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Keywords: In the Mediterranean region, outdoor swimming pools, despite having lower energy consumption compared to
Outdoor swimming pools indoor pools, are nonetheless highly energy-intensive structures, offering significant opportunities for energy
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efficiency improvements. Although there are numerous studies in the literature, few of these works have been
dedicated to estimating the energy consumption of outdoor pools while considering typical local meteorological
conditions and their occupancy rates. This paper presents a novel energy balance model for outdoor pools that
incorporates the latest correlations for calculating evaporation due to forced convection and sky temperature, a
new phenomenological model for assessing the enhancement of evaporation as a function of occupancy rate, and
an approach that takes into account atmospheric stability conditions in defining wind-related heat losses. The
model successfully predicts the annual energy consumption data for outdoor Olympic swimming pools in Greece
with a mean absolute percentage error of less than 12 %. Simulations of an outdoor swimming pool operating
with water at 26.5 °C and in which the cover is not used present indicate a specific thermal energy consumption
of about 2300 kWh/m?2. A decrease in water temperature by 1 °C and the use of a cover result in approximately
11 % and 30 % reduction in consumption, respectively.

concluded that although there is some inconsistency between the con-
sumption values of pools in relation to their different geographical lo-
cations and outdoor pools in climates such as the Mediterranean display
lower consumption values than indoor pools. Yet despite the use of
passive consumption reduction systems, like night thermal-insulation
covers [5], outdoor swimming pools still remain high energy-
consuming facilities and offer many opportunities for the introduction
of efficiency measures [6]. Therefore, a large number of research studies
[7] have been presented with the aim of introducing innovative systems
to make outdoor pools more efficient through the use of solar collectors
[8-13], geothermal systems [10], heat pumps [14], thermal-insulation
covers [15] phase change materials [16] and innovative thermal man-
agement techniques [17] and [18]. However, hardly any of these works
have been devoted to analysing the annual consumption of outdoor
pools in relation to the climatic conditions typical of their location thus,
from a practical point of view, the dimensioning of water heating sys-
tems for outdoor swimming pools is still often based on empirical
methods resulting in heating systems are often significantly over-
estimated or underestimated [19].

The energy demand of outdoor swimming pools is generated by
various heat loss mechanisms, essentially related to the energy ex-
changes that take place between the pool and the atmosphere. Several
studies available in the literature [13,19,20] show that over 50 % of heat

1. Introduction

Among all types of sports facilities, swimming pools are the second
most popular. They are often used for various activities, including
swimming, water sports, and recreation [1]. The overall energy con-
sumption of swimming pool sports centres includes electrical energy for
lighting, ventilation and, electrical equipment as well thermal energy for
heating the space, the pool, and hot water for showers [2].

In continental Europe and northern countries, the average energy
consumption per square meter of water surface for indoor pools is
approximately 5,200 kWh/m? [1]. However, a study of 41 Norwegian
indoor pools revealed an average annual energy consumption of about
4,000 kWh,/m? [3], while a similar Finnish facility was estimated to
have a consumption of 2,800 kWh/m? [4]. Conversely, indoor pools in a
Mediterranean climate zone were estimated to have an average annual
consumption of 4,300 kWh/m? [1]. A more recent study by Mousia and
Dimoudi [5] focused on the annual energy consumption of outdoor
swimming pools in Greece, indicated that the average annual energy
consumption for an outdoor swimming pool in Greece was approxi-
mately 2,500 kWh/m? without the use of a night thermal insulation
cover and about 1,800 kWh/m? with its use.

From this initial review of the data in the literature, it can be
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Nomenclature

Anax pool area per person at maximum occupancy, [m?]
A, swimming pool surface area, [m?]

C infrared cloud amount or cloud fraction, [-]
[ specific heat, [J~kg’14K’1]

d zero-plane displacement, [m]

AH,, latent heat of vaporization of water, [J ‘kg’l]
E rate of evaporation, [kg~m’2-s’1]

Fa evaporation surface enhancement factor, [-]
Fre daily pool water renewal factor, [-]

Fgy sky view factor, [-]

F, swimming pool utilization factor, [-]

G solar irradiance, [W-m~2]

h average heat transfer coefficient, [W-m 2K 1]
hm convective mass transfer coefficient, [m-s!]
H, depth of the swimming pool, [m]

L length, [m]

Ny number of swimmers in the pool, [-]

p pressure, [N-m 2]

P perimeter, [m]

Q heat power, [W]

Rp, Bowen ratio, [-]

RH relative humidity of air, [%]

s thickness, [m]

t time, [s]

T temperature, [K]

SEC annual specific energy consumptions, [J-m~2]
14 volume, [m?]

y velocity, [m-s~1]

Z height above ground level, [m]

Greek symbols

a solar absorptance, [-]

B wind shear exponent, [-]

e long-wave emissivity, [-]

0 solar angle

2 thermal conductivity, [W-m~-K™!]

p density, [kg-mf?’]

c Stefan-Boltzmann constant, 5.67 x 10~8 [W/m’z(—|-)

K]

Subscripts
a air
c cover
cl clear sky
cond conduction
cony convection
e free stream
eva evaporation
fc forced convection.
h total horizontal
i at water surface
heat heating
nc natural convection
P swimming pool
rad radiation
re refill water
ref reference
ro roughness parameter in Eq. (23), [-]
ru rural
s saturated
set set temperature
sun solar
sky sky
th thermal
tot total
un unoccupied pool
ur urban
v water vapor
liquid water
wi wind
2 zenith
Acronyms
EU European Union
MAE Mean Absolute Error
MAPE  Mean Absolute Percentage Error
ODE Ordinary Differential Equation
SI Supplementary Information
™Y Typical Meteorological Year

losses from outdoor swimming pools are, in fact, related to the surface
evaporation of water while the remaining losses are divided between
those due to radiation and those due to convection. Evaporation is a
complex phenomenon characterized by the simultaneous transfer of
heat and mass [21] and is strongly influenced by air movements that can
occur by forced or free convection [22]. The majority of the semi-
empirical correlations reported in the literature to estimate evapora-
tion at forced convection [23] are based on the John Dalton theory [24].
Among the earliest correlations of this type are those proposed by Car-
rier [25] (included in the ASHRAE Application Handbooks [26]) and
that of Rohwer [27]. Over the years, many other empirical correlations
have been proposed [23] including the one by Smith [28] which predicts
lower evaporation rates than those of ASHRAE [26] and that by
McMillan [29] which was confirmed by two subsequent literature
studies [23,30]. The correlation of McMillan [29] was recently adopted
in the model developed by Woolley et al [20] for an outdoor swimming
pool. In another study, Hahne and Kiibler [9] employed a model to
analyse experimental data obtained from monitoring two distinct out-
door swimming pools. They tested various semi-empirical methods
[27,31,32] and concluded that Richter’s correlation [31] was more
effective for the data obtained from one pool, while Rohwer’s

correlation [27] was more effective for the data obtained from the other.
Moreover, Ruiz and Martinez [13] compared six different empirical
correlations [26-29,31,32] using a TRNSYS [33] model that was vali-
dated with temperature data measured by them for an outdoor swim-
ming pool and identified the Richter [31] correlation as the top
performing. Lugo et al. [11], in a recent study where they tested the
same set of empirical correlations on their experimental data, confirmed
that Richter’s [31] correlation was the best performing. The Richter [31]
correlation was also adopted by both Zsembinszki et al. [16] and Li et al.
[34] in their models that were validated using the same experimental
dataset as Ruiz and Martinez [13]. The other widely used approach to
predict evaporation from outdoor swimming pools is based on the
analogy between heat and mass transfer [35]. This method was followed
by Shah [36] to define an expression for the rate of evaporation from
unoccupied swimming pools under natural convection conditions. The
analogy was invoked first by Rakopoulos and Vazeos [37] and more
recently by Lovell et al. [19] to predict thermal losses due to evapora-
tion, both under natural and forced convection, from outdoor Olympic
swimming pools.

An important factor to consider in modelling is the impact of the
number of swimmers on the rate of evaporation, which can increase by
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40-70 % [38] at maximum occupancy of the pool. Shah comprehen-
sively reviewed the available literature on the subject, particularly for
indoor swimming pools [39]. However, only a small number of energy
balance models for outdoor pools [8] have taken the effect of pool oc-
cupancy into account (e.g. by introducing an amplifying constant of the
evaporation rate of 20 %) and in all other cases these effects have been
completely ignored [19].

Several approaches have been proposed in the literature to model
convective heat losses of an outdoor swimming pool [8]. Firstly, several
semi-empirical relationships have been proposed for forced convection
over a horizontal surface, which linearly relate the convective heat
transfer coefficient to the wind speed [40]. Examples of such correla-
tions include those proposed by Jurges [41], Wattmuff [42], and the
Australian Standards [43]. The reliability of these expressions were
tested in the model of Molineaux et al. [12], which was validated with
experimental data recorded at 5 outdoor pools. The Australian Stan-
dards correlation was also employed in the models of Hahne and Kiibler
[9], Ruiz and Martinez [13], Buonomano et al. [8], and Zsembinszki et
al. [16], while that of Wattmuff was adopted in the studies of Lam and
Chan [14], Buonomano et al. [8], Lugo et al [11] and Li et al. [34]. A
second approach to modelling convection losses, both forced and nat-
ural, is the one proposed by Rakopoulos and Vazeos [37] and by Lovell et
al. [19], using the analogy between mass and heat flows as already
mentioned above. Lastly, Woolley et al. [20] adopted a third approach in
their energy balance model of a monitored outdoor swimming pool,
which is based on the work of Bowen [44], where convective heat losses
are correlated with those due to evaporation. This approach is widely
accepted and considered to be one of the most robust methods in various
fields, including micrometeorology, agricultural engineering, and hy-
drology [45].

