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Abstract: Air handling units are usually used to maintain the thermal and humidity parameters
in indoor swimming pools that are used for lap swimming and recreation. Their use throughout
the year consumes much more energy than, for example, air conditioning in residential or office
buildings. Their considerable energy consumption is due to the need for their continuous operation
to remove moisture gains from the evaporation of water and to heat the air and cover the heat
losses of the pool. It is possible to design ventilation devices in such a way that the operating
costs will be reduced, and the environmental impact will be significantly reduced. In this article,
six different ventilation units in which different heat sources are used to heat the ventilation air have
been evaluated; the selection of which was based on the most commonly used solutions. The results
of the analysis are aimed to show which of the available heat sources is the most advantageous
in terms of global and operating costs, and in terms of low CO2 emissions. Indicators of both the
final and primary energy consumption, as well as the operating and global costs, were determined.
The recommended solution that was chosen was the one that had both the lowest cost index (18–20%
lower than most ecological sources) and the low primary energy index (8–13% higher than most
ecological sources). The results showed that a heat pump in the ventilation unit proved to be the
most beneficial solution. Unfortunately, this solution is rarely used due to its high investment costs
(20% higher). However, the results have shown that the investment cost of using an advanced air
handling unit will be recouped in only two to three years. Also, the global cost for units with a heat
pump proved to be the lowest, despite high investment cost.

Keywords: swimming pool ventilation; heat pump; energy-efficiency; economical assessment of
ventilation; ecological assessment of ventilation

1. Introduction

1.1. Energy-Saving Solutions for Swimming Pool Ventilation

Preparing ventilation air is a process that consumes large amounts of energy; this process is seen
most in indoor swimming pools where the internal temperature is at least 30 ◦C, and the relative
humidity is 55–60% [1,2]. Due to the significant moisture gains, the ventilation air stream in these
facilities is considerable. Heat exchangers that can extract heat from exhaust air, heaters, and more
often, heat pumps are used to heat the ventilation air. Air recirculation is also used, although this is
mainly done to ensure adequate dehumidification potential [3–8].
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Due to a high indoor temperature and relative humidity, indoor swimming pools are expensive
to operate; [9,10] energy, which is becoming increasingly expensive, is used to provide the proper
conditions for people using the swimming pool facilities [11,12]. In these facilities, energy in the form
of heat and electricity is consumed to ensure the appropriate thermal and humidity parameters of the
air, preparing the swimming pool’s water in terms of hygiene and temperature, as well as lighting,
administration, and the service premises of the facility, such as heating shower water, drying hair, etc.
All of these expenses make the costs of running swimming pool facilities very high.

Due to their high energy consumption, swimming pools also have a huge carbon footprint [11].
Numerous studies on energy consumption in swimming pool facilities and the energy-saving solutions
used in these facilities can be found in the literature [13–16]. Reducing the energy consumption in
these facilities is recommended as this will lead to a reduction in CO2 emissions [11].

One solution leading to a reduction in the energy consumption in heating the ventilation air and
the pool water that has been proposed is active control of the water and air parameters as a function of
pool loading and the time of day. This is affected by the variability of the evaporation of water from
the swimming pool and any wet surfaces, as well as the impact of solar radiation on the heating of the
swimming pool hall [17].

A good solution that can lead to a lower primary energy index is the use of renewable energy
sources, including solar energy. However, such a solution can only be used in countries with a warm
climate, where access to solar energy is better, and thus more profitable [18–20]. Using a solar-assisted
heat pump for heating pool water is also recommended [21].

In the literature [1,3,4,6,18,22], the use of heat pumps to recover heat from ventilation air to heat
the supply air and possibly the pool water has been proposed. A heat pump can operate in a ventilation
unit alone or in cooperation with a heat recovery recuperator, thus creating a two-stage system for heat
recovery from ventilation air. The heat pump in swimming pool ventilation units works with the same
stable thermal parameters throughout the year, which means that high coefficient of performance COP
heating coefficients can be obtained at a level of five to six. But is a heat pump an ecological source
of heat?

1.2. Pool Air Handling Units

There are two main types of air handling units that are used in indoor swimming pools around
the world. A simpler and, at the same time, cheaper solution is pool air handling units equipped
with a crossflow heat exchanger for heat recovery and air recirculation. This two-stage heat recovery
provides the potential for dehumidification, i.e., controlling the moisture content in the supply air;
the control panel of such a system is shown in Figure 1.

Figure 1. Swimming pool ventilation unit with heat recovery recuperator and water heater [23]:
SU—supply air parameters, I—indoor air parameters, EX—external air parameters, M1—air parameters
in the internal recirculation mixing chamber, HE—air parameters after the heat exchanger on the supply
side, HE′—air parameters after the heat exchanger on the exhaust side.
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There is a more complicated device that is also recommended for swimming pool facilities [1,23],
which is an air handling unit with three-stage heat recovery, i.e., a heat pump and a recuperator for
heat recovery is used to recover heat and ensure the proper supply air parameters. The air condenser
of the heat pump is placed in the air supply section of the unit and heats the air; this either replaces the
heater or reduces its power requirements. The evaporator located in the exhaust section is a lesser
source of heat and recovers the sensible and latent heat from the air that has been removed from the
pool hall (Figure 2).

Figure 2. Swimming pool ventilation unit with a heat pump and an air and water condenser [23]
M2—air parameters in the external recirculation mixing chamber, HPE—air parameters after the heat
pump’s evaporator, HPC—air parameters after the heat pump’s condenser (other points as in Figure 1).

In order to ensure the proper supply air parameters, heat should be supplied to the heater (Figure 1)
or electricity and heat should be supplied to the heat pump and heater (Figure 2). Heat sources can
have different energy and ecological parameters, which can affect the assessment.

1.3. Heat Sources for Heating Ventilation Air

Heat sources in swimming pool facilities are used to prepare hot water for various purposes in
the pool facility; the hot water is used for:

• Heating the swimming pool water;
• The heating system—convection or floor heating installation;
• Ventilation air heating;
• Heating domestic hot water, including showers.

