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Abstract

In hot and humid areas with high solar radiation intensity, the use of air conditioning systems on the basis of desiccant
materials such as solar desiccant cooling systems with a view to reducing energy consumption and economic saving can be
a good alternative to conventional air conditioning units. In this paper, in order to offer a cooling load of a sample space in
the city of Bandar Abbas, which has a high latent load and high radiation intensity, solar absorption cooling cycle has been
considered as the base cycle, and two absorption cooling cycles were designed for comparison. Then the three cycles were
modeled in the TRNSYS software, studied technically and economically, and at the end the best cycle has been selected.
In terms of current energy prices, application of solar energy in Iran is not economically feasible, so the solar absorption
refrigeration cycle has been considered as the basic system for the cycle’s comparison. Modeling of the expressed cycles
was done in TRNSYS software. The basic cycle has been composed of two main parts of cooling by absorption chillers and
providing the required heat supply by the solar collector, and also two desiccant dehumidification cycles have been added
by a desiccant dehumidification system. In the economic analysis of the three systems, the costs estimation during lifetime
(LCC) method also has been used. As a result of this modeling and due to the Act to amend energy prices, the cooling system
with the help of desiccant wheel and using returned water of chiller’s generator as the regeneration source, with an annual
energy saving of about 29.1%, 29.1% (1,371,980 m?) of natural gas consumption has been saved and the amount of 18/15%
(156,6673) cost savings over 20 years compared to the base period, has been selected as the most efficient cooling system.
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Introduction

In the recent years, population growth, economic develop-
ment, the emergence of new industrialized countries and
also the increase in the human’s life quality have caused
significant growth of energy consumption in the world
like taking 10-20% of total electricity of the world by air
conditioning systems [1]. The overall energy consump-
tion disadvantages include non-renewable energy resource
depletion, environmental pollution caused by emission of
carbon monoxide (CO), changing weather patterns across
the world, and reduction in the ozone layer thickness [2].
These factors have led many ways of renewable energy
for cooling to be investigated widely. One of these solu-
tions which is very reliable is the use of solar energy to
produce part of the driving force required for cooling sys-
tem whether compression or absorption. In the absorption
cycles, the sun’s energy is used to provide the required
heat in generators; this heat content in single effect chill-
ers is about 70-90 °C [3]. On the other hand, when the air
conditioning system has to do dehumidification and reduce
temperature simultaneously, the latent and sensible loads
need to be separated so that they can be controlled effec-
tively and precisely. In order to control and isolate latent
load from sensible load in 1955, the desiccant cooling sys-
tems were introduced. Desiccant cooling systems through
absorbing moisture in the desiccant material are able to
separate latent and sensible loads and thus are promising
to save energy and reduce emissions of greenhouse gases
[4]. Through hybrid systems approach, many cycles can
be introduced as a substitute for air conditioning purposes.
One of these units is the solar desiccant absorption refrig-
eration cycle which employs solar energy to supply all or
part of the required heat for chiller generator and desic-
cant regeneration section. Solar energy becomes popular
these days [5—18]. Qin et al. [19] theoretically offers a new
solution to balance the heat absorption of a built dam, a
solution that is perhaps the most effective way to remedy
the thermal asymmetry of a built-up dam.

Given the importance of this issue, many scientists
today are researching and developing solar cooling sys-
tems, solar absorption cooling, desiccant cooling, and a
combination of both of these. Fung et al. [20] examined
five different cooling units for Hong Kong that included:
solar electric condensing refrigeration, water absorp-
tion cooling, solar absorbing cooling (solid), mechanical
refrigeration compression, and solid desiccant cooling, and
concluded that the and solar absorption refrigeration sys-
tems and solar electric compression had the most energy
savings. In terms of economic value of solar systems, it
can also be expressed that the use of these systems can be
quite economical by 2030 due to rising energy prices and a
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significant reduction in the production cost of solar collec-
tors. In this field, Dieter Boyer et al. [21] to produce cool-
ing demand with minimal cost and environmental impact
have carried out an economic study and concluded that
given the current prices of energy and non-financial sup-
port of governments, using the solar energy system has not
been economical. In relation to the desiccant technology,
Henning et al. [22] came to the conclusion that desiccant
unit compared to conventional systems can contribute up
to 50% energy savings. Moreover, such systems’ operat-
ing costs are much lower and also more friendly with the
environment. Daewoo et al. [23] demonstrated the viabil-
ity of using desiccant cooling systems in various weather
conditions was demonstrated and its benefits were signifi-
cant in cost savings. Krishna and Mortti [24] conducted
a test on the desiccant wheel containing Silica Gel and
concluded with ambient air considered as process air left
much impact on system performance. Vineyard et al. [25]
compared desiccant system for harsh weather conditions
and come to the conclusion that as the latent load share
was greater in the total load, the desiccant system perfor-
mance would be better. Performance of heat exchangers
tried to be improved via researchers [26—44]. The pur-
pose of current article was to calculate the technical and
economic impact of adding desiccant wheel dehumidifier
system to the common absorption cooling system. Due to
the high humidity level of this project site, that is expected
to have a positive effect. However, regarding extremely
high radiation, solar hot water was utilized to supply hot
water of chiller.

