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ABSTRACT

This study presents a new integration of air-source heat pumps, solar collectors and PCM tank
regarding the dynamics of outdoor swimming pools, and investigates its application in outdoor
swimming pools for extending their availability in winter season for subtropical climates. The
proposed integration system harvests heat from both ambient air via air-source heat pumps and
solar radiation via solar collectors. PCM tank are introduced to shift the electricity use from
the on-peak to off-peak period in order to reduce the operating cost. Since multiple heat sources
are used, two issues in the development are addressed: 1) main components sizing and 2) multi-
criterion design. The sizing problem is solved by considering the complementarity of different
heating sources, while the multi-criterion design considers both the initial investment, thermal
comfort, operating cost, and energy use. To illustrate the proposed main components sizing
and multi-criterion design methods, a case study of using the heating system in a typical
swimming pool in Hong Kong is conducted. Based on the proposed main component sizing
method, the typical combinations of different solar collector area, air-source heat pump heating
capacity, and PCM tank volume are determined using MATLAB codes. Based on the proposed
multi-criterion design method, the results of the system operation simulated by TRNSY'S and

MATLAB in different cases are used to identify the optimal solar fraction. Thus, it can be



concluded that the proposed main components sizing, and multi-criterion design methods can

well guide the design of the swimming pool heating system with multiple heat source.

Keywords: Air-source heat pump; Solar collector; PCM tank; Outdoor swimming pool; Multi-

criterion design



1. Introduction

In subtropical climates outdoor swimming is a popular sport and there are thousands of outdoor
swimming pools, which may be owned by governments, private properties, and hotels.
However, most of them are closed during the entire winter season, normally from December
to next April (Zsembinszki, Farid, and Cabeza 2012). This is because the outdoor weather
condition during daytime in such a climate, cannot ensure the water temperature of the pool
being maintained around 28°C for thermal comfort. Consequently, there is a high heating
demand, and if a conventional heating technology (e.g. using electrical or gas boiler) is used to

fulfil this demand, the operating cost will be very high (Li, Ding, and Du 2020; Li et al. 2020).

For extending the availability of outdoor swimming pools in winter seasons, advanced heating
systems have been developed. Some scholars conducted the investigations of using the solar
collectors for heating outdoor swimming pools. For instance, Yadav and Tiwari (1987)
analyzed the performance of the heating system using the solar collectors with heat exchangers.
It was concluded that increasing the water flowrate and solar collector area could increase the
water temperature. Rakopoulos and Vazeos (1987) used the experimental data to validate the
reliability of an analytical model of the heating system with solar collectors. The similar work
was conducted by Haaf et al. (1994). Molineaux (1994a) conducted the performance analysis
of the system with solar collectors for heating five different swimming pools in Switzerland.
The experimental study in the study of Croy and Peuser (1994) indicated that the heating
system with solar collectors had a better economic performance than the conventional heating
system. Dang (1986) concluded that the energy efficiency of solar collectors could reach up to
53.3% when they are used in a swimming pool of India. Some scholars conducted the
investigations of using heat pumps for heating outdoor swimming pools. For instance,
Greyvenstein and Meyer (1991) concluded that using heat pumps might be more economically
beneficial than using solar collectors, because the initial cost of heat pumps might be lower
than that of solar collectors. Lam and Chan (2003; 2001) used heat pumps to offer heat for a
five-star hotel in Hong Kong, and it was concluded that the energy performance of the system
was considerable in comparison with that of conventional heating systems. Some scholars
conducted the investigations of using waste heat recovery technologies for heating outdoor
swimming pools. For instance, Borge et al. (2011) concluded that using the waste heat from
the air-conditioning systems could not only reduce the swimming pool heating demand, but
also improve the energy efficiency of air-conditioning systems. Harrington and Modera (2013)

found that the energy consumption of the air-condition system could be reduced by 25% to 30%
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when its waste heat was offered to the swimming pool. Some scholars conducted the
investigations of using geothermal energy technologies for heating outdoor swimming pools.
For instance, Somwanshi et al. (2013) presented a simulation study for analyzing the
performance of the system using geothermal plants, and they found that the pool water
temperature could be maintained between 22°C and 27°C when the proposed system was used.
Some scholars conducted the investigations of using biomass boilers for heating outdoor
swimming pools. Katsaprakakis (2015) concluded that the operating cost of the system could

be effectively reduced when the proposed system with biomass boilers were used.

Among these heating technologies, solar collectors and air-source heat pumps are most
commonly used. The merit of solar collectors is their low energy use. However, the heat
collected by solar collectors depends heavily on solar radiation intensity, which might suffer
from stochastic changes and could not provide stable heat supply (Tian et al. 2018; Tian et al.
2019). Another issue is that a large area of solar collectors will be needed when they are used
alone in subtropical climates as reported by Chow et al. (2012). Therefore, to reduce the solar
collector area and increase the heat supply stability, solar collectors should be used together

with other heating suppliers.

Compared with solar collectors, air-source heat pumps have the merit of availability at any
time and can provide relatively stable heat supply (Yu et al. 2020; de Oliveira et al. 2015).
They are suitable for applications under subtropical climates because the outdoor air
temperature is usually above 10°C during the whole winter, which can guarantee a good
efficiency of heat collection. However, since air-source heat pumps need mechanical
compressors that require electrical power input, higher energy use will be expected in

comparison with solar collectors.

Therefore, it is meaningful to integrate air-source heat pumps and solar collectors to form a
heating system and investigate its performance when it is used for outdoor swimming pools in
winter. In addition, in the study of Li et al. (2018), phase change material (PCM) was used in
a heating system, which stored heat collected from the air-source heat pumps and discharged
it to the pool when heat is needed during the open period of the pool. Since the heat charge is
scheduled to the electric off-peak period, the use of PCM can shift the electricity use of the air-
source heat pumps from the on-peak to off-peak period to further reduce the operating cost.

This study therefore proposes a heating system, which mainly consists of solar collectors, air-
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source heat pumps, PCM tank as well as an insulation cover. Fig. 1 depicts the layout of the

proposed heating system for outdoor swimming pool in winter. The heating system is designed

corresponding to the 24-hours operation of a swimming pool (e.g. three stages including
preheating, open, and close), and it works as follows:

e The solar collectors are used to collect heat from solar radiation and supply heat directly
to the swimming pool.

e The air-source heat pumps have two purposes: one is to absorb heat from the ambient
outdoor air and preheat the swimming pool before it is open for swimmers; another is to
absorb heat and charge the PCM tank during the off-peak period.

e The PCM tank is used to provide heat when the heat from the solar collectors are not
enough to maintain the water temperature of the pool within the thermal comfort range. It
is charged by the air-source heat pumps during the off-peak period.

e The insulation cover is used to cover the swimming pool when it is closed in order to

reduce the heat loss.