A critical aspect to consider when using the different empirical cor-
relations shown above to calculate evaporation and convection losses is
that these were calibrated using wind speeds measured at different
heights above the water surface. Therefore, depending on the height at
which the wind speed values are measured in the vicinity of the pool,
corrections may have to be made if these values are to be used as input
for the different correlations [9]. To this end, for example, Molineaux et
al. [12] adopted a power law to express the variation of wind speed with
height [46], Rakopoulos and Vazeos [37] introduced a reduction
correction factor to account for the “windbreaking” effect of buildings
surrounding the pool and, more recently, Lovell et al. [19] used terrain
multiplication factors and also considered the effect of the wind direc-
tion in their model.

Regarding radiative losses, in the energy balance models for outdoor
swimming pools proposed in the literature [8], the exchange of long-
wave radiation that occurs between the pool water surface and the sky
was evaluated using the Stefan-Boltzmann equation. This equation in-
cludes the sky temperature, which is a function of both the dry-bulb air
temperature and the emissivity of the sky [47]. The majority of empir-
ical correlations that have been proposed over the years to evaluate the
sky temperature differ in the expressions adopted to estimate the sky
emissivity, under both clear and cloudy sky conditions [48]. Among the
direct clear-sky emissivity correlations, there is Swinbank’s [49]. This
simple model, where emissivity depends only on the dry-bulb air tem-
perature, was adopted in the swimming pool models of Rakopoulos and
Vazeos [37], Zsembinszki et al. [16], Li et al. [34] and, more recently,
Lugo et al. [11]. None of these models took into account the effect of
cloud cover. A second family of empirical correlations relates clear-sky
emissivity of the sky to dew-point temperature. Examples of such ex-
pressions include the one developed by Smith [28] based on the studies
of Bliss [50], the one by Berdahl and Martin [51] (which is implemented
in TRNSYS [33]), and the one by Walton [42]. Since Smith’s approach
[28] does not correct clear-sky emissivity as a function of sky cover,
Berdahl and Martin [51] introduced a sky cloudiness factor for this
purpose. Another alternative example of a correction function is that
proposed by Clark and Allen [52] as a function of cloud cover expressed
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in oktas. Smith’s correlation [28] was adopted by Lam and Chan [14],
while that one of Berdahl and Martin [51] was implemented in both the
models developed by Hahne and Kiibler [9] and Ruiz and Martinez [13].
Finally the Walton correlation [53] was employed in the studies of
Woolley et al. [20] and Lovell et al. [19] where a correction function of
the type proposed by Clark and Allen [52] was adopted.

From what has been described, it is clear that defining an accurate
energy balance model for outdoor swimming pools is not an easy exer-
cise, as it requires modelling the complex energy interactions that occur
between the pool water and the surrounding environment. Despite
numerous approaches proposed in the literature to define these in-
teractions, recently comparative studies have revealed new parameter-
izations that appear to be more accurate than previous ones. However,
these new approaches have not yet been integrated into the energy
models of outdoor pools. Regarding evaporation modelling, for
example, Jodat et al. [54] recently compared models based on Dalton’s
theory and those based on analogy. They showed that models based on
Dalton’s theory produce acceptable results in forced convection regimes,
but in mixed flow regimes, neither theory is capable of describing
evaporation. In another very recent comparative study [21], several
different correlations were tested for predicting water evaporation at
forced convection. According to this research, the new empirical rela-
tionship proposed by Inan and Atayilmaz [55] is the one that best re-
produces a set of experimental data obtained from wind tunnel tests.
This expression is consistent with more recent approaches [56-58] that
consider the evaporation rate at forced convection not as simply directly
proportional to the difference in water vapor pressure. Concerning the
modelling of long-wave radiative exchange, on other hand, in a rela-
tively recent study [59], several widely used parameterizations were
compared, using ground-based measurements collected from 71 loca-
tions distributed globally. From this interesting study, it was found that
among 7 models, the sky emissivity model of Carmona et al. [60], which
includes a multilinear regression function of the air temperature, the
relative humidity and cloud fraction, was the best performing even for
different climate types.

1.1. Novelties of the study

This paper presents and validates a new model for the energy balance
of outdoor swimming pools, whose main objective is to assess the annual
thermal energy demand of these facilities as a function of both the
typical climatic conditions of their location and number of swimmers.
On the one hand, this model incorporates some of the interesting aspects
of previous models, such as: the possibility of calculating the solar ab-
sorption of swimming pools using the approach introduced by Wu et al.
[61], or the aforementioned approach of modelling convective heat
exchange from evaporation using the Bowen’s ratio [44] (both of which
had already been adopted in the model proposed by Wooley et al. [20]).,
the new proposed model also introduces a number of novelties, which
are listed below: Moreover.

o the new correlation of Inan and Atayilmaz [55] is introduced for the
first time in an energy balance model of outdoor swimming pools to
model evaporation under forced convection conditions;

e a new phenomenological model for the enhancement of the evapo-

ration rate as a function of the number of pool users, derived from

Shah’s model [62] for indoor pools, is introduced for the first time for

the case of outdoor swimming pools;

the recent correlation developed by Guo et al. [59]through a repar-

ameterization of the original model by Carmona et al. [60] is used to

calculate the sky temperature as a function of dry-bulb temperature,
relative humidity and cloud cover;

e an extension of the power law model for the wind speed profile, first
introduced in pool models by Molineaux et al. [12], which takes into
account the roughness of area where the pool is located, the height of
the surrounding obstacles and the effect of hourly variations in
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atmospheric stability (as a function of the wind speed, solar irradi-
ance and total sky cover).

In addition, the model also simulates the effect of using thermal-
insulation cover on the energy balance of the pool water and thus on
the decrease in consumption due to the reduction in evaporated water
volumes. The model, numerically implemented using TRNSYS [33], is
defined in such a way that all meteorological and astronomical input
variables can be derived from the information normally available in a
Typical Meteorological Year (TMY), which can be generated for the
location of the pool using a global database such as Meteonorm [63].

The validation of the new model was based on data collected by Ruiz
and Martinez [13] for a Spanish outdoor pool. The results showed that
the new model is more accurate in predicting temperature variations in
the pool than the best performing model to date for this experimental
data set [16]. The analyses also allowed for testing two different ap-
proaches proposed in the literature by Shah [64] and Lovell et al. [19] to
distinguish evaporation conditions for natural convection from those for
forced convection. The study analysed the energy performance data of
outdoor Olympic swimming pools in Greece, as presented by Mousia and
Dimoudi [5], under typical climatic conditions. The new model’s ability
to predict the annual energy consumption of outdoor pools was tested,
both with and without cover, and at different water temperatures. The
numerical analysis demonstrated how varying wind exposure conditions
of the pools can affect the variability of energy consumption measured in
these facilities.

2. Methods and materials

In this section, the new energy model for outdoor swimming pools
proposed in this work is described. To achieve this, the different ex-
pressions used to model the energy exchanges between the pool and the
surrounding environment have been detailed. One subsection explains
the new approach proposed to estimate the effect of pool occupancy rate
on the increase in evaporation losses, while another subsection accounts
for “adjusting” the wind speed profile to consider local pool conditions.
Furthermore, a subsequent subsection describes the benchmark model
used for validation analyses. The remaining two subsections detail the
analyses defined for model validation and the case study employed to
demonstrate the potential of the approach proposed in this work.
However, more on the methodology is provided in the attached Sup-
plementary Information (SI) file (Appendix A).
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2.1. Energy balance model of the swimming pool

From the energy balance of an uncovered outdoor pool (see Fig. 1.a),
assuming that the water is completely mixed due to filters, diffusers, and
the presence of swimmers, it is possible to calculate the temporal vari-
ations of the water temperature T, as follows [8,9,13,16,19,20,65]:

drT, . . . . . . .
VF 'pw'cﬁM"W = Qheut + qun - (Qevn + Qcmzv + Qrad + chnd + Qre) (1)

where V, is the volume of the pool, p,, and c,,, the density and specific
heat of water, Q. the thermal power provided by the heating system,
Quun the heat gains due to solar irradiance, while Qm,p, Qeonvs Qrad> Qeonds

and Q,, correspond to the heat losses due to: evaporation, convection,
radiation, conduction towards the walls and the bottom of the pool, and
those associated with the volumes of water replenished daily, respec-
tively. While conduction losses are typically neglected in the energy
balance as they do not exceed 1 % [9,13,19,20] of the total heat losses,
all the remaining thermal power terms appearing in Eq. (1) are discussed
in detail in the subsequent sub-sections.

If, during the hours when there are no swimmers, the pool is
temporarily covered to reduce evaporation losses (up to an average
value of 95 % [65]), the variations in water temperature can be deter-
mined by solving the following set of coupled equations [65]:

ar, . . ‘ .
Vﬂ.pw'CI’-W'7 = Qheat + Qc - (Qz‘mld + Qre)
(2)
Qc = Qi — (Qconv + de>

where the first equation still represents the energy balance of the pool
water volume, and the second the energy balance of the cover (see Fig. 1.
b).

