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Abstract: Ventilation of an indoor swimming pool is a very energy consuming process. This is a result
of, among other things the required high value of the ventilation air volume flow rate, calculated
on the basis of the moisture gains in the facility. The total energy consumption consists of the heat
required to heat this air and the electricity needed to transport it. It is possible to reduce the ventilation
air volume flow rate by assuming the correct value of specific humidity of the supply and indoor air,
but then a deterioration of thermal-moisture conditions in the building can be expected. The aim of
this paper was to examine how the reduction of the supply air volume flow rate affects the energy
consumption for indoor swimming pool ventilation. It was also checked how this consumption can
be reduced by using two-stage heat recovery in the air handling unit. Multi-variant simulations
of energy consumption for indoor swimming pool ventilation were carried out using the IDA ICE
software for day and night operation of the swimming pool throughout the year. The results of
the research proved that reduction of the supply air volume flow rate resulted in the lower energy
expenditure on ventilation. The variant with additional local air supply to the lifeguard zone was
also analysed, which caused only a slight increase in energy demand for ventilation.

Keywords: indoor swimming pool; ventilation; air parameters; air flow rate; energy consumption;
heat recovery

1. Introduction

Indoor swimming pools are building facilities that, during their operation, are char-
acterized by a much higher annual energy consumption (in relation to their surface area)
compared to other sports and large-scale facilities. This is mainly due to the need to
supply a significant amount of heat for water heating, domestic hot water preparation,
ventilation/air heating systems as well as electricity for lighting and for auxiliary devices
operation. The largest share in the energy consumption of swimming pools are heating
and ventilation systems—in total approx. 50% and the preparation of pool water—approx.
25% or more, depending on the purpose of the pool and the size of the pool basin [1].
Attention should also be paid to the long operation time of the swimming pool throughout
the year and during each day; it is much longer than in the case of other public build-
ings. As stated in [1], the annual energy consumption of swimming pools located in the
Mediterranean climate is on average 4300 kWh/(m?-year), and in the continental climate
5200 kWh/(m? -year).

Reduction of the energy consumption of swimming pools, in order to improve their
energy characteristics, can be achieved by various methods [2,3], but the most important for
the subject of this paper are those energy-saving measures related to the ventilation. In the
case of ventilation systems, achieving rational energy consumption is possible as a result of
maintaining appropriate parameters of air and pool water, appropriate organization of air
exchange, the use of ventilation devices with high energy efficiency and using renewable
energy, by recovering heat from the exhaust air, using ventilation systems with variable
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air volume flow rate enabling adjustment of their operation to the conditions currently
prevailing in the facility and equipping the ventilation system with automatic regulation
and control systems.

The energy consumption of the ventilation system is related primarily to the need
to maintain an appropriate, high indoor air temperature in winter, which is usually in
the range from 28 °C to 32 °C, depending on the type of pool and water temperature in
the pool basin. The reason for this is also a large value of supply air volume flow rate,
needed to remove surplus moisture emitted from pool water surface and air contaminants
(chemicals) [4], as well as to ensure satisfactory thermal-moisture conditions inside the
facility and an appropriate number of air changes.

Due to the high energy consumption of swimming pools, there is a tendency to
lower the value of the ventilation air volume flow rate. Such an approach is a compromise,
supported by the fact that the person staying in the pool does not experience the exceedance
of specific air humidity limit value, because most of the time he or she is submerged in
water and stays outside the pool basin only for a short period of time. However, reduced
ventilation creates thermal discomfort for lifeguards who spend many hours around the
pool basin, and are particularly exposed to the effects of poor thermal-moisture conditions
in the building. The negative symptoms can be manifested by dizziness, shortness of
breath, or a weakening of the body, which can be a real threat in the event of a need to
undertake an emergency reaction, e.g., saving a human life. Therefore, proper indoor air
conditions should be maintained especially in case of lifeguards.

There is no consensus among ventilation designers as to the method of determining
the value of the supply air volume flow rate. In order to its calculation, various guidelines
can be used [5,6], which contribute to different values of this parameter.

Since the main task of the swimming pool ventilation in summer is to remove excess
moisture, therefore, the air volume flow rate depends on the mass flux of emitted moisture
(from the pool water surface and wet floors) and the specific humidity of the supply and
exhaust air, which is approximately equal to specific humidity of indoor air. It is determined
from the formula (1):

W W , m’/h (1)

Ve =
s ps - Ax ps - (x; — xs)

In summer, outdoor air is supplied directly into the facility, without any conditioning.
Hence, the specific supply air humidity xs is equal to its value for the outdoor air x,. Thus,
the supply air volume flow rate, in addition to the calculated parameters of the indoor air,
is determined on the basis of outdoor air parameters adopted for calculations in summer.

The specific air humidity inside the swimming pool, regardless of outdoor conditions,
should not exceed x; = 0.016 kg120)/ Kg(dry air)- This limit value is generally not disputed.
However, there is a difference of views as to the value of the specific humidity of the
outdoor air, which should be adopted to calculate the supply air volume flow rate.