Valve 1
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Fig. 1. Layout of proposed heating system for outdoor swimming pool in winter.

Although the integration of solar collectors, air-source heat pumps and PCM tank has been
proposed, current studies mainly focused on its application in buildings (Plytaria et al. 2019).
Considering the difference of the heating demand and operation modes between swimming
pools and buildings, it is worthy to carry out a comprehensive investigation on the proposed
heating system for outdoor swimming pools in subtropical climates for winter application. Two
issues are addressed in this study: main components sizing and multi-criterion design. Unlike

sizing a single heat source system, the sizing of a multiple heat source system is more
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complicated, because the coupling among different heat sources needs to be considered. Since
different contributions from different heat sources will affect the system performance, multi-
criterion design is significant to understand and improve the overall performance of the

proposed heating system.

The main contributions of this study are presented as follows: (a) the outdoor swimming pool
heating system that considers multiple heat source is proposed and investigated; (b) the main
components sizing method of the system is proposed, which can help engineers design the solar
collector, air-source heat pumps, and PCM tank according to different solar fraction (y); (c)
the multi-criterion design method of the system is proposed, which can effectively identify the
optimal y according to the characteristics of the system, such as climates and swimming pool
features; (d) the case study of applying the proposed system and methods in a typical swimming

pool in Hong Kong effectively demonstrates their reliability.

The rest of the paper is organized as follows. Section 2 describes the proposed sizing approach
considering the cooperation of different heat sources. Section 3 introduces the multi-criterion
design strategy. Section 4 presents the case studies. Section 5 depicts the results and analysis.

Concluding remarks are summarized in Section 6.

2. Main components sizing

2.1. Overview of the sizing method

The proposed sizing method is shown in Fig. 2. Firstly, the maximum daily heat energy demand,
which is required for maintaining the water temperature of the pool at a design set point, is
calculated under a selected weather condition (normally the worst-case weather condition)

using a heat transfer model of the swimming pool without cover.

As two heat sources are used, it is necessary to allocate their individual contribution to fulfill
the maximum daily heat energy demand. A design parameter (y), called solar fraction, is
therefore introduced to describe the percentage contribution from the solar collectors (Nord,
Qvistgaard, and Cao 2016). Thus, the percentage contribution from the air-source heat pumps
is denoted as (1 — y). According to the heat energy contribution, the area of the solar collectors
is estimated according to a predefined weather condition and rated operation schedule of the

heating system. Since the heat contributed from air-source heat pumps will be completely



stored in the PCM tank, the volume of the PCM tank can be determined according to the
thermal properties of the used PCM and configuration of the PCM tank.

Weather Open  Temperature set point Heat transfer model Heat transfer model Weather  Preheating
condition  period  during open period of swimming pool of swimming pool condition  period
l l l without cover with cover l
Calculate maximum daily heat ! Estimate the temperature profile
; ; p I
energy demand ' during closing period '
Weather Open  Design ittt Rttt
Daily heat energy condition period efficiency Temperature profile during
demand l l closing period
v Daily heat energy contributed Heat energy from solar collector _ _ _ 'y ____________________
Specify contribution from solar from solar collector . before open period ! Estimate heating capacity of heat ]
Size solar collector 1l h I
collector and heat pump i pump for preheating purpose !
Daily heat energy from PCM tank Rated heating capacity
X . for preheating
Rated heating capacity
. Estimate heating capacity of heat for charging .
Size PCM tank € capactty Size air-source heat pump
pump for charging purpose
Thermal properties Weather Charging
of PCM tank condition period

Fig. 2. Strategy for sizing main components, where necessary models are highlighted using

grey boxes.

To determine the final rated heating capacity of the air-source heat pumps, it is needed to
consider the rated heating capacity for charging the PCM tank and preheating the swimming
pool. The heating capacity for charging is estimated according to the heat contribution from
air-source heat pumps, a predefined weather condition, and the length of the charging period.
The heating capacity for preheating is estimated using a heat transfer model of the swimming
pool with the cover under a given weather condition, a predefined preheating period, and the
water temperature profile of the swimming pool during the close period. The higher value
among the heating capacity for charging and that for preheating is selected as the final rated

heating capacity for air-source heat pumps.

As the rated operation schedule of the heating system is significant for the sizing, it should be
specified before the sizing. Here, a general schedule in a 24-hour period is given in Table 1,
where the important time instants are defined in Table 2, beginning from the electric off-peak
use starting time (i.e. t;). In Table 1, the PCM charging starts at the beginning of the off-peak
period, which can reduce the rated power of the air-source heat pumps due to the availability
of a longer charging period. It should be noted that:

e The PCM tank charging and the swimming pool preheating should be conducted during

the off-peak period in order to reduce the electricity bill.

e  When solar radiation is available, the solar collectors should start and supply heat to the



swimming pool directly. Before the swimming pool is open, the collected solar heat is used

for preheating.

Table 1 The rated operation schedule of main components in a period of 24 hours

Time t,—t, | t,—ts | t3—ts | taots | tsots | teoty t,—t, (next)
Pool close open close
PCM tank charge | idle discharge idle
Heat pump on | off
Solar collector off | on off

Table 2 The important time instants in a period of 24 hours

Time instants Actions
ty Off-peak electric use starts & PCM charging starts
t, Swimming pool preheating starts
ts Solar energy use starts
ty On-peak electric use starts
ts Swimming pool opens
te Solar energy use stops
t, Swimming pool closes

2.2. Calculation for maximum daily heat energy demand

The maximum daily heat energy demand required for the swimming pool during the open
period (Ep, open), 15 €qual to the amount of the heat loss under the condition that the water
temperature of the pool is maintained at the set point (Ts;), which is calculated as:

Emopen = J,.,_ Qnerdt (1)
where g (W) is the total heat transfer rate during the open period of the pool, which is given
as (Buonomano et al. 2015):

qne = so,w ~ (deva * Graa + qeonv + deona + Grys) @)
where qg0;,w (W) is the solar heat absorbed by the water of the pool; qp,q (W), grqq (W),
Geony (W), and qcong (W), and grrs (W) are the heat loss due to evaporation, radiation,

convection, conduction, and refilling freshwater, respectively.



