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Abstract

The long-term system simulation and economic analysis of solar-assisted cooling/heating system (SACH-2) was carried out in order to
find an economical design. The solar heat driven ejector cooling system (ECS) is used to provide part of the cooling load to reduce the
energy consumption of the air conditioner installed as the base-load cooler. A standard SACH-2 system for cooling load 3.5 kW (1 RT)
and daily cooling time 10 h is used for case study. The cooling performance is assumed only in summer seasons from May to October. In
winter season from November to April, only heat is supplied. Two installation locations (Taipei and Tainan) were examined.

It was found from the cooling performance simulation that in order to save 50% energy of the air conditioner, the required solar col-
lector area is 40 m? in Taipei and 31 m? in Tainan, for COP;= 0.2. If the solar collector area is designed as 20 m?, the solar ejector cooling
system will supply about 17-26% cooling load in Taipei in summer season and about 21-27% cooling load in Tainan. Simulation for
long-term performance including cooling in summer (May—October) and hot water supply in winter (November—April) was carried
out to determine the monthly-average energy savings. The corresponding daily hot water supply (with 40 °C temperature rise of water)
for 20 m? solar collector area is 616-858 L/day in Tainan and 304-533 L/day in Taipei.

The economic analysis shows that the payback time of SACH-2 decreases with increasing cooling capacity. The payback time is
4.8 years in Tainan and 6.2 years in Taipei when the cooling capacity >10 RT. If the ECS is treated as an additional device used as a
protective equipment to avoid overheating of solar collectors and to convert the excess solar heat in summer into cooling to reduce
the energy consumption of air conditioner, the payback time is less than 3 years for cooling capacity larger than 3 RT.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction temperature 28 °C, and evaporator temperature 8 °C. This
makes the ECS become competitive to the sorption

The ejector cooling system (ECS) using low boiling  (absorption or adsorption) system that is much more com-

point refrigerant is suitable for solar cooling application
due to its simple design and low cost. Huang et al. (1998,
1999) has shown that the COP of an ECS using R141b,
with a proper design of ejector and system structure, can
reach 0.54 at generator temperature 84 °C, condenser

* Corresponding author.
E-mail address: bjhuang@seed.net.tw (B.J. Huang).

0038-092X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.solener.2011.08.011

plicated in design and more expensive (Arbel and Sokolov,
2004; Nguyen et al., 2001; Sokolov and Hershgal, 1990a, b,
1991; Sun, 1997).

If the ECS was driven by solar energy, it always requires
a back-up system to make up the heat to keep a constant
cooling capacity for space cooling during cloudy or rainy
periods (Fig. 1). Heat supplied by fossil fuel or electricity
was generally adopted. This however causes a problem of
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Nomenclature

A, solar collector area (m?)

B, the value of yearly energy saving at ¢ year, NTD
(1 USD =30 NTD)

E the present value of the total energy saving in
N years, NTD

C total installation cost, NTD

COP; coeflicient of performance of the ejector cooling
system (ECS) (dimensionless)

COP, coefficient of performance of the air conditioner

alone (dimensionless)
C, heat capacity of water (kJ kg~' °C™)
i interest rate

Ir solar incident radiation upon the collector slope
(Wm™?)

0, cooling capacity of the air conditioner (kW)

O, heat input to the generator of ejector cooling
system (kW)

0, cooling capacity of ejector cooling system (kW)

Ojmax  designed maximum cooling capacity of ECS
(kW)

Oaa  designed cooling load of the cooling space (kW)

Floss 0i/Qjoaa» fraction of system heat loss (dimen-
sionless)

t; initial time of daily solar heating process (h)

ty final time of daily solar heating process (h)

Vi daily hot water supply at AT, (L day ")

w., input power of air conditioner alone (kW)

W input power of air conditioner in SACH-2 (kW)

AW, W.—W,, energy saving of SACH-2 in cooling
performance (kW)

AT,  water temperature rise in heating performance
of SACH-2 (°C)

Py water density (kg m )

n solar collector efficiency

additional investment of heaters and low efficiency in heat
supply.