The specific humidity of the outdoor air resulting from the computational parameters
of the outdoor air for the Polish climate in the 2nd summer climate zone is x, = 0.012
kg #20)/ K8 (dry air), according to the standard [5]. Then the ventilation air volume flow rate
is calculated on the basis of the difference Ax = x; — x. = (0.016 — 0.012) kg(1120)/kg(dry air)-

However, according to the VDI guidelines [6] the recommended value of the specific
humidity of the outdoor air in summer is x, = 0.009 kgt120)/kg(dry air)- With this assump-
tion, the ventilation air volume flow rate is determined on the basis of the difference Ax = x;
— Xe = (0.016—0.009) kg(1120)/ kg (dry air), therefore it will constitute less than 60% of the
value obtained according to Polish recommendations. This means that while maintaining
a constant supply air volume flow rate, for a significant part of the summer period in
the swimming pool there may occur a specific air humidity x; = 0.019 kg120)/kg(dry air),
exceeding the limit value x; = 0.016 kg120)/kg(dry air)-

Some [7] suggest that it is justified to limit the value of supply air volume flow rate
in order to lower investment and operating costs. Others believe that it will adversely
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affect the thermal-moisture conditions in the swimming pool and the reduction in energy
consumption will not be that significant.

Such actions can have various effects in each facility, so it is necessary to conduct
detailed energy analyses individually for each building, taking into account its structure
and technical equipment, as well as the purpose and operation time. It should be borne in
mind that, while looking for economical solutions, the effectiveness of ventilation system in
terms of providing proper air quality, thermal-moisture conditions and protection against
moisture accumulation is not deteriorated.

Another way to reduce energy consumption in the ventilation processes of swimming
pools in winter is to use heat recovery by recirculation of exhaust air (one-stage heat
recovery system). When it is mixed with outdoor air, a higher air temperature is obtained
in front of the heater, which reduces its energy demand. A more complex process of
ventilation air treatment takes place in air handling units with two-stage heat recovery,
where, in addition to air recirculation, also counter-flow heat exchangers, heat exchangers
with an intermediate medium, heat pipes or heat pumps are used.

In order to accurately assess the energy efficiency of the swimming pool ventilation
system, it is necessary to use appropriate engineering software, e.g., ESP-r, IDA ICE,
TRNSYS or EnergyPlus. They enable implementation of climate data, building architecture,
external and internal gains, and many other time-varying factors that affect the annual
energy consumption of a facility, which is not possible in simple calculation methods.

2. Literature Review

In the literature, it is possible to find the examples of energy performance analyses
carried out with the use of computational software for building sector, e.g., single-family
houses [8-10], multifamily and school buildings [11], large university building [12], office
buildings [13]. Due to the subject of this paper, it was particularly important to review
the research concerning the energy assessment of ventilation systems in swimming pools.
In [14], a comparison of two air handling units was made: one equipped with a heat pump
and one without a heat pump. Both installations were analysed for a 15 years period
of operation. Indoor air parameters were adopted in accordance with the guidelines [6].
The heat pump solution was found to be much more cost effective due to the low energy
requirement for heating the supply air. In [15], the energy demand of three ventilation
systems was compared: without heat recovery, with a heat pump and an open system of
an absorption heat pump, which turned out to be the most effective solution. Mechanical
ventilation without heat recovery and ventilation with heat recovery using a counter-
flow heat exchanger were compared in [16]. The consumption of heat and electricity in a
ventilation system with heat recovery was 50% to 80% lower compared to a ventilation
system without heat recovery. Sun et al. [17] carried out energy and economic analyses,
based on many experimental research, of two ventilation systems: using a traditional
dehumidifier and an open absorption heat pump system. It was found that the open
absorption heat pump system allowed not only the recovery of latent heat from the humid
indoor air, but also the heat from the outdoor air used to heat indoor air and pool water, and
its application resulted in energy and cost savings in comparison to traditional dehumidifier.
In [1], five different types of swimming pools were analysed in terms of annual electricity
and heat demand for heating and cooling. Energy analyses were carried out for the existing
conditions of the facilities and after the introduction of various architectural changes and
the installation of additional devices in heating and cooling systems. The swimming pool
ventilation systems in four variants of air handling units: without heat recovery, with a
regenerative heat exchanger, with an electric heat pump and with an engine-driven heat
pump were compared in [18]. Moreover, a new open system absorption heat pump was
proposed, based on chemical drying of the exhaust air. The use of the proposed system
allowed the greatest savings in energy demand, and it was also a cheaper solution in terms
of investment and operation. In [19], the costs of ventilation and heating of swimming
pools were compared using two types of air-conditioning units. An air-handling unit
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equipped with a counter-flow heat exchanger was characterized by a relatively high energy
demand, which affected the operating costs. An air-handling unit with a counter-flow
exchanger and an additional heat pump consumed considerable amounts of electricity,
compensating it with minimal heat consumption. It was found that the use of such a
system equipped with heat pump led to a decrease in energy demand for fans by 36% and
a heat demand for heating ventilation air by 17%. Zuccari et al. [20] discussed potential
non-renewable primary energy savings for a number of analysed swimming pools using
the developed algorithm. The analysis showed that energy savings from 19% to 47% could
be achieved. In [21] a new approach to the ventilation system designing process for a
swimming pool was presented. It enabled energy savings up to 30% in case of ventilation
unit without a heat pump and 36% when the unit with a heat pump was used, while the
reduction of heat demand was reduced by 13% and 17%, respectively. Only some energy
analyses for swimming pools were carried out with the use of computational software.
In [22] a dynamic simulation model for estimating thermal energy demand in indoor
swimming pools was developed in the TRNSYS software. It was validated with the results
of measurements carried out in a real facility and was also verified with energy data from
four other swimming pools. The proposed model showed good accuracy in estimating
heat demand and thus proved the usefulness of dynamic simulations in energy analyses
in this type of facilities. Ribeiro et al. [2] used a building thermal simulation software to
develop and validate the HVAC system control model to optimize control of ventilation
system in order to reduce energy consumption in the swimming pool.

