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In the study, an investigation and comparison of the thermal performance and cost effectiveness
of an active-indirect solar hot water plant (SHWP) at Incheon (Korea), Jeddah (Saudi Arabia) and
Changi (Singapore) international airports are carried out. Plant performances are analyzed for
various collector arecas and storage tank volumes at the ASHRAE standard flow rate and are
reported in terms of the annual solar fraction, solar thermal rating, as well as the capital payback
period and annualized life cycle savings. The main objective of this study is to optimize a SHWP
that supplies water at 65°C to a flight kitchen for the economic benefits for an average daily energy
demand. For the energy demand of 100 m’/day, the minimum payback periods of SHWPs at
Incheon, Jeddah and Changi airports are 8.94 years with 4, = 1140 m” and ¥, = 32 m’, 5.91 years
with 4, =750 m? and ¥, =24 m’ and 8.39 years with 4. = 1050 m?and V,=28 m’, respectively.

Keywords: solar hot water system, simulation, economic evaluation, parametric optimization.

1. Introduction

Solar hot water systems have been recognized as the
most cost-effective way of generating large amount of
hot water for domestic, agricultural, commercial and
industrial applications. A solar hot water system is
environmental friendly as well as a creditable financial
investment because it can significantly reduce fossil fuel
burnings and consequent pollution and greenhouse gas
emissions. Solar hot water systems can be used in most
of the climate conditions as they employ the solar energy
to produce useful heating. However, system costs vary
considerably depending on geographic location, water
usage and utility rates. To assure maximum cost benefit,
therefore, the appropriate sizing of each component in
the system and operating conditions are important
parameters need to be accounted for.

A number of designs for solar hot water systems have
been carried out using correlation (the ¢ method", the
generalized ¢ method”, the ¢ method”, the fchart
method”, the ¢, f-chart method”, etc.) and simulation
(MINSUN®, SOLCHIPS”, TRNSSYS®, WATSUN?, etc.)
based methods. Also, most of the previous optimization
studies have been performed through optimizing an
objective function, such as annual efficiency and solar
fraction, annualized life cycle cost, life cycle savings,
payback period, internal rate of return, etc. However,

there is dearth of literature with respect to long-term
thermal and economic analyses of a large solar hot water
system.

Numerous previous studies highlighted that the
selections of collector area and storage tank volume in a
solar hot water plant (SHWP) are crucial factors for the
plant performance. The present study is concerned with
investigation and comparison of the thermal performance
and cost effectiveness of SHWP at Incheon (Korea),
Jeddah (Saudi Arabia) and Changi (Singapore) airports.
Plant performances are analyzed for various collector
areas and storage tank volumes at the ASHRAE standard
flow rate and are reported in terms of the annual solar
fraction, solar thermal rating, as well as the annualized
life cycle savings and economic payback period. The
primary objective is to optimize the long-term
performance of an active-indirect solar hot water plant
(SHWP), which supplies hot water at 65°C for use in a
flight kitchen at each international airport. Using a
proprietary simulation code, the detailed configuration of
the SHWP in Korea, Saudi Arabia and Singapore is
optimized to shorten the capital payback period. The
performance evaluations are based on the simulations
with the meteorological data (i.e., solar radiation and
ambient temperature), evacuated-tube collector, seawater
storage tank and plate heat exchanger models, which
were developed in our previous works'®'".
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Fig. 1: A schematic diagram of the SHWP with a temperature modulating unit.