In the second equation, valid under the assumptions of a large
surface-area-to-volume ratio and rapid energy irradiation [65], Q. rep-
resents the power transmitted by conduction through the cover to the
pool water, which can be expressed by the following relationship:

. A

0. = (Z) (T. = T,,)-A, 3
where /. is the thermal conductivity of the cover, s, the thickness of the
cover, T, the temperature of the external surface of the cover and A, the

surface area of the pool.
It is worth noting that the strongest assumption underlying the val-

cover

<t

Qheat

()
Q-

cond

(2)

(b)

Fig. 1. Energy balance of an outdoor swimming pool: (a) uncovered; (b) covered.
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idity of Egs. 1-2 is that the temperature of the pool water is uniform due
to mixing. Experimental confirmation of this assumption is provided by
a recent study by Waché et al. [65] where the water temperature in
various pools was measured at different depths. The results show that for
an uncovered pool, the temperature can be assumed to be uniform both
during the daytime and at night. For a covered pool, this holds true at all
times when the water circulation system is active, regardless of day or
night, yet during the daytime, there can be surface temperature gradi-
ents in the water just below the cover (up to a depth of approximately 10
cm) due to solar radiation when the circulation pumps are turned off.
However, this situation is rare as the cover is typically used during
nighttime when the pool is unoccupied and there is no influence of solar
radiation. For the same reason, Q,, in Eq. (2) can be considered almost
always equal to zero.

2.1.1. Solar irradiance heat gains

During daylight hours, outdoor pools are exposed to solar irradiance,
which contributes to providing thermal gains that can be estimated
using an expression of the following form:

Q.\un = Gh a, 'Ap (4)

where Gy, is the global horizontal solar irradiance and o, the effective
solar absorptance of the pool. The latter term is equal to the solar
absorptance of water a,, in the case of an uncovered pool or to that of the
plastic material of the cover a. in the case of a removable blanket used to
avoid water evaporation. In the case of an uncovered pool with light-
colored walls and floor, several authors [8,13,14,16] have used a con-
stant value ofa,, = 0.85 in their analyses. Hahne and Kiibler [9], how-
ever, based on their theoretical analysis, showed that a,, is generally
greater than 0.85 even in the case of poorly absorbing walls and floor.
Despite that, from a comparison with the experimental data recorded for
one of the two pools they analysed, a surprisingly low value of 0.56 for
solar absorptance emerged. More recently, the study presented by
Wache et al. [65], conducted with a model experimentally validated
using measured data from a series of 5 small outdoor swimming pools
(all with a depth of 1.3 m), assessed an average value of solar absorp-
tance equal to 0.77. The apparent inconsistency of these results is likely
related to the complexity in modelling the phenomenon, as also
demonstrated in the work of Wu et al. [61], where a methodology is
presented to evaluate the solar absorptance variations of shallow water
ponds based on various factors, including: the angle of incidence of solar
rays 0;, the depth of the water body, the spectral distribution of the
direct and diffuse components of solar radiation and the optical H,
characteristics of the water pond floor. This approach was followed by
Wooley et al. [20] to determine an annual average value of solar
absorptance in their outdoor pool model. However, these authors did
not provide any details regarding the optical properties of the walls and
floor of the pool assumed in their model, nor the average value of a,,
obtained from their analyses. The methodology presented in this paper
follows the approach proposed by Wu et al. [61]. Further details can be
found in SI 1.

2.1.2. Evaporative losses

Evaporation is a process in which there is a simultaneous transfer of
heat and mass. This phenomenon occurs at the surface of a saturated
liquid, where vapor diffuses due to molecular motion in the unsaturated
gas [21]. The rate of this process is very slow when it is solely governed
by molecular diffusion of the vapor. However, the process is faster when
thin layers of saturated air immediately above the free water surface are
removed by air currents and replaced with drier air. This air movement
can occur essentially through two mechanisms: natural convection
(driven by buoyancy forces) and forced convection (due to air currents,
such as wind, in the case of an outdoor swimming pool) [64]. The
evaporation of water in the natural convection case can be modelled
through a relationship of the following type [19,35]:
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Eun.nc = hM'(pv,i - pv‘e) (5)

where hy is a mass transfer coefficient for free convection, p, ; the vapor
density at the water surface and p, , the free stream vapor density. In the
above and subsequent relationships, it is assumed that the air immedi-
ately above the surface of the pool is saturated with water vapor (RH; =
100%) with a temperature close to that of the water, T,,. In other words,
py.; corresponds to the saturated vapor density calculated at temperature
Ty, while p, , is the vapor density calculated considering the tempera-
ture and relative humidity of the free stream (T, and RH,, respectively).
The expressions used to determine the coefficient hy, as derived from
the analogy of heat and mass transfer, are described in detail in SI 2.
Regarding the modelling of forced convection, reference was made to a
recent study [21] where ten different empirical correlations collected
from the literature were compared to model laboratory-measured data.
This study showed that the most effective correlation is the one proposed
by Inan and Atayilmaz [55], where the vapor partial pressure difference
is corrected with an exponential coefficient. This correlation, which was
adopted in the model proposed with this paper, takes the following form:

(p —p )0.695

Eunge = (028 +0.784v,,) - 6

where v,,; is the wind speed, p,; the vapor pressure at the water surface,
Dv. the vapor pressure of the free stream and AH, the latent heat of
evaporation of water. In accordance with the assumptions described
above, we have that in Eq. (6), the vapor pressure at the pool surface
level can be expressed as:

Pvi = pvs(Tw) (7)

where p,s is the saturated vapour pressure (which is a function of tem-
perature alone). Similarly, the vapour pressure of the free stream can be
calculated as:

Pve = va(Tn)(RHf/IOO) (8)

To define the conditions under which evaporation occurs under
forced or natural convection, or a combination of both (mixed), several
approaches have been proposed, including the one suggested by Shah
[64], which can be described as follows:

1. If pge > pg; and Eunnc > Eynge, natural and forced convection occur
simultaneously, although the former is dominant over the latter:
Eun = Eynne calculated by Eq. (5).

2. If p,, > po; and Eunne < Eun fc» natural and forced convection occur
simultaneously, even though the latter is dominant over the former:
Eun = Eynyge calculated by Eq. (6).

3. If p,.<p,;, evaporation can only occur through forced convection,
and therefore, E,, = E,y . calculated by Eq. (6).

Alternatively, Lovell et al. [19] utilized the following power-law
relationship to model the synergistic contribution of forced and natu-
ral convection to evaporation [35]:

7/2 -7/2 2
E“" = (Eun,fc + Eun,nr) (9)

with this study, as described below, the two approaches just illustrated
above have been tested through the validation of the present model
using the data measured by Ruiz and Martinez [13] for an outdoor pool.

The expressions for determining the evaporation rate described so far
refer to the case of an unoccupied pool. In the presence of swimmers,
however, the evaporation rate increases due to various physical phe-
nomena, such as wave generation, wetted bodies of swimmers, and the
generation of sprays and water droplets, all of which contribute to
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increasing the effective water surface area in contact with the air [62].
Taking into consideration all these effects, it is possible to incorporate an
evaporation surface enhancement factor F, that is a function of the
number of swimmers. This factor enables the calculation of the actual
evaporation rate for an occupied pool using an expression of the
following form:

E,=FyE, 10)

The correlations introduced in the literature to calculate F, have
been summarized by Shah [62] in a study where the author proposed
two models, one phenomenological and one empirical. The validity of
these models was tested on a limited number of experimental datasets
available in the literature. All the proposed models, however, have been
developed to calculate the water evaporated from occupied indoor
swimming pools, aiming to both size the air conditioning systems and
assess the energy consumption of the pool. For this reason, these models
also consider the evaporation from the deck area wetted by splashes
from the swimmers [62]. However, this last term does not need to be
considered in the energy balance of an outdoor pool. Therefore, in the
approach presented in this paper, a new phenomenological correlation is
defined to evaluate F, of an outdoor pool as a function of the number of
swimmers, Ng,. The new approach, which can be derived from the
original model by Shah [62] by omitting the contribution from the
wetted deck, is described by the following relationship:

14+23-F, for F, < 0.1
1.2+ 0.3-F, for 0.1<F,<1 an
1.5 forF, > 1

Fu(F,) =

where F, is the utilization factor of the pool, defined as:

A max
Ay

Fu = 'va (12)

where A, is the maximum pool area per swimmer in the case of
maximum occupancy, which, as indicated by Shah [62], can be assumed
to be 4.5 m2/person. In Fig. 2, a comparison is shown between the
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original correlation by Shah [62], validated on indoor pools (consid-
ering the contribution from the wetted deck), and the new model
derived from the previous one (considering only the water evaporating
from the pool) and assumed to be valid for outdoor pools.

As observed from the figure, according to the new proposed model,
in the case of maximum occupancy (F,>1) of an outdoor pool, the
impact of swimmers increases the evaporation rate by up to one and a
half times at most compared to an unoccupied pool

Once the evaporation rate per unit of pool surface area, E,, is
determined, the corresponding heat losses can be calculated using the
following expression:

Quw = E,-AH,-A, 13)
valid only if the pool is not covered.