Heat sources for heating water may be different; their use is determined by access to the location
of the pool and the technological capabilities of the facility. Popular heat sources in swimming pool
facilities include:

• Substation supplied by the district heating network (with or without cogeneration);
• Gas boiler;
• Biomass boiler;
• Electrical energy (power supply for electric heaters or heat pumps);
• Solar energy.

In Poland, the source of heat for heating water in indoor swimming pools is usually district
heating. It is a solution that is recommended for places where such a heating system is available;
the Building Law also requires its use in Poland [24]. Such a recommendation can also be found in
the literature [25,26]. A gas boiler can be another source of heat that is often used for heating water;
this solution is used in places where it is not possible to connect the object to the heating network and
where there is access to the gas network.

A heat pump can also be another source of air heating in a ventilation unit; the air is heated in an
air condenser (upper heat source of the heat pump). The condenser can only be used as an air-heating
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condenser or a double condenser to heat air and the pool water. This solution in swimming pool units
allows for optimal use of the heat pump throughout the year.

The type of fuel used in the heat source translates into the primary energy consumption for
the needs of the given process. Depending on whether the energy is obtained from a renewable or
non-renewable source and to what extent renewable components are used to produce it, the coefficient
of non-renewable primary energy input will be different. A list of the coefficients of non-renewable
primary energy input for fuels or energy used as heat sources for heating water and ventilation air is
presented in Table 1 (according to the regulations in Poland [27] and data from heat suppliers).

In order to analyze the primary energy consumption of the air handling unit, the electricity
consumption of the supply and exhaust fans in the unit and the electricity consumed to drive the
compressor of the heat pump in the ventilation unit and the pumps supplying the heater should be
taken into account.

Table 1. Input coefficients of non-renewable primary energy (wi), conversion efficiency ηg and the CO2

emissions for selected sources for heating ventilation air and pool water.

Heat Source for
Heating

Ventilation Air or
For Circulating It

Fuel/Energy Type

Input Coefficients of
Non-Renewable

Primary Energy (wi)
(−)

Conversion
Efficiency 1

ηg (%)

CO2
Emissions 2

(kgCO2/kWh)

Air heater
District
heating

With cogeneration 0.8 [27] 99 0.246
No cogeneration 1.3 [27] 99 0.392

MDH Poznań 2016 0.624 [28] 99 0.192
MDH Poznań 2018 1.05 [28] 99 0.323

Natural gas 1.1 [27] 96 0.207
Heat pump
condenser Electricity 3.0 [27] 5.0–5.5 3 225.6

Heat pump
compressor Electricity 3.0 [27] 5.0–5.5 3 225.6

Fans Electricity 3.0 [27] 100 225.6
1 Only for heat/energy recipient, 2 [29,30], 3 COP—coefficient of performance for a heat pump in a ventilation unit
for swimming pools.

1.4. Research Gap and Scope of the Research

Heat pumps are recommended for use in swimming pool facilities. The heat pump as a source of
air heating works most effectively when the lower and upper heat sources have a relatively constant
temperature throughout the year. In swimming pools, the parameters of indoor air are constant and
practically independent of the season, which guarantees that the heat pump can work effectively.
This leads to low energy consumption of the air preparation system. Although heat pumps have
advantages, they are not commonly used. Air handling units with heat pumps are more expensive
investments, compared to units without heat pumps. That is why many investors, especially public
ones, decide to buy cheaper devices. This article calculates the indicators of final energy, primary
energy, and the operating costs in order to demonstrate the advantages of air handling units with heat
pumps in both economic and ecological terms. Analyses of heat pump air handling units have been
presented in various articles in the literature; however, there have been no analyses of primary energy
consumption indicators and operating costs as well as CO2 emissions and the payback time of installing
a more expensive device. Such analyses are necessary to show investors and pool operators that more
investment-expensive solutions should be considered. Application of more expensive ventilation
units may be more advantageous in terms of total global costs and operating costs. The comparative
analysis includes a unit with both recirculation and a heat recovery exchanger with a water heater
and a unit additionally equipped with a heat pump with an air condenser. The heat consumption
necessary to heat the ventilation air will be calculated to ensure the correct temperature and humidity
of the supply air and the consumption of final energy and primary energy, as well as the operating
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costs of all the solutions and the simple payback time for the heat pump solutions and global costs for
different situations.

There are publications in the literature in which economic analyses have been described, but they
concerned water heating [22] or the use of a heat pump for dehumidification of air and water heating
only [8]. In both publications, the authors stated that the use of a heat pump is a good solution from
an economic point of view; the analyses in this paper concern all of the processes needed for air
preparation. There are also studies analyzing the energy and ecologic aspects of the use of a heat pump
as a heat source, but the use of a heat pump for heating a single-family house was analyzed [31,32].
However, they did not analyze the air-to-air heat pump and its use in the swimming pool.

The article has also determined the CO2 emissions produced by the preparation of ventilation air;
this has been done because analyses have shown that swimming pools have a high energy consumption
which results in a huge carbon footprint [11].

Heat pumps are evaluated as the most advantageous in terms of energy [1,31,32]. When the
ecological aspect is analyzed, heat pumps are indicated as definitely better than electric boilers,
comparable to gas boilers, and sometimes even worse than coal boilers [32], but those analyzes were
performed for a small single-family house. The comparison in the article includes a comparison of a
non-renewable and a renewable source, to produce the designed parameters of ventilation air to have
a better view of all available options. Economic analysis will be conducted to present an economic
analysis, in order to decide which type of ventilation unit is optimal for a swimming pool facility.

1.5. Research Goal

The performed analyses are aimed at checking whether the air-to-air heat pump as a source of
heat for the preparation of ventilation air is an economical and ecological heat source at the same
time. The indicators adopted to compare the variants will be primary energy index EP, CO2 emission,
simple payback time SPBT, as well as global costs. The selection of the recommended option will be
based on the lowest primary energy consumption index and the lowest CO2 emissions (ecological
factors) combined with the lowest operating costs and a short payback time and low global costs
(economic factors).