2. Model description

Fig. 1 shows a schematic diagram of the SHWP that
supplies water at 65°C for the flight kitchen. The primary
solar hot water circuit is connected to the four insulated
storage tanks (secondary circuit) via a heat exchanger for
hygiene and safety requirements. The four storage tanks
are constructed in top-to-bottom arrangement achieving
thermally stratification yet fulfill thermal demand of the
load by supplying hot water. Cold makeup water is
supplied to the mixing junction as soon as hot water from
storage tank 4 is withdrawn for the load requirement.
This arrangement assures that the storage tank is always
fully filled. The water drawn from storage tank 1 is
mixed at the mixing junction with cold makeup water,
and then a mixture enters into heat exchanger. The water
returning from heat exchanger supplies to the tank
having temperature closest but less than that of the heat
exchanger outlet water. This filling scheme ensures the
tank 4 temperature to be the highest. A calorifier with a
gas-fired boiler is used to meet temperature requirement
of the load during nights and cloudy days. In the SHWP
considered in this work, an additional supply component
of cold makeup water is adapted to the calorifier. During
the mid-day hours, the water temperature in the last tank
is higher than the demand temperature. This water is
mixed with the make-up water to attain the desired
temperature. This arrangement enables some of
high-stored energy during the midday hours to be used
for the late-afternoon and night-time hours. The
component models for the analysis of the SHWP include
mainly: solar radiation, solar collector and storage tank.
In the present work, a number of assumptions are made
for the development of the models. It is assumed that the
plant has well-insulated pipes with no leaks and its
configuration and control are close to the ones
considered in the development of the model. The flow
distribution in the collectors is considered to be uniform.

2.1 Solar radiation and ambient temperature model

In the present work, the monthly average hourly global

irradiance incident upon a tilted surface is estimated with
several existing empirical theories, based on the 22-year
average data of NASA Surface meteorology and Solar
Energy (SSE)'?. Here, the global irradiance consists of
beam and diffuse components.

Based on the monthly average daily global radiation on
a horizontal surface, the monthly average daily diffuse
radiation is first calculated by means of a monthly
average diffuse fraction correlation, as a function of
monthly average clearness index and sunset (or sunrise)
hour angle'”. The monthly average hourly diffuse and
global radiations are then obtained from the monthly
average daily diffuse and global radiations on a horizontal
surface by using the ratio of hourly global to daily global
radiation which is a function of the day length and the
hour in question'*'?. Finally, the monthly average hourly
global irradiation on a tilted surface is estimated using
Hay-Davies-Klucher-Reindl (HDKR) anisotropic diffuse
radiation model that considers the circumsolar diffuse and
horizon brightening components on a tilted surface' ™.
Then, the global radiation on the tilted surface can be
calculated as:

I :(Ib +[d‘47')Rb +1, (1_‘47)(

o]

where A; (= I,/ 1,) is an anisotropic index which is a
function of the transmittance of the atmosphere for beam
radiation, the geometric factor R, (= cosf / cosf,) is the
ratio of beam radiation on the tilted surface to that on a
horizontal surface at any time and /= ({,/ )"

The detailed procedure for estimating solar radiation
incident on a tilted surface is discussed in our previous
work'®'"". The predicted monthly average hourly global
radiations on a horizontal surface using the theories
adopted in this study were substantiated based on the
10-year average data of Singapore Meteorological
Service (SMS) at Changi international airport (1° 37" N,
103° 98" E)'?. Table 1 shows the monthly average daily
global radiation on a horizontal surface (MJ/m*/day) of

1+cosﬂj
2
(1)
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Table 1 Monthly average daily values of global solar

radiation on a horizontal surface'?.

Global radiation, H, (MJ/m?/day)

Months Incheon Jeddah Changi
January 10.01 16.31 16.13
February 13.10 19.15 18.79
March 16.31 22.25 18.18
April 19.33 24.77 17.53
May 19.94 25.81 16.45
June 18.25 25.63 15.88
July 15.23 25.34 15.48
August 16.31 23.51 15.59
September 15.08 22.21 16.31
October 12.89 20.02 16.45
November 9.68 16.52 15.62
December 8.78 14.94 14.65
Annual
(Average) 14.58 21.37 16.42

the NASA SSE model'?. It is observed that the highest
monthly average daily radiations at Incheon, Jeddah and
Changi airports are 19.94 MJ/m?, 25.81 MJ/m* in May
and 18.79 MJ/m’ in February, respectively, whilst the
lowest monthly average daily solar radiations are found
in December and have the values of 8.78 MJ/m?, 14.94
MJ/m* and 14.65 MIJ/m’ respectively. The annual
average daily radiations at each airport are 14.58 MJ/m’,
21.37 MJ/m” and 16.42 MJ/m’, respectively.