Another problem has been noted recently that a solar
heating system installed essentially for space heating in
winter seasons will produce too much heat in summer while
cooling is required. ECS can thus provide a promising solu-
tion to convert the excess heat into cooling in summer.

Huang et al. (2010) proposed a solar-assisted heating/
cooling system (SACH) to cope with the above problems.
The solar ejector cooling system is used as the boosting
cooling device to provide part of the cooling load to reduce
the energy consumption of the air conditioner.

The solar-assisted ejector cooling/heating system
(SACH-2) was studied in the present research, in which a
conventional inverter-type air conditioner (heat pump)
made of variable-speed compressor are connected in paral-
lel with a solar ejector cooling system as shown in Fig. 2.
When solar irradiation is high enough to drive ECS, the
cooling load is directly supplied by the ECS and the energy
consumption of the compressor can be reduced by regulat-
ing the rotational speed of the inverter-type air conditioner.

Solar
collector

During cloudy or rainy periods or at night, SACH-2 will
provide the entire cooling load from the inverter-type air
conditioner (heat pump) as usual. SACH-2 can also pro-
duce hot water from the solar collector.

Extensive research on the engineering design, optimal
control, and performance test of SACH-2 was carried out
by Huang et al. (2010). Since ejector is a simple device which
can be easily and cheaply manufactured, it seems that the
solar ejector cooling system can be competitive to other
solar cooling technologies such as absorption or adsorption
systems. However, the coefficient of performance (COP) of
ejector cooling system is still not very high. So, there may be
an optimal system design of SACH-2 which is most eco-
nomical. The present research continues to study this prob-
lem through the system simulation and economic analysis.

2. Analytical model

The system performance of SACH-2 can be carried out
from the input of solar radiation data and given design
parameters of SACH-2. The long-term system performance

Condenser heat
rejection Q.

N

Heat
Storage

N\ T

Qa < Q. |

O N oYl I A

— Cooling
Auxiliary Heat-driven space

heater chiller

Fig. 1. Conventional solar cooling system.
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Fig. 2. Solar-assisted cooling/heating system in parallel configuration (SACH-2).

can be simulated using a physical model derived from the
principle of energy balance.

2.1. Physical model of SACH-2

SACH-2 is designed in parallel configuration as shown

in Fig. 2. The solar ejector cooling system (ECS) is con-
nected in parallel with an inverter-type air conditioner
(heat pump). From the conservation of energy, the instan-
taneous energy collected by the solar heating system can be
expressed as the following equation:
O, () = Ir(t) x Ac x 1 X (1 = Fiog) (1)
where /7 is the solar incident radiation upon the collector
slope, A, is total absorbing area, 5 is the collector effi-
ciency, 7, is the fraction of system heat loss.

Applying energy balance to the ejector cooling system,
we obtain the cooling capacity supplied by the ejector cool-
ing system, Q;, as the following equation

Qj = Qg X C()P/ <2>
where COP; is the coefficient of performance of the ejector
cooling system (ECS). COP; is among 0.2-0.5 for SACH-2
which operates independently.

For air conditioning, the fraction of cooling capacity
supplied by SACH-2 is

Ve = Qj/Qload (3)

For SACH-2, the designed maximum cooling capacity of
ECS, Qjnax, should be equal to the designed cooling load
of the cooling space Qj,.s. The input power of air condi-
tioner alone is

_ 0
COP,

W o 4)
where Q, is the cooling capacity of the air conditioner and
COP, is the coefficient of performance of the air condi-
tioner alone. The input power of air conditioner in
SACH-2 is

(1 B rC)Qe

Wcz = (5)

The energy saving of SACH-2 in cooling performance is

AWCZ = Wco - WL’Z (6)