The solar heat absorbed by the swimming pool water (g, ) is calculated as (Ruiz and
Martinez 2010):

Gsolw = Apool " Ugor " G 3)
where Ay ,0; (m?) is the surface area of the pool; ag,; (<) is the effective solar absorptance

coefficient; and G,; (W/m?) is the solar irradiance intensity.

The evaporative heat loss (q.,4) 1s calculated as:

Geva = Apoot * Meva " (Psat — Pamp) (4)
where hepq (W/(m? - Pa)) is the evaporative heat transfer coefficient; psq; (Pa) is the air
saturated vapor pressure at the pool surface; and pg,,p (Pa) is the air partial vapor pressure of
the ambient temperature. According to the study in (Buonomano et al. 2015), they are given

by:

hape = 0.0638 + 0.0669 - vyy1g )
Dsat = 1000-0.61121 - e(18.678—T5t/234.5)'T5t/(257.14-+T5t) (6)
Pamb =1000-RH -0.61121 - e(18.678—Tamb/234-.5)-Tamb/(257.14+Tamb) (7)

where vy,;,q (Mm/s) is the wind speed; Tymp (°C) is the ambient dry-bulb temperature; and

RH (—) is the relative humidity.

The radiative heat loss (g,4q) is calculated by the Stefan- Boltzmann equation as (Ruiz and
Martinez 2010; Zsembinszki, Farid, and Cabeza 2012):

Graa = Apoot * Ewater * 0 * [(Tse + 273.15)* = (Tyy, + 273.15)*] (8)
where &,,qter (—) is the water emissivity coefficient; o (W/(m?-K*)) is the Stefan-
Boltzmann constant; and Ty, is the equivalent sky temperature, given by (Harrington and
Modera 2013; Woolley, Harrington, and Modera 2011):

Tsiey = (Tamp + 273) - €95 — 273.15 )

where &g, (—) is the sky emissivity coefficient.

The convective heat 1oss (g.oy,) is determined as:

deov = Apoot * hecov " (Tst — Tamp) (10)
where h.,,, (W/(m? - K)) is the convective heat transfer coefficient between the pool surface
and ambient environment, calculated as (Lam and Chan 2001):

Reoy = 2.8 + 3.0 - Vying (11)



The conductive heat loss (g.onq) is determined as (Bergman and Incropera 2011):
1
cond = 2 Leon “Gaim " ksoir " Acona * (Tse — Tsour) (12)
where L.,q (m) is the characteristic length of the pool; qgim (—) is the dimensionless
conductive heat transfer rate; ky,; (W/(m-K)) is the thermal conductivity of the soil;
Acona (Mm?) is the conductive heat transfer area of the pool; and Ty,; (°C) is the soil

temperature. Since the soil temperature is stable and could be considered as a constant, q.onq4

is considered as a constant in this study.

The heat loss caused by refilling freshwater into the swimming pool (q,s) is calculated by:
rfs = Cw " Pw " Vrfs* (Tse — Trfs) (13)

where T.fs (°C) is the temperature of the refilling fresh water, which is assumed to be 15°C

(Buonomano et al. 2015); and v,¢¢ (m3/s) is the volumetric flow rate of the fresh water, which

is assumed to be the 5% of the pool volume per day (Buonomano et al. 2015).

Note that in the above calculations, the weather parameters, including the solar irradiance
intensity (Ggo;), the wind speed (vy,;nq), the ambient dry-bulb temperature (T,;,p), and the
relative humidity (RH), should be from a worst-case weather condition, and thus the required
daily heat energy amount is the maximum. More details on the worst-case weather condition

will be given in the case studies.

2.3. Calculation for design area of solar collectors

As the heat amount contributed from the solar collectors is y - Ey; ppen, the design area of the

solar collectors (4. ) is estimated as:

Y'Em,open
Agp = —0P (14)

ﬁsc'Emt,des

where B, (—) is the efficiency of the solar collectors; and Ey,; ges (KkWh/m?) is the design

value of the available solar energy intensity during the open period.

As the available solar energy intensity during the open period is highly stochastic, it might not
be good to use the worst-case scenario. For example, Fig. 3 shows the distribution of the
available solar energy intensity during the swimming pool open period (from 12:00 to 20:00)

in a winter season (from December 1° to next April 30™) over ten years for Hong Kong (from
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2003 to 2012), varying between 0.08 kWh/m? and 4.31 kWh/m?. Among 1513 days, only 11
days have the intensity being not larger than 0.08 kWh/m?. Hence, a probabilistic method is

introduced to specify Ep,; ges, Shown as:

P(Emt < Emtes) <P (15)
where E,,; (kWh/m?) is the potential available solar energy intensity during the open period;
P (—) indicates the cumulative probability; and 1 (=) is a design parameter to assess the risk
of the potential solar energy intensity being smaller than the design value. For example, if ¢ is

50% (i.e. middle-level design risk), Epyt ges Will be 4.31 kWh/m?.
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Solar energy intensity (kWh/m?)

Fig. 3. Distribution of the available solar energy intensity during the swimming pool open

period (from 12:00 to 20:00) and cumulative probability of the distribution.

2.4. Calculation for design volume of PCM tank

The heat energy amount that should be stored into the PCM tank is (1 — y) * Ep, open- Because
the tank temperature will be the same with the water temperature of the pool (at the set point,
Ts;) after releasing all the stored heat to the pool, the design volume of PCM tank (Vi) is

given by (Pirasaci and Goswami 2016):

_ (1=¥)Em,open
(1_Uw)'Pp'[Cps'(Tm_Tst)+Cpl'(Ttank,d_Tm)]+77w'Cw'pw'(Ttank,d_Tst)"'(1_7Iw)'Pp'Hp

(16)

Vpst

where 7, (=) is the water fraction; Tygp, 4 (°C) is the design temperature after fully charged;
cps (kJ/kg-K) and cp; (kJ/kg-K) are the solid and liquid specific heat of the PCM,
respectively; ¢, (kJ/kg - K) is the specific heat of the water; p, (kg/m?) and p,, (kg/m?) are
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the density of the PCM and water in the storage tank, respectively; and H,, (k]J/kg) is the latent
heat of the PCM.

2.5. Calculation for design rated heating capacity of air-source heat pumps

2.5.1. Rated heating capacity for charging

The heat energy amount that should be stored into the PCM tank ((1 — ¥) * Er open) is also
used to estimate the rated heating capacity of the heat pumps, because the heat pumps are used
to charge the PCM tank. The rated heating capacity for charging (qpp ) is given by:

(1-y)Em,
Gnp,ch = ———opR (17)

t—tg
Note that in this calculation the heat delivered from the heat pumps to the PCM tank is assumed
to be a constant during the charging period. As shown in Table 1, PCM tank is charged by air-

source heat pumps during the period (t;—t;), and thus the design charging time is equal to be

(tz — ty).