The monthly average hourly ambient temperature is
based on the measured data'®. For the simulation, the
monthly average hourly meteorological data like
irradiances and ambient temperatures are derived into
polynomial and rational equations, respectively, which

are expressed as a function of local time as follows:
L

M N-1
Gy, =Zaiti, T.=» at /[Zbit" HNJ Q)
i=0 i=0 i=0
with L = 6 and M = N = 3. The coefficients (¢ and b)
included in equation (2) are determined by using a
conjugate gradient method (CGM)™. Figs. 2, 3 and 4
show the monthly average hourly ambient temperature
and the global irradiance on the tilted surface obtained
from the aforementioned solar radiation model in
Incheon, Jeddah and Changi, respectively. The maximum
monthly average hourly ambient temperature and global
irradiance are 29°C and 756 W/m? in Incheon, 38°C and
939 W/m’ in Jeddah and 33°C and 736 W/m® in Changi,
respectively.

2.2  Solar collector model

The collector efficiency can be defined as the ratio
between the useful energy delivered over the aperture
area and the total irradiance of the collector aperture®".
The efficiency curve provided by manufacturer is
obtained from efficiency tests according to the
standard?. Here, the efficiency curve is described after a
second degree fit of efficiency points measured at

different collector temperatures. However, since the
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Fig. 2: Monthly average hourly (a) ambient temperature
and (b) global irradiance on the tilted surface in
Incheon, Korea.
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Fig. 3: Monthly average hourly (a) ambient temperature
and (b) global irradiance on the tilted surface in
Jeddah, Saudi Arabia.
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Fig. 4: Monthly average hourly (a) ambient temperature
and (b) global irradiance on the tilted surface in
Changi, Singapore.

efficiency curve is produced on the basis of normal
incidence measurements, its use for different incident
angles requires the correction of the optical efficiency,
measured at normal incidence, by the appropriate

incident angle modifiers for beam and diffuse irradiances.

Thus, the collector efficiency at any incidence angle is
determined as:

T
n(g):noKﬁb(0)+n0K9d_cl mG ‘-
T

r 7Y 3)
G

T

with Ky,(0) being a function of the incidence angle of the
beam irradiance and the constant Ky, for the diffuse
irradiance. Here, Ky,(0) can be approximated by the
product of the transversal and longitudinal incidence
angle modifiers™.

From the definition of collector efficiency and
equation (3), the collector outlet temperature can be

calculated using following equation:
9.

y =1,Ky, (0)Gb +1,K0s Gy — ¢ (Tm _Ta)_
“ 4)
dT
G (Tm _Ta)2 -G dtm

2.3 Storage tank model

A mathematical model for heat transfer in storage tank
is based on the one-dimensional transient heat transport
equation by convection and conduction along the
prevailing flow direction of the storage tank. The
multi-node model for the storage tank is employed to
simulate the thermal stratification by dividing the tank
into a specified number of tank segments. The
longitudinal axis of the storage tank is assumed to be
made up of N disc shaped control volumes, each one
having uniform temperature, as shown in Fig. 1. By
considering the energy balance, which takes into account
the convective and diffusive fluxes as well as the heat
losses to the ambient within each control volume, a set of
finite differential equations is established. The finite
differential equation for the control volume j of the
storage tank 7 gives:

R
pi,jcp,i,th,i,j % =
Oionvin = oot + Qeontin = Qeont.onn — Dioe =
(’hs _ml)cp,i,j—lTZ,i,j—l’ if /=0 3 )
mlcp,i,j+17;,i,j+1 > if /=1
(v, =iy )e,, /T, ;0 if /=0
me,. T, if F'=1

Mc.v 7;,1‘,_;' A:,i,j—l +kAcs Z,i,jﬂAh Tt,i,j _UtAl (];” _Ta)
where At is the time step, Ak is the grid spacing, and n
denotes value at previous time step.

