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Effect of Solar Fraction on the
Economic and Environmental
Performance of Solar
Air-Conditioning by Adsorption
Chiller in a Tropical Region
Solar air-conditioning (AC) is an attractive AC system but it has intermittent output, and
therefore, a conventional heater is needed as a backup. This study presents the effect of
ratio of heat delivered by solar (Qsolar) to the total heat delivered to an adsorption chiller
(QsolarþQheater) or solar fraction (SF) on the economic and environmental performance
of a solar AC. This solar AC is not a solar-assisted AC, and therefore, it needs to fully
cover the cooling load. The cooling demand of an office building in Kuala Lumpur, and
the performance of flat-plate collectors and the adsorption chiller were calculated by
EQUEST and WATSUN software and by a mathematical model, respectively. Economic per-
formance was analyzed by life-cycle cost analysis, whereas the environmental perform-
ance was analyzed by using typical emissions rate of energy systems used. It was found
that a boiler was a better solution than an electric heater as a backup heater. Further-
more, the net profit (NP) at lower SF was higher because of its lower capital investment,
but more emissions were released compared to the conventional AC because of the boiler
operation. Thus, when economic and environmental performance were fairly considered,
it is appropriate to have solar AC with an SF around 0.74. [DOI: 10.1115/1.4031707]
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1 Introduction

The number of ACs in Malaysia had increased rapidly from
approximately 13,200 units in 1970 to approximately 253,400 in
1997 [1]. This rapid growth has made the government to introduce
a new regulation in which only the ACs with energy efficiency
ratio of more than 10 are allowed to enter the Malaysian market
since 2002 [2]. This demonstrates that only ACs that have good
efficiency are available in the Malaysian market. However, it was
estimated that the use of AC will reach 1.5� 106 units by 2020
[1], and this encompasses the need of a better AC method to
reduce the power demand for AC in Malaysia.

Solar AC system is an attractive way for AC because it is envi-
ronmentally friendly and can also reduce the operational cost.
Absorption chiller and adsorption chiller are two main pathways
for the solar AC. The former is more common because it has
higher coefficient of performance (COP) and slightly lower price,
but it requires higher regeneration temperature. The latter is com-
paratively less used because it has lower COP and slightly higher
price, but it can operate at lower temperature. This study focuses
on the adsorption chiller because it has lower regeneration tem-
perature that lower price flat-plate collectors can provide.

The normal temperature range in which an adsorption chiller
can operate is between 60 and 99 �C, and this can be supplied by
hot water from flat-plate collectors. In many cases, solar AC
is only considered as a solar-assisted AC when the vapor compres-
sion AC operates in parallel. In this study, cooling load will be
covered fully by an adsorption chiller that was assisted by a
backup heater.

Although the tropical region receives solar radiation throughout
the year, the insolation fluctuates due to day/night and sunny/
cloudy cycle. Therefore, an auxiliary heater that consumes fossil
fuel or electricity needs to be operated. The understanding of the
ratio of annual average heat delivered by solar (Qsolar) to the total
annual average heat delivered to an adsorption chiller (Qsolar

þQheater) or SF is important. The SF will affect the performance
of a solar AC because it will determine its size. To obtain more
energy from solar and reduce the use of an auxiliary heater, larger
flat-plate collector is needed, but this will increase the capital
investment of the system. However, if the collector is too small,
more fossil fuel/electricity needs to be consumed and this will
increase the operational cost and definitely will create more
emissions compared to a conventional AC. An optimal size of the
collector has to be struck.