2.1.3. Radiative losses

To quantify the net radiative heat power exchanged between the
surface of an outdoor swimming pool and the environment, it is possible
to use the Stefan-Boltzmann equation [8,48]:

Orea = 06,4 Fyy- (T; - T;‘ky) (14)

where ¢ is the Stefan-Boltzmann constant, ¢, the long-wave emissivity
of the pool surface, Fy, the sky view factor, T, the temperature of the
pool surface (in K) and T, the sky temperature (in K). The pool surface
temperature T, is equal to the water temperature T,, when the pool is
uncovered, and equal to the cover temperature T, when it is covered.
Similarly, the emissivity of the pool surface ¢, is equal to that of the
water ¢, or that of the polymer cover ¢, in the case of an uncovered or
covered pool, respectively. In this study, the long-wave emissivity of
water g, is assumed to be 0.95, as commonly hypothesized in similar
models [8,10,12,13,16].

Furthermore, the view factor Fy, reported in Eq. (14) is assumed to
be equal to one, considering that outdoor pools have exchange surfaces
with the overhead cold sky dome that are horizontal.
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Fig. 2. Variation of F4 as a function of F, considering the water evaporated from the wetted deck (indoor pools) and without considering it (outdoor pools).
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Finally, the sky temperature T, (in K) can be related to the ambient
temperature T, (in K) through the following relationship [47,48]:

Toy = €50 Ta 15)

where &g, is the emissivity of the sky. As already mentioned in the
introduction, over time, numerous empirical models have been pro-
posed to model the emissivity of the sky [47,48,59,60]. In this study, this
quantity is calculated using the expression proposed earlier by Martin
and Berdhal [66], and subsequently by Crawford and Duchon [67] and
Carmona et al. [60]:

Esky = 85kx'.cl'(1 - C) +C (16)

where &4y is the clear-sky emissivity and C is named “the infrared
cloud amount” by Martin and Berdhal [66] and the “cloud fraction” by
Crawford and Duchon [67] and Carmona et al. [60].

In this study, the following expression elaborated by Guo et al. [59]
through a reparameterization of the original model by Carmona et al.
[60], is adopted to model the clear-sky emissivity:

Egpr = — 0.4373 +0.0037-T, +0.0027-RH, a”

where T, is in K and RH, in %. Guo et al. [59], by comparing seven
different models using ground-based measurements collected from 71
locations distributed worldwide, demonstrated that the multilinear
regression function of air temperature and relative humidity described
by Eq. (17) performed best for various climate types. It is noteworthy to
underline that through this study, the correlation of Carmona et al. [60]
is, for the first time, used to estimate the radiative losses (under clear sky
conditions) of an outdoor pool.

Finally, regarding the method used to calculate the cloud fraction C
in this paper, refer to what is described in detail in SI 3.

2.1.4. Convective losses

The determination of convective heat exchange between an outdoor
swimming pool and the environment was, once again, distinguished by
considering both the cases of an uncovered pool and a pool covered with
an anti-evaporation sheet. Regarding the first case, in this study, we
chose to adopt the Bowen approach, which, as mentioned in the intro-
duction, is considered one of the most robust methods for determining
convective heat losses based on radiative losses [45]. This method,
successfully applied by Woolley et al. [20] to model temperature vari-
ations in an outdoor swimming pool, predicts that convective heat los-
ses, both natural and forced, can be expressed by the following
relationship:

Qeon = Roo Qe (18)
where the Bowen ratio Rp, [44] is defined as:
Cpa.e*Paiot Tw - Tu
Ry, = 2% : 19
i <0622AHW) <pv.i - pv.e) ( )
where cpq is the specific heat of air at T,. Regarding the case of a night
covered swimming pool, convective heat losses can be defined as a

function of the temperature difference between the cover and the air
using the following relationship [65]:

anv = Ewnv'Ap’(Tf - Ta) (20)

where Ay is the average convective heat transfer coefficient.
Finally, for the determination of the latter coefficient, please refer to
what is described in detail in SI 4.

2.1.5. Water refill losses
Several factors contribute daily to the reduction of water volume in
the pool, including evaporation, the presence of swimmers, and filter
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backwashing. Additionally, for hygiene and sanitary reasons, especially
in public pools, it is mandatory to renew a certain quantity of pool water
daily. This percentage of renewal typically varies between 2.5 % and 5 %
of the total pool water volume, depending on the regulations in different
countries [7,8]. The replenishment water is usually drawn from the
public water supply at a lower temperature than that of the pool. Under
these assumptions, the thermal losses due to water renewal in a swim-
ming pool can be estimated through a relationship of the following type
[71:

. VyF,
o = Cow (T — Tre 21
O = () ome T = T2) (21)

where Fp, is the daily water renewal percentage, c,, the specific heat of
the water and T}, the temperature of the make-up water coming from the
aqueduct. This temperature typically varies throughout the months of
the year.

2.1.6. Heating power

The conventional heating systems for pools include electric and oil/
gas heaters [6]. For example, in the case of outdoor Olympic-sized pools
in Greece, the majority of heating systems use both fuel oil and natural
gas boilers [5]. The hydronic heating system for a swimming pool must
include: a circulation pump, a water-to-water heat exchanger of the
boiler, and a system of filters. The water pumped from the pool un-
dergoes heating through the heat exchanger, until it reaches the pre-
determined set temperature, Ty, and then it is filtered before being
reintroduced into the pool through the appropriate diffusers [6]. The
term, Qpeqr, appearing in Eqs. 1-2, represents precisely the heat that
needs to be transferred to the water by the heat exchanger to maintain
the water temperature close to Ty, during the heating designated pe-
riods. The time integration of the thermal power required to maintain T,,
equal to Ty, allows, as shown subsequently, the computation of the
annual thermal demand of an outdoor swimming pool. Moreover, the
adoption of dynamic energy models, such as the one presented in this
study, can facilitate the identification of the thermal peak power and,
thus, the sizing of the heater [19].

2.2. Wind speed adjustment

As previously highlighted, both evaporative and convective losses
under forced convection are strongly dependent on the wind speed
values near the water surface of an outdoor pool. With regard to this, it is
worth noting that, on the one hand, numerous forced convection cor-
relations have been calibrated using wind speed measurements taken at
heights ranging from 0.3 to 2 m above the water surface [9]. On the
other hand, the wind speeds typically available are measured at weather
stations by anemometers located at a height typically equal to 10 m
[12]. Furthermore, it is necessary to add that wind speed profiles are
often locally altered by the presence of obstacles near the pool, such as
buildings, vegetation, etc [37].

To account for the variations in wind speed at different heights above
the ground, Molineaux et al. [12] incorporated a power law equation
into their model for outdoor swimming pools. The power-law wind
speed profile, is empirically based but widely adopted by various au-
thors [68,69] as an alternative to the log-law model, which instead has a
more rigorous physical foundation [70]. As illustrated by Irwin [71], the
exponent of the power law is primarily a function of surface roughness
and atmospheric stability conditions. For example, Touma [46]
demonstrated how this exponent can be correlated with the Pasquill
atmospheric stability class [72], considering smooth terrains typical
found in rural areas. More recent studies have shown the applicability of
the Pasquill stability class in defining the wind speed profile even in
urban environments [69].

Based on the above considerations, in the model presented in this
paper, the wind speed v,,; at a generic height z above the ground can be
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estimated using the following expression [73]:

—a\’
Vwi = Vi ref* (Z ) (22)

Zref

where v, is the wind velocity measured at a reference height z.f, d
the so called zero-plane displacement and $ the power-law exponent.
The d parameter, as shown in Fig. 3, takes into account the modifications
of the undisturbed wind profile due to the presence of obstacles in the
surroundings of the pool.

In the case of the presence of obstacles (d > 0), the proposed model
will predict that:

1. the reference wind velocity v, s, measured at 2, in an area without
obstacles (point A in Fig. 3) would occur at a higher elevation (2. +
d) near the swimming pool (point A’ in Fig. 3);

2. the wind velocity value computed at the height at which the forced
convection correlation, for example Eq. (6), has been calibrated,
exhibits a reduced value (point B in Fig. 3) in the vicinity of the pool
compared to that which would be observed in an obstacle-free area
(point B in Fig. 3).

As previously described, the exponent j of the power-law of Eq. (22)
is dependent on both the terrain roughness and atmospheric stability
conditions. In this model, it is assumed that $ can be interpolated be-
tween the value associated with a smooth surface g, (rural areas) and
the value associated with a rough surface g, (urban areas) using the
following relationship:

B =P+ B = Pr)ro (23)
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where ro is a parameter ranging from zero to one, representing the
average surface roughness of the area (ro = 0 for smooth surfaces and
ro =1 for rough surfaces). To define the two wind shear exponents in
Eq. (23), refer to the tables summarised in SI 5.

As emphasized by Hahne and Kiibler [9] in their investigation of two
outdoor pools in Germany, the issue of accurately determining ’char-
acteristic’ wind speed values to be used as input in models for estimating
evaporation losses from an outdoor pool is a practical challenge that
cannot be effectively resolved with reasonable effort. Therefore, both
Molineaux et al. [12] and Hahne and Kiibler [9] preferred to treat the
coefficients of the empirical correlations for convective and evaporative
losses as free parameters. These parameters were adjusted to minimize
errors between measured and simulated water temperature values for
each pool examined.