The results of the analysis can be used by investors to decide if investing in a more expensive
solution for their swimming pool may be profitable.

2. Materials and Methods

Usable energy demand calculations QH,nd were performed using an hourly time step. Calculations
were based on using the air handling unit operation algorithm described in detail in the article [1].
Air parameters were calculated at each point of the air handling unit, and then the power of the
devices and the amount of energy that should be supplied to the devices were determined to ensure
proper parameters inside the swimming pool. Calculations made with the developed algorithm
were validated in a real swimming pool facility. Final energy calculations, which are the basis for
determining ecological and economic indicators, were made in accordance with the equations and
relationships described in Section 2.

2.1. The Algorithm for Assessing Each Variant

The selection of the recommended solution for each variant was implemented based on the
minimization of the operating cost index CH+el and global cost index Cg and minimization of the
primary energy index EPH+el. The scheme of the algorithm that was used to determine these indicators
is shown in Figure 3.
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Figure 3. Selection of the ventilation unit based on the minimization of the operating costs, the global
costs, simple payback time (SPBT), and the primary energy index and CO2 emissions.

The calculations of usable energy consumption were based on the methodology described in
detail in the literature [1]. Ratajczak and Szczechowiak [1] described the equations of air state after it
flows through successive devices in the air handling unit. Based on the equations described in [1], it is
possible to determine the usable energy for heating the ventilation air (QH,nd). The same algorithm was
used to calculate the usable energy in this article. The values calculated according to this methodology
are shown in gray (Figure 3). The calculations marked in black were carried out according to the
method prepared for this article.

The article focuses on the calculation of final energy, i.e., taking into account the efficiency of the
installation and the production of energy carriers. Analyses were performed on operating and global
costs based on the final energy value. The method of determining these indicators as well as the SPBT
index, the primary index, and the CO2 emission were given. As the calculation of usable energy is
complicated, it was decided to be based on the previously described method (earlier article by the
authors [1]), where a detailed method of determining the usable energy is described.

2.2. Variants

Annual analyses of an air-handling unit, based on climate data (temperature, relative humidity,
solar radiation intensity) for the city of Poznań in Poland, were carried out for data from a typical
meteorological year (TRY) [33]. The selected ventilation unit was for a separate pool basin zone in a
facility where the pool has dimensions of 12 × 25 m = 300 m2, i.e., for a traditional sports pool (B1) and
for a recreational pool (B2) also with an area of 300 m2. Detailed data for the analyzed pool hall are
shown in Table 2 [1].
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Table 2. General data of the analyzed pool for the two variants B1 and B2.

Parameters of the Swimming Pool B1—Sport B2—Recreational

Pool Basin Area AP 300 m2
P 300 m2

P
Size of the Pool Basin - 25 × 12 m irregular
Water Temperature tw 28 ◦C 30 ◦C

Indoor Air Temperature tI 30 ◦C 32 ◦C
Area of the Windows AW 220 m2 220 m2

Area of the External Walls AEW 1200 m2 1200 m2

Internal Volume Vi 3800 m3 3800 m3

Heat Transfer Coefficients UWINDOWS 1.30 W/(m2.K) 1.30 W/(m2.K)
UEXTERNAL WALLS 0.25 W/(m2.K) 0.25 W/(m2.K)

UAVERAGE 0.48 W/(m2.K) 0.48 W/(m2.K)
Total Heat Losses HTR+INF 670 W/K 670 W/K
Number of Users N 48 48
Opening Hours - 6:00–22:00 6:00–22:00

Considering the recommendations that all analyses should be carried out by taking the appropriate
thermal comfort parameters into account [11], it is worth noting that all of the analyses assume that
comfortable conditions prevail in the analyzed pools.

The amount of heat required to heat the ventilation air
.

QH was calculated on the basis of detailed
calculations of the thermodynamic state of the air at each point of the air handling unit; detailed
calculation formulas have been discussed in the literature [1]. The formula for calculating the amount of
heat depends on the type of air handling unit and uses the calculated air enthalpy values: SU—supply,
M1—in the mixing chamber, HP—after the heat pump condenser.

For units without a heat pump AHU1:

.
QH =

.
mSU·(hSU − hM1) [kW] (1)

For units with a heat pump AHU2:

.
QHPC

=
.

mSU·(hSU − hM1) [kW] (2)

The formulas for the calculation of enthalpy, as well as for air parameters in accordance with
the operating mode of the air handling unit are described in detail in [1]. Due to the range of the
method, the descriptions of the formulas are not provided because this article focuses on the analysis
of economic and ecological indicators, and not on usable energy.

2.2.1. Analyzed Air Handling Units

Two variants of ventilation units were analyzed for two pool variants: swimming pool (B1) and
recreational pool (B2):

(1) Air handling unit AHU1, with a crossflow heat exchanger with 73–83% total heat recovery
efficiency (assumed average of 78%) as well as recirculation and a water heater (Figure 1).

(2) Air handling unit AHU2, with a heat exchanger with 73–75% total heat recovery efficiency
(assumed average of 74%), a heat pump (with an air condenser), and a heat exchanger (Figure 2).

According to the VDI 2089 guidelines [34,35], the supply airflow VSU is: for pool (B1)—50 m3/(h.m2
P),

for pool (B2)—70 m3/(h.m2
P). For pools with a water surface area of 300 m2—the size of the ventilation

units is as follows: pool B1—VSU = 15,000 m3/h; B2 pool—VSU = 21,000 m3/h.
An analysis of the AHUs that are commercially available determined the power of the supply (PSU)

and exhaust (PEX) fans for variants without a heat pump and with a heat pump—with an available
pressure of 300 Pa. The following equations are our elaboration based on a series of types of swimming
pool ventilation units from DanTherm (Denmark) [36].
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(1) Air handling unit AHU1:

PSU = 0.0242 V2
SU + 1.0748 VSU + 0.02, [kW], where VSU [m3/s], PSU [kW];

PEX = 0.0279 V2
SU + 0.9794 VSU + 0.04, [kW].