The purpose of this paper is to technically and economi-
cally examine the solar desiccant cooling system. Since typi-
cally the solar systems efficiency is not high, and using these
systems for many functions and areas cannot be economical,
therefore, as an innovation in this study and with the pur-
pose of maximum efficiency of solar energy, to provide the
required heat for desiccant wheel regeneration of hot H,O
returned from the chiller with a temperature of about 83 °C,
which is primarily used to heat the regeneration air and then
poured into the hot water storage tank and the collector. This
will not only reduce support fuel consumption compared to
the conventional hybrid cycles but also makes temperature
of the water entering the collector drop; and this is expected
to augment the efficiency of solar collector units.

Description systems

The sample that has been examined in this study is a single-
story computer building with an area of 400 square meters
in the city of Bandar Abbas which contains 150 people in
peak condition. A weather condition at the project site is
shown in Table 1.
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Table 1 Weather information of the site

Latitude: 27.02°

Elevation: 33 feet

Winter dry bulb temperature: 45.5 °F

The maximum relative humidity of summer: 57.5%
Summer dry bulb temperature: 105 °F

The maximum relative humidity of winter: 90%

Indoor comfort temperature in summer: 20 °C

Winter wet bulb temperature: 42.5 °F

The maximum humidity ratio of summer: 187.4 GR/LB
Summer wet bulb temperature: 89.47 °F

The maximum humidity ratio of summer: 36 GR/LB

Indoor comfort humidity ratio: 0.008

Based on the above data and by HAP4.5 software, maxi-
mum cooling load in summer is 40 tons of refrigeration, total
air discharge required is 16000cfm, and sensible heat ratio
(SHR) is 0.473 for the building.

For the mentioned building cooling load, three hybrid
cooling systems were considered and modeled in the TRN-
SYS software. The three systems were: solar absorption
cooling cycle as basis cycle, solid desiccant cooling cycle
combined with solar absorption cooling and direct air of
regeneration, and solar desiccant absorption cooling cycle
using heat returning of chiller generator for the regenera-
tion as the original cycle that in the following each cycle
components and method of operation will be discussed.

Solar absorption cooling cycles (basis cycle)

The cycle scheme is given in Fig. 1. As shown below, this
cycle is composed of three main components: 1) the hot

Fig.1 Solar absorption cycle

water supply required for chiller, 2) the cold water supply
for cooling coils, and 3) the supply of interior comfort
conditions by the air handling units.

Thus, each section contains a subset of components to
meet the expected output of the sector. To get the required
heat in the chiller generator, solar flat plate collectors
have been applied. In order to ensure the required water
temperature at all hours of the day, before a tank with
auxiliary heater is used before chiller generator incom-
ing. To provide the required cooling load in the cooling
air, an air handling unit is used which in a cold water sup-
ply of a cooling coil is provided by an absorption chiller
which is based on the load on the chiller and temperature
of the returned water from coil into it deals with cold water
supply with 7 °C temperature through heat absorption in
generator.
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Solid desiccant cooling cycle combined with solar
absorption cooling and direct heating of air
regeneration

In this sector due to high latent load and low sensible heat
ratio, in order to save energy and increase thermal perfor-
mance of the cooling cycle’s equipments, a set of dehumidi-
fiers like desiccant wheel are added to the previous cycle
which contains three main parts of desiccant wheel, heat
wheel, and direct heater of the returned air. Providing latent
load supply is carried out by desiccant wheel with silica gel,
and the schema of the cycle is shown in Fig. 2.

For continuous operation of desiccant wheel and doing
dehumidification, in the desiccant material in dehumidifi-
cation wheel are required to be retrieved after the stage of
dehumidification, restore the moisture to the regeneration
air and gets ready for next dehumidification. For the proper
conduct of this process, the regeneration air must be heated
to the proper level that as shown in Fig. 2, this heat is applied
directly to the returned air by gas air heater.