SACH-2 will also supply heat simultaneously. The heating

load depends on seasons. In winter, the solar energy col-

lected Q, will be used to supply heat for a building. For

hot water supply, the amount of daily hot water supply

at 40 °C temperature rise (AT,,) is
jZf ]T(t)Acrl(l - rloss)dt

V= 7L d
p,,CoAT,, /day

(7)

Fig. 3 is the analytical procedure of SACH-2 system perfor-
mance. For given instantaneous solar radiation data 7
which is obtained from long-term hourly meteorological
record by local weather stations, the solar irradiation on
tilted collector surface /-can be converted. The total energy
saving of SACH-2 can be calculated by integrating the
hourly performance.

A computer simulation program was developed in the
present study for the thermal performance simulation of
SACH-2 with various system design parameters.

2.2. Meteorological data processing

In the present study, we adopt the hourly meteorological
data recorded in local weather station of Taipei (northern
Taiwan) and Tainan (southern Taiwan) from 2003 to
2008. Fig. 4 is the monthly-average daily total horizontal
solar irradiation for every month. Fig. 5 is the daily total
horizontal solar irradiation. It is seen that the solar irradi-
ation in Tainan is about 27% higher than Taipei.

3. Results of system performance analysis
3.1. Cooling performance simulation results of SACH-2

SACH-2 is designed in parallel configuration as shown
in Fig. 2. The solar collector efficiency # is taken as 0.615
at temperature 100 °C for a commercial high-performance
vacuum-tube collector. The fraction of system heat 10ss 7/,
is taken as 0.2.

The system performance of SACH can be simulated for
a specific system design. For easy understanding, a stan-
dard SACH design which is suitable for an ordinary family
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Fig. 3. Analytical procedure of SACH-2 system performance.
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Fig. 4. Monthly-average daily total horizontal solar irradiation.

or a small office space with floor area 30-50 m? is taken in
the present study with the following conditions:

— cooling load: 3.5 kW (1 RT)
— daily operation time for cooling: 10 h

B Taipei

2
=Y

— total daily cooling load: 35 kW h (10 RT h).

The design of solar collector area depends on the mete-
orological data, the fraction of solar energy contribution,
and the cooling load etc. Since solar cooling from
SACH-2 is provided only in summer season from May to
October, the month having the lowest solar irradiation
was selected as the design baseline or lower bound. That
is October as seen from Fig. 4. This can give a quick answer
of the required solar collector area for a given performance
(COP)) of ECS.

Figs. 6 and 7 shows the variation of daily cooling capac-
ity supply by ECS with the installed collector area in Taipei
and Tainan, respectively. Since the cooling load is set as
1 RT for operating time 10 h/day, i.e. total daily cooling
energy is 10 RT h/day, 100% cooling load is supplied by
solar ECS and there is no power consumption of the air
conditioner. For 5 RT h/day cooling energy it means that
50% cooling load is supplied by solar ECS and 50% power
consumption of the air conditioner is saved. It is seen that
for 50% energy saving of the air conditioner, the required

OTainan
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Fig. 5. Yearly-average daily total horizontal solar irradiation.
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Fig. 6. Daily cooling capacity supplied by ECS (Taipei).
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Fig. 7. Daily ejector cooling capacity supply (Tainan).

solar collector area is 40 m” in Taipei, and 31 m? in Tainan,
for COP;= 0.2 which can be easily achieved using the pres-
ent technology of ECS (Huang et al., 1998, 1999).

To see how much solar ejector cooling can contribute
the cooling load (1 RT), we further assume that the solar
collector area is 20 m* which can be easily installed in most
houses and run the simulation for COP; = 0.2, the conser-
vative value. Fig. 8 indicates that for solar collector area
20 m?, the solar ejector cooling system will supply about
17-26% cooling load r. (i.e. saving 17-26% energy of the
air conditioner, from Eq. (3)) in Taipei in summer season.
For the same solar collector area 20 m?, the solar ejector
cooling system will supply about 21-27% cooling load
(i.e. saving 21-27% energy of the air conditioner) in Tainan
(Fig. 9). The energy saving is linearly proportional to the
solar collector area and COP; of the ECS. The above
results can be used to calculate the energy saving of a
SACH-2 with different collector area and COP; by multi-
plying the ratio of the real collector area with respect to
the reference value (20 m?) or the ratio of real COP; with
respect to the reference value (0.2).