2.5.2. Rated heating capacity for preheating

To estimate the rated heating capacity for preheating, the temperature drop (A,, marked in Fig.
4 (a)) from the moment of closing the pool (t,) to the moment of starting the preheating (t,)
needs to be estimated. Meanwhile, the required temperature rise (A; marked in Fig. 4 (a)) that
guarantees that the water temperature, should reach the temperature set point (T, ) at the
beginning of the opening needs to be estimated as well.

_- Soil - Cover

9raa Geov

e e )

temperature

Geover

24 hours

Swimming pool with the cover

(b)
Fig. 4. (a) Rated water temperature profile of the pool; and (b) heat transfer model of the pool

with cover.
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To facilitate the calculation, §;, §,, and §5 are used to denote the length of the period from t,
to t,, from t, to t,, and from ¢, to t5 as shown in Fig. 4 (a), respectively. The first step is to
calculate A, and A;. Afterwards, the rated heating capacity of the heat pumps for preheating

could be estimated according to A, and A;.

2.5.2.1. Calculation of A, during the period of 8,

During this period, it is assumed that the ambient temperature (Ty,,,p) and the sky temperature
(Tsiy) are stable. The heat loss of the pool with the cover (q;oss,c) satisfies the following as
(Harrington and Modera 2013):

Qioss,c = draa + dconv (18)
where g,-,q4 (W) is the radiative heat loss from the cover; and g, (W) is the convective heat
loss from the cover. They are given by:

Graa = Apoothrada(Teup — Tsky) (19)
deonv = Apoothconv (Teup — Tamp) (20)
where hyqq (W/m? - K) is the cover radiative heat transfer coefficient; h.ypn, (W/m? - K) is
the cover convective heat transfer coefficient; and T, ,,,, (°C) is the temperature of the cover

upper surface (the surface towards the sky).

As the cover lower surface contacted with the water of the pool, its temperature is considered
as the same with the water temperature of the pool. Thus, the heat flux from the water of the
pool to the cover (g pper) 1S:

Geover = Apoothcover (Tpoot = Teup) (21)
where heoper (W/m? - K) is the heat transfer coefficient due to the thermal conduction of the
cover. Since qppssc 15 equal to Geoper as well, 1.€. Geover = Graa + Gconv, the cover upper
surface temperature (T, ,,;) is given by:

Teup = d1Tpo01 + d2Tsy + d3Tamp (22)

where

h h h
dl _ cover _ rad _ conv (23)

- s U2 — s U3 —
heover+hraa+hcony heoverthraa+hcony heoverthraathcony

As shown in Fig. 4 (b), during the period of §;, the water temperature of the pool satisfies:

ar
pool __
prwVpool at —Gcover — Qcond (24)
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where q.onq (W) is the heat loss of the pool through its sidewalls and floor given by Eqn. (12).

According to Eqns. (21), (22) and (12), Eqn. (24) can be reformulated as:

dTpool

Y alTpool + aZTsky + a3Tgmp + @4 Tsoir (25)

where a; (1/s5), a; (1/s), a3 (1/s), and a, (1/s) are the coefficients, given by:

1
a; = — [hcoverApool(l - dl) + 2Lcond QdksoilAcond] /(prwVpool) (26)
__ hcoverApooidz __ hcoverApootds _ 1
oz = v , A3 = v » g = 2 v L qdksoilAcond (27)
PwCwV pool PwwV pool PwewVpoollcond

When Ty, Tamp and T,y are considered stable during this period, Eqn. (25) becomes:

dTpool

ar alTpool + (28)

where C; = @;Tsiy + a3Tqmp + @4Ts041- Thus, the water temperature of the pool (Tp40;) 1s:

D1 t Cl
T. =2l _ 2 29
pool ay a, ( )

where D; is a constant. At the beginning of the period §; (t = 0), the Ty, is Ty, and at the
end of the period 8; (t = 87), the Tpp0; is Tsy — Ay, Thus,

D C D C
Tg = _1__1; Ty _Au:_leoclls1 - = (30)
aq aq aq 44}

which gives the temperature drop from the moment of closing the pool (t;) to the moment of

starting the preheating (t,) (A,) as:
Ay=2(1 - e®0) with D; = a;Tg + C; (31)
ay

2.5.2.2. Calculation of A, during the period of 83
During the period of 83, the ambient temperature (Typmp) and the sky temperature (T, ) are
considered as constants. Note that during this period the solar collectors might be able to supply

heat to the swimming pool. Thus, the water temperature of the pool satisfies:

aT
pool __
prwVpool T Qscol — Ycover — Ycond (32)

where gg.,; (W) is the heat gain by solar collectors during the period of J5.

Gscol = BscEmxdesAsc (33)

ts—ty
where Epx ges(KWh/m?) is the design value of the available solar energy intensity during the
period of 83, which is identified using the probabilistic method presented in Eqn. (15).

Similarly, Eqn. (32) is reformatted as:

14



dT 0o Sco
—20% = @ Ty + C5 + —20L— (34)

dt PwewVpool
which has the following solution:
_ D3 ot C3 Ascol
Tpoot = 22 g1t — 2 — ol — (35)
ay ay a1pwewVpool

At the beginning of the period &3 (t = 0), the T},44; should be T + A, and at the end of the
period (t = &3), the T4, should be Ts,. Thus,

D C
Toe + A== — =3 dscol (36)
ay ay a1PpwewVpool
D C:
Tst — _3€a163 _ k3 dscol (37)
ay ay a1PwwVpool
which gives
__ D3 a6 _ Adscol —a46
A== (1 —e%%), D3—<a1Tst+C3+—V)e 193 (38)
ay PwwVpool

2.5.2.3. Estimation of rated heating capacity during the period of 8,
When the heat pumps are used to preheat the pool water during the period of §,, the water

temperature of the pool satisfies:

aT
pool __
prwVpool T th,pr — Qcover — 9cond (39)

where qpp pr (W) is the rated heating capacity for preheating. When Ty, Tamp and Ty, are

considered as constants during this period, Eqn. (39) is reformulated as:

dT
pool Ahp,pr
ool — o0, o1 + Cp + —2T_ 40
dt 14pool 2 PwCwV pool ( )
The solution of Eqn. (40) is:
_D2 gt _C 9np.pr
Tpoor = €™ — = ———="— (41)
1 1 1PwCwV pool

At the beginning of the period &, (t = 0), the T,,,; should be Ts; — A,,, and at the end of the
period (t = 65), the To0; should be T + A;. Thus,

D C dhp,
Ty —Ay= = — =~ BB (42)
ay a a1PwCwVpool
Ty + A= 2emb _ 2 hwpr (43)
st ay aq a1pwewVpool

Thus, the rated heating capacity for preheating (qpyp ) is given by:

PwCwVpool [(“1Tst—a1Au+C2)ea152 —(a1Tse+a10+C3)]

Qnppr = 1162 (44)

2.5.3. Rated heating capacity of air-source heat pumps
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As discussed previously, the final rated heating capacity of the heat pumps (gp; ) is the larger

one between qpyp cp and qpy r, Which is therefore specified by:

Qnp,r = Max (th,ch' th,pr) (45)

where qpp,cn and qpyp - are given by Eqns. (17) and (44), respectively.

