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Abstract: The paper presents an analytical discussion of how to improve the energy efficiency of
the steam cushion system operation for a Thermal Energy Storage (TES) tank. The EU’s green deal
2050 target policy requires an increase in the energy efficiency of energy production and use, as well
as an increase in the share of renewable energy in the overall energy production balance. The use of
energy-efficient TES is considered as one of the most important technologies to achieve the objectives
of this EU policy. The analyses presented in the paper of energy-efficient operation of steam cushion
(SC) systems were carried out by using operational data received from three District Heating Systems
(DHSs) that supply heat and electricity to one of the largest cities in Poland and are equipped with the
TES systems. These three analyzed TESs differ in capacities from 12,800 to 30,400 m3, tank diameters
from 21 to 30 m and shell height from 37 to 48.2 m. The main purpose of using a steam cushion
system in the TES tank is to protect the water stored in it against the absorption of oxygen from the
surrounding atmospheric air through the surge chamber and safety valves located on the roof of the
tank. The technical solutions presented here for the upper orifice for charging and discharging hot
water into/from the tank and the suction pipe for circulating water allow to us achieve significant
energy savings in the steam cushion systems. Both the upper orifice and the end of suction pipe are
movable through the use of pontoons. Thanks to the use of this technical solution, a stable insulating
water layer is created above the upper orifice in the upper part of the TES tank, where convective
and turbulent transport of heat from the steam cushion space to the hot water stored in the tank is
significantly limited. Ultimately, this reduces the heat flux by approximately 90% when compared to
the classic technical solutions of steam cushion systems in TES tanks, i.e., for the upper orifice and
circulation water pipe. The simplified analysis presented in the paper and comparison of its results
with experimental data for heat flow from the steam cushion space to hot water stored in the upper
part of the TES tank fully confirms the usefulness of the heat-flow models used.

Keywords: district heating system; combined heat and power; Thermal Energy Storage; energy
savings; steam cushion system

1. Introduction

District heating systems (DHSs) in Poland supply heat for more than 15 million inhab-
itants. The Polish District Heating sector has been undergoing intensive modernization
and development since the 1990s. For the first two decades, the work focused mainly on
replacing and modernizing elements of DHSs in order to improve their energy efficiency
and reliability and reduce their environmental burden.
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Over the last decade, this work has focused primarily on increasing the energy effi-
ciency of DHSs by implementing cogeneration and tri-generation technologies (mainly
based on coal [1,2], gas [3] and oil [4]), making the widest possible use of renewable energy
sources [5,6] and implementing smart District Heating Networks in future sustainable
energy systems [7–12]. Based on the abovementioned papers, it can be concluded that the
intelligent district heating system has a number of advantages compared to the traditional
heating system in many areas, including troubleshooting, energy saving, regulation and
control. It also shows great development potential and broad market prospects in the future,
especially in times of looking for savings both in terms of investment and the operation
of heating systems. In 2018, as part of the “Clean energy for all Europeans package”,
the new amending Directive on Energy Efficiency (2018/2002) was agreed to update the
policy framework to 2030 and beyond [13–15]. To achieve these objectives, it is essential to
implement Thermal Energy Storage (TES) systems in these already often advanced smart
District Heating Networks (DHN). Without the uptake of TES technologies, it is difficult to
imagine achieving the EU’s energy policy objectives, i.e., increasing the energy efficiency of
all energy generation and use installations, increasing the share of renewables in the energy
production balance sheet and reducing emissions of pollutants (green deal 2050 target).

Today, TES technologies [16–22] are recognized as one of the most important advanced
energy technologies to correct the mismatches between energy supply and demand [23].
The most popular and easiest way to store heat in TES systems is to use so-called sensible
thermocline TESs. Most often, these TESs are built as heat tanks operating at atmospheric
pressure and hooked-up to the district heating network directly; that is, network water,
both supply and return, fills the TES tank. In sensible TES, the stored energy is the result of
a change in the temperature of the stored medium and its quantity; that is, the amount of
stored energy is proportional to the temperature difference of hot and cold medium, the
mass of the stored medium and its heat capacity [24,25].

