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Swimming pool heating technology: A state-of-the-art review
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Abstract

A large amount of heat is needed to maintain the thermal comfort of both indoor and outdoor
swimming pools in cold seasons. This motivates the development of various heating technologies
aiming to reduce energy use, as well as operating and investment costs. Although their development
can be traced back to the 1960s, a comprehensive review of these technologies is lacking. Therefore,
this paper presents a comprehensive review of the development of heating technologies for
swimming pools. This review firstly introduces available heat transfer models that can be used to
calculate or predict heat loss and heat gain for swimming pools. Then, different passive and active
technologies are summarized. The active heating technologies used for indoor swimming pools
include solar collector, heat pump, waste heat recovery, geothermal energy, and congregation
technologies. The active heating technologies used for outdoor swimming pools include solar
collector, heat pump, PCM storage, geothermal energy, biomass heater, and waste heat recovery
technologies. A discussion is presented on the practical and possible heating techniques for swimming
pool applications. Finally, through the reviewed literature, future research opportunities are identified,
to guide researchers to investigate swimming pool heating systems with suitable and relevant
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technologies.

1 Introduction

Energy is a basic requirement of modern life (Xie et al
2018; Li et al. 2020c) and also the precondition for the
development of industries in many respects, including
agriculture, transportation, telecommunication, digitalization,
etc. Since the industrial revolution in the 1760s, energy
demand has been rapidly increasing, due to economic and
social developments, together with sustained population
growth and rapid urbanization (Drissi Lamrhari and
Benhamou 2018; Du et al. 2017; Harkouss et al. 2018; Li
et al. 2019). The energy crisis is becoming more and more
serious, as fossil fuels are continuously utilized, leading to
environmental pollution problems (e.g. global warming and
ozone depletion) (Du et al. 2018, 2020). Hence, different
policies have been proposed to improve energy efficiency,
increase the use of renewable energy resources, and reduce
greenhouse gas emissions. The European Union has set goals
in its “2030 Climate and Energy Framework” for energy
efficiency to be increased by at least 32.5% from 2021 to
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2030 (EU 2020), and for the share of renewable energy to
be increased to at least 32% from 2021 to 2030 (EU 2020).
In addition, by 2030, greenhouse gas emissions will be
cut by at least 40% from the 1990 levels (EU 2020). In
their “Renewable Energy Law”, the Chinese government has
proposed increasing the contribution of renewable energies
in electricity generation to 22.16% (Sakah et al. 2017).
Furthermore, in their 2020 project, the Korean government
has enacted the goal of increasing renewable energies’ con-
tribution to more than 20% of the total amount by 2030
(Kim et al. 2018).

Energy use in buildings comprises around 30% to 40%
of the total worldwide energy use (Berardi and Soudian 2018;
Hong et al. 2018; Uribe et al. 2018). Sports facilities are one
of the categories of buildings with the largest energy demand.
Compared with other sports facilities, swimming pools have
higher energy demand for pool water heating, ventilation,
spacing heating, and operation of circulation pumps (Kampel
et al. 2013). The annual energy use of a swimming pool facility
varies from 600 kWh/m? to 6,000 kWh/m?, related to the
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List of symbols

An pool area of each swimmer when the number of
swimmers is maximum (m?)

A, surface area of the pool (m?)

A surface area of the conduction to ground (m?)

c a constant in Table 2 (W/(m?-Pa))

Ce cloudiness factor (—)

Cs specific heat of the soil (J/(kg-K))

Cw specific heat of the water (J/(kg-K))

d a constant in Table 2 (W-s/(m>Pa))

E. water evaporation rate of the pool (kg/(s-m?))

F, utilization factor of the pool (—)

G, solar irradiation (W/m?)

H. latent heat resulting from water evaporation (J/kg)

hey convective heat transfer coefficient (W/(m?*K))

he evaporative heat transfer coefficient (W/(m?*Pa))

K. a constant determined by density difference (—)

k thermal conductivity (W/(m-K))

ks thermal conductivity of the soil (W/(m-K))

L. characteristic length of the pool for calculating

convective heat loss (m)
L, characteristic length of the pool for calculating
conductive heat loss (m)

my  mass flowrate of refilling fresh water (kg/s)
N. number of swimmers (—)

Nu Nusselt number (—)

n a constant in Table 1 (—)

Da partial vapor pressure of the ambient air (Pa)
Ds saturated vapor pressure at water surface (Pa)
Qa heat loss from conduction (W)

Qo heat loss from convection (W)

Q. heat loss from evaporation (W)

Q. heat loss from radiation (W)

Qi heat loss from refilling water (W)

Qs dimensionless conduction heat rate (—)
Ra Rayleigh number (—)

Rg Bowen ratio (—)

R, relative humidity (%)

S specific humidity of room air (—)

Sw specific humidity of saturated air at water surface (—)
T, temperature of ambient air (°C)

Teew  dew point temperature (°C)

T, water temperature of the pool (°C)

Ty temperature of refilling fresh water (°C)

T, temperature of the soil (°C)

Tay  sky temperature (°C)

T  upper surface temperature of the ambient environment
°C)

Ty water surface temperature (°C)

t time (s)

Vo volume of the pool (m?)

Wa wind speed parallel to the water surface (m/s)

We a coefficient in Table 1 (m/s)

x distance beneath the ground (m)

z a constant in Table 2 (—)

Ew emissivity of the water (—)

Pr density of the room air (kg/m?)

Ps density of the soil (kg/m?)

density of the saturated air at water surface (kg/m?*)
P density of the water (kg/m?)

Oio a constant for distinguishing the ISPs and OSPs (—)

Oy Stefan-Boltzmann constant (kW/(m*K*))
Ve a constant in Table 1 (—)

Abbreviations

COP  coefficient of performance (—)

CFD  computational fluid dynamics

ISP indoor swimming pool

OSP  outdoor swimming pool

PCM phase change material

volume and area of the pool, operation schedule, location,
weather, and types (Trianti-Stourna et al. 1998). The major
energy use of swimming pool facilities is for heating. The
heating purposes for indoor swimming pool (ISP) and
outdoor swimming pool (OSP) facilities differ.

People can swim at any time of the entire year in ISPs,
and swimming activities are unaffected by outdoor weather
conditions. The heat is required not only to maintain a
comfortable water temperature but also to ensure indoor
thermal comfort levels. Water evaporation will increase the
indoor humidity, resulting in an increase in ventilation
requirements (Rajagopalan and Jamei 2015). Thus, there is
a requirement for heat to be provided to warm the inducing

outdoor air. Kampel et al. (2013) collected the data of the
annual energy use of 41 Norwegian ISP facilities from 1998
to 2011. They concluded that the average annual energy use
of the Norwegian ISP facilities was around 3,991 kWh/m?.
They also reported that the climate was not the main factor
that affected the energy use of the swimming pool facilities,
but the water use of the pool had a strong relationship with
the energy use of the facilities (Kampel et al. 2016).

For OSPs, during the summer season, the high outdoor
temperature and solar irradiation can ensure a comfortable
pool temperature. However, during the cold season, especially
in subtropical climate regions, the OSP is closed due to the
undesirable weather (Li et al. 2020a). In some high-density
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cities like Hong Kong, the resource of space is very precious,
and thus the closure of the OSP will lead to the waste of the
space. Therefore, to increase the available opening times
for OSPs in the cold season, heating is required. Mousia
and Dimoudi (2015) evaluated the energy use of OSPs in
Greece, based on the data collected from questionnaires,
surveys, and the General Secretary of Sports. They found
that most staff used conventional heating technologies (e.g.
oil or gas boilers) to satisfy the OSPs” heating demands. The
results of their data analysis showed that the average annual
energy use of an OSP was 2,456.16 kWh/m?, when a thermal-
insulation cover was not adopted, and 1,827.45 kWh/m?,
when a thermal-insulation cover was adopted. It could be
concluded that the energy use was high when traditional
heating technologies were adopted to supply heat for the
swimming pool facilities. Therefore, it is necessary to adopt
advanced heating technologies for swimming pool facilities.
However, to the best of the authors’ knowledge, a com-
prehensive review of suitable and advanced heating technologies
adopted for swimming pool facilities is lacking. There is an
urgent necessity to fill the knowledge gaps in developing
heat transfer models for swimming pools and the design
and operation of swimming pool heating systems.