3. Multi-criterion design

As presented in the sizing strategy in Section 2, the design parameter (y) impacts the
performance of the heating system regarding initial cost, total operating cost, thermal comfort,
and total energy use. Hence, it is necessary to investigate how it affects these performance
indices. Fig. 5 gives the methodology to carry out this investigation. The first step is to specify
a number of values for y. For each value, the main components including the air-source heat
pumps, PCM tank, and solar collectors, are sized using the method introduced in Section 2.
Afterwards, the performance of the heating system is simulated on a platform. Some models in
a system platform cannot be simulated by single software, and thus multiple software are
integrated to establish the platform. In this study, this platform is constructed using the software
TRNSYS and MATLAB, where TRNSYS is used to simulate the behaviors of the air-source
heat pumps, water pumps, and controllers, etc.; while MATLAB is used to simulate the
swimming pool and PCM tank. With the generated data, the performance indices are analyzed,

based on which a suitable design can be selected.

4 N
Preset the values of y as for eachy | Sjze the main components using
[Virooer Yl the proposed method
.

J

A

4 )
o Simulate the operation of the
€
TRNSYS @ + 4\» L proposed heating system
J

(Simulate heat pump  (Simulate swimming pool
& pumps, etc.) & PCM tank)
A4
Compare these designs and forally Analyze the performance and
identify the optimal one score different designs

Fig. 5. Methodology for proposed multi-criterion design.

The performance indices, including thermal comfort, total energy use, initial cost, and total

operating cost, are introduced and defined as follows. The thermal comfort is evaluated using
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the thermal comfort unmet percentage (TU), which is defined as the total thermal comfort

unmet hours divided by the total hours of the open period during the entire winter:

TU = — [[* TCymdt (46)

ttot

where t;,; (s) denotes the total open hours of the pool during the entire winter; and TC,,,,, (—)
is an indicator given by :

0, if Tpool = Tst - Ast

TCym = {1, if Tpoor < Tse — Age (47)

where Ag, (°C) is a user-defined threshold for the thermal comfort.

The initial cost (IC) is calculated as:
IC :ICSC +1Cpst+ICashp +1C0th (48)
where IC;c (US$), IC,s (USS), ICqsnpy (US$), and IC,., (US$) are the initial cost of the solar

collectors, PCM tank, air-source heat pumps, and other components, respectively.

The total operating cost in a winter season (OC), consisted of the cost for the electricity use
during the on-peak and off-peak period, is calculated as:

0C = 0Cqonpk + OCqorpk + 0Ce onpk+0Ce o fpi (49)
where onpk and ofpk denote the on-peak and off-peak period, respectively; and d and e

denote the demand and energy charge, respectively.

The total energy use in a winter season (EC), including the energy consumption of the air-
source heat pumps and water pumps, is calculated as:

EC = Epp + Eyp (50)
where Ep, (kWh) and E,,,, (kWh) denote the energy consumption of the air-source heat

pumps and water pumps, respectively.

To weight the performance in a fare manner, the performance indices are normalized by:

_ TU-TUy, _ICc-ICy _oc-0Cy, _ EC-ECp
T TUmp=TU * “1C 7 ICmp—1cy,” T0C T " ECmp—ECyp

(1)

STU

where Sty (<), Sic (<), Soc (-), and Sgc (-) are the normalized thermal comfort unmet
percentage, initial cost, total operating cost, and total energy use, respectively; and Ip and mp
denote the least and most preferred performance, respectively. The overall performance score

(Sop) is given by:
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Sop = Teu " Stu + Tic * Sic + Toc * Soc + Tec * Sec (52)
where T4, (-), Tic (-), Toc (-), and 7., (-) are the weighting factor, being user-specified and
satisfying:

T + Tic + Toc + Tec = 1 (33)

To compare with a conventional heating system, the total CO2 emission (CE) is used to evaluate
the environmental impact of the heating system, which is calculated as:

CE =EC-e, (54)
where e, is the CO> emissions factor for electricity, which is set as 0.756 ton/MWh (Shirazi,

Taylor, et al. 2016).

4. Case studies

The outdoor swimming pool considered in this study is located at the City University of Hong
Kong. The swimming pool has a total volume of 1,963.5 m?. Its length and width are 50 m and
22 m, respectively. The depth varies from 1.2 m to 2.5 m (in the middle) with the average of
1.785 m.

4.1. Rated operation schedule

To size the main components, the rated operation schedule of the heating system was specified.
Table 3 lists the significant time periods in a 24-hour operation schedule. The charging of the
PCM tank was started at 21:00 (t;), the beginning of the electric off-peak period; and it was
completed at 05:00 (t,), the beginning of the preheating for the pool. The preheating was
completed at 09:00 (t,), the beginning of the electric on-peak period. The solar energy available
period was from 06:00 (t3) to 18:00 (tg). The swimming pool open from 12:00 (t5) to 20:00

(t7)-

Table 3 Significant time periods in this study

Time periods Values
t1—t, 21:00 — 05:00
ty,—ts 05:00 — 06:00
tz—ty 06:00 — 09:00
ty—ts 09:00 — 12:00
ts—tg 12:00 — 18:00
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te—t;  18:00 —20:00
t,—t;  20:00 - 21:00

4.2. Simulation platform

The simulation platform of the system was constructed using TRNSYS and MATLAB. Type
941 was adapted for the air-source heat pumps with the rated COP of 5.5. Type 3b was used
for the model of the pumps. Type 91 was selected as the heat exchanger, where the
effectiveness of the heat exchanger was assumed to be 0.95. Type 649 and Type 647 were
utilized for the mixing and diverting valves, respectively. The PID controller for controlling
the water temperature of the pool was simulated by Type 23. Type 71 was used to simulate the
evacuated tube solar collectors. The heat transfer models of the outdoor swimming pool and
the PCM tank were solved by MATLAB codes. They were linked into TRNSYS 17 by the
MATLAB interface Type 155. The model of the outdoor swimming pool utilized in the
simulation platform was identical with the model described in the sizing process in Section 2.2.
The model of PCM tank and its structure was presented in the studies of Li et al. (2020).
Paraffin wax was selected as PCM in this study and its thermal parameters were given in Table

4 (Hasan, Basher, and Shdhan 2018).