The presented literature review showed the legitimacy of searching for solutions
leading to energy reduction for ventilation purpose. It also showed the lack of uniform
criteria as to the air parameters adopted when determining the supply air volume flow
rate and their impact on energy consumption in swimming pools. Moreover, there are no
comparative data on the energy consumption of ventilation air treatment and transport
processes, obtained from energy analyses carried out with the use of engineering software.

This paper presents multi-variant energy analyses taking into account various values
of the ventilation air volume flow rate determined according to selected regulations and
various methods of heat recovery from the ventilation system of the swimming pool. The
purpose of the energy calculations was also to check if in the analysed variants, at different
values of the ventilation air volume flow rate, it was possible to reduce the year-round
energy consumption for the ventilation of the swimming pool by using two-stage heat
recovery in the air handling unit compared to one-stage heat recovery. The novelty of the
research is the assessment of energy costs related to the implementation of local air supply
to the lifeguards zone in order to improve the thermal-moisture conditions in this area
while limiting the air exchange in the rest of the facility.

3. Energy Analysis of the Selected Indoor Swimming Pool

Analyses of the influence of the ventilation system on energy consumption were
carried out for a selected indoor swimming pool located at a school in Gliwice, in the
southern part of Poland. It was designed for swimming lessons for students attending
school and for children from swimming schools. The analysed facility belonged to the
group of training and recreational swimming pools. Such facilities account up to 23% of all
swimming pools in Poland [23].

3.1. Analysed Swimming Pool

The analysed indoor swimming pool had dimensions: length 17.6 m, width 11.7 m,
average height 4.4 m. Figure 1 shows a view of the interior of the facility. The location of
ceiling air diffusers (supply air grilles), supply air slots and exhaust air diffusers is marked
init.
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Figure 1. The view of the interior of the analysed indoor swimming pool.

The swimming pool had two external partitions: the south-western wall with windows
and the north-western wall. The north-eastern wall was adjacent to the changing rooms
and the south-eastern wall was adjacent to the sports hall. Underneath swimming pool
floor was a basement and above the ceiling was an unheated attic. The insulation of the
external partitions did not meet the requirements [24], as the heat transfer coefficients of
the external walls were: 0.22 W/m?K for the north-western wall and 0.34 W/m?K for the
south-western wall.

Indoor heat sources in the swimming hall were: people, lighting and heaters. The
internal sources of moisture were: people, water surface and wet floors. The source of
moisture in the facility was also the air supplied by the diffusers and by infiltration.

The swimming pool was equipped with mixing ventilation system. The system
operated continuously in a constant air volume mode throughout a whole day. The air
was supplied by twelve inlet slots along the windows, two slots under each window, and
through seven ceiling supply grilles installed on the supply duct located in the suspended
ceiling above the floor along the north-eastern wall. The air was exhausted under the ceiling
through twelve exhaust grilles placed on the exhaust duct in a recess in the suspended
ceiling, six grilles on both sides of the recess. The air was processed in the central ventilation
unit, which included: a two-stage heat recovery in the form of a recuperator (heat pipe),
heater, mixing chamber, filters and fans.

3.2. Energy Analyses Methodology

Energy calculations for the ventilation system operation of the swimming pool were
carried out using the IDA ICE (Indoor Climate and Energy) software [25]. The developed
computer model of the swimming pool is shown in Figure 2.

Energy analyses were carried out for the whole year, with the use of climate data for
Katowice [26]. The analysed swimming pool was located 30 km from Katowice. Outdoor
air parameters (air temperature ¢,, relative humidity ¢,) used for calculations were adopted
in accordance with the standard [5] for the 2nd climate zone (t, = 30 °C, ¢, = 45%) in
summer and [27] for the 3rd zone climate (t, = — 20 °C, ¢, = 100%) in winter.
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Figure 2. Model of the analysed swimming pool developed in the IDA ICE software.

In order to calculate the annual energy consumption of the ventilation system, the
following data were defined in the software: ventilation air volume flow rate for the winter,
transition and summer periods, air parameters in the occupied zone, internal moisture and
heat gains, the required supply air temperature as a function of outdoor air temperature
ts = f(t.), the share of outdoor air in the supply air as a function of outdoor air temperature
ne = f(t,) and the duration of winter, transition and summer periods, as well as periods of
operation of individual devices in the air handling unit. The latter data were determined
based on t-t, charts, described in the following section. It was also necessary to provide
fans’ static pressure and the efficiency of the counter-flow heat exchanger in the two-stage
heat recovery system, as well as to declare the CAV system.