The TES, which stores excess heat during periods of decline and provides heat during
periods of increased demand by consumers, contributes to more energy efficient production
and supply of energy to customers. TES technology offers great potential for significant
improvements in DHS operating conditions [22]; in particular, the economics of heat and
electricity production reduce gaseous pollutant emissions and increase security of energy
supply to consumers. The TES also enables better integration and use of renewable energy
sources, especially weather-dependent ones, which produce energy for DHS. Often the TES
is part of the CHP systems, helping to optimize their operation [22].

At the moment, there are six large sensible TESs in the DHS in Poland, i.e., with a
capacity of more than 10,000 m3 [26], the seventh is under construction and the next one is
under design. In smaller DHSs, there are also several small (less than 1000 m3) and medium
(less than 10,000 m3 and greater than 1000 m3) TES systems.

2. Materials and Methods
2.1. System Description

The energy analysis of the operation of the steam cushion (SC) system for the TES tank
was carried out for three large DHSs in Poland that supply customers with heat from the
following CHP plants:

• CHP plant Siekierki in Warsaw,
• CHP plant in Cracow,
• CHP plant in Białystok.

The CHP plants analyzed in the paper were furnished with the same type of TES, i.e.,
thermally stratified, sensible heat storages. All TES tanks are designed to operate under
atmospheric pressure and are hooked up directly to the District Heating Network through
the TES pumping station. Network water, which is stored in the TES tank, is protected
against oxygen absorption from ambient air by a SC system. Photographs of the TES tanks
for CHP plants in Warsaw, Cracow and Białystok are shown in Figures 1–3, respectively.
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Figure 1. TES in (a) Siekierki CHP plant in Warsaw, (b) Cracow CHP plant and (c) Białystok
CHP plant.

Operational data were collected and analyzed for three selected TES tanks equipped
with SC systems of identical design. Short characteristic of the TES for each considered
CHP plant are given below in Table 1.
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Table 1. Technical parameters of the TES in Warsaw, Cracow and Bialystok CHP plants [26].

Technical Parameters of TES TES in Warsaw CHP Plant TES in Cracow CHP Plant TES in Bialystok CHP Plant

type full of water, non-pressurized full of water, non-pressurized full of water, non-pressurized
volume (m3) 30,400 20,015 12,800
diameter (m) 30.0 23.0 21.0

height of the shell tank (m) 43.0 48.2 37.0
radius of the roof (m) 45.0 34.5 31.5

thickness of insulation (mm) 500 300 500
flowrate, charging (Mg/h) 4500 2600 1500

flowrate, discharging (Mg/h) 4500 2600 1500
temperature of water (◦C) 98/40 96/40 97/40

protection against O2
absorption to water steam bed steam bed steam bed

weight of the tank (kg)
(without insulation) 53,000 38,000 30,000

The temperature of the TES charging water ranged from 84 to 97 ◦C for the TES
analyzed and for different seasons.

2.2. Characteristics of the SC System

The operational task of the SC system in the TES tank is to protect stored network
water against the absorption of oxygen from the surrounding atmospheric air. Water in the
heating system must meet stringent purity standards. The oxygen content in this water
is also very important. The TES tank, hydraulically connected to the heating system, is
its integral element and is filled with the same water. If the amount of dissolved oxygen
in the water is excessive, it causes corrosion of both the network and the TES tank and
its equipment.
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As a non-pressurized tank, the TES tank is exposed to oxygen ingress, e.g., through
safety valves. Valves located on the roof protect the tank against excessive overpressure
and negative pressure.

For the TES tanks presented in this article, the permissible vacuum should be less than
−500 Pa, and the overpressure should not be more than +1500 Pa. The typical working
pressure of steam in the steam bed is overpressure [27]:

psb = +500 Pa ± 100 Pa

The SC system consists of the following (Figure 2):

• Suction pipe for circulation water with inlet fixed to the pontoon,
• Circulation pump,
• Electrical water heater,
• Discharge pipe for circulation water,
• Spray nozzle,
• Technological steam supply system.