Table 4 Thermal properties of paraffin wax (Hasan, Basher, and Shdhan 2018)

Name of parameters Symbol Unit Value
Phase change temperature T °C 44
Latent heat of PCM H, kJ/kg 174.12

Solid specific heat of PCM CPs klJ/(kg-'K) 2.44
Liquid specific heat of PCM cp; kJ/(kg-:K) 2.53

Solid Density of PCM Ps kg/m? 830
Liquid density of PCM 01 kg/m® 783
Thermal conductivity ky W/(m-K) 0.13

4.3. Information for calculating maximum daily heat energy demand

To calculate the maximum daily thermal energy demand of the pool during the open period
(Em,open), the meteorological data in a design day was utilized. The ten-winter meteorological
data of Hong Kong from December 1% to April 30", from 2003 to 2012, bought from Hong
Kong Observatory, were analyzed, shown in Fig. 6. It can be seen that the average dry-bulb
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temperature in winter season was around 19 °C; the average wet-bulb temperature was around
16 °C; the average wind speed was around 2.3m/s; and the average solar irrandance (from 06:00
to 18:00) is around 256W/m?. After analyzing the ten-winter meteorological data, February
26, 2005 was selected as the design day. The dry-bulb temperature, wet-bulb temperature,
wind speed, and solar irradiance in this day were given in Fig. 6. Table 5 shows the parameters

that were used for calculating the Eyy, 5pen. Under these conditions, the maximum heat energy

demand was calculated as 14,444 kWh.

Table 5 Parameters used for calculating maximum daily heat energy

Name of parameters Symbol Unit Value
Effective solar absorptance coefficient of the water  ag,; - 0.85
Emissivity coefficient of the water Ew - 0.95
Dimensionless conduction heat transfer rate Qaim 0.943
Thermal conductivity of the soil Ksoir W/(m-K) 0.52
Emissivity coefficient of the sky Esky - 0.95
Design water temperature of the pool Tt °C 28
Soil temperature Tsoit °C 17
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Fig. 7. Meteorological data (for sizing) containing: (a) dry-bulb temperature; (b) wet-bulb

temperature; (c) wind speed; and (d) solar irradiance. (Left side: from December 1, 2004 to

April 30™, 2005; and right side: from 12:00 to 20:00 in February 26", 2005)
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4.4. Information for sizing area of solar collectors

During the sizing process of solar collectors, the efficiency of the solar collectors (fSs.), was
set as 0.687 (Shirazi, Taylor, et al. 2016). A middle-level design risk shown in Fig. 2 was used
to identify the design value of the available solar energy intensity during the open period
(Emt.ges)- When the cumulative probability (i) was 50% (i.e. middle-level risk), the Ep¢ ges
was 1.88 kWh/m?. Given the heat energy contributed from the solar collectors (y - Em open)s

the total area of the solar collector was calculated using Eqn. (14).

4.5. Information for sizing volume of PCM tank

The rest of the maximum daily heat energy demand ((1 —7Y) " Ep open), Was utilized to
calculate the volume of the PCM tank using Eqn. (16). The design temperature of the PCM
tank after fully charged (T¢qnk q), 1.6. maximum design water temperature that air-source heat
pumps can reach, was set as 60 °C (Vieira, Stewart, and Beal 2015); and the water fraction of

the PCM tank (17,,) was set as 0.25. Table 4 presented the thermal parameters of the used PCM.

4.6. Information for sizing heating capacity of air-source heat pumps

The (1 — ) * Eyyopen Was also utilized to estimate the heating capacity of air-source heat
pumps for charging the PCM tank using Eqn. (17). Meanwhile, the heating capacity of air-
source heat pumps for preheating was estimated according to the temperature profile during
the closed period. The thickness of the cover was set to be | mm (Sonnier et al. 2015), and its
thermal properties were given in Table 6. To identify the design value of the available solar
energy intensity during the period of §3 (from 9:00 to 12:00) (E},x ges) in Eqn. (33), the solar
energy intensity during this period was analyzed. Fig. 8 showed the distribution of the available
solar energy intensity during the period of §5 (from 9:00 to 12:00) in a winter season (from
December 1% to next April 30™) over ten years for Hong Kong (from 2003 to 2012), varying
between 0.07 kWh/m? and 3.55 kWh/m?. A middle-level risk was used in this study, which
suggested that the cumulative probability (1) was 50%. Thus, the Ep; ges Was 1.38 kWh/m?.
The ambient temperature for the period of &4, &5, and §3 were set as 6.0°C, 5.9°C, and 6.9°C,

respectively.
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Table 6 Thermal properties of the cover

Name of parameters Symbol Unit Value
Radiative heat transfer coefficient of the cover  h,44 W/(m*K) 4.6
Convective heat transfer coefficient of the cover hgp,,  W/(m*K) 10
Thermal conductivity of the cover Kcona W/(m-K) 0.36

5. Results and analysis

5.1. Model validation

The tested data in Shirazi et al. (2016) were used to validate the solar collector model; and the
experimental data in Watanabe et al. (1993) and Ruiz et al. (2010) were used to validate the
swimming pool and the PCM tank model, respectively. To describe the accuracy of the models,
the average relative error (y,) between the simulated and experimental results was used,

defined by:

— 15k=
Ya = ;Zkzi

Yexp,k—Vsimk

x 100% (55)

Yexp,k

where s is the number of experiment samples; and Yexp x and ygim i are the experimental and

simulated values, respectively.
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The values of the parameters and work conditions utilized in the simulation were set as the
same with the tested/experimental environment in the literatures. Fig. 9 showed the comparison
between the simulated and tested/experimental results of the solar collector, swimming pool,
and PCM tank, respectively. The y, for the solar collector, swimming pool, and PCM tank
model were 0.20%, 0.65%, and 3.97%, respectively. Hence, the accuracy of the solar collector,

swimming pool, and PCM tank model were believed to be acceptable.
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Fig. 9. Comparison between the tested/experimental and simulated results for: (a) charging
process of PCM tank model; (b) discharging process of PCM tank model; (c) solar collector
model, where AT is the temperature difference between the water and ambient environment;

and (d) swimming pool model.