(2) Air handling unit AHU2:

PSU = 0.0493 V2
SU + 1.0036 VSU + 0.12, [kW];

PEX = 0.0621 V2
SU + 0.8686 VSU + 0.14, [kW].

In both cases, the airflow range is: 2.5–9.5 m3/s.

2.2.2. Devices for Heating the Ventilation Air

Due to the possibility of using different heat sources to heat the ventilation air, various possible
heat sources will be compared. The following variants of air heating devices were adopted:

(1) A water heater supplied with water heated by a gas boiler (AHU1);
(2) A heater supplied with process water heated in the heat exchanger supplied (AHU1);

A. Municipal District Heating MDH with cogeneration;
B. Municipal District Heating MDH without cogeneration;
C. From MDH Poznań 2016;
D. From MDH Poznań 2018.

(3) A heat pump condenser and a water heater (AHU2).

For comparison purposes, in relation to the heat pump, it was decided to compare the air heater
powered by natural gas, district heating with three different rates of input coefficients of non-renewable
primary energy. Different sources of district heat were taken for the calculation: when heat is generated
with cooperation and without cogeneration, as well as when the heat is generated with a large share of
biomass (MDH Poznan 2016) and with a small share of biomass (MDH Poznań 2018). It was decided to
choose such solutions because the values of the MDH indicators in Poznań in 2016 differ significantly
from the values of the indicators in Poznań in 2018.

It was decided to analyze the district heating as a heat source with the use of various indicators of
non-renewable primary energy input and CO2 emission rates (Table 1) in order to present whether this
heat source is the most beneficial and stable in terms of its ecological parameters. The above-mentioned
indicators for the same heating network in 2016 and 2018 differ significantly, because in 2016 the share
of biomass for heat generation in the plant was large, while in 2018 this share decreased due to the
failure of the combustion unit.

2.2.3. Heat Pump in the Air Handling Units (AHU2)

The heat pump as a heat source for heating the ventilation air works in the following system:
the evaporator is located in the exhaust part and is the lower heat source, and the condenser is located
in the supply part and is the upper heat source. The evaporator dries and cools the air removed from
the pool, which has a relatively constant temperature throughout the year (temperature 30–34 ◦C and
relative humidity 55–60%). The condenser heats the supply air to a relatively constant temperature,
which varies between 10–15 K in a moderate climate throughout the year. This phenomenon occurs
because in the air handling units dedicated for the swimming pool there is recirculation and a heat
exchanger. Thus, the air before the condenser is already preheated. Due to constant air parameters
before the condenser and evaporator, the COP of the heat pump is quite stable and varies within a very
narrow range. For DanTherm (Denmark) swimming pool air handling units with recuperator and heat
pump with air condenser and double condenser (water and air)—COP is in the range of 6.2–6.4 under
test conditions [36]. For the purposes of the analyses, SCOP (seasonal COP) = 5.1 was assumed.
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2.2.4. Fans and Pumps in the Air Handling Units

The following parameters of the fans and the pumps supplying the heaters were adopted:

(1) Supply air streams VSU of 50 m3/(h·m2
P) and 70 m3/(h.m2

P)—these are air streams that are
able to receive moisture gains from evaporation in the swimming pool and the recreational
pool, respectively;

(2) Supply airflow during the day: B1 pool—15,000 m3/h; B2 pool—21,000 m3/h; at night between
10:00 p.m. and 6:00 a.m. the airflow was reduced by 20% for both pools;

(3) Nominal powers of the fan motors and the devices for the B1 pool—15,000 m3/h:

a. Air handling unit with recuperator and heater (without heat pump)—PSU = 4.0 kW;
PEX = 3.7 kW; annual electricity consumption—188 kWh/(m2/year);

b. Air handling unit with a recuperator, a heater, and a heat pump—PSU = 5.2 kW; PEX = 5.0 kW;
annual electricity consumption—250 kWh/(m2/year);

c. Heater circuit pump—75 W; annual electricity consumption 2.2 kWh/(m2/year).

(4) Nominal powers of the fan motors and devices for the B2 pool—21,000 m3/h:

a. Air handling unit with recuperator and a heater (without a heat pump)—PSU = 8.8 kW;
PEX = 9.4 kW; annual electricity consumption—467 kWh/(m2/year);

b. Air handling unit with a recuperator, heater, and a heat pump—PSU = 9.7 kW; PEX = 5.0 kW;
annual electricity consumption—250 kWh/(m2/year);

c. Heater circuit pump—125 W; annual electricity consumption 3.7 kWh/(m2/year).

2.2.5. Efficiency of the Air Heating Installations

Production and transfer of heat from the source to the heater or pool heat exchanger are associated
with losses; these losses can be included in the total efficiency value. The overall efficiency is influenced
by the generation efficiency—ηg, regulation efficiency—ηe, distribution efficiency−ηd, and storage
efficiency−ηs as follows:

ηtot = ηg·ηe·ηd·ηs (3)

The generation efficiency for each analyzed heat source is presented in Table 1. The regulation
efficiency for each heat source was assumed to be 97%, the distribution efficiency for the system
with a heat pump inside the unit and an electric heater, due to the lack of external wires was 100%;
in comparison, this value was 96% for the other heat sources. Accumulation did not occur in the
analyzed cases. The total efficiency value for each variant is presented in Table 3.

Table 3. Analyzed variants.

Variant
Air

Handling
Unit

Heat Source for Heating the
Ventilation Air or For Pumping Air

Total
Efficiency

(%)

Coefficient of the
Non-Renewable Primary

Energy Input wi (−)

Fuel/Energy
Unit Costs 1

ci (PLN3/Unit)

1 AHU 1 Water air heater—with cogeneration 92 0.8 0.20 PLN/kWh
2 AHU 1 Water air heater—without cogeneration 92 1.3 0.21 PLN/kWh
3 AHU 1 Water air heater—MDHPoznań 2016 92 0.624 0.19 PLN/kWh
4 AHU 1 Water air heater—MDHPoznań 2018 92 1.05 0.19 PLN/kWh
5 AHU 1 Water air heater natural gas 92 1.1 0.20 PLN/kWh
6 AHU 2 Heat pump condenser 2 SCOP 3.0 0.50 PLN/kWh

1–6 AHU 1,2 Fans 100 3.0 0.50 PLN/kWh
6 AHU 2 Heat pump compressor 100 3.0 0.50 PLN/kWh

1 According to average net values in Poland (April 2020), referred to as final energy, 2 for air handling units COP = 5.1,
3 1 € = 4.25P LN.