This paper therefore presents an overview of advanced
heating technologies for swimming pools. Firstly, the
mathematical models, which were developed to describe the
heat transfer processes in swimming pools, including heat loss
from evaporative, convective, conductive, radiative, refilling
water, and heat gained from the sun are summarized. A
variety of empirical equations and approaches to describe
the main components of the swimming pool model are
presented. Secondly, the technologies utilized in swimming
pool heating systems are classified into passive and active
technologies. The active technologies are classified into ISP
and OSP heating technologies. ISP heating technologies
include solar collector, heat pump, waste heat recovery, and
geothermal energy technologies. OSP heating technologies
include solar collector, heat pump, PCM storage, geothermal
heat storage, biomass heater, and waste heat recovery
technologies. A discussion is presented on the practical and
possible heating techniques for both ISPs and OSPs. Finally,
future research opportunities are proposed, to guide scholars
to develop suitable and relevant swimming pool heating
systems.

The rest of the paper is organized as follows. The heat
transfer model of the swimming pool is described in
Section 2. Passive swimming pool heating technologies
are presented in Section 3, while Section 4 shows active
swimming pool heating technologies. Section 5 gives the
practical and possible heating techniques for swimming pool
applications, and Section 6 presents the concluding remarks
and possible future research opportunities.

2 Heat transfer model of the swimming pool

A swimming pool heat transfer model is the basic requirement
for investigating the performance of swimming pool heating
systems. It is proposed to describe the water variation of the
pool with the total heat flux of the pool, which is composed
of heat obtained from the sun and heat loss from evaporation,
convection, conduction, radiation, and refilling water. The
mathematical formula of this model has been presented in
the studies of Ruiz and Martinez (2010) and Woolley et al.
(2011), and it is expressed as:

dT,
PuCyV, .d_tp:ai" Q-Q-Q,—Q,—Q—-Q; (1)
where p,, and ¢, are the density and specific heat of the
water, respectively; V, and T, are the volume and water
temperature of the pool, respectively; o, is a constant for
distinguishing ISPs and OSPs. For ISPs, o;, is 0, while for
OSPs, 0y, is 1. Qs is the heat obtained from the sun; Q., Qa,
Qs Qr, and Qi are the heat loss from the evaporation,
convection, conduction, radiation, and refilling water,
respectively; and t represents the time. Each of the above-
mentioned heat gain and loss items are described below in

detail.

2.1 Evaporative heat loss

The evaporative heat loss (Q.) is caused by the conversion
of the liquid water of the pool to gaseous water. The
calculations of the Q. of ISPs and OSPs differ and thus are
explained separately as follows.

(a) Evaporative heat loss in ISPs

For ISPs, Q. is calculated according to the water evaporation
rate (E.), expressed below:

Q =H, A, -E, @)

where A, represents the surface area of the pool; and H.
represents the latent heat resulting from the water evaporation.
Since the E. in an occupied pool differs from that in an
unoccupied pool, different empirical equations are used
to calculate E. for occupied and unoccupied pools, as
summarized in Table 1, where the coefficient (w.) is deter-
mined by the following equation (Hanssen and Mathisen
1990):

we={w§+(o.1z.(4.(1_Ra)_(7;_Tw))o_s)zrs 5

where w, represents the wind speed parallel to the water
surface; R, represents the relative humidity; T, represents
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Table 1 Summary of empirical equations of the E.

References

Equations (unoccupied pools)

Equations (occupied pools)

Hanssen and Mathisen 1990 E . =3x107-wl-

e

( £006T,, _ R, - 006, ) _

Shah 2003, 2014 (general forms ) E . =y.-(Ap) —
1
— . . . 3 . . -5
Shah 2002, 2003 Eo =Ko po(pe = po (8, =) E =0113— 210" L s9510%.ap
((pr = pu)>0) .

Shah 2012

E. =0.00005-Ap ((p, — pu ) <0) _

the ambient air temperature; and T, represents the water
surface temperature.

In Table 1, Ap represents the difference between saturated
vapor pressure at the water surface and partial vapor
pressure of the room air; and F, represents the utilization
factor of the pool, calculated by the following equation (Shah
2003):

F =N,-A,/A, (4)

where A, represents the pool area of each swimmer when
the number of swimmers is maximum; N. represents the
number of swimmers; K. is a constant determined by the
difference between the room air density (p;) and the saturated
air density at water surface (ps); K. is 35 when (p: —psw) >
0.02 and K. is 40 when (p; —ps) < 0.02 (Shah 2002, 2003); S,
and S, represent the specific humidity of the saturated air at
the water surface and room air, respectively; and y. and » are
constants that differ in different studies (Shah 2003, 2014).

In addition to the empirical equations summarized in
Table 1, different studies have been conducted to investigate
the evaporation phenomenon in ISPs. Asdrubali (2009)
established a swimming pool scale model in a climatic
chamber. The water evaporation ratio in different environ-
mental conditions was obtained and used to develop a new
predication model. Lu et al. (2014) adopted neural networks
to forecast the water evaporation rate in a swimming pool
facility in Finland. Furthermore, a computational fluid
dynamics (CFD)-based approach was developed for calculating
the water evaporation rate in the swimming pool facility
(Blazquez et al. 2017, 2018). Water evaporation had a
significant effect on the thermal-moisture status of the ISP
facilities. An experimental study on the thermal-moisture
environment in an ISP facility in different air variables was
presented in the study of Ciuman and Lipska (2018). Limane
et al. (2017, 2018) utilized OpenFOAM to model the mass
and heat transfer process in an ISP facility. They concluded
that the swimmers had an important influence on the indoor
environment in the swimming pool facility.

(b) Evaporative heat loss in OSPs

For OSPs, the evaporative heat loss (Q.) is calculated adopting

a semi-empirical correlation that includes the vapor pressure
difference and evaporative heat transfer coefficient, shown
as the following equation (Ruiz and Martinez 2010):

Q. =h.-A,-(p,—p.) (5)

where p; is the saturated vapor pressure at water surface; p, is
the partial vapor pressure of ambient air; and h. represents
the evaporative heat transfer coefficient that is regarded as the
empirical function of wind speed, depicted by the following
equation:

h,=c+d-w? (6)

where ¢, d, and z are the factors that are identified by different
scholars, summarized in Table 2 (Ruiz and Martinez 2010;
Buonomano et al. 2015).

2.2 Convective heat loss

The convective heat loss (Q.) is caused by the heat transfer
resulting from the movement of the pool water and ambient
air. It is calculated according to the temperature difference
between the water surface and ambient air, expressed as the
following equation:

Qo =h - A, (T, = T,) (7)

where h., is the convective heat transfer coefficient.