The approach proposed in this study, on the other hand, considers
the option of solely altering the parameters of the wind speed profile
expression, potentially treating them as free variables of the swimming
pool model. Thus, the value of z in Eq. (22) is fixed at the height above
the ground for which the correlation that models forced convection
evaporation is valid. As for the other two parameters, ro and d in Egs.
22-23, they can be estimated based on reasonable assumptions or one
can follow either of the following two alternative procedures for their
determination:

1. in the case where the wind speed near the pool has been measured at
a specific height for a sufficient period of time, the values of ro and d
can be found as those that minimize the error between the measured
and calculated wind speed values;

A 4
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| V. =v
! wi ref
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e wi = Vrg -
| avs
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"""""""""" T zZ
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o vwi vWi ref vwi

Fig. 3. Power-law wind velocity profile in the presence of an obstacle near the swimming pool.
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2. in all other cases where the wind velocity is not measured locally but
rather the water temperature of the swimming pool is measured or
the energy consumption for its heating is known over a sufficiently
long time interval, ro and d can be treated as free parameters in the
energy balance model. Their values can be estimated by identifying
those that minimize the error either between the measured and
modelled water temperature or between the measured and modelled

energy consumption.

In all the cases considered above, to calculate the variations of the
wind speed profile using the proposed approach, it is necessary to
determine the time series of Gy, Vyef, and vy,s. These can be defined based
on the data measured from the nearest meteorological station to the pool
or, depending on the analysed cases, using climatic data from a TMY
generated for the geographical area of the swimming pool.

2.3. Benchmark model for validation

As described subsequently, the energy balance model for outdoor
pools proposed in this study has been tested using experimental data
published by Ruiz and Martinez [13] for an open-air swimming pool in
Spain. To this end, the same model was benchmarked against the one
proposed by Zsembinszki et al. [16], which was selected because it was
the most accurate in reproducing the measured temperature variations
for this Spanish swimming pool [13,16,34]. A detailed description of the
equations that constitute this model can be found in SI 6.

2.4. Numerical implementation of the model

In this work, the proposed model, along with the benchmark model,
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have been implemented using the commercial software TRNSYS [33].

This software environment allows the integration of various components

(known as Types) to build complex systems whose non-linear transient
behaviour can be simulated. Fig. 4 illustrates the various types and
macros used to construct the TRNSYS layout implementing the open-air
swimming pool model proposed in this article. A detailed description of
the types and macros that make up the layout depicted in Fig. 4 can be

found in SI 7.
In summary, the above described TRNSYS energy balance model

enables the simulation of water temperature variations in an outdoor
pool based on changes in the local climatic conditions. The model ac-
counts for both the impact of occupants on heat losses due to evapora-
tion (during pool opening hours) and the mitigation of such losses
through the use of a nighttime covering. The model’s outputs encompass
all energy exchanges between the pool and the surrounding environ-
ment. By integrating the heating thermal power over time, it becomes
possible to calculate the annual energy consumption of the pool,
considering the actual heating system operation periods, occupancy

schedules, facility closure days, and more.

2.5. Validation of the model and case study

The next two subsections describe the methods used to validate a
simplified version of the proposed model using experimental data from a
Spanish outdoor swimming pool, and the numerical analyses carried out
with the full model to study the annual consumption of Greek Olympic
swimming pools in the Athens area, comparing them with data obtained

from energy audits of these facilities.
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2.5.1. Validation of the model using experimental data

As already mentioned, experimental data measured by Ruiz and
Martinez [13] for a private outdoor pool (with a surface area of 50 m?
and a volume of 82.5 m3), located near Alicante, Spain, were used to
validate the new model. This dataset was chosen because it is one of the
few available in the literature for testing numerical models defined to
simulate the energy balance of outdoor swimming pools. For this pool, in
fact, which is not equipped with a heating system, meteorological var-
iables (wind speed vy, air temperature T,, relative humidity RH,, and
horizontal solar irradiance Gy) as well as the pool water temperature T,,
(measured by a Pt-100 sensor placed one meter deep in the center of the
pool) were measured for three days with 10-minute intervals [13]. The
experimental database was used to test the following three different
energy balance models (all, as previously described, implemented in
TRNSYS):

e Model-A, which is the one proposed in this study, where the
approach introduced by Shah [64] has been adopted to determine
either forced or natural evaporation conditions.

e Model-B, which is the model from the previous point, where the only
difference lies in the utilization of Eq. (16) to model the contributions
of forced and natural evaporation, following the approach proposed
by Lovell et al. [19].

e Benchmark model, which is the one already described earlier in this
paper [16].

The three numerical models were employed to conduct dynamic
simulations aimed at reproducing the observed water temperature
fluctuations in the Spanish pool during the 72-hour monitoring period.
As it is not known in which month of the year this monitoring period
took place [13], distinct simulations were carried out for each of the
three aforementioned tested models, assuming a,, values of 0.85, 0.855,
and 0.86, respectively.

All additional assumptions that were taken into account for the
validation analyses are described along with the definitions of the errors
(MAE and MAPE) that are used to make the accuracy assessment of the
new approach are detailed in SI 8.

At the end of this subsection, it is important to highlight that the
wind speed values v,; of the experimental dataset of Ruiz and Martinez
[13] were directly used as inputs in the three models without applying
any further corrections. These values, in fact, were locally measured by
using an anemometer placed 50 cm above the water surface of the
monitored pool. This measurement height, as already established, is
considered appropriate for determining the wind speed values to be used
in Richter’s correlation [31]. Similarly, in this work, it is assumed that
the wind speed values measured at this height could also be directly used
in the Inan and Atayilmaz correlation [55] (i. e., Eq. (6) of the novel
model). The validity of this assumption has been confirmed by the re-
sults of the analysis presented below, as the latest correlation was uti-
lized for the first time with this study to simulate forced evaporation
from an outdoor swimming pool.

2.5.2. Numerical analyses performed for the case study

As a case study to test the applicability of the new model for ana-
lysing the energy consumption of open-air swimming pools, reference
was made to the data presented by Mousia and Dimoudi [5]. These
authors conducted a study on 68 outdoor pools located in different sites
in Greece (Climate Zones A, B and C), focusing on energy audits con-
ducted at swimming pools located in athletic and sports centres, pri-
marily under the ownership of the public sector, municipalities, or clubs.
These facilities experience high visitor footfall irrespective of weather
conditions, necessitating the installation of heating systems. The ma-
jority of the outdoor pools examined are of Olympic dimensions
(measuring 50 m by 21 m, with a typical area of 1050 m?) and operate
with water temperatures ranging between 25 and 28 °C [5]. These pools
are open for more than 9 months per year, typically from 8:00 or 9:00 a.

10
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m. until 10:00 or 11:00p.m. Only a small proportion (24 %) have night
covers for water evaporation mitigation [5]. Of all the pools analysed,
around 60 per cent (38 pools) are located in the most densely populated
area of Greece, near Athens (Climate Zone B). In this particular zone of
Greece, the total surface area of all the pools is 32,891 m? and is fre-
quented by approximately 24,160 athletes per year [5].

In addition, out of the entire sample analysed (across all three
climate zones), only 27 swimming pools remain open throughout all 12
months (of which only 8 use cover). [5]. In this respect, these pools are
open either 300 or 350 days a year, depending on whether they are
closed or open on Sundays (it should be noted that in Greece there are 14
public holidays per year during which the pools are definitely closed).
The annual values of specific thermal energy consumption (SECy,), ob-
tained by analyzing the three-year consumption of the 27 pools, are
presented in Fig. 5 as a function of operating pool water temperature
values (between 25 and 28 °C), distinguishing them for the three cli-
matic zones of Greece (diamonds for Zone A, squares for Zone B and
circles for Zone C) [5]. This data shows variations in the SECy, ranging
from 1,306 to 3,940 kWh/m?, with an average for the whole sample
of SECy, = 2,247 kWh/m? [5]. Furthermore, of the 27 pools, 19 (pools
where a cover is not used) have an average consumption ofSECy, =
2,456 kWh/mZ, while 8 (where a cover is used) are characterized by
aSECy = 1,827 kWh/m? [5]. From the analysis of this data, Mousia and
Dimoudi [5] derived two key findings applicable to Greek outdoor
Olympic swimming pools: 1) a 1.0 °C reduction in pool water temper-
ature leads to an approximately 500 kWh/m? reduction in thermal en-
ergy consumption per year; 2) the use of an anti-evaporation cover
results in an annual consumption reduction of approximately 25.60 %.

Mousia and Dimoudi [5] do not specify which of the 27 pools whose
consumption data are shown in Fig. 5 are installations where a cover is
used at night. However, they point out that the higher values of thermal
energy consumption are related both to the lower ambient temperatures
(in the case of Climate Zone C) and to the non-use of the anti-
evaporation cover [5].

For example, in the case of swimming pools in Climate Zone B, which
represent the most statistically significant sample, the consumption data
show a relatively high dispersion, which can be attributed either to a
lack of energy management of the structure or to the non-use of a cover
[5].

In this work, hourly numerical simulations with the new TRNSYS
model were used to simulate the annual heat consumption of outdoor
Olympic swimming pools (both with and without the use of covers)
located in Climate Zone B in Greece that operate for both 300 and 350
days/year. For this purpose, the data in Fig. 5 were used both for an
initial calibration phase and as a benchmark to evaluate the capability of
the new model, as explained below.