2.2.6. Summary of All the Analyzed Variants

A summary of all the variants that were analyzed is presented in Table 3.
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2.3. Determination of the Final Energy and Primary Energy Indicators

2.3.1. Final Energy Indicator

Final energy indicators are based on the calculation of the amount of heat necessary to heat the
ventilation air during the year. For each variant, the amount of heat that must be transferred by the
heater, regardless of its type, depends on the operational efficiency of the recuperator for heat recovery,
the temperature of the air in the pool, the heat losses of the hall, and the control algorithm; final energy
is denoted as QH,nd. However, the amount of final energy depends on the total efficiency of the air
heating installation.

The final energy indicator for air heating of air handling units without a heat pump can be
calculated according to the following Formula (4):

EKH =
QH,nd, i

ηtot,i

 kWh
m2

P·year

 (4)

where,
EKi—final energy of the heating process (EKH),

[
kWh/

(
m2

P·year
)]

;

QH,nd, i—amount of heat required to heat the air (QH,nd),
[
kWh/

(
m2

P·year
)]

;
ηtot,i—efficiency of the air heating system (Table 2), [−].

The final energy indicator for heating the air of the AHU with a heat pump can be calculated
according to the following Formula (5):

EKH =
QH,nd, i

SCOP

 kWh
m2

P·year

 (5)

where,
EKH—final energy of the heating process (EKH),

[
kWh/

(
m2

P·year
)]

;

QH,nd, i—amount of heat required to heat the air (QH,nd),
[
kWh/

(
m2

P·year
)]

;
SCOP—seasonal coefficient of heating efficiency for heating air using a heat pump (Table 2), [−].

The final energy index for each solution for pumping air or water can be calculated according to
the following Formula (6):

EKel = Eel

 kWh
m2

P·year

 (6)

where,

EKel, Eel—final energy of the air circulation process,
[

kWh
m2

P·year

]
.

2.3.2. Primary Energy Indicator

The primary energy consumption for the process of heating the ventilation air and pumping the
air and water can be calculated according to the following Formula (7):

EPi = EKi·wi

[
kWh/

(
m2

P·year
)]

(7)

where,
EPi—primary energy of the heating process (EPH) or from pumping the air or water (EPel),[

kWh/
(
m2

P·year
)]

;

EKi—final energy of the heating (EKH) or from pumping the air or water (EKel),
[
kWh/

(
m2

P·year
)]

;
wi—coefficient of the non-renewable primary energy input for the process related to air heating

and air or water pumping (Table 2), [−].
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For variants of the air handling units equipped with an air heater, the primary energy consumption
is determined by taking into account the following:

• The amount of heat necessary to heat the ventilation air and the efficiency of heat transfer,
multiplied by the coefficient of the non-renewable primary energy input for the fuel from which
the heat is generated (gas, district heat, electricity);

• The electricity required to drive all the devices producing the airflow and that necessary for the
system’s operation (fans, heater circulation pump, etc.).

For variants of the air handling units equipped with a heat pump with a single condenser,
the primary energy is determined by taking into account the following:

• The electricity required to drive all devices producing the airflow and that necessary for the
system’s operation (fans, compressor, and heater circulation pump).

2.4. Determining the CO2 Emissions

The CO2 emissions for the process of heating the ventilation air and pumping the air and water
can be calculated according to the following Formula (8):

ECO2,i =
∑

EKi·wCO2,i [kg CO2/(m2
P·year)] (8)

where,
EKi—the final energy of the heating process (EKH) or from pumping air or water (EKel),[

kWh/
(
m2

P·year
)]

;
wCO2,i—unit CO2 emissions for the fuel/Energy used to heat air (wCO2,H) or for pumping air or

water (wCO2,el), (Table 1),
[
kgCO2/kWh

]
.

The total CO2 emissions associated with the preparation of the ventilation air was then calculated
for each variant as the sum of the CO2 emissions associated with the heating of the air in the heater or
condenser as well as the electrical energy necessary for the operation of the ventilation unit and the
heating system.

2.5. Determining the Operating Costs for Each Variant

The estimated annual heat demand for heating the ventilation air EKH—the power required
for the air heater or heat pump condenser and the specific electricity consumption for pumping air
through the fans, pumps, or for the compressor drive in the heat pump system EKel were the basis
for the calculation index of the operating costs CH+el and the index of the non-renewable primary
energy EPH+el.

The operating costs (energy) can be determined as follows:

Ci = EKi·ci

[
PLN/

(
m2

P·year
)]

(9)

where,
Ci—operating costs of the heating process (CH) or for pumping air or water (Cel),

[
PLN/

(
m2

P·year
)]

;
EKi—final energy of the heating process (EKH) or for pumping air or water (EKel),[

kWh/
(
m2

P·year
)]

;
ci—unit cost of the fuel or the energy consumed in the process of heating or pumping the air or

water [PLN/kWh].

For the variants of the air handling units equipped with a water heater, the operating costs
consist of:
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• The costs of the heat carrier that heats the air in the heater (final energy determined for the
calculated amount of heat necessary to heat the ventilation air multiplied by the unit price of
fuel—gas, network heat, electricity);

• The electricity-related costs for pumping the air or water (electricity supplied to fans and pumps
multiplied by the unit price of electricity).

For the variants of the central units equipped with a heat pump, there are only electricity costs for:

• Pumping air through the fans (electricity supplied to the fans multiplied by the unit price
of electricity);

• The power supply to the heat pump compressor for heating air in the air condenser in the unit;
• Potentially the costs of a heat carrier ensuring partial heating of the air in the heater;
• The cost of the electricity required to drive the heater pumps.