In the ISP model, A, is calculated according to Newton’s
law of cooling, depicted as the following equation (Winterton
1999):

Table 2 Different sets of factors for the evaporative heat transfer
coefficient (Ruiz and Martinez 2010; Buonomano et al. 2015)

Authors c(W/(m*Pa))  d(W-s/(m*Pa))  z(—)
Rohwer (1931) 0.0850 0.0508 1
McMillan (1971) 0.0360 0.0250 1
Richter (1979) 0.0423 0.0565 0.5
Smith et al. (1994) 0.0638 0.0669 1
ISO TC 180 (1995) 0.0506 0.0669 1
ASHRAE (2003) 0.0890 0.0782 1
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B — ®)

where k is the thermal conductivity; L. is the characteristic
length of the pool; and Nu is the Nusselt number, expressed
as the following equation (Bergman et al. 2011):

Nu = 0.14- Ra'? )

where Ra is the Rayleigh number.
In the OSP model, h., is calculated by the following
empirical equations:

h, =2.8+3.0-w, (Lam and Chan 2001) (10)
h, =3.1+4.1-w, (Ruiz and Martinez 2010) (11)

In addition, Woolley et al. (2011) developed a new method
that is based on the Bowen formulation (Bowen 1926) to
calculate the convective loss, which is expressed as:

ch = RB : Qe (12)

where Rg is the Bowen ratio, which can be calculated by
considering the effect of ambient pressure on the evaporative
and convective heat transmission (Bowen 1926).

2.3 Conductive heat loss

The conductive heat loss (Q.,) mainly results from the
temperature difference between the water of the pool and
soil. Many studies have indicated that Q., is so small in the
total heat loss of the pool that it can be neglected. However,
Govaer and Zami (1981) reported that, in some cases, Qe
should be considered, for example when there is moist
soil or sub-surface water movement, which may lead to a
significant increase in conductive loss. They gave the soil
temperature profile for calculating the conductive loss by the
governing equation, shown as follows:

on_, ot
o ox

P, - €, (13)
where p;, ¢,, ki, and T represent the density, specific heat,
thermal conductivity, and temperature of the soil, respectively;
and x represents the distance beneath the ground.

In addition, based on the assumption of T; being uniform
and unchanged, Q. can be calculated by (Buonomano et al.
2015):

1
an:i'Qs'ks'As'(TpiTs> (14)

where L, is the characteristic length of the pool; Q; is the
dimensionless conduction heat rate that can be calculated

using shape factors (Bergman et al. 2011); and A, represents
the surface area of conduction to ground.

2.4 Radiative heat loss

The radiative heat loss (Q.) is caused by the heat transfer
between the pool water and the upper surface of the ambient
environment through long-wave radiation. It is expressed as:

Q =4,-e,-0,-((T, +273)" = (T, +273)' (15)

where ¢, represents the emissivity of the water; o; is the
Stefan-Boltzmann constant, which is 5.67 x107!! kKW/(m*K*);
and T, is the upper surface temperature of the ambient
environment. In the ISP model, Ty, is the indoor surround-
ing surface temperature. In the OSP model, T is the sky
temperature (Tyy), which can be calculated by the correlations
in Table 3. Ty is the dew point temperature; & is the
emissivity of the sky; and c. is the cloudiness factor.

2.5 Refilling water heat loss

The refilling water heat loss (Qy) is caused by the tem-
perature difference between the water of the pool and the
refilling fresh water. The fresh water is required to refill the
pool, since the pool water is lost through evaporation and
draining. The Qi is expressed as (Buonomano et al. 2015):

Q¢ =c¢, me-(T,—Ty) (16)

where Ty represents the temperature of the refilling fresh
water; and mys represents the mass flowrate of the refilling
fresh water. In the study of Buonomano et al. (2015), Ty
was constant at 15 °C. Different examples are presented to
discuss the values of my. A swimming pool operator’s
manual showed that Ontario’s regulations stated that, for
each swimmer, daily, 20 L of fresh water should be refilled
into the pool, and the maximum refilling water volume should
be 15% of the pool’s volume (McKeown 2009). Italian
standard UNI 10637 stated that the daily refilling water
volume of a pool was 5% of the pool volume (Buonomano
et al. 2015). Further, in a book, titled Reform in School
Mathematics and Authentic Assessment (Romberg 1995), a

Table 3 Different correlations of the Ty

References Correlations

0.25

Smith et al. 1994 Ty, = (T, +273)- (0.8 +T,

dew

1250)"* —273

Ruiz and Martinez
(Buonomano etal. T, = (T, +273) (e, +0.8-(1—¢,)-c )" —273
2015)

Woolley et al. 2011 Ty, = (T, +273)- " — 273
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case study showed that the daily refilling water volume of a
pool was 3% of the pool volume.

2.6 Heat gained from the sun

For an ISP, the thermal energy from the sun is absorbed by
the buildings, and it will affect the temperature of the room
air. The heat transfer between the water of the pool and the
room air will be affected. However, the water of the pool
cannot be directly obtained from heat from the sun, and
thus the heat gained from the sun (Q) is not considered in
the heat transfer model of the ISP. For an OSP, the thermal
energy from the sun can be directly absorbed by the pool.
The Q, is expressed by the following equation (Lam and
Chan 2001):

Q =a,-G,-A (17)
where G denotes the solar irradiation; and a, denotes the
solar absorptivity, which is assumed to be 0.85 in the studies
of Lam and Chan (2001) and Ruiz and Martinez (2010).
However, in the study of Woolley et al. (2011), an annual
average absorption coefficient calculated by the approach
proposed by Wu et al. (2009) was adopted.

The techniques reviewed in this paper were classified
into passive and active techniques for swimming pool
applications. This classification was proposed according
to the information presented on the website of Varming
Consulting Engineers Ltd. (Varming 2020). The difference
between the passive and active design applications is presented
as follows. The passive design applications use the “natural
force” (e.g. sunlight, wind, and gravity) to realize the goals of
heating, cooling, and ventilation, and thus no fuel or grid
power is utilized. For example, roof ponds can be utilized
as a kind of passive heating technique (Sharifi and Yamagata
2015). The active design applications use electricity and fuel,
such as solar collectors and wind turbines, to realize the goals
of heating, cooling, and ventilation.

3 Passive techniques for swimming pool
application

heating

The most commonly used passive technique for swimming

pools is to use a thermal-insulation cover, which can
effectively prevent heat losses, especially regarding evaporation
loss. That is to say, a thermal-insulation cover can effectively
reduce the heating load of a swimming pool, without using
fuel or grid power, and thus it belongs in the passive heating
technique category. The suggestion to utilize swimming
pool covers was first proposed by Brooks (1955). In 1960,
Root (1960) proposed an inflated plastic cover applied to
a swimming pool. The cover was inflated and floated on
the pool’s surface when the pool was not in use and could
be deflated and rolled up by a pontoon for storage when
the pool was utilized. Czarnecki (1963) tested on-site the
performance of an inflated polyvinyl chloride cover, with a
thickness of 0.02 cm, used on an OSP in Melbourne,
Australia. The author concluded that the strength of the
tested cover was not satisfactory and suggested the use of a
cover with a thickness of 0.05 cm. Table 4 depicts the thermal
properties of the typical material used in thermal-insulation
covers.

Comparisons between the performance of opaque and
transparent covers have also been studied. Szeicz and
Mcmonagle (1983) compared the performance of opaque
and transparent covers and concluded that, during the
night, an opaque cover was more effective for maintaining
the temperature of swimming pools than a transparent
cover, because the opaque cover was able to cut down long-
wave radiation. However, during a sunny day, the use of a
transparent cover obtained more thermal energy from the
sun than the use of an opaque cover. During a cloudy day,
a transparent cover might be less effective than an opaque
cover. Furthermore, Francey et al. (1980) reported an on-site
study investigating the performance of an air-bubble cover
used on an OSP, in which the performance of opaque and
transparent covers was compared. They found that the
transparent cover was more effective in raising the water
temperature than the opaque cover, since it could absorb
more sunlight. Figure 1 shows the schematic diagrams
of (a) single-layer; (b) inflated; and (c) air-bubble thermal-
insulation cover. Inflated and air-bubble thermal-insulation
cover might have better thermal preservation performance
than single-layer thermal insulation cover, since the thermal
resistance of the entire cover might be improved when the
air is integrated into the cover.