3.2. Overall cooling and heating performance of SACH-2

Assume that the solar collector area is 20 m?. Simulation
for long-term performance from 2003 to 2008 including

SACH-2 (parallel configuration)

= 50
E é Taipei
28
Eg 4
= o
i
A
S e 30F
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g S 20c
(5] £
- O
53
B 107 COPj=0.2
G E solar collector area: 20m?
E3 . . . :
= @& 0

5 6 7 8 9 10

month

Fig. 8. Fraction of cooling load supplied by solar ECS (Taipei).
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month

fraction of cooling load supply by
solar gjector cooling system r,. (%)
=

Fig. 9. Fraction of cooling load supplied by solar ECS (Tainan).

cooling in summer (May-October) and heating in winter
(November—April) was carried out for SACH-2 in Taipei
and Tainan. COP; of ECS is still taken as 0.2 for SACH-
2. The monthly average energy savings are shown in
Fig. 10. The energy saving is linearly proportional to the
solar collector area and the COP; of the ECS. The results
of Fig. 10 thus can be used to calculate the energy saving
of a SACH with different collector area and COP; by mul-
tiplying the ratio of the real collector area with respect to
the reference value (20 m?) or the ratio of real COPj with
respect to the reference value (0.2).

SACH-2 will supply hot water in winter season to save
the heating energy as shown in Fig. 10. Table 1 shows
the corresponding daily hot water supply (with 40 °C tem-
perature rise of water) for the 20 m” solar collector. It is
seen that SACH-2 can supply daily hot water 616-858
L/day in Tainan and 304-533 L/day in Taipei. This can
satisfy the requirement of about 12-16 residents (average
hot water consumption 50 L/day per person) in Tainan,
and 6-10 residents in Taipei.

4. Economic analysis of SACH-2

The long-term performance and energy saving of
SACH-2 for various designs has been analyzed previously.
Based on these simulation results, the economic analysis
can be carried out in order to answer the question: what



Table 1

Daily hot water supply in winter season for collector area 20 m?.
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Fig. 10. Performance of SACH-2.

Hot water supply @40 °C rise (L/day)

Month Tainan Taipei
1 616 304
2 736 382
3 743 422
4 858 533
11 646 389
12 646 316

is the proper size (cooling capacity) of ECS in the design of
SACH-2.

4.1. Net present value and installation cost of SACH-2

The method of Net Present Value (NPV) is used in the
present study. Eq. (8) is the formula to calculate the NPV
where E is the present value of the total energy saving in
N years as expressed in Eq. (9), C is the total installation
cost and i is the interest rate which is taken as 2.1%.

NPV =E—C (8)

N B,
E=) (1 +i) ®)

t=1

where B, is the value of yearly energy saving at ¢ year. The
NPV is calculated for N =20 years.

The electricity price adopted in the present analysis is
based on Taiwan system which charges electricity in low
season (November—April) at NTD 3.97/kW h for monthly
total power consumption >700 kW h/month and NTD
3.55/kW h for <700 kW h/month. [30 NTD = 1 USD].

For high season (May—October), the electricity price is
NTD5.1/kW h for monthly total power consumption
>700 kW h/month and NTD 4.51/kW h for <700 kW h/
month.

We assume that COP; = 0.3 which is achievable for an
ECS based on the state-of-the-art technology (Petrenko
and Huang, 2010). Table 2 shows the mass production
price estimation of 1 RT (3.5 kW) ejector cooling system
only. For ECS lager than 1 RT, the cost increase will be
about NTD 20,000 per RT. Table 3 shows the price estima-
tion of ejector cooling system from 1-10 RT.