2.6. Simple Payback Time (SPBT)

The simple payback time (SPBT) can be used to evaluate the individual options as follows:

SPBT =
∆CI

∆CCH+el
[years] (10)

where,
∆CI—the difference in the investment costs, i.e., purchasing the air handling unit in a given variant

(AHU1) and purchasing an air handling unit with a heat pump (AHU2), [PLN];
∆CH+el—the annual operating cost savings as a result of using the air handling unit in a given

variant (variants 1–5) and the air handling unit with a heat pump (variant 6), [PLN/year].

In order to calculate the SPBT, it is necessary to determine the purchase price of the air handling
unit. Table 4 summarizes the net costs of the ventilation units for the pools B1 and B2 in the version
without a heat pump (AHU1) and for the variant with a heat pump (AHU2).

Table 4. Investments costs for purchasing air handling units.

Air Handling Unit Pool B1
15,000 m3/h

Pool B2
21,000 m3/h

AHU 1 52,000 € 221,000 PLN 69,000 € 293,250 PLN
AHU 2 65,000 € 276,250 PLN 86,000 € 365,500 PLN

1 € = 4.25 PLN.

2.7. Global Costs

The global cost index will also be used to assess the economic aspects of various heat sources to
heat the ventilation air. Global costs are an indicator that takes into account the long life of buildings or
installations, so they include the cost of replacing the equipment when it loses its useful life (durability),
the cost of its disposal, and the cost of replacing this equipment with a new one. The method of
calculation of global costs was described in [37–39]. Basińska et al. discuss the details of the global cost
calculation method. Using the same methodology, Formula (11) and the data on economic indicators
specified by the authors were adopted, as described below.

In the calculations of global costs (11), the analyzed period of time τ was assumed to be 20 years
and the durability of the air handling unit was 15 years, according to the global cost calculation method.
Costs of ventilation units were assumed according to Table 4, unit fuel prices according to Table 3,
and final energy calculated for each of the six variants according to Formulas (4)–(6).

Cg(τ) = Cin,inv +

jx∑
j=1

 τ∑
i=1

(Ca,i(j)·Rd(i)) −Vf,τ(j)

 [PLN/20 years] (11)
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The following economic indicators were also adopted: inflation 2.5%, the Warsaw Interbank
Offered Rate 4.7% and discount rate 2.15%, and VAT 23% in line with the values adopted for Poland
according to [40].

The global cost calculations will concern only the air handling unit and its operation because this
method can be applied to a single component, including an HVAC component [39]. The remaining
building costs for all variants are the same. Global costs for the purposes of analyses in this paper are
defined as costs that result from the use of various air handling units, in which the air is heated from
various heat sources.

3. Results and Discussion

In accordance with the described methodology, the usable energy calculations were made with an
hourly time step. The final energy, primary energy, CO2 emissions, and costs were calculated based on
the value of the annual final energy consumption.

3.1. Presentation of the Results

The results of the analyses regarding the heat consumption when heating the ventilation air and
the electricity consumption by the devices (Section 2.2.3) are presented in Table 5 for pool B1 and in
Table 6 for pool B2; the results are presented in the charts in Figures 4 and 5.

Table 5. Energy consumption calculation results—sports pool B1.

Variant

Heating of Ventilation Air Electricity
EKel [kWh/(m2/Year)]

The Energy Reserve
Transferred to the
Water Condenser

Amount of Heat
(kWh/(m2/Year))

Final Energy
EKH

(kWh/(m2/Year))

Pumping
Air Compressor Heater Pump/Water

Condenser Pump
∆EKH

(kWh/(m2/Year))

1 987 1097 188 - 2.2 -
2 987 1097 188 - 2.2 -
3 987 1097 188 - 2.2 -
4 987 1097 188 - 2.2 -
5 987 1122 188 - 2.2 -
6 1172 234 250 234 - -

Table 6. Energy consumption calculation results—recreation pool B2.

Variant

Heating of Ventilation Air Electricity
EKel [kWh/(m2/Year)]

The Energy Reserve
Transferred to the
Water Condenser

Amount of Heat
(kWh/(m2/Year))

Final Energy
EKH

(kWh/(m2/Year))

Pumping
Air Compressor

Heater Pump/Water
Condenser Pump
(kWh/(m2/Year))

EKH
(kWh/(m2/Year))

1 1132 1258 418 - 3.7 -
2 1132 1258 418 - 3.7 -
3 1132 1258 418 - 3.7 -
4 1132 1258 418 - 3.7 -
5 1132 1287 418 - 3.7 -
6 1371 274 467 274 - -
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Figure 4. Final energy consumption in the process of heating the ventilation air for the six variants for
the sports pool B1 and the recreation pool B2.

Figure 5. Electricity demand for pumping air, driving the compressor, and the water condenser pump
for sports pool B1 and recreation pool B2.
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The primary energy index EPH+el was then calculated for each variant, taking into account the
relevant primary energy input ratios and operating costs for unit fuel or heat prices CH+el. The ecological
indicator for the assessment of a ventilation unit is also the CO2 emissions factor related to air heating
and the operation of the ECO2 ventilation unit. The emissions were determined for each variant using
Formula (8). The results of the calculations are presented in Table 7 (Pool B1) and Table 8 (Pool B2)—the
highest values are marked in red, the lowest ones in green; the results are also shown in Figure 6.

Table 7. Results of the calculations of the non-renewable primary energy ratio EP, CO2 emissions ECO2,
and the operating costs C—sports pool B1.

Variant Heat
Source

Fuel/Energy

Non-Renewable
Primary Energy Ratio CO2 Emissions Operating Costs

EPH EPel EPH+el ECO2 CH Cel CH+el

(kWh/(m2/Year)) (kgCO2/(m2/Year)) (PLN/(m2/Year))

1 Water air
heater

District heating
CHP 877 571 1448 427 219 95 314

2 Water air
heater

District
heating(DH) 1426 571 1996 587 230 95 325

3 Water air
heater DH Poznań 2016 684 571 1255 367 208 95 303

4 Water air
heater DH Poznań 2018 1152 571 1722 511 208 95 303

5 Water air
heater Natural gas 1234 571 1805 389 224 95 319

6 Heat pump Electricity 703 750 1453 399 0 242 242

Table 8. Results of the calculations of the non-renewable primary energy ratio EP, CO2 emissions ECO2,
and operating costs C—recreation pool B2.