Solar cooling absorption desiccant cycle
using return heat of the chiller generator
for the regeneration sector

The solar systems often have a low efficiency and are not
cost-effective; one of the parameters affecting the efficiency
of collector is the fluid temperature entering into it. On the
other hand, temperature of the hot water returning from
chiller generator is about 80-83 °C that is greater than the

Fig.2 Schema of the solid des-

needed temperature in this project is to restore the desiccant
wheel. So as a useful and innovative solution, the output
hot water from the chiller generator, as shown in Fig. 3, first
needs to be entered in a water-to-air exchanger before the
desiccant wheel and thereby the restoring water temperature
gets to the required level. Then in the following, this water
goes into the storage tank and from there goes into the col-
lector with a temperature less than that in the previous cycle.
After doing this, the external energy consumption is reduced
and the collector efficiency and solar system are increased.

Systems modeling

To check the performance of each system and the influence
of various parameters on the output conditions, the three
above cycles are modeled based on Figs. 1-3 in the TRN-
SYS software. Accordingly, in Fig. 4, the third version of
the system (final system) can be seen in this application.
In the above diagram, the type686 acts like a hypothetical
building, and we enter the output of the carrier software
in this type. Then, the output latent load of the type686
will be entered in type693. In the following, 60% of the
output air of 693 and 40% of the total inflow from the
ambient air enter into type648, and this type, based on the
psychometric principles, mixes the two inputs and cal-
culates the output air condition. Then the outlet air from
the type648 enters into type506d, which has the function
as air conditioner. The output air of type506d enters into
type696, and it calculates the amount of transient heat.
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Fig.3 Schema of the solar des-
iccant absorption cooling cycle
using chiller generators return
heat for regeneration
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From the outlet air of type696, two outputs are taken: one
goes to type693 to complete the ventilation cycle, and the
other enters the chiller’s size to 682. The flow of fluid from
682 in the return path as cold water enters the chiller, or
the same typel07. China’s hot water is also provided by
type537. The weather conditions of the site are simulated
by typel09 and entered into the input of type537, and then
the heated water is pumped into 537 pumps of 695 and
then the hot water enters the kettle reservoir. Typing 13
acts as a pressure relief valve in this direction and deter-
mines the amount of energy that needs to be repelled so
that the temperature is always lower than the boiling time.
The tank is four layers of reservoir type, and the water first
enters the highest layer. After leaving the storage tank, the
water enters a gas-fired furnace called type659, where it
is heated up to reach the needed inlet 7= 107. In this dia-
gram, the type683 is the same as the slow-moving hand-
wheel and the inlet air before it enters the type706. Typing
91 is also used as a desiccant wheel reclaimer that obtains
the required heat from the chiller’s hot water outlet heat.
The return water temperature from cooling coil of air
handling unit (type696) was obtained according to Eq. 1:

Qrem

T _—
m- CPchW

chw,out = Tchw,set (1)
Then a fraction of the time of that chiller (typel107) needs to
function and actual capacity of chiller was obtained based
on the relations 2 and 3:

Qrem

fenload = A 2
f designload Ca pac ltYRaled ( )

CapaCity = fFullLoadCapacity X fNominalCapacity X CapaCityRated

3)
In the above equations, Capacitypg,.q is given as input by the
user. Then the output cold water of the chiller enters into the
cooling coil of the air handling units that have a set point of
output temperature of 18 °C. In this device according to 4
and 5 equations, the latent and sensible heat of the air must
be used to achieve the best output conditions.

Q =mX (hin - hout) (4‘)

QLal =mX (win - wnut) (5)

In the cycle’s thermal driver part, solar energy and flat panel
collector (type537) are used to provide the needed hot water
of the chiller due to the high radiation intensity in the project
site (annual average over 22000 kWh m~2). However, there
is a hot water tank auxiliary and heated of gas as a backup
before entering the water into chiller generator to ensure that
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hot water is available 24 h a day and the temperature of the
chiller input water will be 88 degrees Celsius all the time.

Collector used in the present article has a controlled pump
in its output, so that the pump with changing of the output dis-
charge always provides the temperature of 88 °C in the output,
and as it is notable to provide the temperature, the discharge
gets zero.

Accordingly, the collector is evaluated using Eq. 6 of the
collector useful heat absorption and then Eq. 7 of fluid dis-
charge flowing out of the collector:

0, =AlFrCz)], — FRU(T; = T, )] ©6)

— 0
Miid = <Cp(Tl - Tout)> @

That for the collector used values of F (ra) and Fy U; are,
respectively, 0.8 and 5.0. Due to high humidity in the project
site and high absolute humidity the entering into the cooling
coil (0.015 kg water/kg air) and output humidity set point
at 0.008 kg water/kg air, and since air handling units have
been required to provide both sensible and latent loads by
themselves, the energy consumption is expected to be high
in this mode.