Table 4 Thermal properties of typical materials used in thermal-insulation covers

Names Density (kg/m*)  Thermal conductivity (W/(m-K))  Specific heat (k]/(kg-K)) References
Polyvinyl chloride 1100-1450 0.13-0.28 1.0 MEPC 2020
High-density polyethylene 930-970 0.46-0.52 2.3 MEPC 2020; OMNEXUS 2020
Low-density polyethylene 910-940 0.33 23 MEPC 2020; OMNEXUS 2020
Unnamed plastic — 0.08 — Szeicz and McMonagle 1983
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bubble

(a) (b) (c
Fig. 1 (a) Single-layer; (b) inflated; and (c) air-bubble thermal-
insulation cover

Air
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4 Active techniques for swimming pool heating
application

This section presents the active techniques for swimming
pool heating application, including conventional, indoor,
and outdoor swimming pool heating techniques. Conventional
swimming pool heating techniques are reviewed to reflect
their current problems, demonstrating the urgent requirement
for advanced heating techniques. The reviewed advanced
techniques are classified into ISP and OSP heating techniques,
due to the following differences. Firstly, ISPs operate all year
round, and thus ISP heating techniques should be designed
to satisfy their annual heating demand. OSPs’ active season
normally only runs from May to September in subtropical
climate regions. To extend the available season of OSPs, OSP
heating techniques are designed to satisfy their cold-season
heating demands. Secondly, ISP heating techniques are
used not only to provide heat for the water of pool but also
to satisfy the indoor heating and ventilation demand. OSPs’
heating techniques are only used to provide heat for the
water of the pool. Generally, the energy consumption of
ISPs is relatively higher than that of OSPs because of the
high sensible, latent, and ventilation loads in ISPs. Relevant
results indicate that the energy use of an ISP is nearly three
times greater than that of an OSP of the same size
(Trianti-Stourna et al. 1998). It should be noted that the
techniques presented in this section are from the currently
existing literature.

4.1 Conventional swimming pool heating techniques

Conventional swimming pool heating techniques include
electric and oil/gas heaters. Electric heaters are used to
converse the electricity energy to thermal energy, and then
offer the heat to the pool. Oil/gas heaters, also called oil/
gas-fired heaters, are used to burn oil or gas to offer the heat
to the pool. Figure 2 shows the schematic diagram of electric
and oil/gas heaters for swimming pool heating applications.
Compared with oil/gas heaters, electric heaters might be
easier to be used. Electric heaters can immediately provide
heat for the pool when the power is turned on. Oil/gas heaters
generally comprise the fan, burner, and heat exchanger.
Ambient air will be input into the burner by fan and mixed
with oil. The mixture will be ignited, and the heat will be
transfer to the pool by heat exchanger. Compared with other
advanced techniques, electric and oil/gas heaters have the
advantage of quiet operation, reliability, and low initial
investment. However, they have the disadvantage of low
coefficient of performance (COP). Hence, in current literature,
they were selected as conventional heating techniques, and
the performance of systems using them was compared with
that using proposed advanced techniques. The performance
of systems with conventional heating techniques was related
to the price of the electricity, oil, and gas. Detailed information
about the price of the electricity, oil, and gas was presented
as follows. In the study of Brambley and Wells (1983), gas
and oil heaters were used, and the price of gas and oil were
$4.75/GJ and $1.20/gal, respectively. Croy and Peuser (1994)
used gas and oil heaters, and the price of energy costs was
0.05DM/kWh to 0.1 DM/kWh. In the studies of Lam and
Chan (2001, 2003) and Chan and Lam (2003), electric and
gas heaters were used, and the average price of the electricity
and gas in Hong Kong were HK$0.8/kWh and HK$0.21/M]J,
respectively. Katsaprakakis (2015) used the diesel oil heater,
and the annual average price of oil in Greece was 1.35€/1t.

SP

(a)
EH
Elecrricity Water PP
S

BN HE

e i

BN: burner

EH: electric heater
FN: fan

FT: filter

HE: heat exchanger
OG: oil or gas heater
PP: pump

SP: swimming pool

SP

Water

Oil/Gas

Fig. 2 Schematic diagram of (a) electric and (b) oil/gas heaters for swimming pool heating applications
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4.2 Indoor swimming pool heating techniques

ISP heating techniques are utilized to maintain a suitable
pool water temperature within a comfortable thermal range
and satisfy the indoor thermal comfort requirement. This
section presents the current heating techniques applied in
ISPs, including solar collector, heat pump, waste heat recovery,
and geothermal energy technologies. In the following, a
brief overview of the mentioned heat supply technologies is
presented.

4.2.1 Solar collector technology

As one of the popular renewable energy sources, solar
energy has the advantages of cleanness, non-pollution, and
reliability. Therefore, it has been applied in many fields,
such as building cooling and heating (Feng et al. 2017; Li and
Huang 2019; Li et al. 2020d). The solar collector is regarded
as one main application of solar energy, which has been
extensively utilized to supply heat for ISPs. Figure 3 shows
the schematic diagram of an ISP heating system with solar
collectors. The water tank is used to store heat from solar
collectors, and the stored heat will be released to the ISPs.
The “on/off” of the associated pumps of the solar collector can
be controlled according to the real-time solar irradiance or
the temperature difference between the inlet and outlet
water temperature of the solar collector. The “on/off” of other
pumps can be controlled by the water temperature of the
pool. If the water temperature is lower than the set values
(e. g. 27 °C), the pumps will be turned on; otherwise, they
will be turned off. The heat exchanger is used to improve the
quality of the water that will be input to the ISPs. It should
be noted that, in some studies, the solar collectors are directly
linked with the ISPs, and thus the water tank and heat
exchanger might not be needed in the system. Heat collected
from solar collectors is directly supplied to the ISPs,
contributing to the reduction in heat loss from the water
tank and heat exchanger. Singh et al. (1989) developed a
simple analytical model for an ISP heating system with solar
collectors. Parametric studies on the effect of the solar
collector area and heat removal factor on the system per-
formance indicated that the water temperature of an ISP
increased as these two factors increased (Singh et al. 1989).
It should be noted that heat removal was a factor that was
usually used to calculate the useful heat gain of solar
collectors (Abdel-Khalik 1976). Tiwari and Sharma (1991)
developed an analytical model for calculating the energy
efficiency of the ISP heating system. Govaer (1984) analyzed
the energy performance of an ISP heating system with solar
collectors, using a utilizability method, which was applied
to evaluate the utilized thermal energy that could be provided
by solar collectors. It was concluded that the utilizability

HE: heat exchanger SP: swimming pool
P: pump TK: tank
SC: solar collector -1 N

P-1 P-2
Fig. 3 ISP heating system with solar collectors

theory could be effectively adopted to analyze the energy
performance of the system. Regarding economic indicators
of solar technologies as a heat supply solution for swimming
pools, Brambley and Wells (1983) reported that solar collector
technology adopted in the ISP heating system in St. Louis
might not be economical in comparison with a conventional
system with low-price fuels (e.g. gas), leading to an
unacceptable payback period of nearly ten years. However,
this fact might be argued, considering the current high
requirements for the use of renewables.

The photovoltaic/thermal collector (PV/T) is an advanced
application, which not only absorbs heat from the sun, like
solar collectors, but also produces electricity by converting
the absorbed thermal energy. The use of PV/Ts in ISPs has
been presented by different scholars. Buonomano et al.
(2015) utilized PV/Ts to provide heat and electricity for an
ISP in Naples, Italy. The surface area and volume of the pool
were 600 m* and 1260 m’. A daily analysis of the system
showed that the electricity efficiency of the system was 9%,
and the thermal efficiency of the system was related to solar
irradiance. Bazilian et al. (2001) presented the design concept
for using PV/Ts in ISPs with a maximum heating temperature
of 30 °C. The installation of the glazed and unglazed PV/Ts
was designed for ISPs. They reported that the payback
period of the glazed PV/T was short, due to the utilization
of low-temperature heat.