5.2. Main components sizing results

Table 7 shows the sizing results for different y. Note that if only the solar collector was used,
i.e. y = 100%, then the A, could reach 9,598.2 m?, which was more than four times of the
swimming pool surface area. However, it might be hard to find enough space to install the solar
collectors with the A, of 9,598.2 m? in practice, especially in crowed cities like Hong Kong.

Thus, in this study the indicator (&,) was proposed to deal with this issue, shown as follows:
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Esp

_ A

Apool

(56)

The statistical results from the literatures were used to identify the maximum &g, for

maximizing the Ag.. Table 8 presents the statistical results of Agc, Apoer, and &, in the

literatures. Fig. 10 shows a diagram to present the statistical results of &,. It can be seen that

the maximum &), is 3.33, which is identified from the studies of Buonomano et al. (2015).

According to the Eqn. (55), the maximum Ay, is 3,663 m?. Correspondingly, according to the

Eqn. (14), the maximum y is 32.8%. Thus, the ranges of y are from 0% to 32.8%. In this study,

itis divided into 21 cases, and the difference of y between the neighboring cases is nearly 1.6%.

Table 7 Sizing results of proposed heating system

Yo Ase Gp  Vpst | Y Ase dnp Vpst | Y Ase dnp  Vpst
%) @) kW) @) | (%) @) kW) @) | %) @) kW) (m)
0 0 1,805.0 278.0 | 11.5 1,282.1 1,598.0 246.1 | 229 2,564.1 11,3909 214.2
1.6 1832 1,7754 2734 | 13.1 1,4652 1,568.4 241.5]|24.6 2,7473 1,361.3 209.6
33 3663 1,745.8 268.8 | 14.7 11,6484 1,538.8 237.0|26.2 2,9304 1,331.8 205.1
49 5495 11,7163 2643 | 164 18315 1,509.2 2324|279 3,113.6 11,3022 200.5
6.6 732.6 1,686.7 259.7|18.0 2,014.7 1,479.6 227.9|29.5 3,296.7 1272.6 196.0
82 9158 1,657.1 2552 | 19.7 2,197.8 1,450.1 2233 |31.1 3,4799 1,243.0 1914
9.8 1,098.9 1,627.5 250.6 |21.3 2381.0 1,420.5 218.7|32.8 3,663.0 1,213.4 186.9
Table 8 Statistical results of Ag., Aypo1, and &, in the literatures
Literatures Ase(m?)  Apoor(m?) &5, () Literatures Ase(m?)  Apooi(m?) £ ()
Alkami and Sherif (1992) 300 1,172 0.26 Buonomano et al. (2015) 1,700 600 2.83
Alkami and Sherif (1992) 400 1,172 0.34 Buonomano et al. (2015) 1,800 600 3
Alkami and Sherif (1992) 500 1,172 0.43 Buonomano et al. (2015) 1,900 600 3.17
Alkami and Sherif (1992) 600 1,172 0.51 Buonomano et al. (2015) 2,000 600 3.33
Alkami and Sherif (1992) 700 1,172 0.6 Chow et al. (2012) 100 1,507 0.07
Alkami and Sherif (1992) 800 1,172 0.68 Chow et al. (2012) 250 1,507 0.17
Alkami and Sherif (1992) 900 1,172 0.77 Chow et al. (2012) 500 1,507 0.33
Alkami and Sherif (1992) 1,000 1,172 0.85 Chow et al. (2012) 750 1,507 0.5
Alkami and Sherif (1992) 1,100 1,172 0.94 Chow et al. (2012) 1,000 1,507 0.66
Alkami and Sherif (1992) 1,200 1,172 1.02 Chow et al. (2012) 1,200 1,507 0.8
Brambl(‘“’l-‘{)gg;i Wells 112 112 1 Chow et al. (2012) 1,400 1,507 0.93
Buonomano et al. (2015) 100 600 0.17 Croy and Peuser (1994) - - 0.5-0.8
Buonomano et al. (2015) 200 600 0.33 Dang (1986) 376 275 1.37
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Buonomano et al. (2015) 300 600 0.5 Govaer (1984) 200 373 0.54
Buonomano et al. (2015) 400 600 0.67 Hahne and Kubler (1994) 1,359 2,433 0.56
Buonomano et al. (2015) 500 600 0.83 Hahne and Kubler (1994) 649.6 1,200 0.54
Buonomano et al. (2015) 600 600 1 Hahne and Kubler (1994) 500 1,050 0.48
Buonomano etal. (2015) 700 600 1.17 M"h“ea“l’;gzg (19942, 41y 1,320 0.31
Buonomano etal. (2015) 800 600 1.33 M"h“ea“l’;;ﬁ;' (19942, ggg 2,200 0.4
Buonomano etal. (2015) 900 600 1.5 M"h“ea“l’;gzg (19942, 45 1,360 0.46
Buonomano etal. (2015) 1,000 600 1.67 M"llnea‘f‘ggag‘ (1994a; 266 1,250 0.21
Buonomano etal. (2015) 1,100 600 1.83 M"h“ea“l’;gzg (1994a; 745 3,140 0.23
Buonomano et al. (2015) 1,200 600 2 Rak‘)p"“(l;’; g‘;‘)d Vazeos g 1,100 0.71
Buonomano et al. (2015) 1,300 600 2.17 Ruiz and Martinez (2010) 25 50 0.5
Buonomano et al. (2015) 1,400 600 2.33 Ruiz and Martinez (2010) 50 50 1
Buonomano et al. (2015) 1,500 600 2.5 Zhao et al. (2018) 20.5 36 0.57
Buonomano et al. (2015) 1,600 600 2.67
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Fig. 10. Statistical results of &g,.

5.3. Performance evaluation

To investigate the influence of y on the performance of the system, the simulations were run
for each design candidate. Ten-winter weather data (from 2003 to 2012) were considered. Fig.
11 (a) shows the variation of the IC with different y. The initial costs of main components were
given in Table 9, where the prices were set according to the current market in Hong Kong. It
was found that IC linearly increased with the increase of y. This was due to the high unit cost
of the solar collectors. The maximum value was US$658,501 when y was 32.8%; while the

minimum value was US$401,542 when y was 0%, which was 39% of the maximum.
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Table 9 Unit costs of main components in the proposed system

Name of components Unit Cost (US$/unit)

PCM tank m? 316
Air-source heat pump kW 165
Solar collector m? 104
Insulation cover m? 4
Heat exchanger - 780
Pump - 663
Controller - 3,331

Fig. 11 (b) shows the TU with different y. It was found that all the values of TU in different y
were lower than 0.125%, which meant that the thermal comfortable requirement in the
considered cases could be satisfied. However, there was still a trend that the higher y led to the
higher TU due to the stochastic solar radiation intensity. When y = 32.8% ten-winter average
TU reached its maximum value of 0.013%; while ten-winter average TU become 0% when y

was less than 21.3%.