The ventilation air volume flow rate was determined according to the formula (1),
in which two different values of the specific humidity of the outdoor air in summer were
assumed for the analysed calculation variants: x, = 0.012 kg(1120) / Kg(dry air), according to the
Polish standard [5] or x = 0.009 kg1120)/ kg(dry air), according to the German guidelines [6].
The calculation results are presented in Table 1.

3.3. Analysed Variants

Energy analyses were carried out for three various values of the volume flow rate of
air supplied by means of general mixing ventilation (D1, D2 and D3 variants) and the D4
variant, in which additionally to the general ventilation, local air supply to the lifeguards
zone was applied.

According to ASHRAE [26], the recommended air change rates in the swimming pool
should be in the range from 4 h™! to 6 h™1, and according to the guideline [28]—in the
range from 3 h~! to 4 h~!. In Poland, in designing the ventilation of swimming pools, the
air change rate is usually 8 h 1.

In the D1 variant, the air change rate z = 8 h™! was assumed. On this basis the
air volume flow rate was calculated, while the specific humidity of the supply air was
assumed to be equal to the specific humidity of the outdoor air in summer x, = 0.012
kg (t20)/Kg(dry air), according to the standard [5]. Then, the design specific air humidity in
the facility was X; = 0.013 kg(HZO) /kg(dry air)-

In the D2 variant, the air change rate z = 6.3 h~! was assumed. It was calculated on
the basis of the amount of ventilation air necessary to ensure the limit value of relative
humidity x; = 0.016 kg120) /Kg(dry air), While the specific air humidity of the outdoor air
was assumed x, = 0.012 kg(1120) /K8 (dry air), according to the standard [5].

In the D3 variant, the air change rate z = 3.5 h~! was assumed. It resulted from the
assumption of the specific humidity of the outdoor air x, = 0.009 kg(1120)/kg(dry air), In
accordance with the guidelines [6], and the limit value of specific indoor air humidity
x; = 0.016 kg(120) /Kg(dry air)- If it was assumed that the specific humidity of the outdoor
air was X, = 0.012 kg1120)/Kg(dry air), according to the standard [5], then at the declared
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number of supply air changes z = 3.5 h~! the design specific indoor air humidity would
have reached the value of x; = 0.019 kg1120) / Kg(dry air) and exceeded the limit one.

In the D4 variant, the supply air volume flow rate for general ventilation was adopted
as in the D3 variant, and moreover, an additional local air supply was directed to the
lifeguard zone, assuming the air change rate in this zone z = 8 h~!. The total supply air
volume flow rate in this variant was the sum of the supply air volume flow rate for general
ventilation and local ventilation for the lifeguard zone. It was assumed that at a reduced
value of the air volume flow rate for general ventilation, as in the D3 variant, in the case of
higher than the limit value of specific indoor air humidity x;, an additional local air supply
directed to the lifeguards zone would be activated.

Figure 3 shows the view of the analysed swimming pool with the lifeguard zone
marked, which was located in the place of the actual lifeguard stand, by the south-eastern
wall. The following dimensions of the lifeguard zone were assumed: length 2.5 m, width
2 m, height 2 m. Therefore, the volume of this zone was 10 m?3, which, at the assumed
number of air changes in this zone z = 8 h~!, resulted in a supply air volume flow rate 80
m? for local ventilation. Local air supply to this zone was provided by a supply air grille,
with a surface of 0.027 m?, located directly above the centre of the zone and mounted on
the supply air duct at a height of 4.4 m above the floor level.

22

Ceiling inlet grille above
the lifeguard zone

Lifeguard zone

Figure 3. The view of the analysed swimming pool with the location of the lifeguard zone with local
air supply in the D4 variant.

In all analysed variants, apart from the day-time operation of the ventilation system,
the night-time operation mode was also considered (non-bathing period). It was assumed
that in the night-time mode, in the winter period, the ventilation system worked with 100%
recirculated air and it covered only heat losses. In the summer period the unit operated
continuously with outdoor air, removing moisture gains.

Energy analyses of each of the four variants D1-D4 were carried out taking into
account two methods of heat recovery in the air handling unit and two operating modes
of the air handling unit: day-time (bathing period) from 8:00 to 21:00 from Monday to
Friday and night-time (non-bathing period) from Monday to Friday from 21:00 to 8:00 and
on Saturdays and Sundays throughout the day. In the winter and transition periods in
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day-time mode, for all analysed variants, the following heat recovery methods in the air
handling unit were compared:

e  one-stage system with exhaust air recirculation (variants D1.1-D4.1),
e  two-stage system with recirculation and counter-flow heat exchanger (variants D1.2—
D4.2).