Many studies have been done on the design [3–5] and on the
performance analysis [6–8] of the adsorption chiller. However,
only a few studies have been carried out on the economic per-
formance of the adsorption chiller. Bruno et al. [9] proposed that
when a flat-plate collector is used, the adsorption chiller is more
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suitable than the absorption chiller. It was also reported that the
system cost of the adsorption chiller-based solar AC is higher than
H2O/LiBr absorption chiller-based solar AC [10,11]. Tsoutsos
et al. [12] clarified that the adsorption chiller is marginally com-
petitive with a conventional chiller in Greece. Lambert and
Beyene [13] concluded that an adsorption chiller is appropriate
with a location that has less subsidized electricity rate. Similar
conclusion was reported by Fasfous et al. which shows that the
estimated payback period of a solar AC exceeds the lifetime of
the project (24 yr) unless the government issues a new policy that
grants incentives, exemptions, and subsidies [14]. Similar result
was shown by Allouhi et al. in which an adsorption chiller-based
solar AC system had a payback period of 19–23 yr [15]. Environ-
mental performance of the solar AC has been also studied by
many researchers, but from the authors’ best knowledge, only
solar-assisted AC with absorption, instead of adsorption chiller,
was studied. Mammoli et al. [16] clarified that a solar-assisted AC
can reduce 148–303 kg/day of CO2 emissions in New Mexico
climate. In addition, it was also reported that solar collector area
cannot be too small and must exceed certain area to reduce CO2

emissions [17].
However, from the literature reviewed, there is no report

considering the effect of SF on the economic and environmen-
tal performance of a solar AC by an adsorption chiller. Thus,
the objective of this study is to investigate the effect of SF on
the economic and environmental performance of a solar AC
by adsorption route. The solar AC studied is not a solar-
assisted AC, but the adsorption chiller alone fully covered the
cooling load. The cooling load of an office building in Kuala
Lumpur was simulated using EQUEST. The amount of heating
and its temperature were then determined by using the load
required and by the performance of the adsorption chiller.
Then, the heating load is covered with flat-plate collectors
with various area or SF. Finally, the performance of each SF
was calculated and compared using life-cycle cost analysis and
emissions reduction.

2 Materials and Methods

2.1 Location and Climatic Data. Weather data of Kuala
Lumpur with coordinate of 3.1357� N, 101.6880� E were selected,
and hourly weather data from ASHRAE International Weather for
Energy Calculation were used. Figure 1 shows the ambient tem-
perature and global horizontal radiation, direct normal radiation,
diffuse horizontal radiation, relative humidity, and total sky cover.
It can be observed that the hourly average solar radiation is
450–1000 W/m2 and the hourly average ambient temperature is
around 24–35 �C. The solar radiation varies slightly throughout
the year, lower in May, and then increased toward peak in August,
decreasing again toward November, and increasing again toward
February. Relative humidity is in the range of 36–100%, and the
total sky cover is in the range of 1–10 with an average of 8.

2.2 Building Cooling Load. A two-story building was used
as a model building. The cooling load of the building was simu-
lated using EQUEST, well-known software for energy building anal-
ysis. The office building is shown in Fig. 2 and the parameters
used for calculation are shown in Table 1. There was no insulation
material considered for the wall and ceiling considering this is the
actual practice in Malaysia. As shown in Table 1, the designed
ventilation of the building was 0.159 cfm/sf. This building oper-
ated from 08:00 to 17:00, Monday to Monday. It was assumed
that average number of people in the room was 11 persons, and
the number remained constant throughout the operation.

2.3 Adsorption Chiller. The adsorption chiller used was a
double bed silica gel–water with maximum cooling capacity of
16 kW. Basic parameters used are shown in Table 2. The

adsorption rate of the silica gel–water can be expressed from a lin-
ear driving force kinetic equation as follows:

dx

ds
¼ 15

Ds0exp � Ea

RT

� �
R2

p

x� � xð Þ (1)

Fig. 1 Weather data of Kuala Lumpur: (a) weather throughout
a day, (b) ambient temperature and global horizontal, (c) direct
normal and diffuse horizontal, and (d) relative humidity and
total sky cover
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For silica gel–water system, the modified Freundlich model
which is expressed by Eq. (2) is used to estimate the equilibrium
uptake, as follows:

x� ¼ a Tað Þ
Ps Trefð Þ
Ps Tað Þ

� �b Tað Þ
(2)

where

aðTaÞ ¼ a0 þ a1ðTaÞ þ a2ðTaÞ2 þ a3ðTaÞ3

bðTaÞ ¼ b0 þ b1ðTaÞ þ b2ðTaÞ2 þ b3ðTaÞ3
(3)