27



70 — 0.150 -
a —A— [nitial cost b == Thermal comfort unmet percentage
65 0.125 -
60 0.100 -
N
= i
X 5
@ 551 < 0.075F
2 g
< S0t 0.050 |-
a5t 0.025
404 I 1 I 1 I 0.000 - ¢ 1 T T 1 i
0 6.6 13.1 19.7 26.2 32.8 0 6.6 13.1 19.7 26.2 32.8
7 (%) 7 (%)
6.0 - 5.5
c ‘TO—_TO__laI operating cosl d —e— Total energy use
5.5F 50
~ S50F ~ 45}
£ =
= =
% X~
2 45f S 4.0+
= X
g S
<40t N o35t
35+ 3.0F
3.0 1 1 1 1 1 1 2.5 1 1 1 1 1 1
0 6.6 13.1 19.7 26.2 328 0 6.6 13.1 19.7 26.2 32.8
7 (%) 7 (%)

Fig. 11. Variations of (a) IC; (b) TU; (c) OC; and (d) EC. (Note: symbol for a given y
denoted ten-winter average value; and upper and lower bars denoted minimum and maximum

value, respectively.)

Fig. 11 (c) shows the variation of the OC with different y. The information for calculating the
OC in Eqn. (49) was presented in the study of Li et al. (Li et al. 2020). It was found that in
general, when more solar collectors were used, the OC became lower. This was reasonable
because solar collectors collected heat with very low energy use. The maximum OC was
US$48,879 (US$32 for each day), occurring when y = 0%. The minimum OC was US$35,958
(US$24 for each day), occurring when y = 32.8%, which was 29% of the maximum.

Fig. 11 (d) shows the variation of the EC with different y. It was found that in general, more
energy was used when the y was lower, because the increasing energy consumed by the
associated pumps of solar collectors was lower than the decreasing energy consumed by air-

source heat pumps for charging. The maximum EC was 448,468 kWh, occurring when y =
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0%. The minimum EC was 314,673 kWh, occurring when y = 32.8%, which was 27% of the

maximum.

5.4. Multi-criterion design results

Fig. 11 already demonstrated that y had a significant influence on the performance of the
system, which also indicated the necessity of the multi-criterion design. In addition, different
combinations of weighting factors had an important effect on the Syp. Table 10 shows the
typical combinations of different weighting factors. Five typical combinations of different
weighting factors were considered in this study, and the T, Tec: Toe! Tie Were 1:1:1:2, 1:1:2:1,
1:2:1:1,2:1:1:1, and 1:1:1:1, respectively. Fig. 12 shows the variation of S,p with different y.
The optimal y in the Cases 1, 2, 3, 4, and 5 was 0%, 29.5%, 29.5%, 21.3%, and 26.2%,
respectively. The corresponding optimal combinations of Ay, qpp, and Vs in the optimal y

were shown in Table 10.
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Fig. 12. Variation of Syp with different y.

Table 10 Typical combinations of different weighting factors and corresponding optimal

variables

Cases Ty Tec Toc Tic  Teu'Tec:TociTic V(%) Age (mZ) Anp (kW) Vpst (mz)

1 02 02 02 04 1:1:1:2 0 0 601.7 278.0
2 02 02 04 02 1:1:2:1 29.5  3296.7 4242 196.0
3 02 04 02 02 1:2:1:1 29.5  3296.7 424.2 196.0
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4 04 02 02 02 2:1:1:1 21.3  2381.0 473.5 218.7
5 025 025 025 0.25 1:1:1:1 262 2930.4 443.9 205.1

The optimal design in the peak point 4 (y = 26.2%) was considered as an example to compare
the CO2 emission of the conventional and proposed heating system. In this case, the daily
average operating cost was US$27. The ten-winter average EC was 363,593kWh, and the
corresponding CO; emission was 274.9 ton. For the comparison, the ten-winter average EC of
a conventional electrical heating system was 1,111,111 kWh, and the corresponding CO>

emission was 840.0 ton. Hence, the CO2 emission reduction could be as high as 67.3%.

To clearly present the water temperature variation of the pool, Fig. 13, as an example, showed
the weekly water temperature variation of the pool from December 9™, 2006 to December 15,
2006. During the open period, the water temperature could be maintained around 28°C by the
PI controller. The water temperature would decrease after the preheating period when the heat
from the solar collectors was not enough to overcome the heat loss, such as during December
9t and 13™. The water temperature would increase before the open period, because heat
collected by the solar collector was directly input into the swimming pool, such as December

11% and 12,

29.7

289

Thoo (°C)

273

1 1 1 1 1 1 1

26.5 U

09/12 10/12 11/12 12/12 13/12 14/12 15/12

Date (day/month)

Fig. 13. Weekly water temperature variation of the pool.

6. Conclusions

An outdoor swimming pool heating system was developed and investigated in this study. The
proposed system mainly consisted of solar collectors, air-source heat pumps, and PCM tank.
Two important issues, including main components sizing and multi-criterion design were

addressed. The important conclusions were presented as follows:
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e The proposed heating system could efficiently reduce the CO» emission in comparison
with a conventional electrical heating system. Case studies showed that the CO» emission
reduction could be as high as 75.4% when compared with the conventional system.

e The proposed sizing strategy could give a reliable design if the worst-case weather
condition was used. In Hong Kong, February 26", 2005 could be chosen as the design day.
Even if a middle-level design risk was utilized to identify the design value of the available
solar energy intensity, the thermal comfort unmet percentage (TU) was still less than 7%.

e The design parameter (y) that specified heat allocation to solar collectors and air-source
heat pumps had a significant influence on the economic and energy performance of the
proposed heating system. The multi-criterion design could balance different considerations
in the aspects of both economic and energy performance.

e The proposed heating system could significantly reduce the total operating cost. Case
studies showed that a suitable choice with y = 45% (corresponding to the weighting
factors for TU, IC, EC, and OC were set as 0.45, 0.25, 0.2, and 0.1, respectively), could
lead to the average daily operating cost around HK$1,593 for a swimming pool with a
standard size (50mx22mx1.785m).

Based on the above-mentioned points, it was concluded that the proposed heating system could

find applications in outdoor swimming pools under subtropical climates.
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