4.2.2 Heat pump technology

In an ISP, the evaporation of pool water not only reduces
the water temperature of the pool but also increases the
indoor air humidity. To ensure indoor thermal comfort,
ventilation is necessary (Panaras et al. 2018), which leads to
a high energy demand for heating the inducing outdoor air.
In this case, a heat pump that dehumidifies the air can be
used to reduce ventilation load and thus to decrease the
energy use in the ISP heating system (Lee and Kung 2008).
Figure 4 shows the schematic of problems caused by the
evaporation of pool water and the functions of heat pumps
in ISP heating system. Heat pumps can be used in different
ways in ISPs, including open absorption heat pumps, heat
pump dehumidifiers, and solar assisted heat pumps.
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Fig. 4 Schematics of (a) problems caused by evaporation of the pool water; and (b) functions of heat pumps in ISP heating system

(a) Open absorption heat pump

Figure 5 shows the schematic diagram of an ISP heating
system with the absorption heat pump. The system is mainly
composed of absorber, evaporator, condenser, expansion
valve, generator, pump, and ISP. The absorption medium and
refrigerant are used in different cycles. In the absorption
medium cycle, the thermal energy is input to the generator.
The refrigerant with high pressure is separated from the
mixture and it is input to the condenser. The expansion
valve will be used to reduce the pressure of the absorption
medium. The absorption medium with low pressor will be
input to the absorber and it will be mixed with the refrigerant
from the evaporator. In the refrigerant cycle, the expansion
valve will be used to reduce the pressure of refrigerant from
the condenser. The heat obtained from the condenser and
absorber will be offered to the ISP. Westerlund and Dahl
(1994) developed a heating system with an open absorption
heat pump for an ISP, to reduce the heat demand for
dehumidification in a heating system. The exhausted air
from the ISP facility was dehumidified by the absorber. The

AB: absorber
CD: condenser

EV: evaporator
EX: expansion valve

HE: heat exchanger
GN: generator

P: pump
SP: swimming pool

Fig. 5 ISP heating system with absorption heat pump

dehumidified air returned to the swimming pool facility,
and thus the energy use for handling the outdoor fresh air
was reduced. It was concluded that the initial investment of
such an open absorption heat pump might be paid back in
four to five years, if it was applied to the ISPs in Sweden.
These results indicated that this application was economically
feasible in some countries.

Similarly, Lazzarin and Longo (1996) proposed an open-
cycled heat pump system using heat recovery technology to
provide heat for an ISP, in which chemical dehumidification
was adopted in the exhausted air. It was reported that the
proposed heating system was cheaper and simpler than -
but had nearly the same energy-saving potential as - a
compressor-driven heat pump system. Furthermore, Johansson
and Westerlund (2001) compared the performance of the
ISP heating system using a mechanical heat pump with
those of an open absorption system and an air heater system.
The authors concluded that the energy use of the system
with the compressor-driven heat pump and that of the open
absorption system were reduced by 14% and 20%, respect-
tively, in comparison with the air heater system. However,
they reported that the energy use of the system adopting
the compressor-driven heat pump and that of the open
absorption system would increase, if the temperature in
the building increased. Consequently, in that case, the air
heater system would be considered the primary selection to
provide heat for the ISP.

(b) Heat pump dehumidifier

Another heat pump technology applied in ISPs is to use a
heat pump dehumidifier. Figure 6 shows a schematic of an
ISP heating system with a heat pump dehumidifier, which
was developed by Sun et al. (2011). The heat pump
dehumidifier had two functions: (1) to recover the latent
heat resulting from indoor wet air; and (2) to provide heat
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Fig. 6 ISP heating system with heat pump dehumidifier (Sun et al. 201

for the indoor air and the swimming pool. The switch of
these two modes was realized by changing the “on/off” state
of the valves in the system. The main difference between
this system and the open absorption system was that indoor
air was dried by the evaporator in this system, while it was
dried by the absorber in the open absorption system. The
system’s performance was evaluated, and it was concluded
that the system had good energy and economic savings
potential in comparison with a conventional system (i.e.
the system combining a conventional dehumidifier with an
electric boiler). Besides, the payback period of the system
was approximately 1.1 years.

(c) Solar assisted heat pump

To enhance the energy-saving potential of heat pumps,
solar assisted heat pumps have been proposed (Amin and
Hawlader 2013; Mohanraj et al. 2018). A few researchers
have explored the energy-saving potential of the solar assisted
heat pump applied in ISPs. Figure 7 shows the schematic of
an ISP heating system using a solar-assisted heat pump
developed by Tagliafico et al. (2012). Two operating modes
were considered in this system. In the first operating mode,
the by-pass pipes were closed, and the outlet water of the
solar collector was supplied into the evaporator. Thus,
the evaporator of the heat pump operated at a higher
environmental temperature than a traditional heat pump.
This led to a higher coefficient of performance (COP). In
the second operating mode, the heat pump was turned off,
and the by-pass pipes were open. The outlet water of the
solar collector was directly supplied into the water tank, to
satisfy the heating requirement of the ISP. The opening and
closing of the by-pass pipes were realized by the switch of
the valves. When the inlet water temperature of the solar
collector was between 4 °C and 18 °C, the system would

| S
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Fig. 7 ISP heating system with solar-assisted heat pump (Tagliafico
et al. 2012; reprinted with permission ©2012 Elsevier)

operate in the first mode; and when it was higher than 18 °C,
the system would operate in the second mode. The energy-
saving potential of the proposed heating system was evaluated
and found to be a function of degree days. Chow et al. (2012)
and Bai et al. (2012) evaluated the economic performance
of a solar-assisted heat pump for providing heat for an ISP
in winter. In this system, the solar collectors could be used
to provide heat for the ISP by means of a water storage tank.
The control for the “on/off” of the associated pumps in this
loop was realized by the water difference between the outlet
water temperature of the collector and the lower end tem-
perature of the storage tank. If the temperature difference
was between 2 °C and 10 °C, the associated pumps would
be turned on; otherwise, they would be turned off. The heat
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pump was responsible for the space heating. It would also
be used for heating the water of the pool when the solar
irradiance was weak. The authors concluded that the COP of
the system could reach up to 4.5, and the initial investment
of the system could be paid back in less than five years.

4.2.3 Waste heat recovery technology

Waste heat recovery can effectively improve the energy and
economic performance of a system, and thus it has been
extensively used in many fields, such as in air pre-purification
systems (Tong et al. 2018) and vehicle engines (Lan et al.
2018). It has also gained application in ISP heating systems.
For example, Oro et al. (2018) used the waste heat produced
by a liquid-cooled data center to heat an ISP, shown in
Figure 8. The heat produced by the data center would be
offered to the ISP. Meanwhile, the cold water from the ISP
could be used to cool the data center. The heat exchange
between the data center and the ISP was realized by the
heat exchanger. If the inlet water temperature was higher
than the set value (e.g. 20 °C), the cooling system would be
turned on; otherwise, it would be turned off. If the water
temperature of the pool was lower than the set value (e.g.
27 °C), the boiler would be turned on; otherwise, it would
be turned off. The economic performance of the system
was evaluated, and it was found that the operating cost of
the system was reduced by 18%. An ISP heating system that
recovered the waste heat from a chiller in an ice rink was
proposed by Kuyumcu et al. (2016). The evaporator of the
chiller was used to cool the ice rink down, and the heat
from the condenser of the evaporator would be stored in
an underground storage tank. The heat stored in this tank
would be released to the evaporator of a heat pump. This
would provide a high-temperature environment for the
evaporator, leading to a high COP of the heat pump. The
condenser of the heat pump was used to offer heat for the
ISP. The authors performed a parametric study of the heating
system, based on an analytical model to identify the optimal

ice rink size. Finally, the authors reported that the optimal
ice rink size was 475 m? when the proposed heating system
was used in an ISP with an area of 625 m%