Using the lumped approach, the energy balance for the sorption
bed of silica gel–water pair can be calculated by the following
equation:

ma Cp;aþCp;refx
� �þmhexCp;hex

� 	dTbed;ref

ds

¼maDhst

dxbed;ref

ds
þ cmaCp;v;ref

dxbed;ref

ds
þ _mf Cp;f Tbed;in�Tbed;outð Þ

(4)

where c¼ 1 for reactor working as adsorber and c¼ 0 for reactor
working as desorber. The left-hand side of adsorber/desorber
energy balance in Eq. (4) indicates the rate of change of internal
energy due to the thermal mass of adsorbent(s), the refrigerant,
and adsorber/desorber heat exchanger during adsorption and
desorption. The first term on the right-hand side represents the
adsorption or desorption heat, and the second term represents for
energy transport due to refrigerant vapor transfer from evaporator
to adsorbent bed during adsorption–evaporation process. The third
term defines the total amount of heat released to the cooling water
upon adsorption or provided by the heating source (hot water) for
desorption. For a small temperature difference across heating/
cooling fluid such as water, the outlet temperature of the source is
sufficiently accurate to be modeled by the log mean temperature
difference (LMTD) method and it is given by the following
equation:

Tbed;out � Tbed

Tbed;in � Tbed

¼ exp �
UAð Þ

bed;ref

_mf Cp;f

" #
(5)

The energy balance equation and outlet temperature for the
evaporator and condenser can be expressed by the following equa-
tions, respectively:

mevaCp;eva þ meva;hexCp;hexð Þ
dTeva;ref

ds

¼ �hf gma
dxads

ds
þ maCpl;ref Teva � Tconð Þ

þ _mf ;chillCp;f Tchill;in � Tchill;outð Þ (6)

Fig. 2 Overall image of the simulated office building

Table 1 Parameters of the simulated office building

Building shape Rectangle
Building orientation North
Running hours hr 9 (8:00–17:00)
Wall layer Plaster–clay brick–plaster
Width m 9.14
Building area m2 183.5
Wall height m 2.7
Ceiling to second floor height m 0.91
Indoor setting temperature �C 24
Design ventilation cfm/sf 0.159
Average number of occupants people 11

Table 2 Parameters of the adsorption chiller

Mass of the adsorbent, ma kg 40
Heat transfer coefficient and area of the bed, UAbed kW/K 3.50
Heat transfer coefficient and area of the evaporator,
UAeva

kW/K 4.87

Heat transfer coefficient and area of the condenser,
UAcon

kW/K 15.33

Mass of the condenser, mcon kg 24.28
Mass of the evaporator, meva kg 12.45
Specific heat of the adsorber, Cp,a kJ/kg K 0.96
Latent heat of working fluid, hfg kJ/kg 2800
Specific heat of the heat exchanger, Cp,hex kJ/kg K 0.95
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mconCp;con þ m:
con;hexCp;hex

� � dTcon;ref

ds

¼ �hf gma
dxdes

ds
þ maCp;v;ref Tcon � Tbedð Þ

þ _mf ;conCp;f Tcon;in � Tcon;outð Þ (7)

Similar approach as Eq. (4) can be applied in Eqs. (6) and (7), and
the LMTD equations used for evaporator and condenser are as
shown below

Tchill;out � Teva

Tchill;in � Teva

¼ exp �
UAð Þ

eva;ref

_mf ;chillCp;f

" #
(8)

Tcon;out � Tcon

Tcon;in � Tcon

¼ exp �
UAð Þ

con;ref

_mf ;conCf

" #
(9)

The cooling capacity can be obtained from the evaporator and can
be calculated by the following equation:

Qeva;cycle ¼
1

scycle

ðscycle

0

_mCpð Þw Tchill;in � Tchill;outð Þds (10)

The driving source temperature can be expressed as Eq. (11).
Finally, the COP of the adsorption chiller can be obtained from
Eq. (12), as follows:

Qhot;ref ¼
1

scycle

ðscycle

0

_mCpð Þdes
Thot;in � Thot;outð Þds (11)

COP ¼
Qhot;ref

Qeva;cycle

(12)