3.4. Determination of Boundary Conditions

To calculate the moisture emission from the pool water surface, the calculation formula
(2) was used, in accordance with the guidelines [6]. The selection of this calculation
method was made on the basis of previous research [29], in which six different methods
of calculating moisture emission from the pool water surface were analysed. Moisture
emission from the pool water surface was calculated according to the formula [6]:

iy = F-B-(pw— pi)-3600, kg/s ©)

In the day-time operating mode of the swimming pool, normal activity of swimmers
was assumed, therefore the moisture evaporation coefficient was B = 20 g/(m?-h-hPa),
while in the night-time mode the operation of the air handling unit with full air recirculation
and a calm water surface were assumed. The moisture evaporation coefficient was then
B =5 g/(m?-h-hPa), which reduced the emission of moisture. The indoor temperature was
lowered to t; = 29 °C at night. The specific indoor air humidity was assumed in accordance
with the sultriness curve for the swimming pools x; = 0.016 kg120)/Kg(dry air)- The supply
air volume flow rate was determined so as not to exceed the supply air temperature
tn =45 °C, in accordance with the regulation [30].

A detailed analysis of air treatment processes for all variants of the day-time mode was
carried out using the h-x and t-f, charts. In winter, based on the h-x charts, the maximum
supply air temperature was obtained and it was verified whether there was a need for a
preliminary heater in the air handling unit. The parameters of indoor air were set to ensure
that the limit value of specific air humidity x; = 0.016 kg120)/Kg(dry air) Was maintained in
the occupied zone. The indoor air temperature in winter period was 31 °C. In summer, in all
variants in the day-time operation mode it was assumed that the outdoor air was supplied
without changing its parameters. The indoor air temperature was therefore dependent on
the outdoor air temperature.

In the variants with one-stage heat recovery, in the day-time mode of the winter
period, the outdoor air was first mixed with the recirculating air in the mixing chamber
in a ratio that ensured the maintenance of the required indoor air relative humidity and
then the mixed air was heated in the heater to the appropriate supply air temperature.
In the D3.1 and D4.1 variants, it was necessary to use an additional preheater before the
mixing chamber to make sure that the air condition after mixing was not in the fog area
and undesirable dehumidification of the air, due to the condensation of moisture, did not
occur. Taking into account the required indoor air humidity, the operating periods of the
preliminary heater were set so that the mixing point was above the relative humidity line
@ =100%. In the D3.1 and D4.1 variants, the air was preheated to a temperature of 2 °C.

In the variants with two-stage heat recovery, in the day-time mode of the winter
period, first the heat was recovered from the exhaust air in the counter-flow heat exchanger,
then the recirculation air was mixed with the outdoor air in the mixing chamber, and finally
the air was heated to the required supply air temperature. According to the manufacturer’s
data, the efficiency of the counter-flow exchanger was assumed to be 96% in winter.

An exemplary h-x chart showing the ventilation air treatment processes for the D1.2
variant with two-stage heat recovery is shown in Figure 4.
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Figure 4. The h-x chart with the course of the ventilation air treatment process in winter and summer for the D1.2 variant

(with two-stage heat recovery); EW-E’'—first heat recovery stage, M-SW—second heat recovery stage.

Regardless of the day-time mode, in the night-time mode, the air treatment consisted
in heating the recirculation air to the supply air temperature selected so as to maintain the
required indoor air temperature.

The t-t, chart enables the presentation of the course of air temperature changes in
different parts of the ventilation system depending on the outdoor air temperature. On
the basis of the t-t, charts made for all variants of the day-time mode, the ventilation
air treatment processes were analysed depending on the outdoor air temperature in the
range from —20 °C to 30 °C and the following values were determined: the supply air
temperature tg, assuming that it was linearly dependent on the outdoor temperature
t, as well as the percentage share of outdoor air in the supply air n, = f(t,), periods of
operation of individual devices in the air handling unit and the periods of operation of
the air handling unit itself—winter, transitional and summer, which were needed in the
calculations using the IDA ICE software. It was also assumed that in the D3.1 variant the
preheater operated within the outdoor air temperature range t, < — 13 °C, and in the D4.1
variant—in the range of f, < — 5 °C. The share of outdoor air in the supply air and the
values of the outdoor air volume flow rate for all analysed variants of the day-time mode
in the winter and transition period are given in Table 1. In the summer period, the share of
outdoor air in supply air was 100%.

An exemplary t-t, chart showing the year-round course of the ventilation air treatment
process for the D1.2 variant with two-stage heat recovery is shown in Figure 5.
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Figure 5. The t-f, chart with the year-round course of the ventilation air treatment processes for the D1.2. variant with

two-stage heat recovery (markings as in the Figure 4).

Based on the analysis of air treatment processes, technological charts of ventilation
systems and configurations of ThermoCond 38 air handlings units [31] for each analysed
variant for the day-time mode were developed and the devices included in the air handling
unit were selected. This allowed to determine for each variant the following: the efficiency
of the counter-flow heat exchanger, the static pressure of the supply and exhaust fans and
the air temperature increase in the fan (0.3 °C in each variant), which served as data for the
calculations in the IDA ICE software.

In all variants, the route of ventilation ducts was adopted in accordance with the
actual one in the analysed swimming pool, but the dimensions of the ducts and fittings
were adjusted to the value of the ventilation air volume flow rate in each variant. In the
calculations of pressure losses in the supply and exhaust systems, pressure losses on the
supply and exhaust elements equipped with air dampers were taken into account. In the
D3.1 and D4.1 variants, the air flow resistance of the electric preheater was also considered.