The finite differential equations for the control
volumes at the top (f = 1) and at the bottom (j = N) of the
storage tanks are different to the finite differential
equation (5) for the internal control volumes because of
the perturbation occurring at the ends of the tank due to
inflow and outflow at each end. Therefore, it is assumed
that any incoming mass of cold or hot water is fully
mixed at the location of inlet. The finite differential
equations for the control volumes at the top and bottom
of the tank 7 can be expressed as, respectively:

T, -T"
pi,lcp,i,]Vt,i,l % =
0l + 0}l + 04~ 0l Ol =

~(ri, —mi,)e,, T, if /=0
( : l) P17 il }‘f‘F;mscl,’hn,o"‘ (6)

mlcp,i,ZT;,i,D if F'=1
(ms - ml )(1 - F;')cp,Hl,NTt,Hl,N -
F;’mlcp,i,lzz,i,lﬂ if F;,=0p+
_mlcp,i,lzz,i,l’ it F, =1
T.,-T.
A 1i2 il _Ut (Acs +AI)(T;,;‘,1 —];)

cs Ah
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v T;,i,N B ];,i,N
t,i,N
At
i, N i,N iN _
annv + Qnet + Q -ond Qlusx -
. "
{(ms — 1y )Cp,i,N—IZ;,i,N—l , if F'= 0} .

_mch,i,NZ;,i,N >

PinCpin

(7
{_(’hx — 1, )cp,i,NZZ,i,N’ if F/'= 0}

me, T if F'=1

p.i-117¢i-1,1° i

T

=T
kAL‘S %};J,]\H_Ut (Acs +Al)(];,i.N _T )

a

where a control function F; that determines to which
storage tank receives water from the heat exchanger is
written as follows:

I, if T, <T,,,i=1
I, ifT, <7, <T”+],z_2,3

F- (8)
I, ifT,, >7,,i=4

1,i”
0, otherwise

The net flow between storage tanks depends on the
magnitudes of the collector and load flow rates and the
values of the control functions at any particular instant,
and it can be determined with function £’

0, i=1

' i1
F=18r, e ©)
j=1

It is noted that whenever the storage temperature is
greater than the desired load temperature, the hot water
mass flow rate withdrawn from the storage tank 4 is
maintained constant by proportionately varying the
discharge mass flow rate from the tank. On the other
hand, whenever the storage tank 4 temperature falls
below the desired load temperature, the maximum
possible portions of the energy demand is met by
keeping the discharge mass flow rate equals to the
desired load flow rate and the rest of the energy demand
is supplied by the auxiliary. A mixture with desired load
temperature and flow rate is then produced by mixing
with appropriate cold makeup water. Storage discharge
flow rate and makeup water flow rate are determined by
considering mass and energy balances at the mixing
junction, as

plr (T T)
Cp, tI(T ) pir

(7

. . ptl( 14,1 )

it = iy (1)
cp,tl (];41 ) plr( )

Therefore, energy demand met by solar energy is
calculated as,

q, =nm,.c (Tr,4,1_T)_

T ptr r

, = i, o (10)

r

(1,-T.) (12)

When the storage temperature is less than or equal to
the desired load temperature, hot water from the storage
tank is drawn at rate equal to that of the load. In such
case, energy demand met by the solar energy is

plr

calculated as,
qx = mlcp,tr (7:,4,1 - Tr ) (13)
When 7,4, < T, the desired load temperature

requirement can be met by an auxiliary energy. The
required auxiliary energy is calculated as,

90 =1, (T =T, (14)
The annual thermal performances of the plant,

characterized by solar fraction and solar thermal rating,
are defined as:

0 B ZI q.dt
T0.+0, Zj'quZj q.dt

9 -SK
A

c

(15)

E= (16)

where Q) is the desired hot water load over a year.