2.5.2.1. Preliminary analysis of the data. Firstly, as shown in Fig. 5, the
data from Zone B was divided by identifying pools where the cover was
most likely not used (green boxes in the figure) and those where it was
used (yellow boxes in the figure). The procedure used for this identifi-
cation is described in detail in SI 9. The consumption data marked B in
the figure (blue square) was excluded from the analysis because it was
considered unrepresentative. After this partitioning, the following linear
regression (represented in the figure by a green dashed line) can be
identified for open-air swimming pools where the cover is not employed:

SEC,, = 283.44-.T, - 51579 24)

which can be used to predict the energy consumption data with anMAE
= 289.89 kWh/m? and aMAPE = 12.21 %.

2.5.2.2. Model parameters and monthly variable inputs. In order to make
the description more concise, all the assumptions made for the definition
of the: 1) average hourly pool occupancy profile; 2) constant model
parameters; 3) monthly model inputs (heating system switch-on, use of
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Fig. 5. Annual specific thermal energy consumptions for Greek outdoor swimming pool [5].

night cover and monthly pool renewal water temperature values T;,) are
described in detail in SI 10.

2.5.2.3. Influence of climate data on model inputs. Before calibrating the
model, setting plausible values for the parameters ro and d and using the
TMY climate data of the Athens area, it was also possible to assess:

e the hourly variations of the solar absorption values a,, calculated for
the outdoor pools (under the previous assumptions ofH, = 2 m
andag = 0.5 and using the hourly values of Gy, G, and 6, from the
TMY of Athens);

o the monthly values of the atmospheric stability class for the Athens
area and the corresponding monthly average values of 3., and f,,.

2.5.2.4. Model calibration procedure. After previous preliminary ana-
lyses, the two model parameters, ro and d, which characterise the wind
speed profile, were assumed to be free model parameters whose values
were determined by the following model calibration procedure:

1. Firstly, for the data in Fig. 5, which refer to swimming pools in
Climate Zone B operating atT,, = 27 °C and where the night cover is
not used, an average value ofSECy, = 2432.91 kWh/m? per year was
calculated.

2. Then, 11 hourly transient simulations were carried out varying ro
between 0 and 1 (with intervals of 0.1) and for each of these 11
values of ro, the value of d that minimises the difference between the
simulated and the above-calculated value of SECy, was found. These
simulations were carried out using the TRNSYS model considering
swimming pools that have an operating water temperature ofT,, =
27 °C, which are open 300 days/year and in which the cover is not
used during the night.

2.5.2.5. Predictive simulations. After the calibration phase, annual
hourly simulations with T,, varying between 26 and 28 °C (with a range

11

of 0.5 °C) were carried out with the TRNSYS model for each of the 11
previously defined value pairs, for a total of 308 simulations, analysing
the following cases:

swimming pools that are open 300 days/year and where the cover is
not used;

swimming pools that are open 350 days/year and where the cover is
not used;

swimming pools that are open 300 days/year and where the cover is
used;

swimming pools that are open 350 days/year and where the cover is
used.

To these simulations were added a further 77 simulations in which
the unrealistic case of a pool with no users present was analysed for each
of the 11 pairs of ro and d defined by the calibration procedure and by
varying the T, between 26 and 28 °C. These calculations were per-
formed assuming pools open 300 days/year with no use of night cover.

The results of this first set of simulations were compared with the
data in Fig. 5, obtained from the energy audits by Mousia and Dimoudi
[5], in order to assess the predictive power of the model and to study, for
example, the increase in annual consumption with increasing water
temperature, the effect of the use of the cover in reducing the same
consumption, the error committed when the presence of swimmers is
neglected in the models, etc. In addition, in the case of a pool with a
water temperature ofT,, = 26.5 °C (equal to the average for Zone B)
operating for 300 days/year, both the monthly distribution of heat de-
mand and the percentage distribution of losses in the heating months
were calculated, comparing pools using the cover with pools that do not
use it.

2.5.2.6. Sensitivity analyses. In addition, the following parametric ana-
lyses were performed for the case of the swimming pool operating 300
days/year with the cover not in use:
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e A total of 49 parametric simulations were carried out with ro fixed at
0.7 and both d and T, varied in the range 0-0.474 m and 25-28 °C,
respectively. The roughness parameter was set to a valuero = 0.7,
which can be taken as representative of the area in which the pools
around Athens are located, whiled = 0.474 m is the value found by
the best fit atro = 0.7 in the calibration procedure described above.
Similarly, the value of d was fixed at the best-fitting value (d=0.474
m) and a further 49 simulations were conducted by varying ro be-
tween 0 and 1 and T,, between 25 and 28 °C.

Finally, a simulation was performed withro = 0 andd = 0 (swimming
pool located in a rural area with no obstacles around it) in order to
simulate the most severe conditions in terms of the effect of wind on
energy consumption.

The results of these analyses, for outdoor pools located in Climate
Zone B, made it possible to define how the effect of local wind conditions
(both the roughness of the area and the presence of obstacles around the
pool) can influence the variations in annual consumption compared to
the average for the zone for this type of facility.

3. Results and discussion

In the next two sub-sections, the results of the numerical analyses
aimed at testing the new model presented with this work are shown and
discussed, as well as those that were performed to analyse the case
study, namely the energy analysis of outdoor Olympic swimming pools
in Greece.

3.1. Results of the model validation

A comparison between the MAE and the MAPE values calculated
from the results of the numerical simulations carried out with the three
models (the new model in both versions A and B and the benchmark
model) and the experimental measurements of the Spanish pool are
summarised in the tables of SI 11. These results show in general that all
three models are very accurate as they always present MAE and MAPE
values below 0.12 °C and 0.52 %, respectively. All models are charac-
terised by errors that decrease linearly as a, increases in the range
considered, indicating a certain sensitivity of the solution to this
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physical parameter. The best results were obtained ata, = 0.86 by
Model A (MAE=0.056 °C andMAPE = 0.23 %), followed by the bench-
mark model (MAE=0.057 °C andMAPE = 0.24 %), and then Model B
(MAE=0.093 °C andMAPE = 0.39 %).

The pool water temperature variations over time simulated by the
three models in the case ofa, = 0.86 have been plotted in Fig. 6
comparing them with the experimental data. When interpreting these
results, it is important to note that the value of «,, is not constant and
varies throughout the day depending on the altitude of the sun, being
higher in the middle hours of the day.

Thus, the value of the solar absorptance at which the best results
were obtained in this work is to be considered as a daily average value of
the solar absorbance characterising that particular pool on those
particular days of the year.

An interesting result obtained from this validation phase is that
Model A is more accurate than Model B in simulating pool temperature
variations. This observation gives an indication that the approach pro-
posed by Shah [64] to model the contributions of natural and forced
evaporation seems to work better than that proposed by Lovell etal. [19]
using Eq. (9).

On the other hand, the deviation between the errors obtained with
Model A and the benchmark model, as shown by the results obtained, is
rather small. However, in the opinion of the authors, the second model is
generally too simplistic because, on the one hand, it does not take into
account the possibility of water evaporation by free convection (a situ-
ation that occurred several times during the monitoring of the Spanish
swimming pool) and, on the other hand, it does not take into account the
effect of relative humidity in the correlation used to estimate T,. The
differences between Model A and the benchmark model are most
evident when looking at the results shown in the pie chart in Fig. 7. This
shows the percentage distribution of thermal losses between the two
models. These values refer only to the hours in which the water tem-
perature of the pool T,, was higher than the air temperature T, (a situ-
ation closer to that of a heated outdoor pool in winter). The analysis of
the numerical results made it possible to assess that, compared to Model
A, the benchmark model underestimates evaporative and convective
losses by 8 % and 14 %, respectively, while overestimating radiation
losses by around 23.41 %. These differences, especially those related to
evaporation, can lead to inaccurate assessments when, for example,

—— Benchmark model Model-B

36 42 48 54 60 66 72

Progressive hours from the start of the measurements

Fig. 6. Comparison of measured Spanish swimming pool water temperature data [13] with those simulated using the three numerical models (Model A, Model B

and Benchmark).
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Benchmark model

H evaporation ®radiation = convection

Fig. 7. Percentage distribution of the different pool heat losses calculated (forT,, > T,) with Model A and the benchmark model respectively.

annual simulations are attempted to estimate both the effect of night
cover and the effect of the presence of swimmers in reducing or
increasing the total evaporative heat losses of an outdoor pool.

The main result of the numerical analyses aimed at validating the
new model proposed with this work shows that through its use, it was
possible to predict with great accuracy the temperature variations
measured by Mousia and Dimoudi [5] for the Spanish pool, with lower
errors even than the reference model that has been the best performing
for this dataset until now. This result also gives an indirect indication
that the choice ofz = 0.5 m as the reference height for wind speed
measurement for the Inan and Atayilmaz correlation [55], is indeed
appropriate. Future experimental studies on the evaporation rate by
forced convection from swimming pools may further validate this pre-
liminary assumption.

Using the same parameterization, it was also possible to estimate that
the average daily evaporation rate in the Spanish swimming pool is
3.63.10° = m3/(m2-day). In other words, the water level in the pool
decreased by approximately 1.1 cm over the span of three days.

3.2. Results of the numerical analyses of the case study

A first result of the application of the numerical model to the case of
the Greek outdoor Olympic swimming pools, considering as input
climate variables based on the TMY data for Climate Zone B, was the
calculation of the hourly variations of solar absorptance of these facil-
ities for one year.