Table 1 presents the boundary conditions for the energy analysis of the tested variants
of the ventilation system in the swimming pool.
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Table 1. Boundary conditions for the tested variants of the ventilation system operation.
Operation Mode
Day Night
Boundary Conditions Unit Variants with One-Stage Variants with Two-Stage Recirculation
Heat Recovery Heat Recovery
D11 D21 D3.1 D4.1 D1.2 D2.2 D3.2 D4.2 N
Indoor air temperature
- winter °C 31 31 31 31 31 31 31 31 29
- summer 32.6 33 342 34.2 32.6 33 34.2 34.2 29
Supply air volume flow rate for general m3/h 7120 5621 3113 3113 7120 5621 3113 3113 2320
ventilation
Supply air volume flow rate for local 3
ventilation m°/h 80 80
Share of the outdoor air in the supply air
- winter o 22.5 35.5 35.7 20.9 9.8 27.5 50 42.5 0
- transition ¢ 22.5 35.5 49.8 26.7 9.8 27.5 50 42.5 0
- summer 100 100 100 100 100 100 100 100 100
Outdoor air volume flow rate
- winter 31 1602 1996 1111 651 698 1546 1557 1323 0
- transition m*/ 1602 1996 1550 831 698 1546 1557 1323 0
- summer 7120 5621 3113 3113 7120 5621 3113 3113 2320
Static fan pressure (supply)
- winter Pa 531 480 383 467 538 487 390 408 290
- summer 553 497 391 407 757 638 451 469 290
Static fan pressure (exhaust)
- winter Pa 304 294 253 334 316 307 266 275 198
- summer 305 294 223 260 508 435 313 322 198
The efficiency of the counter-
flow heat exchanger .
- winter ? - - - - 9% 96 9 9 -
- summer - - - - 76.9 79.5 85.4 85.2 -




Energies 2021, 14, 1023

12 of 18

Heat and moisture gains were set in the software, as well. The total value of moisture
gains emitted from the pool water surface, calculated in accordance with [6], and the wet
floor was: for the D1 variants 0.0079 kg/s, for the D2 variants 0.0069 kg/s, for the D3 and
D4 variants 0.0066 kg/s. Heat gains from lighting lamps were 1 kW and from heaters in
winter about 5 kW. Heat gains from lamps and heaters were assumed on the basis of their
power values and the knowledge of how many devices were activated in the facility. It was
assumed that the heat gains from people in the water were not large and therefore were
not set in the program.

In IDA ICE software for the D1.1 and D2.1 variants with one-stage heat recovery,
an air handling unit with a mixing chamber was selected, and for the D3.1 and D4.1
variants, an air handling unit with a mixing chamber and an additional preheater was used.
For variants with two-stage heat recovery, a separate configuration of the air handling
unit equipped with a mixing chamber and heat exchanger was created from the software
components.

Figure 6 shows an example configuration of the air handling unit for the two-stage
heat recovery variants in IDA ICE software.

To introduce variable parameters dependent on the outdoor air temperature into
the IDA ICE software for all analysed variants of the ventilation system operation and
corresponding air handling unit configurations the setpoint controller was used in the form
of a function of outdoor air temperature. This option was used to declare the supply air
temperature tg = f(t.), the share of outdoor air in the supply air n, = f(t.) and the periods of
operation of the devices in the air handling unit.

Constant
temp. [*C]

r Setpoint for supply air temperature

[16.0  p~- Selectmethodhere : | Tair2

Fresh air flow in
the mixing box may
be modulated here:

[

Fan operation

oo P

Heat recovery 5 :
exchanger V ¢,
¥ AirSupply B P—— g j — "U > @E:
» i 0 %: 1
@ 0 ) ==l
‘ 8 -_j,,f epAird1.0 v !nAi 0 dPmax=390 Pa

- A — == . eta=0.59
¥ AirExhaust B=—F %4 Mixing ‘ ‘\ L
box 3 ﬂ: H= Exhaust
dPmax=266 Pa air fan
— eta=0.59

i Supply

Heater air fan

¥

Figure 6. An example of an air handling unit configuration for variants with two-stage heat recovery in the IDA ICE

software.

4. Results

Adopting different assumptions for the calculation of ventilation air volume rate in
the swimming pool, based on various recommendations, resulted in their different values.
Adopting according to [5], with a lower number of air changes than recommended in
Poland, resulted in a reduction of the air volume flow rate by over 20% (the D2 variant),
and the application of German standards [6] reduced the supply air volume flow rate by
over half (the D3 variant), as summarized in Table 1.

In Poland, the regulation on the methodology for determining the energy performance
of a building [32], which is based on the standard [33], is used for the energy assessment
of buildings. According to this regulation, the energy assessment covers the annual energy
demand of the building for heating and ventilation systems, domestic hot water preparation,
cooling, built-in lighting installations and for auxiliary devices used in these systems.
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As a result of these calculations, three energy indicators are obtained: the annual
demand for useful energy, final energy and non-renewable primary energy. They are
related to the size of the heated /cooled area and are expressed in kWh/(m?-year).

On the basis of the simulations the annual final energy and non-renewable primary
energy indicators (related to 1 m? of the facility surface area) were determined. To calculate
the non-renewable primary energy indicators in the software, the coefficients of non-
renewable primary energy expenditure for the production and delivery of energy or energy
for technical systems: for electricity—value 3.0 and for fuel—value 1.1, were assumed in
accordance with the regulation [32]. The air was heated by the water heater for which the
working medium was prepared in the gas-fired boiler.