Since an adsorption chiller is commonly used for cooling pur-
pose only when the ambient temperature is hot, the heat sink is
usually almost constant. Thus, its performance can be simply esti-
mated by only using the regeneration temperature. The relation
between regeneration temperature with cooling capacity and COP
is shown in Figs. 3(a) and 3(b), respectively. Since maximum
cooling capacity (Qcap,max) is different from one adsorption chiller
to another adsorption chiller, it should be noted that the cooling
capacity shown in Fig. 3(a) is the dimensionless values of ratio
between the cooling capacity to the maximum cooling capacity.
Cooling capacity and COP of the model were compared to other
silica gel–water adsorption chillers. Performance of other adsorp-
tion chillers was reported by Zhai and Wang [18], Luo et al. [19],
Wang et al. [20], Product A [21], and Product B [22]. It was found
that the performance of the adsorption chiller model is compara-
ble with other adsorption chillers. The adsorption chiller presented
by Luo had lower COP most probably because the design optimi-
zation on the system components including heat exchangers and
adsorption bed was not thoroughly carried out.

It should be noted that this model supplied cooling energy
based on the temperature and amount of hot water delivered to
the adsorption chiller. Thus, solar water heater needs to supply
sufficient amount and sufficient temperature of hot water to the
adsorption chiller.

2.4 Solar Water Heater. The schematic diagram of the over-
all system is shown in Fig. 4. Solar energy is collected by the flat-
plate collectors and supplied to the adsorption chiller through heat
exchangers and a hot water tank. If heat from the solar water
heater is insufficient to achieve the desired cooling, the auxiliary
heater will be operated. It should be noted that the efficiency of
heat exchangers and auxiliary heater was assumed to be constant
at 0.80.

Solar AC with five different values of SF: 0.33, 0.50, 0.74,
0.89, and 0.98 was studied as shown in Table 3. Other parameters

including the panel area, pump flow rate, pipe length, and hot
water tank volume that vary depending on the SF are also shown.
The selection of ratio between thermal storage size to the solar
panel area of 50 L/m2 was carried out. This value was sufficient to
deliver the desired amount and temperature of the hot water out-
let. This value may slightly varies because of the setting of initial

Fig. 3 Relation between regeneration temperature with cool-
ing capacity and COP: (a) cooling capacity and regeneration
temperature and (b) COP and regeneration temperature

Fig. 4 Schematic diagram of the solar water heater
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temperature, tank basement temperature, thermal storage medium,
and heat loss coefficient of the thermal storage.

2.5 Flat-Plate Collectors. For the solar heat collector, test
data of a commercial flat-plate were used as the model of the
collector. Table 4 shows the basic parameters of the flat-plate col-
lector. It was a glazed collector with an area of 1.99 m2 each with
mass flow rate of 0.044 kg/s.

2.6 SF and Life-Cycle Cost Analysis. Heat from solar and
auxiliary heater is supplied to the adsorption chiller for AC pur-
pose. The SF is defined as the ratio of annual average solar energy
to the annual average total energy delivered to the adsorption
chiller and can be calculated by the following equation:

SF ¼ QSWH;ave

Qdel:;ave

¼ Qdel:;ave � QAH;ave

Qdel:;ave

(13)

where QSWH,ave is the annual average heat from solar water heater
(kW), Qdel.,ave is the annual average heat load delivered (kW), and
QAH,ave is the annual average heat from auxiliary heater (kW).

Life-cycle cost analysis which considers time value of money
was used to evaluate the economic performance of the AC system.
All cashflow throughout the life cycle were calculated based on
present worth value. The NP gained for 25 yr of life cycle of the
investment on the energy system can be calculated by the follow-
ing equation:

NP ¼ Revelec:sav: � ðCeq þ Cins þ CAH�ener:Þ (14)

where Revelec.sav. is the revenue from electricity saving (US$), Ceq

is the equipment cost (US$), Cins is the installation cost (US$),
and CAH-ener. is the cost of energy for the auxiliary heater (US$).
The cost of installation was also considered and assumed to be
10% of the total cost. The energy for the auxiliary heater can be
electricity or natural gas.