These results, that have been summarised in the table in SI 12, show
that this physical parameter is not constant over time, but rather, once
the water level in the pool H,, and the value of the floor and walls ay are
fixed, it must be calculated using appropriate models that take into ac-
count solar heights and, diffuse and direct components of solar radia-
tion, which naturally vary from hour to hour during the year. In this
respect, there is no real justification for assuming a solar absorbance
value of preciselya, = 0.85 as is frequently found in many models
presented in the literature [8,13,14,16].In addition to the analysis of the
temporal variations of the solar absorption from the same simulations, it
was possible to calculate the hourly variations of the atmospheric sta-
bility class, estimated using the Pasquill criterion for Climate Zone B.
These results have been summarised in the graph depicted in SI 13. The
hourly values of the stability classes obtained also made it possible to
calculate the hourly variations of the two coefficients g, and g,
necessary to define the exponent g of the wind speed profile model
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adopted in this study (Eq. (22).

Finally, the results of the 11 parametric simulations for the calibra-
tion of the model are also presented in detail in SI 14 in terms of d as a
function of ro.

3.2.0.1. Results of predictive simulations

The curves of SECy, as a function of T,, obtained through simulations
for each of the defined scenarios are depicted in Fig. 8, along with data
from the energy audits carried out by Mousia and Dimoudi [5]. The
curves in Fig. 8 show the main result of this work, namely the ability of
the proposed new model to predict the annual consumption of the
analysed pools over the whole range of T, temperatures analysed. In
particular, the continuous green curve (relating to pools operating 300
days/year where the enclosure is not used), obtained from simulations
with the pool model calibrated on data ofT,, = 27 °C, allows the fit of
pool consumption data over the entire range of water temperatures
studied with anMAE = 289.085 kWh/m? and aMAPE = 11.91 %
(calculated using data from both numerical simulations and energy
audits).

These error values are slightly lower than those obtained using the
linear correlation described by Eq. (24), whose constants were defined
by fitting all the energy audit data (corresponding to T, values between
25.5 and 28 °C) and not only those corresponding toT,, = 27 °C, as in the
case of the curve obtained by the simulation model. The function pre-
dicting the annual SECy, of the pools as a function of Ty, which can be
calculated from this first set of numerical results, can be approximated
by the following quadratic relation:

SECy, = 12.645.T2 - 422.74-T,, +4629.1 (25)

This correlation can be used, as a first approximation, to define the
annual thermal energy consumption of outdoor Olympic swimming
pools in which no night cover is used in climatic zones similar to Athens.
Using this curve, it is also possible to deduce an important fact for these
facilities, that is, for every 1 °C increase in operating water temperature,
an increase in annual consumption of approximately 124 kWh/m? can
be expected (corresponding to about 11 %).

The continuous yellow curve in Fig. 8 was obtained with the model
calibrated with the same data as before (energy consumptions of pools
without the cover operating at Ty,), but by carrying out simulations with
the model considering 300 days/year of opening and the use of the cover
during the closing hours of the pool. As can be seen, this curve, which is
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Fig. 8. Comparison of the results of numerical simulations (for climate Zone B of Greece) and data from energy audits of Olympic outdoor swimming pools.

significantly lower than the previous one (the continuous green one),
was able to predict with a good approximation (MAE=183.35 kWh/m?
andMAPE = 10.86 %) the energy audit data referring to pools using the
cover operating with water temperatures between 26 and 27 °C. Also in
this case, it is possible to propose a correlation useful to estimate, as a
first approximation, the annual thermal energy consumption of outdoor
pools where the night cover is regularly used:

SEC,, = 12.088-T? - 448.32-T,, +4989.4 (26)

An important result obtained by comparing the two curves
(described by Eq. (25) and Eq. (26), respectively) is that the use of the
anti-evaporation cover allows an average annual energy saving of about
30.57 % compared to not using it. The latter value is higher than the
savings rate of 25.60 % obtained by Mousia and Dimoudi [5] when
analysing the same energy audit data without the support of a numerical
analysis model.

Simulation results in the case of pools that use and do not use cover
but are open for 350 days/year are represented in Fig. 8 by the two
SEC#-T,, curves with green and yellow dashed lines, respectively. The
first curve, as can be seen from the same figure, is almost superimpos-
able on that of pools where the cover is not used and are open for 300
days/year. The second curve, the one for the case of pools where the
cover is used and are open for 350 days/year, is higher than that for
pools open for 300 days/year. This difference is due to the fact that for
pools that are closed on Sundays, the use of the cover allows a reduction
in consumption compared to the case where these pools are open on
Sundays and the cover is used only during the night hours. The dashed
yellow curve of Fig. 8 (obtained from the simulations for pools using the
cover and open 350 days/year) fits the corresponding thermal energy
consumption data with error values ofMAE = 81.15 kWh/m? and
anMAPE = 4.84 %. These error values are lower than those obtained in
the previous analyses. It can be concluded that most of this consumption
data refer to facilities that are also open on Sundays. For example, for the
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case study presented by Mousia and Dimoudi [5] related to a swimming
pool operating atT,, = 26 °C for 350 days/year for which the cover is
used at night, the numerical model predicts aSECy, = 1,616.30 kWh/m?
which is quite close (MAE=71.70 kWh/m? and aMAPE = 4.84 %) to the
value of defined by the energy audit of this facility (SEC=1,688 kWh/
mz).

Finally, the dashed grey curve in Fig. 8 has been plotted from the
numerical results of the swimming pool model (calibrated with the
previous parameters) assuming the unrealistic case of no swimmers.
This curve (which refers to facilities operating with water temperatures
between 25 °C and 28 °C, with no use of covers) is located below the
continuous green curve and shows another important result of this work,
which is that neglecting the presence of swimmers in the energy con-
sumption prediction models (as most studies of outdoor pools in the
literature do) leads to an error in the prediction of annual consumption,
which can be estimated at around 10 % in the case of the data used here.
This result justifies the effort made in this paper to define a model that
attempts to predict the increase in water evaporation rate as a function
of the number of athletes in the case of outdoor pools.

In order to analyse the results obtained from numerical simulations
for outdoor Olympic swimming pools in the Athens area in more detail,
the case of pools operating atT,, = 26.5 °C and open 300 days/year is
discussed below. Fig. 9 shows, for example, the hourly variation of the
heating energy demand Qpq for a swimming pool where the cover is not
used.

In the same figure, this dataset is juxtaposed with the hourly varia-
tions of the following parameters: the pool water temperature T, the air
temperature T,, and apparent sky temperature Ty, (which, in this region
of Greece, exhibit annual mean values ofT, = 16.54 °C andTy, =
7.94 °C, respectively). According to the simulation results, the annual
thermal energy demand for pools operating as described would amount
to 2.42 GWh (equivalent to aSECy = 2306 kWh/m?). The peak thermal
energy demand would reachQpeq = 1,215 kW, with an annual average of
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Fig. 9. Hourly variations of: Q; (for pools withT,, = 26.5 °C, open 300 days/year and no cover), T, T, and Ty, (for Climatic Zone B of Greece).

approximatelyQpeq; = 446 kW. Furthermore, the yearly volume of water
evaporated is estimated to be around 3,194 m®, corresponding to an
average hourly evaporation rate opr = 8.33-10° m%/(m? day).

As can be seen in Fig. 9, during the summer period (between June
and September), the heating demand decreases to almost zero, as the
thermal input contributions due to both solar radiation and rising air
temperature allow the water temperature to be maintained at an average
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ofT,, = 27.86 °C (which is higher than the set temperatureT,, = 26.5 °C).

The simulation result also shows that during the summer season, the
water temperature can exceed the comfort temperature ofT,, = 28 °C in
the middle hours of the day. For this reason, for open-air swimming
pools located in climatic zones similar to that of Athens, it is common
practice to increase the rate of replacement water from the aqueduct in
order to cool the pool water.

H no cover
H cover
49 1412 4, ,
600 700 800 900 1000 1100 1200

Heat power intervals [KW]

Fig. 10. Frequency distributions of thermal power demand Q. in the two cases of use and non-use of the cover (pools withT,, = 26.5 °C, open 300 days/year).
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If, on the other hand, the use of a night cover is considered for the
same type of swimming pool, the simulations give: an annual heat de-
mand of 1.67 GWh (corresponding toSECy, = 1,598 kWh/m?), a peak
heat demand ofQpq = 1,215 kW (identical to the case of the pool
without cover) and an average annual heat output 0fQpee = 192 kW. In
this case, the volume of water evaporated in a year would be about 2303
m®, which corresponds to an average hourly evaporation rate of aboutEP
=6.01-10° m%/ (mz-day). Comparison of the numerical results described
above shows that the use of night covers in outdoor swimming pools
achieves a reduction in evaporated water volume of around 28 %, which
corresponds to a reduction in the annual heat demand of around 31 %.

For a more detailed comparison between the two cases, Fig. 10 shows
histograms representing the frequency distributions of the thermal de-
mand in the two cases of use and non-use of the cover. These diagrams
show the thermal power intervals in the abscissa and the number of
hours in which they occur each year in the ordinate. As pointed out by
Lovell et al [19], this type of diagram is fundamental from the point of
view of the possibility of carrying out energy and efficiency analyses for
this type of facility. Both histograms show that the peak thermal power
demand Qpq (between 1200 and 1330 kW) occurs for only 2 h per year
in both cases. On the other hand, in the case of a pool that is not
equipped with a cover, the most frequent thermal power demand Qpq is
between 400 and 500 kW (937 h/year). This result, as well as the overall
frequency profile in Fig. 10, is very similar to that obtained by Lovell et
al [19] using their numerical model for the outdoor Olympic pool in
Perth, Australia [19]. On the other hand, the regular use of the night
cover not only reduces the total thermal demand of the pools, but also
significantly changes the frequency profiles of the thermal powers Qpeq.
This can be seen from the data in Fig. 10, where the most frequent Qpeq
(1293 h/year) shifts to lower levels, between 200 and 300 kW,
compared to the previous case.