Figure 7 presents the values of the indicators of the annual demand for final energy for
the analysed variants of the ventilation system operation. In the Figure 8 the indicators of the
annual demand for non-renewable primary energy are presented. Both figures specify the
energy for heating the ventilation air (for heating the working medium in the water heater) and
the electricity needed for its transport (for supplying the fans), and in the D3.1 and D4.1 variants
also for powering an electric heater. The results presented for all variants are the sum of the
energy consumed during day-time and night-time operation modes of the air handling unit.
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Figure 7. Indicators of final energy demand for the analysed variants of ventilation system operation.
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Figure 8. Indicators of non-renewable primary energy demand for the analysed variants of ventilation
system operation.
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5. Discussion

The highest final energy demand (Figure 7) was obtained in the D1.1 and D2.1 variants,
i.e., in one-stage heat recovery and with the highest ventilation air volume flow rate. The
amount of auxiliary electricity demand accounted for 8% to 17% of the total final energy.
The highest final energy for heating the ventilation air occurred in the D2.1 variant with
one-stage heat recovery. The least energy was required for this purpose for the D3.2 variant
with two-stage heat recovery. The difference was 15% of the higher value. For each supply
air volume flow rate, the variants with two-stage heat recovery were characterized by a
lower demand for final energy for air heating than the variants with one-stage heat recovery.
There was lack of correlation between the supply air volume flow rate and the final energy
demand. In the D2.1 and D2.2 variants, the demand for energy for heating the ventilation
air was higher than in the D1.1 and D1.2 variants, despite a lower value of the total supply
air volume flow rate. This was due to the higher share of external air in the supply air in
the D2.1 and D2.2 variants compared to the D1.1 and D1.2 variants, respectively. A similar
regularity could be noticed when comparing the variants with electric heater D3.1 and D4.1.
The figure also shows that the demand for electricity decreased along with the decrease in
the air volume flow rate. Final energy consumption was higher in the case of air handling
unit with two-stage heat recovery, which resulted from additional pressure losses due to
the air flow through the counter-flow heat exchanger.

Conclusions regarding the results of calculations of indicators of non-renewable
primary energy demand for each variant (Figure 8) are similar to those for the indicators of
final energy demand. In order to lower these values, the use of renewable energy sources
such as heat pumps and photovoltaic installations should be considered.

Figure 9 presents how the reduction of the ventilation air volume flow rate in the
D2, D3 and D4 variants for one- and two-stage heat recovery influenced the change in the
annual final energy demand for the ventilation of the swimming pool in comparison to the
variant D1, with the highest value of the ventilation air volume flow rate.
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Figure 9. Change in the final energy demand after reducing the ventilation air volume flow rate in
the D2, D3 and D4 variants in comparison to the D1 variant.

In the D2 variant (z= 6.3 h™!) in comparison to the D1 variant (z = 8 h~1), the final
energy demand didn’t increase for one-stage heat recovery and increased by 1.8% for
two-stage heat recovery. This was due to the higher share of outdoor air in the supply air
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in this variant, which resulted in an increase in the demand for ventilation air heating by
4.8% for one-stage heat recovery and by 7.8% for two-stage heat recovery.

In the D3 variant (z=3.5h"!) in comparison to the D1 variant (z = 8 h~1), the final
energy demand was reduced by 10.5% for one-stage heat recovery and by 12.6% for two-
stage heat recovery. This was mainly due to the reduction of electricity consumption by
56.8%, as the final energy consumption for ventilation air heating decreased only a little,
ie., by 2.4% =+ 3.0%.

In the D4 variant (z = 3.5 h~! with additional air supply to the lifeguards zone), really
small difference in final energy demand was obtained—only about 1% in comparison to
the variant D3, which means that supplying an additional ventilation air volume flow rate
to the lifeguard zone had no significant impact on the energy demand of the swimming
pool.

Figure 10 presents the effect of the application of two-stage heat recovery on the
annual reduction in final energy. The highest energy savings occurred in the D3 variant
and amounted to 8%, while the lowest occurred in the D2 variant and amounted to 4.1%.
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Figure 10. Change in the final energy demand after applying two-stage heat recovery in comparison
to one-stage heat recovery.

Due to the use of the heat exchanger, energy savings for ventilation air heating were
obtained from 5.3% in the D2 variant to 8.6% in the D3 variant, but at the same time there
was an increase in electricity consumption from 3% in the D2 variant to 6.8% in the D1
variant, which was caused by an increase in pressure losses due to the air flow through the
heat exchanger and thus an increase in energy consumption to drive the fans.