4.2.4 Geothermal energy technology

Geothermal energy is an environmentally friendly source
of renewable energy, which has the merits of stability and
high capacity (Hou et al. 2018). In addition, unlike other
renewable energies, such as solar and wind, geothermal
energy is not easily influenced by the variations in weather
and seasons (Moya et al. 2018). Therefore, this energy source
can be regarded as reliable for providing heat for ISPs. A
typical heating technique for using the geothermal energy
is ground-source heat pump. Figure 9 shows the schematic
diagram of an ISP heating system with a ground-source
heat pump. The system mainly comprises a ground heat
exchanger, heat pump, pump, heat exchanger, and ISP. In
summer seasons, the extra heat from the ISP will be stored
into the ground by the ground heat exchanger. In winter
seasons, the stored heat will be extracted from the ground
heat exchanger and offered to the ISP. The typical sub-
components of the heat pump include the condenser,
expansion valve, evaporator, and compressor. As shown in
Figure 7 and Figure 12, the refrigerant will be cycled among
these four components. In summer seasons, the condenser
will connect with the side of the ground heat exchanger,
and the evaporator will connect with the side of the ISP. In
winter seasons, the evaporator will connect with the side of
the ground heat exchanger, and the condenser will connect
with the side of the ISP. A geothermal plant to supply heat
for an ISP in Naples, Italy, was suggested by Barbato et al.
(2018). In that study, the results of the cost analysis indicated
that the proposed system was economically feasible, because
the payback period of the system was 15.4 years. However,
this period of 15.4 years might be too long, and thus necessary
maintenance should be conducted in a fixed period to
ensure the normal operation of the system. In addition, this
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Fig. 8 ISP heating system with the use of the waste heat from a data center (Or¢ et al. 2018; reprinted with permission ©2018 Elsevier)
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Fig. 9 ISP heating system with ground-source heat pump

study just calculated the possible cost according to the heating
load of the ISPs. A detailed design and control of the system
might not be presented, and thus the calculated results might
just be related to an initial evaluation of the application of
geothermal energy technology in an ISP heating system.

4.2.5 Cogeneration technology

Cogeneration, also called “Combined heat and power”, is a
technology that utilizes multiple components to integrate
an advanced system for offering heat and electricity.
Cogeneration technology has been applied in ISPs to satisfy
the heating and electricity demands. Facdo and Oliveira
(2006) proposed a cogeneration system, comprising solar
collector, boiler, evaporator, turbine, electric generator, and
condenser in Lisbon, Portugal. The schematic diagram of
the congregation system was shown in Figure 10. The solar
collector and boiler were used to offer a suitable operating
environment for the evaporator. The turbine and electric
generator were used to produce the electricity. The condenser
was used to provide heat for the ISP, and the heat was
offered to the water of the pool and the space in the ISP.
The economic performance of the system was found to be
considerable when the solar collector area was between
10 m? and 20 m? Delmastro et al. (2015) evaluated the
performance of a biomass cogeneration system connected
to the district heating network in Torino, Italy. The produced
heat and electricity from the system were offered to the ISP.
It was concluded that the share of the renewable energy
sources would be improved, and the use of fossil fuels
would be reduced, when the designed system was used. In
addition, Wang et al. (2019) analyzed the performance of a
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Fig. 10 ISP heating system with cogeneration technology (Facio
and Oliveira 2006; reprinted with permission ©2006 Oxford
University Press)

cogeneration system with PV/T used for an ISP in Bari,
Italy. The system was found to satisfy 38.2% of the electricity
demand, 27.3% of the space heating demand, and 53.8% of
the hot water demand.

4.3 Outdoor swimming pool heating techniques

OSP heating techniques are utilized to maintain a suitable
water temperature for a pool, within a comfortable thermal
range. This section presents the current heating techniques
applied in OSPs, including solar collector, heat pump, PCM
storage, geothermal energy, biomass heater, and waste heat
recovery technologies. In the following, a brief overview of
the mentioned heat supply technologies is presented.

4.3.1 Solar collector technology

Solar collectors have been widely used in OSP heating
systems, due to their considerable energy-saving potential.
A description of the use of solar collectors in OSP heating
systems refers to Section 4.2.1 and Figure 3. Different
investigations of the use of solar collector technology are
presented as follows. Yadav and Tiwari (1987) proposed the
concept of adopting solar collectors with heat exchangers
to provide heat for an OSP. The authors found that the
water temperature of the OSP increases with the increase
in water flowrate, solar collector area and heat exchanger
length (Yadav and Tiwari 1987). Further, an experimental
study of an OSP heating system with solar collectors in
Germany showed that this system was economically com-
petitive when compared with a conventional heating system
(Croy and Peuser 1994). The results showed that, in the
cold season, around 250 to 300 kWh/m? solar energy could
be used to supply heat for OSPs. In India, a heating system
with solar collectors was designed by Dang (1986), to supply
heat for an OSP. The author discovered that the calculated
energy efficiency of the solar collectors could reach up to
53.3%. However, for American conditions in the 1990s, the
life-cycle analysis of adopting solar collectors to supply heat
for an OSP in a university indicated that this heating system
might be not be economically feasible over a period of ten
years (Alkhamis and Sherif 1992).

A few researchers have focused on the development of
energy models for OSP heating systems with solar collectors.
For example, Rakopoulos and Vazeos (1987) developed an
energy model for an OSP heating system with solar collectors.
Based on the measured data for five OSPs heated by solar
collectors in Switzerland, Molineaux et al. (1994a) adopted
multilinear regressions to identify the empirical parameters
in the heating system models. Furthermore, the same
authors reported that the mean daily efficiency of the solar
collectors in this system could reach up to 60%, if the system
operated in optimal conditions (Molineaux et al. 1994b).
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Haaf et al. (1994) developed a simplified model of an OSP
heating system with solar collectors, which had the merits
of short calculation time and good user-friendliness.

Many studies have also been presented, to enhance the
performance of OSP heating systems. The utilization of a
low flow rate circulation pump is an efficient measure to
enhance a system’s energy efficiency. The effect of reducing
the flow rate on the performance of a solar collector heating
system adopted in an OSP was investigated by Cunio and
Sproul (2012), who found that the solar collector’s efficiency
was only reduced by 10%-15% when the flow rate was
decreased by up to 75%, leading to a reduction in the system’s
energy use of more than 80%. In addition, a simulation study
on the effect of a low flow rate circulation pump on the
performance of a solar collector with an area of 20.5 m? for
an OSP with an area of 36 m? was presented in the study of
Zhao et al. (2018). They found that 0.016 kg/(s-m?) was the
optimal mass flow rate for each unit collector area, in which
an energy-saving ratio of 60% could be achieved. Adjusting
the set-point temperature of swimming pools is another
approach for enhancing the performance of OSP heating
systems. For example, Hahne and Kiibler (1994), who
conducted a simulation study of an OSP heating system
with solar collectors, found that the energy efficiency of
the system could be increased when the set-point water
temperature of the swimming pool was reduced within a
reasonable range, such as from 24 °C to 22 °C.