The scheme of the TES tank with steam cushion system is presented in Figure 2.
The SC system, which is located under the roof of the TES tank, works to protect the

water stored in the tank against the absorption of oxygen from the surrounding atmospheric
air [27,28]. The vapor pressure above the water level in the TES tank is generated by the
injected technological steam. A water cycle is used to prevent the superheated steam from
coming into contact with the water surface. The water circulation is forced by a circulating
pump that feeds the spray nozzle. The water sprayed through the nozzle mixes with the
steam to form the so-called “steam rain”. The entire process takes place between the roof of
the TES tank and the water surface.

In the event that there is a lack of supply of spray nozzle with technological steam,
steam rain will be produced from circulating water heated above 100 ◦C by an electric
water heater. The electric water heater is an emergency device and overheats the water
above boiling point for atmospheric pressure + several hundred Pa, prevailing in the space
of the steam cushion. The temperature value to which the circulating water should be
overheated is correlated with the operating pressure of the steam cushion; that is, it must
maintain the set operating pressure, usually around +500 Pa.

Figure 3 shows the photograph of the upper orifice fixed to the pontoon vessel. The
photograph was taken during the erection of the TES in the Siekierki CHP plant in Warsaw.

Energies 2022, 15, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 3. Upper orifice in the TES tank in CHP Siekierki–Warsaw [28]. 

Figure 4, on the other hand, presents the main dimensions of the steam cushion sys-
tems for CHP Siekierki–Warsaw, CHP Cracow and CHP Bialystok plants. 

 
Figure 4. Main dimensions of the steam cushion systems for CHP Siekierki–Warsaw, CHP Cracow 
and CHP Białystok plants. 

A technical solution to reduce energy consumption by the SC system [27] on the ex-
ample of the tank in CHP Białystok, indicating the operational parameters of the system, 
is shown in Figure 5. 

Figure 3. Upper orifice in the TES tank in CHP Siekierki–Warsaw [28].



Energies 2022, 15, 286 6 of 15

Figure 4, on the other hand, presents the main dimensions of the steam cushion
systems for CHP Siekierki–Warsaw, CHP Cracow and CHP Bialystok plants.
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A technical solution to reduce energy consumption by the SC system [27] on the
example of the tank in CHP Białystok, indicating the operational parameters of the system,
is shown in Figure 5.
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Figure 5. Operational parameters of the SC system in the TES tank in the CHP Białystok.

3. Results

The results of the experimental and theoretical investigation of stratified hot-water
storage tanks were presented by Dincer and Rosen [29] and Votsis [30]. The influence of
the geometric parameters of the TES tank, including its inlet, on the maintenance of the
thermocline in the TES tank has been the subject of various studies by Wildin [31–33],
Zurigat et al. [34] and Jianhua et al. [35]. Murthy et al. [36] estimated that the heat flux
transferred through the tank wall on stratification in the TES tank could be negligible.

The primary energy-savings analysis for the operation of the SC system for the TES
tank was performed for the CHP plant in Białystok. An additional analysis confirming
these results was performed for the TES tanks at the Siekierki CHP plant in Warsaw and in
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CHP plant in Cracow, which have approximately 2.4 and 1.6 tank volumes in Białystok,
respectively. The three analyzed SC systems have the same technical structure.

Operational data for the steam cushion systems in these three CHP plants were
collected for both heating and summer seasons. Special attention was paid to the so-called
transition periods of the heating season, i.e., end of winter–spring and end of autumn–
winter, where the fastest changes in heat demand by consumers are observed.

Figure 6 and Table 2 show selected operational data for the TES and steam cushion
system in CHP Cracow for the period of 2.5 months, i.e., from 7 January 2021 to 18
March 2021.
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Table 2. Description of the signals (pressures, temperatures and flow rates) for 2.5 months’
operational data.