Variant Heat
Source

Fuel/Energy

Non-Renewable
Primary Energy Ratio CO2 Emissions Operating Costs

EPH EPel EPH+el ECO2 CH Cel CH+el

(kWh/(m2/Year)) (kgCO2/(m2/Year)) (PLN/(m2/Year))

1 Water air
heater

District heating
CHP 1006 1265 2271 657 252 211 462

2 Water air
heater

District
heating(DH) 1635 1265 2900 841 264 211 475

3 Water air
heater DH Poznań 2016 785 1265 2050 589 239 211 450

4 Water air
heater DH Poznań 2018 1321 1265 2586 754 239 211 450

5 Water air
heater Natural gas 1415 1265 2680 614 257 211 468

6 Heat pump Electricity 823 1401 2224 611 0 371 371



Energies 2020, 13, 6695 16 of 22

Figure 6. Calculated indicators of primary energy EPH+el, CO2 emissions ECO2,H+el, and operating
costs CH+el—sports pool B1 and recreation pool B2.

The differences in the total costs for each variant, compared to the cheapest variant—variant 6,
are significant and are shown in Figure 7.

Figure 7. The differences between the operating costs of the individual variants—compared to the
cheapest option (variant 6)—for sports pool B1 and recreation pool B2.

Despite the low operating costs of the heat pump variant, investors rarely pick this solution. This is
due to the higher costs of purchasing a ventilation unit with a heat pump, fear of their complicated
operation, and a lack of knowledge about the operating costs. The average prices of AHUs with heat
pumps and without heat pumps are presented in Table 4.

For the B1 pool, the difference in the purchase costs of the AHU2 AHU (with a heat pump)
compared to the purchase of the AHU1 (without a heat pump) is: ∆CI = 55,250 PLN.

For the B2 pool, the difference in the purchase costs of the AHU2 AHU (with a heat pump)
compared to the purchase of the AHU1 (without a heat pump) is: ∆CI = 72,250 PLN.

The SBPT index for basins B1 and B2 was calculated using Formula (10) and the results are shown
in Figure 8.
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Figure 8. The differences between the operating costs of the individual variants in relation to the
cheapest variant (V6) and the SPBT index—sports pool B1 and recreation pool B2.

The payback time for the additional investment outlays in the purchase of an air handling unit
with a heat pump pays off very quickly. The obtained SBPT index was in the range of 2.5–3 years for
the B1 pool and 1.5–2.5 years for the B2 pool and is very favorable. This indicates that the heat pump
in a ventilation unit used to heat ventilation air is economically very beneficial, and at the same time is
relatively good in ecological terms since the EP indicator for this solution was not the highest possible
value included in the analyzed variants.

The results of calculations of global financial costs as a function of the method of using the
swimming pool (sports swimming pool B1 and recreational swimming pool B2) are shown in Figure 9.

Figure 9. Global costs in function of primary energy index for pools with different uses.

In both cases, the minimal value of global costs was achieved for variants with a heat pump
(variant 6). This applied to both the use of the pool as a sports pool and as a recreational pool.
The minimal value of the global costs for the B2 pool is higher than that for the B1 pool, due to the need
to remove more moisture gains from evaporation as well as from a higher temperature of water and air.

3.2. Recommended Solution—Discussion

When choosing the recommended solution for heating ventilation air, four indicators were taken
into account: the primary energy index EPH+el, the CO2 emissions ECO2,H+el, the index of the operating
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costs CH+el, and global cost Cg. The lowest values of EP and ECO2 should characterize the recommended
solution and, at the same time, the lowest operating and global costs.

Striving for low operating costs is most beneficial for the pool operator; at the same time, it must
be remembered that the energy sources with the smallest environmental impact should be used.
This problem is determined by the primary energy index, which illustrates the consumption of rapidly
depleting fossil fuels. At the same time, the use of fuels with a high level of non-renewable primary
energy is associated with higher carbon dioxide emissions, which is also currently a consideration.

The variant with the lowest index of non-renewable primary energy is variant 3, which uses a
water heater fed with technological heat heated in a heat exchanger fed from the district heating in
Poznań in 2016; the primary energy index for 2016 was very low in Poznań—0.624. This is a very
beneficial solution because such a low coefficient of non-renewable primary energy input is a result
of the large share of biomass used to produce heat. In subsequent years, the value of this indicator
increased to 1.05 due to a smaller percentage of biomass. Therefore, this variant can be rejected as it
cannot be obtained at present. The low rate of primary energy and CO2 emissions in variant 3 was due
to the fact that the plant used a large share of biomass. Due to failures of the biomass combustion unit
in the following years, it was not possible to achieve such low environmental factors, and so far the
index of non-renewable primary energy expenditure is still higher than one. Thus, if the plant does not
use a large share of biomass for combustion, such favorable ecological indicators cannot be achieved.
Another solution with the lowest primary energy indicator is powering the heater using district heat
from cogeneration (indicator wi = 0.8)—variant 1. The variants that used a heat pump were in the
middle range of the obtained results.

The primary energy index EP’s for all possible variants are ranked in ascending order as follows: 3;
1; 6; 4; 5; 2. The variants were in the same order for CO2 emissions, except for one variant. When natural
gas is used as a heat source for heating the ventilation air (variant 5), its CO2 emissions factor is
comparable with variants 1 and 6, even though its EP primary energy index is higher.