2.4 Heat exchanger model

The inlet temperature of flat plate heat exchanger in
the secondary circuit is determined by considering mass
and energy balance at the mixing junction of the water
from the bottom of the storage tank 1 and the cold
makeup water, as
T _ (m\ _mt )Cp,l,NT;,l,N +mtcp,r7:‘ (17)

hi — . . R
! (7in, —m[)cpyw +iic,,

Using the inlet temperatures of the plate heat
exchanger in primary and secondary circuits obtained
from equations (3) and (17), both outlet temperatures are
calculated by the effectiveness-number of transfer units
(NTU) method. The effectiveness can be expressed as
function of the number of transfer units, the heat capacity
ratio, and the flow arrangement’,

) exp[(l—c")NTU}—l

= (18)
exp| (1-C")NTU|-C*
where C is the dimensionless heat capacity ratio.
Once the effectiveness value is given from equation (18),
both outlet temperatures are obtained from the following
effectiveness expression, defined as the ratio of the
actual heat transfer rate for a heat exchanger to the
maximum possible heat transfer rate,

C(.-T.) G(%.-T)

" Cnl;n (T: _Tj;l,[) B Cmin (I:c,o _T;u') (19)

c,0

where C,. and C, are the fluid heat capacity rate in
primary and secondary circuit, respectively, and Cp, is
the minimum heat capacity rate.

2.5 Economic evaluation model

To balance the economic benefits of energy savings
and capital investment, an economic objective function
based on the payback period (PBP) has been evaluated
for the optimization. The total cost of a SHWP is
simplified as collector area related cost Cj, and collector
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Table 2: Economic parameters adopted for economic

Table 3: Economic parameters adopted for economic

evaluation. evaluation.
Interest rate, i (%) 5 Latitude, ¢ (°N) 37.45
] Incheon, Korea . o
Inflation rate, j (%) Longitude, Z;,. (°E) 126.45
Fuel inflation rate, e (%) 2 Jeddah. Saudi Arabia Latitude, ¢ (°N) 21.67
Life cycle of plant, n (yrs) 15 ’ Longitude, Ly, (°E) 39.15
Collector cost coefficient, Cc (US$/m?) 450 Changi, Singapore Latltgde, ¢ (°N) 1.36
Storage tank cost coefficient, 1,500 Longitude, Ly, (°E) 103.99
Cr (US$/m3) > Hot water demand temperature, 7; (°C) 65
Instrumentation and control cost 0.1C Makeup water temperature, 7, (°C) 28
coefficient, C;c (US$/m?) e Daily hot water load, 7, (m*/day) 100
Pump and support structure cost Evacuated tubular collector, Thermomax Ltd.
fficient, Cps (USS/m’ 0.1Cc
coefficient, Cps ( m’) ) Aperture area per collector, 4, (m?) 3.229
Heat exchan;ger cost coefficient, 320 Number of tubes per collector 30
’ . Number of collectors in series 1
Boiler cost coefficient, Cp (USS$) 395,000 . .
] Optical efficiency, 7 0.727
Fuel cost coefficient, Cr (US$/kWh) 0.1523 Global heat loss coefficient, ¢; (W/m*C) 0.85
Temperature dependence of global heat loss
area independent cost C;: coe fg G enli o (SV /meC?) g 0.0093
Cs=Cpd. +C, = Effective thermal capacity, c; (kJ/m’K) 4.2
(CC +Che +Cps + Gy Gy ) A, + (CTVr +Cy ) = (20) Minimum tilt angle, £ (°) 20
(1 2C.+C,,C, ) A+ (CTVz +C, ) Recommended optimum tilt angle, ,,, (°) 0.7¢
where Cp = Grmax 1o/ Uy LMTD and the instrumentation Azimuth angle, y (°) ) 0
and control and the pump and support structure costs, Cjc Mass ﬂozw rate per unit area of collector, 0.02
and Cps, for the plant has been taken as 10% of the G (l.<g/ m s) - -
collector cost. The capital recovery factor is calculated Cylindrical, We11.m1xed, alwa}zls full, with (H/D) = 2
based on the following expression as: Heat loss coefficient, U (W/m™C) L5
i(l " i)" Plate heat exchanger effectiveness, ¢ 0.7
Crr (i) = W (21) Boiler efficiency, 77, 0.75
i) =