Revenue from electricity saving and operational cost of
energy for auxiliary heater is a series of cashflow in the
future. Present worth factor (PWF) needs to be calculated to
obtain their present value. The PWF can be calculated by the
following equation:

Table 3 Parameters for different SF

SF
(—)

Panel area (no. of panel)
m2 (unit)

Pump flow
rate (kg/s)

Pipe
length (m)

Tank
volume (m3)

0.33 19.9 (10) 0.44 52 1.0
0.50 29.9 (15) 0.66 66 1.5
0.74 39.8 (20) 0.88 80 2.0
0.89 49.8 (25) 1.10 94 2.5
0.98 59.7 (30) 1.32 108 3.0

Table 4 Basic parameters of the flat-plate collector

Type Glazed flat-plate
Dimension m 2.016� 0.985� 0.077
Gross area m2 1.99
Dry weight kg 34
Nominal flow rate kg/s 0.044
Tilt angle deg 10

Table 5 Parameters used for the life-cycle cost analysis

Exchange rate 1 US$¼RM3

Electricity tariff US$/kWh First 200 kWh, 0.145
After 200 kWh, 0.170

Gas tariff US$/m3 0.197

Lifetime yr 25

Interest rate — 0.035

Initial cost
Adsorption chiller US$/kW 800
Flat-plate collector US$/m2 300
Heat storage US$/m3 5500
Electric heater US$/kW 125
Gas boiler US$/kW 90
Water pump US$/(m3/hr) 100
Pipeline US$/m 50

Table 6 Capacity and unit for different values of SF

0.33 0.50 0.74 0.89 0.98

Adsorption chiller kW 16 16 16 16 16
Solar collector m2 19.9 29.9 39.8 49.8 59.7
Heat storage m3 1.0 1.5 2.0 2.5 3.0
Auxiliary heater kW 19.2 16.5 13.1 13.1 13.1
Water pump m3/hr 1.5 2.4 3.2 4.0 4.8
Pipeline m 52 66 80 94 108

Table 7 Emissions rate for typical CST, CCGT, and natural gas
boiler

CO2 CST g/kWhp 965
CCGT g/kWhp 363
Boiler g/kWhth 201

NOx CST g/kWhp 1.7
CCGT g/kWhp 0.20
Boiler g/kWhth 0.22

CO CST g/kWhp 0.07
CCGT g/kWhp 0.07
Boiler g/kWhth 0.12

Fig. 5 Cooling load of the building throughout the year
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PWFx ¼
1þ ið Þn � 1

i 1þ ið Þn (15)

where i and n are the lifetime (year) and interest/discount rate (-),
respectively. Interest rate, lifetime, and other parameters used for
the life-cycle cost calculation are shown in Table 5 [9,23].

Moreover, capacity and unit for every SF for all equipment are
shown in Table 6.

2.7 Emissions From Different Solar AC Systems. Both
solar AC and conventional AC release emissions, either on site or
from the power plant that supplies electricity. If electricity-
powered auxiliary heater or conventional AC is used, typical

Fig. 6 Heat balance throughout a day for different SF values: (a) SF 5 0.33, (b) SF 5 0.50, (c)
SF 5 0.74, (d) SF 5 0.89, and (e) SF 5 0.98

Fig. 7 Heat balance throughout a year for different SF values: (a) SF 5 0.33, (b) SF 5 0.50, (c)
SF 5 0.74, (d) SF 5 0.89, and (e) SF 5 0.98

Fig. 8 Result of life-cycle cost analysis
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emissions rate from a power plant was considered, whereas when
natural gas-fired auxiliary heater is used, typical emissions rate
from a natural gas boiler was considered. Two types of power
plants were considered: the common coal steam turbine (CST)
and the high-end combined cycle gas turbine (CCGT) plant. Emis-
sions rate of these energy systems is shown in Table 7 [24].

3 Results and Discussion

3.1 Cooling Load of the Building and Heat Balance of the
System. Figure 5 shows sensible and latent cooling load of the
building throughout the year. Latent cooling load was mainly
from building infiltration and occupant in the building. Figure 5
shows that the latent cooling load was much lower which is in the
range of 0–2.3 kW, whereas the sensible cooling load was in the
range of 0–10.8 kW. However, this indicates that if a solar desic-
cant system is integrated to the AC system, the latent cooling load
can be drastically reduced and solar AC with a better performance
can be achieved.