Through adding a desiccant wheel set as depicted in Fig. 4
(type653), the output air first enters into the desiccant wheel
and there its absolute humidity is reduced down to 0.008.
Dehumidification is done by the desiccant wheel as shown in
Fig. 5 and by the F'1 and F2 co-potential lines through 8 and
9 equations.

2865

F2 = T1.490 — 1.127@0.07969 )

35°C /
0.8
F2
30 °C

Pressure = 101.3/kPa

Humidity ratio

T/°C

Fig.5 F1 and F2 co-potential lines for silica gel
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In the following process, a heat wheel exchanger (type760b)
is posited for the purpose of heat and energy regeneration
from returning air inside the building, that in fact has been
an eddy air exchanger and itself has led to more decrease in
sensible heat.

Minimum heat capacity, enthalpy of the air at the outlet of
this device and the sensible heat content between exchanged
two streams are obtained, respectively, through 10-12.

Cmin = min(mexh CPexh’ mfresh CPfresh) (10)

Qsens = £sens Cmin(Texh,in - Tfresh,in) (1 1)
Q‘ens

hfresh,oul = hfresh,in + 5_ (12)
Miresh

On the back track as well, the air after flowing within the
heat exchanger to reach the required temperature for recov-
ery desiccant wheel and as the result of doing continuous
and accurate dehumidification measurement may pass
through the two paths or, according to Fig. 3, enters directly
into gas heaters and then into the desiccant wheel on the
circumstances according to Eq. 13.

4q; UA -
hair,oul = hair,in + ZH - ?(T - Tamb) (13)

Or according Fig. 4 and the optimized cycle enters into a
water-to-air exchanger (type91) and is heated by the return-
ing hot water from the chiller generator, and then enters
into the desiccant wheel. By this, the direct heater for the
regeneration air is no more required and this causes to save
energy and cost.

Economic analysis

The economic analysis of solar systems uses a variety of
methods and criteria which includes Life Cycle Cost (LCC),
Life Cycle Saving (LCS), Payback Time (PT) and Return on
Investment (ROI).

In this paper, LCC method is used to estimate the cost of
each system. According to this method, the total current and
fixed costs of the system can be calculated during the period
of operation. The initial cost of the solar system is obtained
through relation 14.

Cs = Cp\Ag + C,V, + Cg (14)

where Cy is equal to 12% of collector and tank costs. The
fuel current cost per 1 month is calculated through rela-
tion 15 and per year through relation 16.

Qaux
C,,x = day x % xC, 15)
12
Caxy = 2, Cuux (16)
i=1

The point that should be noted here is that the current prices
were paid during the years of unit operation, while the initial
cost is paid in the first year. Therefore, different year’s costs
ought to be calculated in the rate of the first year so that they
can be sum up. For this purpose, a factor called the present
worth factor is used which can be calculated using Eq. 17:

(1+dy v

T+

. . if(i#d
PWF(N, 1,d) = zN: M _ {ﬁ[l—(ﬁw] . (i)
j: ! if(i=d)

a7

In the above equation, N is number of year’s number of the

system lifetime, i is inflation rate, and d is the discount rate.

On this basis and in accordance with relations 18 and 19,

the total cost of each system is calculated separately in the

rate of the first year and the superior cycle introduced from
the economic perspective.

CauxT = CauY X PWF(N’ i d) (18)

LCC =C, + Cyyr (19)

In the economic analysis of systems in the present study, the
following hypothesis has been considered:

e The market discount rate equal to 20%.

e The market inflation rate equal to 20% and fuel price
inflation rate equal to 15%.

e Number of years for system performance equal to 20.

e The whole system at the end of a 20-year period was sold
to the rate of 50% of its initial price.

e The entire solar sector of each system including collector
and storage tank are provided with loans funded for 15%
interest and 20-year repay.

e The cost of the equipment electricity consumption is
neglected.

e The efficiency of the whole cycle during the functioning
year does not change.