No. Mark Signal (KKS No.) Current Value Y-MRB Y-MRE Dim Description

1
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Figure 8. Measured temperatures of stored hot water in the upper part of the TES tank during
three selected 24-h periods (transition period, charging, storing and discharging processes) for CHP
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The heat conductivity equation for this multilayer wall was solved for the average
annual outdoor air temperature in Bialystok, which is 11 ◦C. Unit heat loss for the above
conditions is approximately 9.1 W/m2, which, for a spherical roof of approximately 257 m2,
gives a total heat loss through the roof of the tank of about 2.1 kW (see Table 1 and Figure 9).
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The calculation of heat losses by the shell tank with the height equal δ was carried out
for shell insulation materials glass wool [λins ≈ 0.05 W/(m·K)], and thickness of insulation
equals 500 mm. The unit heat loss for the above conditions is approximately 7.0 W/m2,
which, for a cylindrical shell of approximately 58 m2, gives a total heat loss through the
shell of the tank with a height of 0.89 m of about 0.4 kW (see Table 1 and Figure 9).
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The temperature distribution in the insulating water layer (with thickness δ) of the SC
system and further in the hot-water layer stored in the tank is shown in Figure 9.

Heat transfer from steam cushion space through interphase surface into the hot water
stored in the upper part of the TES tank, assuming that convective and turbulent heat
transport is significantly limited, could be calculated from the heat conductivity equation
with an appropriate correction coefficient “iht”, as was presented in Reference [28].

The specific heat flux transferred from the steam cushion space from the condensing
steam through an insulating layer of water with thickness “δ” to the hot water located at
the top of the TES tank can be calculated from the following equation:

.
q =

λ

δ
(Ta − Tb)·iht =

λ

δ1
(Ta − Tc)·iht (1)

where λ ∼= 0.68 W/(m·K) is the average value of the heat conduction coefficient for water;
Ta are Tb are the temperature of the interphase surface of the water in contact with the steam
cushion and temperature of the water in the tank at the depth δ, respectively (Figure 9); Tc
is the temperature of the water in the insulating water layer at the depth δ1 (suction pipe
inlet of circulation water); and iht is the intensity of the heat transport coefficient in the
water insulating layer.

The coefficient iht indicates how intensive the heat transfer is in comparison to the heat
conduction in the water insulating layer. This coefficient takes into account the intensity of
convective and turbulent heat transport.

This coefficient iht should have an as-small-as-possible value in order to reduce tech-
nological steam consumption in the SC system. If the coefficient iht = 1, it means that heat
transport is by conduction only.

The temperature distribution in the boundary layer and further in the hot-water layer
stored in the tank is shown in Figure 9.

From the lower part of the water buffer layer, heat is transferred to the hot water
stored in the tank. During the process of charging and discharging the TES, there is a flow
of water (flowing out of the lower orifice and flowing into this orifice, respectively) along
the lower part of the water buffer layer. To describe the process of heat transfer from the
lower part of the water buffer layer to the water stored in the upper part of the tank, the
equation for the Nusselt number as for the flow over the flat plate was used:

Nu = C·ReA·PrB·εt·εψ (2)

where the A, B and C are presented in Table 3:

εψ = 1 εt = (Pr f /Prw)
0.25 ≈ 1 (3)

Finally,
∝= Nu·λ/L (4)

.
q = α(Tb − Td) (5)

and
Td = Tb −

.
q/ ∝= Tb −

λ

δ
(Ta − Tb)·iht/ ∝ (6)

where
L =

D − d
2

; and Re =
v·L
υ

(7)
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Table 3. Nusselt equation coefficients for laminar and turbulent flow.

Type of Flow Re Number Range C A B

Laminar Re ≤ 5 × 105 0.664 0.5 0.33
Turbulent Re > 5 × 105 0.0366 0.8 0.33

The use of the technical solution of the SC system presented in Figures 2–5 enables
a significant reduction in the value of the iht coefficient in comparison with a typical
construction of the upper orifice and inlet of the suction pipe.

As shown in References [27,28], the estimated average values of the coefficient of heat
transport intensity iht are as follows:

• iht
∼= 4.5 (for presented technical solution of upper orifice and inlet of the suction pipe

for circulation water),
• iht

∼= 50 (for non-movable upper orifice and suction pipe).