Currently, in designing the ventilation of swimming pools, the goal is to make the
ventilation systems as energy-efficient as possible. The reduction of energy demand is
often achieved by reducing the ventilation air volume flow rate, while accepting that it
will result in deterioration of thermal comfort conditions in the swimming pool. The worst
period of the year due to increased air humidity is summer. For the analysed variants, in
this period, the air humidity content x; was 0.013 (the D1 variant), 0.016 (the D2 and D3
variants) and 0.019 kgt120)/ Kg(dry air) (the D4 variant). The value for the D4 variant was
for general ventilation, as exceeding the limit value would not be experienced by people
submerged in water. At the same time, a favorable value of the local air volume flow rate
for swimming pools was supplied to the lifeguards zone. This should ensure better air
mixing and, as a result, an improvement in thermal-moisture conditions in this zone. To
ensure adequately low air humidity in the whole swimming pool, air dehumidifying could
be applied. The use of it would increase the energy consumption.
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The paper focused mainly on the aspects related to energy consumption of the swim-
ming pool ventilation process. The basis of the conducted energy analyses is the assumption
that the indoor air is perfectly mixed. This assumption is justified because the facility used
mixing ventilation with the flow of air from the bottom to the top of the facility, i.e., in
the direction of water vapor flow. It is also the most popular air distribution solution in
swimming pools. Two variants of this solution are most often used. In the first one, the
air is supplied by slot diffusers located in the floor along the windows on both sides of
the facility and removed by exhaust elements under the ceiling, centrally over the pool
basin—it allows uniform ventilation of the whole swimming pool, so this solution is used
even in the case of objects with large cubic capacity. In the second one, the air is supplied
along one, mostly glazed wall, while it is exhausted under the ceiling on the opposite side
of the hall—the lack of symmetry in the air distribution may deteriorate the quality of
ventilation of a part of the facility, so this solution is mainly used in smaller swimming
pools, one-side glazed, long but narrow and less high. This variant of air supply was
applied in the analysed facility.

A very important issue is, therefore, the correct selection of air distribution solution
in the swimming pool, which determines the efficiency of removing moisture and con-
taminants and obtaining appropriate homogeneous environmental conditions. The paper
proposed a solution (the D4 variant) to improve the work comfort of lifeguards by installing
an additional local air supply. This solution, apart from the reduced energy consumption,
due to the local air supply, should ensure lower air humidity in this place in comparison
to the rest of the facility. The effectiveness of such a solution would need to be further
investigated.

6. Conclusions

Indoor swimming pools are sports facilities characterized by significant annual energy
consumption, mainly for ventilation, heating and pool water preparation. Therefore, an
important research problem is to analyse the possibilities of reducing this consumption.
Taking into account the number of school swimming pools in Poland, which account
for about 23% of the total number of training and recreational swimming pools, one of
them was selected for energy analyses of the ventilation system. The evaluation of energy
consumption of ventilation processes in this facility included the treatment and transport
of ventilation air. It was determined how the reduction of the supply air volume flow rate
affected the annual energy consumption for the ventilation of the swimming pool, and
also how it could be reduced by using two-stage heat recovery in the air handling unit
compared to one-stage heat recovery.

Based on the results of conducted energy simulations for the analysed swimming pool
at various values of the ventilation air volume flow rate and various variants of the air
handling unit operation, it was found that:

e  The reduction of the supply air volume flow rate resulted in reduced energy expendi-
ture on ventilation. The biggest energy saving was obtained in the case of electricity
needed for ventilation air transport (for supplying the fans). The difference in final en-
ergy demand between the D1 variant with the highest air volume flow rate compared
to the D3 variant with the smallest air volume flow rate was about 3% for heating the
ventilation air and about 58% for electricity, which was about 12% of the total energy
consumption.

e  The application of the local air supply to the lifeguards zone (the D4 variant) only
slightly influenced the change (by 1%) in final energy demand for the ventilation
system. Such a solution requires further investigation due to the expected improve-
ment in air quality in the lifeguards zone with only a slight increase in total energy
consumption of ventilation system.

e Asaresult of using two-stage heat recovery instead of one-stage heat recovery, the
highest final energy saving of 8% was obtained for the D3 variant with the smallest air
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volume flow rate. A smaller effect of the application of two-stage heat recovery was
obtained in the D2 variant, in which the final energy saving was 4.1%.

Further research in the field of energy analyses for swimming pools should concern
the impact of the application of renewable energy sources and methods of automatic
regulation of the ventilation system on the total energy consumption. For this reason, it
is planned to analyse the impact of the heat pump application, instead of a counter-flow
heat exchanger, in a two-stage heat recovery system on energy demand in the ventilation
process. However, in this case, it will be necessary to examine the impact of the heat pump
evaporator defrosting on the energy consumption.
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Abbreviations
VS supply air volume flow rate (m3/h) W total mass flux of emitted moisture (kg/h)
partial pressure of water vapor . mass flux of emitted moisture
Pi At room air dew point (kPa) Mo from pool water surface (kg/h)
pw partial pressure of water vapour F pool water surface (m?)
at the saturation state and « specific air humidity of supply
the temperature of water surface (kPa) s air (kg HyO/kg dry air)
t; indoor air temperature (°C) Xj specific air humidity at room air
te outdoor air temperature (°C) dew point (kg HyO/kg dry air)
ts supply air temperature (°C) Xe  specific air humidity of
ps  air density of supply air (kg/m3) outdoor air (kg HyO/kg dry air)
@e outdoor air relative humidity (%) ne  share of outdoor air in supply air (%)
z air changes per hour (h~1 B evaporation coefficient (g/ (m2hhPa))
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