Results

It was noted in the previous section that the above mod-
eling has been developed for a computer building in Bandar
Abbas, Iran, with 400 meters of area and population occupa-
tion. Type of the used collector was also flat with an area of
300 square meters and the storage tank was of multi-node
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Table 2 Results of the cycles modeling
System 1 System 2 System 3
Cooling load per year, kJ 1,520,000,000 894,000,000 880,000,000
Chiller capacity, t 42 31 29
Annual energy consumption of auxiliary heater 8,470,000,000 6,400,000,000 6,000,000,000
Collector useful heat gain per year, kJ 750,000,000 750,000,000 810,000,000
Cost of the whole system during the 20 years in the rate of the first year per cubic 234,314 230,271 226,526
meter 0.016$
Cost of the whole system during the 20 years in the rate of the first year per cubic 862,838 741,867 701,171
with the price of 0.28$ per cubic meter
Fig. 6 Comparison between the M Basic system
basic parameters in cycles 4 System 2
120.00 M Final system
108.0
had
100.0 100.0 100.0 100.0 100 100.0 8.3 100.0
100.00 -
86.0
82.0
80.00 75.6 73.8 V
70.8 690
g 58.8
8 60.00 - 57.8
[0 —
o
40.00
20.00 -
0.00

Cooling load per
year KJ

type to the total volume of 12 m>. According to the modeling
system in TRNSYS and analysis of the output parameters,
results of this modeling are given in Table 2.

In estimating the system gas consumption prices, the
sales price per 1 m? of natural gas is considered to be equal
to 0.28 $ based on the general policy of the state and due to
the gradual elimination of energy subsidies. Therefore, for
clear understanding of the issue, the economic analysis once
is done with the current price of natural gas (0.016 $ per
cubic meter) and another time on the basis of the intended
final price.

@ Springer

Annual energy
consumption of
auxiliary heater

Collector useful Cost of the whole Cost of the whole
heat gain KJ  system during the System during the
20 years in the 20 years in the
rate of the first rate of the first
year per cubic  year per cubic with
meter 0.016$  the price of 0.28%
per cubic meter

Chiller capacity

Figures 6 and 7 also, in a more clear way, show compari-
son of three cycles. In this diagram, the parameters of basic
cycle are considered 100%, and other related parameters of
the 2 other cycles have been measured in percentage.

As can be seen in Fig. 6, the cooling load imposed on the
third cycle as the result of the optimization cycle dropped to
42.2% compared to the base cycle and to 1% compared to the
second cycle. Also, the energy content needed in auxiliary
heaters, as expected, in the third cycle dropped to 29% com-
pared to the base cycle and to 4.6% compared to the second
cycle. On the other hand, as in the basic and second cycles



Presentation of new approach for energy consumption reduction with use of solar system 713

0/16
® Basic system
i System 2

¥ Final system

0/135

0/14

0/12 -
01101 0/088
0/08 -
0/06 -

0/04 -

solar fraction

Fig.7 Comparison between the basic parameters in cycles (solar
fraction)

the water temperature entering into the collector is the same,
so the collector useful heat gain in these two cycles is the
fixed value of 750,000,000 kJ, while considering drop of this
temperature in the third cycle, this parameter is increased to
8% compared to the two previous cycles which is a signifi-
cant amount.

After cooling load reduction of the cycles 2 and 3, the
chiller absorption capacity used in the third cycle dropped
to 31% compared to the base cycle and to 4.8% compared
to the second cycle. However, regarding the reduction in
energy consumption by auxiliary gas heaters, it has been
observed that the natural gas consumption over 20 years of
system functioning in the third cycle dropped to the rate of
29% compared to the basic cycle and to the rate of 4.6%
compared to the second cycle that is very desirable due to
the limited energy resources and the environmental impact.

Finally, after economic analysis of the three cycles based
on costs method over the lifetime and according to Fig. 6, it
can be seen, including the price of gas as 0.016 $ per cubic
meter, the total cost of the third cycle dropped to the rate
of 3.3% compared to the basic cycle and 1.7% compared to
the second cycle. However, with the final intended price for
natural gas, namely 0.28 $ per cubic meter, the third cycle
total cost dropped to the rate of 18% (equivalent to 6.58 bil-
lion Rials) compared to the first cycle and 4% (equivalent to
35,695 $) compared to the second cycle reduced.

Conclusions

According to the diagram in Fig. 6 and Table 2, param-
eters related to energy consumption, fuel, and costs have
taken a decreasing trend from the first to the third cycle,
which is desirable. The uptake of collector useful heat has
a direct impact on collector efficiency and the solar part of

the cycles. In cycles 1 and 2, due to the equal collector inlet
water temperature, the value is constant, but in the third
cycle due to the use of water returning from the chiller desic-
cant wheel in the regeneration process, this value increased
which is also useful. Consequently, the third cycle with
1,371,980 m? of natural gas savings and 156,667 $ cost sav-
ings compared to basis cycle was selected as the most opti-
mal cycle, both environmentally and economically.
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