Below, for selected operational data, two different operation cases (charging and
discharging the TES) of the SC system were analyzed for the CHP plant in Bialystok.
Operational data taken into considerations are as follows:

Ta—saturation temperature in the steam bed,
Tc—temperature of circulation water,
Te—temperature of charging/discharging water (Te ∼= Td),
.

V—flow rate of charging/discharging water,
CT201, 202 and 203—temperatures of stored hot water in the TES tank (taken from the

temperature sensors placed along the tank shell on different height).
In addition, the analysis used the geometric data shown in Figures 4, 5 and 9.

(1) Charging the TES:

Data:
Ta = 100 ◦C, Tc = 98 ◦C, Te = 90 ◦C,

.
V = 499 m3/h, iht = 4.5,

λ = 0.68 W/(m·K), ν = 0.326 × 10−6 m2/s, Pr = 1.95,
D = 21 m, d = 6 m, d1 = 2.5 m, δ = 0.887 m, δ1 = 0.2 m, e = 0.18 m.

.
q =

λ

δ1
(Ta − Tc)·iht =

0.68
0.2

(100 − 98)·4.5 = 30.7 W/m2 (8)

.
Q =

.
q·

π ·
(

D2 − d2
1
)

4
= 30.7·

π ·
(
212 − 2.52)

4
= 3.350 W (9)

Tb = 100 −
.
q·δ

λ·iht
= 100 − 30.7·0.887

0.68·4.5
= 91.2 ◦C (10)

Total gap area (outlet/inlet) in the upper orifice:

A = π·d·e = 3.14·6·0.18 = 3.39 m2 (11)

Velocity of the charging water:

v =
.

V/A = 499/3.39·3600 = 0.04 m/s (12)

Re = v·D − d
2

/ν = 0.04·21 − 6
2

/0.326·10−6 = 9.2·105 > 5·105 turbulent flow (13)

Nu = 0.0366·Re0.8·Pr0.33 = 0.0366·
(

9.2·105
)0.8

·1.950.33 = 2693 (14)

∝= Nu·λ/L = 2693·0.68
7.5

= 244.2 W/
(

m2·K
)

(15)

Td = Tb −
λ

δ
(Ta − Tb)·iht/ ∝= 91.2 − 0.68

0.887
(100 − 91.2)· 4.5

244.2
= 91.0 ◦C (16)
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The temperatures of stored hot water in the TES tank measured by the temperature
sensors were as follows (level of stored water in the TES tank is 37 m):

CT201 (located at a height 34.25 m) 90.84 ◦C;
CT202 (located at a height 32.85 m) 90.60 ◦C;
CT203 (located at a height 31.45 m) 90.19 ◦C.

(2) Discharging the TES:

Data:
Ta = 100 ◦C, Tc = 95.7 ◦C, Te = 78.2 ◦C,

.
V = 519 m3/h, iht = 4.5,

λ = 0.673 W/(m·K), ν = 0.37·10−6 m2/s, Pr = 2.3,
D = 21 m, d = 6 m, d1 = 2.5 m, δ = 0.887 m, δ1 = 0.2 m, e = 0.18 m.

.
q =

λ

δ1
(Ta − Tc)·iht =

0.673
0.2

(100 − 95.7)·4.5 = 65.1 W/m2 (17)

.
Q =

.
q·

π ·
(

D2 − d2
1
)

4
= 30.7·

π ·
(
212 − 2.52)

4
= 7098 W (18)

Tb = 100 −
.
q·δ

λ·iht
= 100 − 65.1·0.887

0.673·4.5
= 80.9 ◦C (19)

Total gap area (outlet/inlet) in the upper orifice:

A = π·d·e = 3.14·6·0.18 = 3.39 m2 (20)

Velocity of the charging water:

v =
.