The effective interest rates are adapted to account for
the general inflation rate j and energy inflation rate e,
respectively, with the interest rate i and it can be
expressed as:
i'zﬂ, l_,,:i—_e (22)

1+ I+e

Annualized life cycle saving (ALCS) is the difference
between the annual costs of a conventional plant and
solar plant, and each annual cost is the sum of the
annualized cost of the plant and the annual cost of
auxiliary energy, which is represented by the following
equation:

0Cr Cir (i,’”)

ALCS =(Cy —Cg)Cyp (i',n)+ SF 23
( B S) RF ( ) ﬂam CRF (l'",n) ( )
The PBP of the plant is expressed as follows:
C,Cpp (7',
PBP = M (24)

ALCS
The cost coefficients for economic evaluation are
given in Table 2 and applied equally to the simulations
for fair comparison on the economic performance
between different countries. It is noted that the cost
coefficient for the storage tank is expressed in terms of
its volume.

2.6 Numerical solution

The fully implicit finite differential equation (5) for
the internal control volumes is solved in conjunction
with the boundary conditions given by equations (6) and
(7) using a standard tridiagonal matrix algorithm
(TDMA) with a successive line under-relaxation method,
while a shooting method is used to solve equations (4)
and (19) for the outlet temperatures of the collector and
the plate heat exchanger in primary and secondary
circuits, respectively. For the initial conditions of the
problem, it is assumed that the entire system is in thermal
equilibrium with the ambient. For the simulations, the
time and space steps are chosen to give a stable solution
and grid independent results and its values used in this
study are At = 300 sec and A% = 0.1 m, because higher
values of A/ leads to a considerable under-prediction of
the energy input into the storage tank and the delivered
energy. The convergence criterion for the time step is
ls"" — " < 10, where s is any variable (7,, T}, T;), and
m 1is the iteration level.

The plant parameters and input data are given in Table
3. Single collector array in series arrangement is adapted
for low pressure drop and high collector efficiency
purposes. A typical hourly distribution of hot water
consumption for a day is presented in Fig. 5.
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Fig. 5: Daily hot water consumption profile
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Fig. 6: Contour plots of the annual solar fraction (SF) of
the SHWP with respect to 4. and V, at (a) Incheon,
(b) Jeddah and (c) Changi airports.

3. Results and discussions

The parametric simulations have been performed to
examine how the annual thermal, solar fraction (SF) and
solar thermal rating (E), and economic, annualized life
cycle saving (ALCS) and payback period (PBP),
performances of the SHWPs are affected by the collector
area (4.) and tank volume (V;) at the ASHRAE standard
flow rate for ¥, = 100 m’/day. In this study, the plant
configurations where the working fluid temperature does
not exceed the boiling temperature are considered.

Fig. 6 shows the annual SF of the SHWP with respect
to A. and V,. The SF increases with increasing A, and
decreasing V; at a smaller 4.. However, at a larger A4, it

(1€ wym) 5

1556
1547
= 1538
1 1s29
1520
1510
1501
1492
1483
1474
1465
1456
1447
1437
1428

g

1450]

(L wym) 4

&

Fig. 7: Contour plots of the annual solar thermal rating
(E) of the SHWP with respect to 4. and V, at (a)
Incheon, (b) Jeddah and (c) Changi airports.
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increases with the increase in V,, and then decreases after
attaining a maximum at some V. It is noted that at a
lower 4. the effect of V, on the SF is negligibly small,
while its effect becomes large at a higher 4. The
maximum SFs of the SHWPs at Incheon, Jeddah and
Changi airports are 0.636 (4. = 1140 m% ¥, = 40 m’),
0.668 (4. =750 m%, ¥, =36 m®) and 0.626 (4. = 1050 m’,
V,= 36 m’), respectively.