This type of information, which can be obtained from numerical
models similar to the one presented in this study, is fundamental for the
design and optimisation of efficient systems for this type of sports and
recreational facility. The comparison between the two cases is also
illustrated in Fig. 11, which shows the monthly values of the SECy. From
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these histograms it is possible to note what has already been described
above, namely that the greatest thermal demands occur in the winter
period (in the months of December and January) and are almost zero in
the two summer months of July and August.

In particular, for swimming pools without a cover, the SECy in
December is approximatelySEC, = 413 kWh/m?, which is reduced
toSEC,, = 303 kWh/m? if a cover is used. In the months between June
and September, the monthly SEC, are identical because the night cover
is not used. Analysing the results of Fig. 11 in more detail, it can be
estimated that the use of coverage leads to a percentage reduction in
monthly SECy, that increases in the first phase of the year, from 27 % in
January to 58 % in May, and decreases after the summer months, from
40 % in October to 30 % in December.

Again, for the case of a pool operating atT,, = 26.5 °C for 300 days/
year and where the cover is not used, Fig. 12 shows the daily values of
the different components that constitute the thermal losses of the pool:
evaporation, convection, radiation and those due to water refilling.
From these graphs it can be seen that the losses increase significantly
during the winter period and that the largest contribution is made by the
losses due to evaporation of water from the pool. A more detailed
analysis of the results shows that 70 % of this component is due to forced
convection evaporation and 30 % to natural convection. This result
confirms what has already been stated by the most recent work pre-
sented in the literature [19], namely that energy balance models for
outdoor swimming pools cannot disregard the modelling of the evapo-
ration component under natural convection conditions.

Fig. 13 illustrates the annual percentage distribution of thermal loss
components for the non-use and use of the cover. This comparison only
considers periods where the pool heating system was active throughout
the year analysed. For uncovered swimming pools, the loss distribution
observed is similar to that described in existing literature for outdoor
Olympic pools [9,19]. Evaporation accounts for the highest proportion
of losses (at least 50 %), while convection (19 %) and radiation (23 %)
contribute a relatively equal proportion with a slight prevalence of the
latter component.

The percentage of the final component, which pertains to the pool’s
make-up water sourced from the aqueduct, may vary depending on the

Eno cover
H cover

Jun Jul Aug Sep Oct Nov Dec

Fig. 11. Monthly SECy, values in the case of pools where the cover is and is not used (pools withT,, = 26.5 °C, open 300 days/year).
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Fig. 12. Daily values of the different components of heat loss from a pool operating at a water temperatureT,, = 26.5 °C for 300 days/year with no cover use.
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Fig. 13. Percentage distribution of the different pool heat losses calculated over the heating period in the two cases of pools where the night cover is not used and

is used.

water renewal percentage F,, and the temperature discrepancy between
the pool water Ty, and the aqueduct water Ty.. Using the cover at night,
as illustrated in Fig. 13, reduces evaporation losses by equalising the
distribution of thermal losses among all components. However,
compared to other factors, evaporation losses are still significant.

3.2.0.2. Results of sensitivity analyses
Finally, this article discusses the sensitivity analyses carried out to
examine the influence of parameters ro and d on the numerical solution
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of SECy, curves as a function of water temperature T,,. All results shown
below refer to the case of swimming pools operating 300 days/year on
which the night cover is not used. The first set of simulations, as
explained earlier, involved setting the model parameter d value at 0.474
m, which describes the average height of obstacles found around the
pool site. Then, the value of the roughness parameter ro was varied in
the range 0-1. The simulation results were plotted alongside the energy
audit data for the Greek pools in Fig. 14, marked with black dashed lines.
The findings indicate that as the value of ro decreases, thermal
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Fig. 14. Curves of SECy, as a function of water temperature T, for fixedd = 0.474 and ro varying between 0 and 1 m (dashed lines) along with audit data for

swimming pools in Greece.

consumption around the pool increases, with a fixed d-value repre-
senting the type of structure surrounding the pool. Therefore, in areas
with less roughness, where wind speeds rise, thermal losses increase as
one moves further away from an urbanised area (ro=1). What makes
these results noteworthy is that the curves plotted encompass most of
the audit data (see Fig. 14). Thus, this latter observation suggests that
the variation in annual swimming pool energy consumption recorded
during the survey campaign may simply be related to the different local
roughness conditions of the areas where the different structures are
built.

Another set of simulations was conducted by configuring the
parameter ro to have a value of 0.7. This value, as already mentioned,
was assumed by trying to identify the average roughness of the areas
where the pools are located around Athens. Then the value of the
average obstacle height parameter d was varied in the range of 0 and d
= 0.474 m. The curves SECy as a function of T,, obtained as the simu-
lation results, are displayed in Fig. 15 with dashed black lines, accom-
panied by the energy audit data of the Greek swimming pools. It can be
inferred from these findings that with the same average roughness of the
area in which the pools are built, as the height of the obstacles d around
them decreases, the effects of wind on heat loss increase.

Finally, the last round of simulations was conducted using two pa-
rameters ofro = 0 andd = 0.474 m, signifying an outdoor swimming pool
situated away from the city centre (ro=0) and free from any obstruc-
tions. The red dashed curve illustrated in Fig. 15 precisely exhibits the
results of these simulations and represents the upper limit curve for the
annual energy consumption that can be estimated for the analysed
swimming pool case.

Fig. 15 reveals a surprising discovery: the energy consumption figure
that was marked with letter B in Fig. 5, excluded from previous analyses,
falls exactly on this curve. This finding suggests that high energy

18

consumption in this specific pool may not be solely attributed to poor
energy management or lack of use of the cover, but also to its possible
location in an area particularly exposed to the effects of wind.

In summary, the data presented in Figs. 14-15 indicate that the
impact of local wind conditions, which is primarily influenced by at-
mospheric stability, surface roughness, and obstructing objects, has a
significant effect on the magnitude of thermal losses and subsequently,
on energy consumption for outdoor structures of this type. Thus, an
objective assessment of consumption remains unachievable, even by the
most advanced numerical models, unless model parameters undergo
careful calibration. For this calibration, either local wind measurements
or consumption data from pre-existing pools within the study area must
be available. In this paper, the latter approach was followed.

4. Conclusions

This paper presents a new energy balance model of outdoor swim-
ming pools aimed at defining the thermal energy demand for their
heating. This model incorporates the approach introduced by Wu et al.
[61] for calculating the water solar absorption and the use of the
Bowen’s ratio for the calculation of the convective losses from the
evaporation. At the same time, it introduces the following innovations
for outdoor pool models: the use of the recent correlation of Inan and
Atayilmaz [55] for the calculation of evaporation by forced convection,
anew model of the evaporation enhancement factor as a function of pool
occupancy, the use of the recent correlation proposed by Guo et al. [50]
for the calculation of sky temperature, and an approach to wind speed
correction that takes into account variations in atmospheric stability
conditions, surface roughness and the presence of obstacles in the pool
environment. Results of the numerical analyses presented in this paper
showed that:
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Fig. 15. Curves of SECy, as a function of water temperature T, for different combinations of d and ro (dashed lines) along with audit energy data for swimming pools

in Greece.

the proposed model allows the prediction of water temperature
variations recorded for a Spanish swimming pool [13] with a lower
error (MAPE = 0.23 %) than other models proposed in the literature
for the same case study [16].

The method proposed by Shah [64] for modelling the combination of
forced and natural evaporation seems to be more accurate than the
one proposed by Lovell et al. [19].

The proposed model allows the prediction of the annual thermal
energy demand assessed for outdoor Olympic swimming pools in
Greece [5] (operating at water temperature ranging between 25 and
26 °C) with a MAPE of less then12%.

For the average case of an Greek outdoor swimming pool operating
at 26.5 °C for 300 days per year and in which the cover is not used, it
is possible to estimate an annual specific thermal energy consump-
tion of 2306 kWh/m?. When the cover is used, the same consumption
is reduced to 1.598 kWh/m?

Neglecting the pool occupancy factor in energy balance models leads
to an underestimation of annual energy demand by up to 10 %.

On average, the largest heat loss in outdoor pools is due to evapo-
ration (50 %), followed by radiation (23 %), then convection (19 %)
and finally water refilling (7 %).

At least 30 % of the evaporative losses take place through natural
convection. This suggests that accurate results in energy balance
modelling of outdoor pools can only be achieved by including this
heat transfer mechanism.

Reducing the operating water temperature by 1 °C leads to a
reduction in energy consumption of around 11 %, and that the use of
night covers leads to energy savings of up to around 30 %.

Finally, the results of a series of numerical sensitivity analyses
showed that the effect of local wind conditions plays a fundamental role
in the level of energy consumption for outdoor structures of this type.
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Therefore, even with the most advanced numerical models, an objective
assessment of consumption is not possible unless the model parameters
are carefully calibrated using local wind measurements or consumption
data from existing pools in the study area.
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