V/A = 519/3.39·3600 = 0.042 m/s (21)

Re = v·D − d
2

/ν = 0.042·21 − 6
2

/0.37·10−6 = 9.9·105 > 5·105 turbulent flow (22)

Nu = 0.0366·Re0.8·Pr0.33 = 0.0366·
(

9.9·105
)0.8

·2.30.33 = 3016 (23)

∝= Nu·λ/L = 3016·0.673
7.5

= 273.4 W/
(

m2·K
)

(24)

Td = Tb
− λ

δ (Ta − Tb)·iht/ ∝= 80.9 − 0.673
0.887 (100 − 80.9)· 4.5

273.4 = 80.6◦C
(25)

The temperatures of stored hot water in the TES tank measured by the temperature
sensors were as follows:

CT201 (located at a height 34.25 m) 78.85 ◦C;
CT202 (located at a height 32.85 m) 78.05 ◦C;
CT203 (located at a height 31.45 m) 77.32 ◦C.

The presented measurement results (taken from SCADA systems) for three selected
TES systems in Warsaw, Białystok and Cracow indicate that the operation of steam cushion
systems with the structure given above is stable and the adopted calculation models are
correct. The temperatures of hot water stored in the upper part of the TES tank calculated
and measured differ slightly, i.e., by tenths of a ◦C (Figure 10a,b).
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Figure 10. Comparison of calculation results with measurement data for heat transfer from the steam
cushion space to the hot water stored in the upper part of the TES tank for Białystok CHP plant:
(a) charging process of the TES and (b) discharging process of the TES.

The unit heat flux in the conditions of stabilized operation of the steam cushion system,
for heat transferred from the steam cushion space to the hot water stored in the upper part
of the TES tank, varies within the following limits:

.
q = 15 ÷ 100 W/m2

The lower limit of the unit heat flux refers to the high temperatures of stored hot water
(Te = 97–98 ◦C) and circulating water (Tc ≈ 99 ◦C), while the upper limit refers to the low
temperatures of stored hot water (Te ≈ 70 ◦C) and circulating water (Tc ≈ 94 ◦C). Thus,
usually low values of the unit heat flux occur during the heating season, and high in the
summer season, when it may happen that the stored hot water has a temperature of about
70 ◦C.

In order to calculate the total heat consumption in the steam cushion system, it is
necessary to take into account the sizes of the unit heat loss flux through the roof of the
tank and through the tank shell in the area of the insulating water layer with a thickness δ.
In the analyzed case, these two quantities were calculated for the average temperature of
the outside air and specific insulating materials of the roof and shell of the tank and the
geometrical dimensions of the tank TES in Bialystok (see Figures 5 and 9).

4. Discussion

The steam cushion system saves energy thanks to the innovative floating upper orifice
and circulating water pipe inlet. This is performed by means of floating elements that
change their height with the height of the water surface. Where an upper orifice is used, an
insulating water layer is formed at the top of the tank with very limited convective and
turbulent heat transport, thus resulting in limited heat transfer from the steam cushion
space to the water stored in the tank. The thickness of the insulating water layer, which
separates the water surface from the rest of the water in the TES tank, is usually from 0.8 to
1 m [28].

Water is a good insulator, with an average thermal conductivity of approximately
0.68 W/(m K). In order to minimize convective and turbulent heat transport in the insulat-
ing water layer, the heat flux from the condensing steam should be limited. In this case, the
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heat flux constitutes about 10% of the heat flux present in a typical technical solution of the
upper orifice and the suction pipe of the circulating water in the TES tank [26].

The simplified analysis presented in the paper and comparison of its results with
experimental data for heat flow from the steam cushion space to hot water stored in the
upper part of the TES tank fully confirm the usefulness of the heat flow models used hereto.

The unit heat flux in the conditions of stabilized operation of the steam cushion system,
for heat transferred from the steam cushion space to the hot water stored in the upper part
of the TES tank, varies within the limits of

.
q = 15 ÷ 100 W/m2. Usually, a low limit of

the unit heat flux occurs during the heating season, and a high one occurs in the summer
season, when it may happen that the stored hot water has a temperature of about 70 ◦C.

In order to calculate the total heat consumption in the steam cushion system, it is
necessary to take into account the sizes of the unit heat loss flux through the roof of the
tank and through the tank shell in the area of the insulating water layer with a thickness δ.
For example, the average fluxes of these heat losses were calculated (

.
qr ≈ 8.3W/m2 and

.
qs ≈ 7W/m2) for the SC system for the TES tank in Białystok and given in Figure 9.
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