In contrast, the annual E increases with a decrease in
A, at fixed V,, as presented in Fig. 7. The increase in £
with decreasing 4. becomes larger as V, decreases below
about 40 m’. It is because SF at the larger 4. decreases
greatly with decreasing V. The maximum Es of SHWPs
at each airport are 1005 kWh/m’yr (4. = 600 m?, ¥, =20

(§SN) ,01 x SOTV ($SN),01 x STV

($8N) ,01 X SOV

Fig. 8: Contour plots of the annualized life cycle saving
(ALCS) of the SHWP with respect to 4. and V, at
(a) Incheon, (b) Jeddah and (c¢) Changi airports.

m’), 1565 kWh/m’yr (4. = 360 m?, ¥, =20 m®) and 1056
KWh/m?yr (4, = 570 m%, ¥, =20 m®), respectively.

The ALCSs of SHWPs with respect to 4. and V, are
shown in Fig. 8. With increasing 4., an increased ALCS
can be achieved until a maximum at some A. for each V,
is reached. However, the ALCS will decrease with further
increase in 4., which causes higher fuel savings, but the
plant cost increases excessively, forcing the ALCS to
decrease. The effect of V; on the ALCS is almost similar
to that on the SF. The maximum ALCSs of SHWPs are
152358 US$ (4, = 1140 m?, V, =36 m’), 181848 US$ (4.
=750 m% V,=32m’) and 153695 US$ (4. = 1050 m?, V,
=28 m’), respectively, at each airport.

As shown in Fig. 9, the PBP decreases with the increase

(18) 94

A /A A S S A S A

0
Fig. 9: Contour plots of the payback period (PBP) of the
SHWP with respect to A, and V; at (a) Incheon,
(b) Jeddah and (c) Changi airports.
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in A, regardless of V,, since the auxiliary fuel savings are
far greater than the increase in cost due to increased A..
As shown at a smaller V,, for further increase in A, the
PBP increases because the increase in collector cost is
higher than the savings on fuel. The 4, corresponding to
this minimum PBP is the optimum A, with maximum
fuel savings. At A.s below 930 m?, 750 m? and 1020 m’,
respectively, for each airport the PBP decreases with
decreasing V,, while above aforementioned A.s it has a
minimum at some V; for each 4.. The minimum PBPs of
SHWPs at each airport are 8.94 years (4. = 1140 m%, V,=
32 m%), 5.91 years (4, = 750 m’, ¥, = 24 m’) and 8.39
years (4. = 1050 m%, V, =28 m®), respectively.

4. Conclusions

In this study, the thermal performance and cost
effectiveness of active-indirect SHWPs at Incheon
(Korea), Jeddah (Saudi Arabia) and Changi (Singapore)
international airports are investigated and compared. The
long-term performances of SHWPs with various
collector areas and storage tank volumes at the ASHRAE
standard flow rate have been examined and are reported
in terms of the annual solar fraction, solar thermal rating,
as well as the capital payback period and annualized life
cycle savings. Then, the SHWPs that supply water at
65°C to a flight kitchen are parametrically optimized for
the economic benefits for an average daily energy
demand.

For the energy demand of 100 m’/day, the maximum
solar fractions of the SHWPs at Incheon, Jeddah and
Changi airports are 0.636 with 4, = 1140 m* and V, = 40
m’, 0.668 with 4. = 750 m”* and ¥, = 36 m’ and 0.626
with 4. = 1050 m* and ¥, = 36 m’, respectively. The
minimum payback periods of SHWPs at each airport are
8.94 years with 4, = 1140 m” and V, = 32 m’, 5.91 years
with 4. = 750 m* and ¥, = 24 m’ and 8.39 years with A4,
=1050 m” and ¥, = 28 m’, respectively.