Figure 6 shows the heat balance between heat demand/
delivered, heat from solar and auxiliary energy for a randomly
selected day, 1st February. Result for SF from 0.33 to 0.98 is
shown in Figs. 6(a)–6(e). As shown in the figure, as the SF
increased, the portion of heat from solar increased, whereas the
auxiliary energy decreased. However, the heat balance was not
totally matched especially for SF of 0.98, where heat from solar
was higher than heat demand. This is because of the existence of
preheat tank where heat is stored, and also the targeted tempera-
ture in which the quality of the heat is also considered. Thus, heat
from solar is sometimes higher and sometimes lower than the heat
demand/delivered.

The result of heat balance throughout the year is shown in
Fig. 7. It has similar trend with the result for a single day, with
auxiliary energy decreased when SF increased. It further shows
there was slight fluctuation of auxiliary energy, due to variation of
solar radiation throughout the year. Even the highest value of SF
(SF¼ 0.98) still needs auxiliary energy from March to September
during which period the solar radiation was comparatively lower.

3.2 Life-Cycle Cost of the System. The NP throughout the
life-cycle cost analysis is shown in Fig. 8. The right side of the figure
represents the case when a natural gas-fired boiler was used as the
auxiliary heater, whereas left side of figure represents the case when
an electric heater was used. Since electricity is heavily subsidized in
Malaysia, unsubsidized electricity priced which is roughly assumed
at two times higher was also considered for each SF.

As shown in Fig. 8, none of the SF can generate NP under sub-
sidized electricity price. High capital cost of the adsorption chiller
and solar collector is the main factor that makes installation of
solar AC still unattractive at the moment. The government needs
to provide incentive or subsidy for installation of the solar cooling
system. This result is inline with what was reported in
Refs. [12–14]. When unsubsidized electricity price was consid-
ered, all SF values for a natural gas boiler and an electric heater
only with SF of 0.98 can generate the NP. This shows that a boiler
is a better auxiliary heater than electric heater because the gas
price is cheaper than electricity.

When an electric heater was used, higher NP can be obtained at
higher SF because of the reduction of operational cost (electricity
for backup heater). Solar AC with electric heater as backup can only
generate NP under unsubsidized electricity price at the SF of 0.98.

When a boiler was used, higher NP was found at lower values
of SF. This is because of the difference of fuel cost reduced and
initial cost required between SF values of 0.30 and 0.98. When
the SF increased, the NP decreased because the initial cost was
higher than fuel cost saved. The highest NP was US$15,593 at SF
value of 0.33.

It should be noted that the results of this analysis were based on
the cooling load of an office building that operated 08:00–17:00,

Monday to Friday throughout the year. If the solar AC is used for
other buildings with lower buildings usage, revenue will decrease
and therefore the NP will be less.

3.3 Emissions Performance. Comparison of emissions
released between solar AC, with different SF, and conventional
systems is shown in Fig. 9. CO2, NOx, and CO emissions are

Fig. 9 Comparison of emissions released from solar AC with
different SF values, and conventional systems: (a) CO2 emis-
sions, (b) NOx emissions, and (c) CO emissions
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shown in Figs. 9(a)–9(c), respectively. The electricity supplied
considered were CST and CCGT. In each figure, cases of electric
heater (CST based), electric heater (CCGT based), and boiler are
shown. Conventional system that represents vapor compression
AC was also shown as the reference case. It was found that in
overall, electric heater (CST based) had the highest CO2 and NOx

emissions, and electric heater (CCGT based) and boiler had the
similar level of emissions, except for CO. This again shows that
boiler is a better solution for auxiliary heater, not only in terms of
economic as shown in Sec. 2 but also in terms of environmental
performance.

It was also found that when the SF increased, all types of emis-
sions decreased for all cases of backup heater. However, all emis-
sions types released from the solar AC were higher than the vapor
compression AC, especially when the SF is lower than 74% for all
cases. Although the amount of emissions for this single building
is small, considering the rapid growth of AC usage as stated in
Sec. 1, the environmental impact from the usage of AC could not
be neglected.