For SACH-2, the designed cooling capacity of ECS,
QOjmax> should be equal to the cooling load of the cooling
space Qj,,q- Similar to the simulation process of SACH-2
shown in Fig. 3, for a given cooling load Q,,s and COP;,
the required solar collector area can be calculated.

The installation cost of solar heating system includes
solar collector modules which is NTD 10,000 m? and aux-
iliary equipments (piping and insulation, storage tank and

Table 2

Price estimation of 1 RT ejector cooling system.

Item NTD (1USD =30 NTD)
Ejector 10,000
Condenser 10,000
Evaporator 10,000
Generator 25,000
Refrigerant pump 15,000
Receiver 7000
Piping 6000
Cooling tower 8000
Control system 15,000
Frame 9700
Total 115,700
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Table 3
Price estimation of ejector cooling system of various capacity.

Price (NTD) 1 USD =30 NTD

115,700
135,700
155,700
175,700
195,700
215,700
235,700
255,700
275,700
295,700

Ejector cooling system size (RT)

S O 0NN AW~

pump, installation labor, control systems) which is NTD
380,000 per RT of ECS. From manufacturer, there is 5%
discount per increase of 42m” solar collector area and
6% discount in auxiliary equipment per increase of 42 m>
solar collector area. Fig. 11 shows the total solar heating
system installation cost.

Fig. 12 is the variation of total SACH-2 system installa-
tion cost with the ejector cooling capacity (or the space
cooling load) which is the summation of the ejector cooling
system cost and the solar heating system cost. The cost of
the existing air conditioner is not included since it is the
common equipment.

6,000,000

5,000,000

4,000,000

3,000,000

2,000,000

1,000,000

o

0 .
0 50

total solar system installation cost, NTD

100 150 200 250 300 350 400 450
solar collector area, m’

Fig. 11. Total solar heating system installation cost.
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Fig. 12. Total SACH-2 system installation cost.

4.2. Economic analysis of SACH-2 for cooling and heating

The NPV of the SACH-2 for N = 20 years can be calcu-
lated using the yearly total energy saving (including cooling
and heating) and the electricity price using Eq. (8). Assume
that the thermal energy saving in heating from SACH-2 is
to replace the electricity consumption since electric heaters
are widely used for hot water supply. Fig. 13 shows the
total NPV of SACH-2 for 20 year. It is seen that the higher
installed capacity, the larger the NPV.

The payback time of SACH-2 can be calculated from
Eq. (8) by determining Npp at NPV =0, i.e.

Npp Bt
E:Z;(1+i),:C (10)

Fig. 14 shows that the payback time of SACH-2
decreases with increasing cooling capacity and approaches
a constant. In Tainan, the payback time is 4.8 years when

the cooling capacity >10 RT. In Taipei, the payback time
is 6.2 years when the cooling capacity >10 RT.

4.3. Economic analysis of SACH-2 for cooling only

In some cold regions, many large solar heating systems
are installed for house heating purpose. But there is serious
problem of overheating in summer season due very low
heating load. The ECS can be used to protect the solar
heating system in summer. Therefore, the ECS can be trea-
ted as an additional device in SACH-2 used to convert the
excess solar heat in summer into cooling to reduce the
energy consumption of air conditioner. Only the installa-
tion cost of ECS needs to be considered. The NPV is lower
as shown in Fig. 15, but the payback time of the ECS is less
than 3 years for cooling capacity larger than 3 RT as
shown in Fig. 16.

5. Discussion and conclusion
The present research develops a system analysis model

of SACH-2 and a computer simulation program to analyze
the system performance and economic effectiveness of

SACH-2 (parallel configuration)
12,000,000

—&— Tainan

10,000,000 - Taipei

8,000,000

6,000,000

4,000,000 -

2,000,000

20 year Net Present Value (NTD)

0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Ejector cooling system capacity (RT)

Fig. 13. Total NPV of SACH-2 for 20 year.
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Fig. 15. NPV of SACH-2 for 20 year used in summer cooling only.