In addition, PV/T plants that can covert the solar
energy into both electricity and thermal energy (Furukakoi
et al. 2018) can improve the performance of OSP heating
systems. The performance of an OSP heating system with
PV/T, shown in Figure 11, was assessed by Buonomano
et al. (2015). In this study, the authors discovered that the
improvement in the energy performance of the system was
remarkable when the PV/T was used. They also discovered
that, due to the high initial investment in the system,
necessary incentive policies were needed to promote the
use of the system. Yandri (2017) reported that the energy
efficiency of an OSP heating system with PV/T could be
effectively improved by integrating Joule heating, which
was an internal heating technology that could produce heat
through an electrical conductor. Further, Clot et al. (2017)
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Fig. 11 OSP heating system with PV/T (Buonomano et al. 2015;
reprinted with permission ©2015 Elsevier)

proposed a concept of submerging the PV/T in the water of
the OSP. This concept solved the difficulty of finding enough
space to install the PV/T. A simulation, using the submerged
PV/T in an OSP with a surface area of 60 m* and a volume
of 75 m® was conducted in Rome, Italy. It was found that
nearly 10 MWh electricity could be produced when the
system was used.

4.3.2 Heat pump technology

Heat pumps have been applied to OSP heating systems, and
they are only used to heat the water of the pool. Figure 12
shows the schematic diagram of an OSP heating system with
air-source heat pump. The system mainly comprises fan,
evaporator, compressor, condenser, expansion valve, and
OSP. The fan will cycle the ambient air that exchange the
heat with the refrigerant in the evaporator. The compressor
will be used to increase the pressure of the refringent from
the evaporator. The refrigerant with high pressure will be
input into the condenser and exchange heat with the cold
water from the OSP. The hot water will be supplied into the
OSP. The refrigerant leaving the condenser will be input into
the expansion valve and the pressure of the refrigerant will
be reduced. A life-cycle cost analysis of using heat pumps to
supply heat for an OSP in South Africa was performed in
the study of Greyvenstein and Meyer (1991). The results
indicated that using heat pumps to provide heat for an OSP
was more economically beneficial than using solar collectors.
The reason might be that the capital cost of using solar
collectors was greater than that of using heat pumps. In the
studies of Lam and Chan (2001, 2003) and Chan and Lam
(2003), heat pumps were used to provide heat for an OSP
of a five-star hotel in Hong Kong. They concluded that the
energy cost for the heating system with heat pumps with a
COP of 3.5 could be reduced by HK$ 275,700 in a ten-year
life cycle, in comparison with that of a conventional system
such as electrical or gas heaters.

4.3.3 PCM storage technology

Energy storage technology allows energy to be stored during
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Fig. 12 OSP heating system with air-source heat pump
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low demand or high renewable energy generation periods,
and to be discharged during high demand or low renewable
energy production periods (Li et al. 2015; Argyrou et al.
2018; Du et al. 2019). This fact enables energy storage
technology to be broadly applied in renewable energy
applications. Compared with other energy storage media,
phase change materials (PCMs) have the merits of high energy
storage density and nearly constant temperature during the
phase transition process (Xu et al. 2017, 2018; Aketouane
et al. 2018; Li et al. 2020b). Thus, they have been extensively
adopted in many fields, such as domestic hot water systems
(Gorzin et al. 2018), building cooling systems (Bourne and
Novoselac 2015; Panchabikesan et al. 2020), and battery
thermal management systems (Li et al. 2018a). Recently,
researchers have started to use PCM storage in OSP heating
systems. For example, Zsembinszki et al. (2012) compared
two methods of applying PCMs in OSPs: (1) to install PCM
panels in the swimming pool walls, and (2) to use PCM
storage tanks to supply heat for OSPs. They concluded that
the latter was better than the former, because the discharging
time of the stored heat could be well controlled. Furthermore,
Li et al. (2018b,c) proposed an OSP heating system where
air-source heat pumps were used, together with PCM storage
tanks, as shown in Figure 13. The “on/off” controllers would
be used to control the open and closed states of the air-
source heat pumps and their associated pumps, according
to the formulated time schedule and setting temperature
values. During the electric off-peak period, the air-source
heat pumps and their associated pumps would be first
opened to store heat in the PCM storage tank. When the
temperature of the storage tank reached the set value (e.g.
60 °C), they would be closed. Then, they would be opened
again to preheat the water of the pool at the formulated
moment. When the water of the pool reached the set value
(e.g. 28.5 °C), they would be closed. In addition, during
the open period of the OSP, the PI controller was used to
maintain the water of the pool within a comfortable thermal
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Fig. 13 OSP heating system proposed in the study of Li et al.
(2020b; reprinted with permission ©2020 Elsevier)

range (e.g. around 28 °C). The function of the PCM storage
tank was to shift the electricity use from the on-peak to the
off-peak period and thereby brought considerable economic
benefits. The results indicated that the proposed heating
system was economically and technically feasible.

4.3.4 Geothermal energy technology

Geothermal energy has also gained application in OSPs. A
description of the use of the geothermal energy technology
in OSP heating systems refers to Section 4.2.4 and Figure 9.
For example, Somwanshi et al. (2013) proposed an OSP
heating system, which collected heat from the soil at a depth
of four meters. The simulation results of this system indicated
that the water temperature of the pool could be maintained
between 22 °C and 27 °C in four different climatic regions,
and thereby the proposed heating system was technically
feasible. However, the calculation results were based on heat
transfer models, and detailed design and control strategies
were not considered in this study. In addition, the proposed
system might be technically feasible, but it might not be
economically feasible. An economic analysis of the system,
based on the proposed suitable design and control strategies,
should be conducted.

4.3.5 Biomass heater technology

Biomass is a renewable energy technology that has the merits
of being approximately carbon neutral and abundant in
many sources (Bajwa et al. 2018). Figure 14 shows an OSP
heating system with biomass heater. The biomass (e.g.
animal and agriculture residue) is input into the burner.
The fan will be used to blow the air into the burner. The
mixture of biomass and air will be ignited. The heat resulted
from the burning will be transferred to the OSP by the heat
exchanger. Based on this technology, Katsaprakakis (2015)
proposed two OSP heating systems: (1) using biomass
heaters and (2) using a combination of biomass heaters and
solar collectors. In the first system, the required heat of the
OSP came totally from the biomass heater. In the second
system, the required heat of the OSP came from both solar
collectors and biomass heaters. If the temperature of the
solar collectors was 4 °C higher than the water temperature
of the pool, the associated heat pump of the solar collector
would be turned on; otherwise, it would be turned off. The
biomass heater would be opened when the solar collector
could not offer enough heat to the water of the OSP. The
economic performances of these two systems adopted in
OSPs in Greece were evaluated. The authors reported that
the operating costs of these proposed systems were
significantly reduced in comparison with the conventional
systems that adopted expensive diesel oil. In addition, the
payback period of these systems was less than five years.
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Fig. 14 OSP heating system with biomass heater

4.3.6 Waste heat recovery technology

Waste heat recovery techniques are also found to supply
heat for OSPs. A description of the use of waste heat recovery
technology in OSP heating systems refers to Section 4.2.3
and Figure 8. For example, Borge et al. (2011) showed that
an OSP could be used as a heat sink for air-conditioning
systems and thereby reduce the heat demand of OSPs
and simultaneously enhance the energy efficiency of air-
conditioning systems. Furthermore, Harrington and Modera
(2013) conducted a feasibility study on rejecting waste heat
from air-conditioning systems into an OSP in California.
This could not only offer heat for the OSP but also reduce
the cooling energy use and peak demand of the buildings.
They concluded that the energy use for single-family cooling
purposes could be reduced by 25%-30%, when the proposed
system was applied.

5 Discussion on practical and possible techniques
for swimming pool applications

Section 4 presented the swimming pool heating techniques
from the existing literature. However, some key techniques
that can be applied for swimming pool applications might
not be reported in the existing literature. Discussion of these
techniques is valuable, and thus the practical and possible
techniques for swimming pool applications are presented
in this section. The details of the discussion are shown
below.