The value of the total CO2 emissions depends on the type of heat source that is used; the smallest
value is for the variant in which the water to the heater was heated using a large amount of biomass
(variant 3). This variant has a CO2 emissions rate up to 67% lower for the B1 pool and 37% lower for
the B2 pool in comparison with variant 2 (heat source with no cogeneration—only coal combustion).
The value of the CO2 emissions factor is linked to the value of the EP indicator; if the EP value is lower,
then, as a rule, the CO2 emissions will also be low. The variants where the air was heated using district
heating, as well as heat pumps, had a similar CO2 emissions level. This is an especially important
consideration when choosing a heat pump. The CO2 emissions factor indicates that this is an option
that is comparable to the other ones in ecological terms. Even though the heat pump is powered
from electricity generated in Poland by the combustion of coal, the CO2 emissions for this variant
are comparable with the use of district heating, which is indicated as being legally recommended.
The low primary energy ratio and low CO2 emissions classify the variant with a heat pump as an
ecological option.

The operating costs were also calculated for each of the variants: The most expensive systems to
operate were the variants that used district heat and natural gas. The indicators of the operating costs
of the variants in ascending order are: 6; 3; 4; 1; 5; 2. As for global costs index the order of variants is: 6;
3; 4; 1; 2; 5

Variant 6, i.e., the variant that used a heat pump to heat the air, was the cheapest solution to
operate. The annual operating costs for these variants were 424 PLN/(m2/year)—for the B1 pool and
373 PLN/(m2/year) for the B2 pool. Such low operating costs could be achieved because the air was
heated by the refrigerant circuit of the heat pump, which has a high COP. In the refrigerant circuit,
the only element that draws energy from the outside is the compressor. As swimming pools have
constant thermal and humidity parameters for the air that is removed from the pool hall throughout
the year, the COP of the heat pump is high and remains almost constant throughout the year. For this
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reason, the demand for electricity during the year is relatively low. Also, variant 6 has the lowest
global costs of operation.

Similar conclusions were reached by Peng Sun et al. [8] when they compared air dehumidification
with and without a heat pump, and Lam and Chan [22] who compared the use of a heat pump for
swimming pool water heating or Chow et al. [21] where a solar-assisted heat pump was used for water
and space heating. The analyses in this work were carried out by taking all of the air preparation
processes into account, not just some as in previous studies. The results have confirmed the results
from the analyses in the literature indicating that a heat pump should be used in swimming pool
facilities and extending them to the analysis of the overall air preparation.

3.3. Summary

Many publications in the literature have recommended solutions for use to ensure low energy
consumption in pool technology. This article has examined two aspects related to the final energy
consumption (operating costs), the primary energy consumption, and the CO2 emissions (ecological
factor). It has been noted that the variants that are expensive to operate might be environmentally
beneficial if technological heat that is generated using biomass is used to power the heat source.
The difference in primary energy index EP value between the most advantageous variant (variant
3) and the variant with a heat pump (variant 6) was 13% and 8%, respectively, for the sports and
recreation pool. However, the operating costs of the heat pump variant were 18–20% lower.

A heat pump is an alternative that allows for low operating costs, as well as low primary energy
indicators and low CO2 emissions (these indicators can be further reduced—by using renewable
energy) compared to the other analyzed cases.

Unfortunately, air handling units with heat pumps are more expensive, approximately by 20%,
hence the decision to use cheaper devices in swimming and recreational pools. However, taking into
account the lower operating costs and the relatively short payback time for an air handling unit with
a heat pump, these solutions should be recommended. The payback time for the more expensive
solution of the air handling unit with a heat pump—up to three years for the B1 pool and even less
than 2.5 years for the B2 recreation pool—justifies recommending this solution.

The analyses were carried out for pools located in Poland, but the results may refer to locations
in different countries with a similar (temperate) climate. In the case of swimming pools, the indoor
parameters are important, which define the amount of heat that should be supplied to the ventilation air,
and these parameters are similar in many countries. The indicators of non-renewable primary energy
inputs, which result from the type of fuels used in Poland, were also taken into account. Fuel prices
were adopted for Poland. However, by using simple assessment indicators, it is possible to compare
the situation in different countries. Based on the value of the final energy for heating the ventilation
air for different variants and knowing the unit price of fuel and the input index of non-renewable
primary energy, it is possible to easily convert the results for other countries. Similar analyses could
be interesting based on other economic and ecological values existing in other countries, as well as
analysis with a combination of different heat sources, including the use of additional renewable sources,
such as photovoltaic cells.

The following indicators were analyzed: primary energy, global costs, SPBT, operating costs,
and CO2 emissions. Solutions with the lowest values of all indicators were sought. A heat pump as a
heat source to heat the air for a swimming pool is the cheapest solution in terms of operating costs
and global costs, and at the same time, the payback time for this more expensive solution is only two
to three years. The economic aspect is the most important for the investor and pool operator. At the
same time, in terms of CO2 emissions, the indicator for the heat pump is only 3–7% higher than the
variant with district heating using a large share of biomass. However, since the most favorable option
in terms of CO2 emissions can be rejected due to the fact that such low CO2 emissions occurred only
for two years, the heat pump is also at the same time the cheapest and the most ecological heat source
for ventilation of swimming pools.
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4. Conclusions

As a result of the conducted analyses, which are supplementing the literature with research on
economic and ecological indicators for heat pumps for heating ventilation air for swimming pools,
it was shown that a heat pump can be a good source of heat.

It was found that:

1. The way the swimming pool is used affects the investment and operating costs of the ventilation
system. It has been shown that regardless of the way the swimming pool is used (sports or
recreational), a heat pump is a good source of heat for the ventilation air;

2. Air handling units with a heat pump are more expensive in terms of investment (by about
20%), but their advantage is lower operating costs by about 18–20% compared to the use of
water heaters;

3. Global costs calculated for a period of 20 years showed that heat pump unit has lower global
costs, which means that that unit is more economically advantageous;

4. There are more ecological heat sources for heating ventilation air than a heat pump, but the
difference in the primary energy index for a heat pump compared to more environmentally
friendly sources was higher by only 8–13%. It should be taking into account that the heat pump
can be installed anywhere because the heat source is supplied with electricity, and in some places,
there may not be access to district heating using biomass;

5. The most ecological heat sources for heating the ventilation air for the swimming pool are even
twice as expensive in operation. As the investment in a more expensive air handling unit with a
heat pump can pay off after about two to three years, it is a solution worth investing in.
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