SACH-2 (parallel configuration)

Payback time (year)
—

Taipei
% 2 4 6 8 10 12
Ejector cooling system capacity (RT)

Fig. 16. Payback time of SACH-2 for 20 year used in summer cooling
only.

SACH-2 at different designs. A standard design is taken in
the present study for the study of system performance of
SACH-2 with the following conditions:

— cooling load: 3.5 kW (1 RT)

— daily operation time for cooling: 10 h
— total daily cooling load: 35 kW h (10 RT h).

The cooling performance of SACH-2 is assumed only in
summer seasons from May to October (6 months a year).
In winter season from November to April, only heat is sup-
plied by SACH. Two installation locations (Taipei and Tai-
nan) were studied.

The system simulation for the cooling performance of
SACH-2 is used to calculate the required solar collector
area. It was found that in order to save 50% energy of
the air conditioner, the required solar collector area is
40 m” in Taipei and 31 m” in Tainan, for COP,= 0.2 which
can be easily achieved using the present technology of ECS.
If the solar collector area is designed as 20 m?, the solar
ejector cooling system will supply about 17-26% cooling
load (i.e. saving 17-26% energy of the air conditioner) in
Taipei in summer season and about 21-27% cooling load
(i.e. saving 21-27% energy of the air conditioner) in Tai-
nan. The energy saving is linearly proportional to the solar
collector area and the COP; of the ECS. The results thus
can be used to calculate the energy saving of a SACH-2
with different collector area and COP;.

Simulation for long-term performance from 2003 to
2008 including cooling in summer (May-October) and
heating in winter (November—April) was carried out for
SACH-2 in Taipei and Tainan to determine the
monthly-average energy savings. COP; of ECS is still
taken as 0.2. SACH-2 will supply hot water in winter sea-
son to save the heating energy. The corresponding daily
hot water supply (with 40 °C temperature rise of water)
for 20 m? solar collector area is 616-858 L/day in Tainan
and 304-533 L/day in Taipei. This can satisfy the daily
requirement of about 12-16 residents (average hot water
consumption 50 L/day per person) in Tainan, and 6-10
residents in Taipei. The energy saving of cooling and
heating is linearly proportional to the solar collector area
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and the COP; of the ECS. The results can be used to cal-
culate the energy saving of a SACH-2 with different col-
lector area and COP;.

The economic analysis shows that the higher installed
capacity, the larger NPV. The payback time of SACH-2
decreases with increasing cooling capacity and approaches
a constant. In Tainan, the payback time is 4.8 years when
the cooling capacity >10 RT. In Taipei, the payback time
is 6.2 years when the cooling capacity >10 RT.

In some cold regions, many large solar heating systems
are installed for house heating purpose. But there is serious
problem of overheating in summer season due to very low
heating load. The ECS can be used to protect the solar
heating system in summer by consuming the solar heat
and converting it into cooling. Therefore, the ECS can be
treated as an additional device in SACH-2 used to convert
the excess solar heat in summer into cooling to reduce the
energy consumption of air conditioner. Only the installa-
tion cost of ECS needs to be considered. In this case, the
payback time of the ECS is less than 3 years for cooling
capacity larger than 3 RT.

The system simulation and economic analysis of SACH-
2 takes a conservative estimation using COP; = 0.2. Actu-
ally, the COP; can be further improved to be higher than
0.4 if the system design of SACH-2 is improved. The sys-
tem performance can be improved by raising the evapora-
tor temperature of the ECS, or using an advanced control
technology (Huang et al., 2010). The present results can be
treated as a lower bound of the system performance.

Although the COP; of the ECS is relatively low as com-
pared with that of absorption systems, the manufacturing
cost of ECS is low, especially for small-size machine
(<10 RT). It seems that SACH-2 is more suitable for small
solar cooling systems (<10 RT).
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