Nomenclature

A, aperture area per collector (m?)

A, total collector area (m?)

A cross sectional area of the tank (m?)

A; anisotropy index

A, lateral area of control volume (m?)

c global heat loss coefficient (W/m™C)

) temperature dependence of global heat loss
coefficient (W/m*°C?)

c effective thermal capacity (kJ/m*°C)

cp mean specific heat capacity (kJ/kg°C)

Cp boiler cost coefficient (US$)

C. fluid heat capacity rate in primary circuit
(W/°C)

Ce collector cost coefficient (US$/m?)

Cp collector area dependent cost (US$/m?)

Cr fuel cost coefficient (US$/kWh)

G, fluid heat capacity rate in secondary circuit
(W/°C)
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collector area independent cost (USS$)
instrumentation and control cost coefficient
(US$/m?)

heat exchanger cost coefficient (US$/m?)
minimum heat capacity rate (W/°C)

pump and support structure cost coefficient
(US$/m?)

capital recovery factor (1/y)

total cost of plant (US$)

storage tank cost coefficient (US$/m’)
dimensionless heat capacity rate ratio

fuel inflation rate (%)

modulating factor

control function

mass flow rate per unit area of collector
(kg/m’s)

monthly average hourly beam irradiance on a
tilted plane (W/m?)

monthly average hourly diffuse irradiance on a
tilted plane (W/m?)

monthly average hourly global irradiance on a
tilted plane (W/m?)

heat transfer coefficient (W/m?C)

height to diameter ratio of storage tank

interest rate (%)

effective interest rate (%)

effective interest rate for fuel (%)

monthly average hourly beam irradiation on a
horizontal plane (J/m®)

monthly average hourly diffuse irradiation on
a horizontal plane (J/m?)

monthly average hourly global irradiation on a
horizontal plane (J/m®)

monthly average hourly extraterrestrial
irradiation on a horizontal plane (J/m?)
monthly average hourly global irradiation on a
tilted plane (J/m?)

inflation rate (%)

thermal conductivity of water (W/m°C)

beam radiation incidence angle modifier
diffuse radiation incidence angle modifier
logarithmic mean temperature difference (°C)
desired load mass flow rate (kg/s)

mass flow rate in primary circuit, 4.G (kg/s)
makeup water mass flow rate (kg/s)

mass flow rate in secondary circuit, 4.G (kg/s)
mass flow rate from storage to load (kg/s)

life cycle of plant (yrs)

auxiliary energy required (W)

auxiliary energy required over a year (J)
desired hot water load over a year (J)

load met by solar energy (W)

load met by solar energy over a year (J)

ratio of beam radiation on a tilted plane to that
on the horizontal plane

time (s)

ambient temperature (°C)

fluid temperature in primary circuit (°C)
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7, fluid temperature in secondary circuit (°C)

T, desired load temperature (°C)

T, mean fluid temperature (°C)

T, makeup water temperature (°C)

T, storage temperature (°C)

U, overall heat transfer coefficient of the storage
tank (W/m*C)

Uyyx overall heat transfer coefficient of the plate
heat exchanger (W/m?C)

v daily hot water load (m*/day)

v, storage tank volume (m?)

Greek symbols

p slope (°)

€ effectiveness

n collector efficiency

Naux boiler efficiency

o optical efficiency

0 incidence angle (°)

0. zenith angle (°)

u dynamic viscosity (kg/ms)

p fluid density (kg/m?)

@ latitude (°), utilizability

Abbreviations

ALCS  annualized life cost saving

CGM conjugate gradient method

HDKR  Hay-Davies-Klucher-Reindl

NTU number of transfer units

PBP payback period

SF solar fraction

SHWP  solar hot water plant

SMS Singapore meteorological service

SSE surface meteorology and solar energy
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