Although the life-cycle cost analysis in Sec. 3.2 clarified that
using a boiler at lower SF is the best option in terms of economic
performance, lower SF in this section shows that solar AC
releases more emissions as compared to a conventional AC. This
could cancel out the benefit of the solar AC, which is a sustainable
AC system. Thus, the most appropriate SF for a solar AC is
around 0.74 when economic and environmental performance are
fairly considered.

4 Conclusions

A solar AC system that needs to cover cooling demand for an
office building in Kuala Lumpur was studied. There was no con-
ventional AC used as a backup AC, but cooling demand is fully
covered by a solar AC with an auxiliary heater used as backup
heat source. Results show that none of the SF can generate NP
under subsidized electricity price. Thus, solar AC is not attractive
because of the high capital cost of the adsorption chiller and solar
heat collector. When unsubsidized electricity price was consid-
ered, all values of the SF for a natural gas boiler and an electric
heater with only SF of 0.98 can generate NP. Life-cycle cost and
emissions analysis show that a natural gas boiler is a better auxil-
iary heater than an electric heater because the gas price is cheaper
and it has lower emissions. Furthermore, it was also found that
lower SF can generate higher NP. The highest NP was US$15,600
at SF value of 0.33 when a boiler was used. However, the environ-
mental performance shows that lower SF value releases more
emissions as compared to a conventional AC. This cancels out
the benefit of the solar AC, which is a sustainable AC system.
Since most of the cases of solar AC with SF of 0.74 above can
reduce emissions compared to a conventional AC, when environ-
mental and economic performance are fairly considered, the most
appropriate SF for a solar AC is around 0.74.

Acknowledgment

The authors gratefully acknowledge Universiti Malaysia
Pahang and Ministry of Education Malaysia for funding this
research under FRGS/1/2014/TK06/UMP/2001/1 or RDU140119.

Nomenclature

Symbols

A ¼ area, m2

C ¼ cost, US$
Cp ¼ specific heat, J/kg K

COP ¼ coefficient of performance
Dso ¼ pre-exponential constant, m2/s
Ea ¼ activation energy, J/kg

Gglob ¼ global radiation, W/m2

h ¼ enthalpy, J/kg

hfg ¼ latent heat of vaporization, J/kg
i ¼ interest/discount rate

m ¼ mass, kg
_m ¼ mass flow rate, kg/s

NP ¼ net profit, US$
Ps ¼ saturation pressure, Pa

PWF ¼ present worth factor
Q ¼ heat rate, kW

Rp ¼ fiber radius of silica gel, m
Rev ¼ revenue, US$

T ¼ temperature, �C or K
U ¼ overall heat transfer coefficient, W/m2 K
x ¼ adsorption uptake, kg/kg
x ¼ instantaneous uptake, kg/kg

x* ¼ equilibrium uptake, kg/kg
a0 ¼ coefficient in Eq. (3) (kg (kg of dry adsorbent)�1)
a1 ¼ coefficient in Eq. (3) (kg (kg of dry adsorbent, K)�1)
a2 ¼ coefficient in Eq. (3) (kg (kg of dry adsorbent, K2)�1)
a3 ¼ coefficient in Eq. (3) (kg (kg of dry adsorbent, K3)�1)
b0 ¼ coefficient in Eq. (3)
b1 ¼ coefficient in Eq. (3), K�1

b2 ¼ coefficient in Eq. (3), K�2

b3 ¼ coefficient in Eq. (3), K�3

Dhst ¼ isosteric heat of adsorption, J/kg
s ¼ time, s

Subscripts

a ¼ adsorbent
amb ¼ ambient
AH ¼ auxiliary heater

AH-ener ¼ auxiliary heater energy consumption
bed ¼ adsorber or desorber bed
bed ¼ sorption heat exchanger (adsorber or desorber)

chill ¼ chilled water
con ¼ condenser

cycle ¼ cycle time
del ¼ delivered

elec.sav ¼ electricity saved
eq ¼ equipment

eva ¼ evaporator
f ¼ liquid phase refrigerant

hex ¼ heat exchanger
in ¼ inlet

ins ¼ installation
out ¼ outlet
ref ¼ refrigerant

SWH ¼ solar water heater
v ¼ vapor phase refrigerant

Abbreviation

CCGT ¼ combined cycle gas turbine
CST ¼ coal steam turbine
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