA, XB Heat Exchanger (Network Water Heater)
DCS Distributed Control System
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