5.1 Practical techniques in engineering projects

The practical techniques in engineering projects for swimming
pool applications are very important and worthy of review.
However, in current literature, few practical engineering
projects for swimming pool heating applications have been
reported. More practical engineering projects should be
investigated and presented in the literature. Scholars should
conduct more investigations of swimming pool heating
applications from practical aspects. Based on the authors’
current information, a complicated heating system with a
heat pump has been applied in an ISP in Norway. The heat
pump is used to provide heat for the water of the pool and

to satisfy the heating and ventilation load for the buildings.
The heat pump also provides heat for showering and connects
with geothermal heat storage devices. In addition, currently
there are some successful companies that have produced
different equipment to offer heat for the swimming pool
facilities. For example, a company called Degaulle completed
a project for an Indonesia hotel, in which four heat pumps
were used to offer heat for the facilities; and a drug disinfection
system and six sand filters were used to play the role in
disinfecting and filtering, respectively (Degaulle 2020b).
This company also completed a project for a Vietnam hotel,
in which four heat pumps, a drug disinfection system and
eight sand filters were used (Degaulle 2020a). Further, a
project titled Holmen Indoor Swimming Pool, Asker has
been completed (Holmen 2020). This ISP heating system
comprised the PV panels with the surface area of 650 m?
solar collectors with the surface area of 650 m? 15 geothermal
wells, and five heat pumps. PV panels were used to provide
heat and electricity for the facility. The annual electricity
produced by PV panels were 73,000 kWh, which satisfied
around 12% of the annual electricity demand of the facility.
Solar collectors were used to offer hot water. Geothermal
wells were used to recover the waste heat from grey water.
The recovered heat would be offered to the facility by heat
pumps. Hence, it could be found that, in practical applications,
if multiple heating techniques were used together, they
might effectively enhance the performance of the system.
However, in current literature, most scholars mainly focused
on single heating techniques; therefore, more investigations
into multiple heating techniques should be conducted.

5.2 Possible techniques for swimming pool applications

Section 4 presented the ISP and OSP heating techniques
from the existing literature. It can be seen that the currently
investigated ISP heating techniques include solar collector,
heat pump, waste heat recovery, geothermal energy, and
cogeneration technologies; meanwhile, the currently
investigated OSP heating techniques include solar collector,
heat pump, PCM storage, geothermal energy, biomass heater,
and waste heat recovery technologies. The solar collector,
heat pump, waste heat recovery, and geothermal energy
technologies have been investigated and presented in the
literature for both ISP and OSP applications. Hence, many
technologies could be used in both ISP and OSP applications.
However, considering the difference between ISP and OSP
heating techniques described at the beginning of Section 4,
the design of common techniques should consider two key
issues: (1) the annual operating time of an ISP technique
is longer than that of an OSP technique; (2) heating load
including ventilation load should be considered in ISP
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techniques, while it is not considered in OSP techniques. In
fact, the PCM storage and biomass heaters presented in OSP
heating techniques can be used for ISPs, while the mentioned
design suggestions should be considered. In addition, the
cogeneration presented in ISP heating techniques can be
used for OSPs. It should be noted that fuel cells that can
effectively convert the chemical energy into electricity can

be used in cogeneration techniques for both ISPs and OSPs.

Currently, few studies have focused on investigating the
use of fuel cells in ISP and OSP heating systems. Based on
the above discussion, more studies should be conducted
regarding the use of PCM storage and biomass heater
techniques for ISP heating systems, using cogeneration
techniques for OSP heating systems and fuel cells for both
ISP and OSP heating systems.

6 Conclusions and future possible research
opportunities

This review summarized the heat transfer model for swimming
pools, and passive and active technologies for swimming
pool heating systems. Different equations and approaches
for calculating the components in the heat transfer model
of the swimming pool, including heat loss from evaporative,
convective, radiative, conductive, refilling water and heat
gained from the sun, were summarized. The active heating
technologies for ISPs were classified as solar collector,
heat pump, waste heat recovery, geothermal energy, and
cogeneration technologies. The active heating technologies
for OSPs were classified as solar collector, heat pump, PCM
storage, geothermal energy, biomass, and waste heat recovery
technologies. A discussion was presented on the practical and
possible heating techniques for swimming pool applications.
Based on the reviewed literature, future possible research
opportunities were proposed, providing a meaningful
guideline for researchers, government, and building owners
to develop feasible swimming pool heating systems. The
proposed research opportunities were shown as follows:
¢ Although mathematical models for describing the heat
transfer process in swimming pools have been proposed,
the precondition of using this model is the assumption
that one temperature point is regarded as the water tem-
perature of the entire pool. In fact, the water temperature
varies in different regions of the pool. For example, in
the OSP model, shading of the building will affect the
solar energy that different regions of the pool can obtain.
Therefore, future research is necessary on the influence
of temperature distribution in swimming pools on heating
system control and thermal comfort.
o Few studies have presented the heat gained from the
bodies of swimmers in the heat transfer model. The

activities and number of swimmers will affect the heat
exchange between swimmers and the pool water. For ISPs,
the activities and number of swimmers will also affect
the heating load of the facilities. Hence, it is suggested that
the effect of the heat gain from the bodies of swimmers
on the heat transfer model should be investigated in
future studies.

The energy consumption of swimming pool facilities is
affected by many factors, such as location, climate, and
operating time. Current surveys for collecting data about
the energy consumption of swimming pool facilities are
limited. More surveys or simulation studies should be
conducted to investigate this. Necessary comparisons
between ISPs and OSPs with similar dimensions and
same operating conditions might be made.

In the current studies, a thermal-insulation cover was
placed on the surface of the pool when it was closed. This
could prevent heat loss from the surface, such as evaporative
and convective heat loss. However, thermal-insulation
covers should also be used on the walls and bottom of the
pool, contributing to reducing conductive heat loss during
the pool’s both open and closed periods.

During a pool’s unoccupied period, heating applications
such as solar collectors and heat pumps might not be
used to provide heat for the pool. Thermal energy storage
technologies such as PCM should be used to store the
heat from these applications. For solar collectors, the heat
can be stored in thermal energy storage devices during
the period when solar irradiation is adequate, and no heat
is needed for the pool. For heat pumps, the heat can be
stored in thermal energy devices during the period when
the electricity price is favorable, and no heat is needed for
the pool.

Current investigations into the use of geothermal energy
technology in both ISP and OSP heating systems have
mainly focused on an initial evaluation of the system.
They have analyzed the performance of the system based
on simple calculations. Suitable design and control
strategies for systems with geothermal energy technology
are still lacking. In addition, it is still necessary to consider
the issue of maintaining the long-term operation of systems
with geothermal energy technology. Initial and maintenance
costs of a system with geothermal energy technology
were high for maintaining long-term operation. Hence,
more investigations should be conducted, to enhance the
economic benefits of this system.

Most swimming pool heating technologies consider the use
of solar energy and heat pumps. However, more attention
should be focused on other efficient techniques, such as
geothermal energy and biomass energy technologies.
Many scholars only propose a concept for heating
technologies in swimming pools and perform a simple
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feasibility analysis for the proposed system. Details about
the proper control and operation of the proposed systems
are lacking, because they may have a significant effect on
the real achieved results.

o A few studies presented the optimization and optimal
control for the studied swimming pool heating systems.
However, multi-objective optimizations should be perfor-
med, considering multi-aspects, such as energy, economics,
exergy, thermal comfort, and environmental performance.

e Due to abundant solar irradiance and high ambient tem-
perature in summer, the water temperature of the OSP
might be high, even beyond the thermal comfortable range
of swimmers. It is necessary to use cooling techniques
to cool the pool water down, and the simplest technique
might be to use the cooling capacity of the fresh cold
water. The extra heat of the OSP can be used in the aspects
of domestic hot water and showering.
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