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ABSTRACT

A novel solar assisted membrane based liquid desiccant air conditioning system is proposed and investigated for the
hot and humid climatic conditions. It uses an air cooling heat exchanger after dehumidifier to maintain the desired
temperature of the room air. The energy performance of the proposed system is evaluated in terms of room
temperature and specific humidity, and coefficient of performance. In addition, the energy saving potential with
respect to the conventional air conditioning system and environmental performance are studied. It is found that the
proposed system is able to achieve the comfort room conditions (24°C, 0.0097 kg/kgda) and the yearly energy
savings is around 62% when compared with the conventional air conditioning system. Moreover, it is estimated that
the proposed system will avoid emissions of 1400, 16 and 6 tons/per year of Carbon dioxide, Nitrous oxide and
Sulphur dioxide respectively to the ambient.

1. INTRODUCTION

According to the energy statistics of India, the building sector consumes 40% of electricity out of which nearly one
third is consumed by heating, ventilation and air conditioning (HVAC) systems (CSE Energy, 2014). Currently,
more than 90% of the HVAC systems are of vapor compression refrigeration type which are energy inefficient for
humidity control (Goetzler et al., 2014). Therefore, it is desirable to meet the latent load of such HVAC demands
using an alternative system which is not only energy efficient, but can also utilize low grade energy sources such as
solar or waste heat. The liquid desiccant system is one such prospective alternative which can utilize such sources
for its desiccant regeneration. Such systems are classified as direct contact-packed bed system and indirect contact-
membrane system. The latter is preferred, to avoid problems associated with the desiccant carryover with air stream.
The membrane based liquid desiccant system is often to be combined with a sensible cooling system for the
desiccant and air cooling demands. Such combination is usually called as hybrid membrane based liquid desiccant
air conditioning system (MLAC). The vapor compression refrigeration system is used in the present study to meet
the cooling demands, since it promotes the use of MLAC for all climatic conditions. Abdel-Salam et al. (2014)
analyzed the thermal, economic and environmental performances of the solar assisted MLAC. They concluded that
the solar thermal system with backup of natural gas boiler has minimum payback period and operating cost than
with heat pump as a backup system. Their MLAC performance is based on adiabatic dehumidifier and regenerator.
The temperature of the desiccant to the dehumidifier is to be maintained in such a way as to simultaneously cool and
dehumidify the air. However, it cannot cool and dehumidify the air to the desired level due to the resistance to heat
and mass transfer in the intermediate membrane and the exothermic heat that is generated during absorption. To
avoid such difficulty, the present study proposes a novel MLAC, as shown in Fig.1, with an additional air cooling
heat exchanger between the dehumidifier and air conditioning room.

Performance analysis of such a novel solar assisted MLAC (SMLAC) is carried out for the hot and humid climatic
condition prevailing in the city of Chennai, India. The year round performance of the SMLAC is evaluated in terms
of the room temperature and specific humidity, and coefficient of performance. Moreover, the energy saving
potential and the expected reduction in the environmental emissions with respect to the conventional air
conditioning system is presented. The results of the present study will be useful for the optimum design of SMLAC
for hot and humid climatic conditions.
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Figure 1: Schematic diagram of solar assisted membrane based liquid desiccant air conditioning system
2. MATHEMATICAL MODELLING

The proposed SMLAC has a number of components, namely dehumidifier, regenerator, heat exchangers, circulating
pumps and fans. The default values of the design and operating parameters are listed in Table 1.

Table 1: Default values of the design and operating parameters

Sl. No. Parameter Unit | Value
1. Desiccant type - LiCl
2. Effectiveness of desiccant to desiccant heat exchanger - 0.8
3. Effectiveness of desiccant cooling heat exchanger - 0.8
4, Effectiveness of desiccant heating heat exchanger - 0.8
5. Effectiveness of air cooling heat exchanger - 0.8
6. Inlet temperature of cooling water °C 15
7. Mass flow rate of air kg/s | 0.735
8. Mass flow rate of cooling water ka/s | 1.6
9. Mass flow rate of desiccant kg/s | 0.8
10. Room sensible load kw
11. Room latent load kw 2
12. Recirculation air mixing ratio (mra/Ms,) - 31

2.1 Dehumidifier/ Regenerator
In the proposed SMLAC, the dehumidifiers and regenerators are of flat-plate type with counter flow configuration.
The basic working principles of the dehumidifier and regenerator are the same except the direction of water vapor
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transfer. Therefore, the governing equations and modelling technique are same for both. The design details of the
dehumidifier and regenerator are listed in Table 2. The membrane properties are taken from Abdel-Salam et al.
(2013) and the desiccant properties are calculated from the equations given by Conde (2014). The assumptions for
the steady state heat and mass transfer model of the membrane-based dehumidifier have been listed in our previous
study (Gurubalan et al., 2017).

Table 2: Design details of the membrane dehumidifier and regenerator

SI. No. Parameter Unit | Value
1. Air channel thickness, mm mm 4
2. Breadth, m m 0.3
3. Desiccant channel thickness, mm | mm 3
4. Length, m m 1
5. Number of channels - 55

2.1.1 Governing equations: The governing equations for mass and energy balance of air and desiccant streams are
obtained from Fig.2 and explained as follows.

y=L
:om,
ma’ Ta’ : Ts+de’
r’a E CS+dCS
dy : y
m, :
Ta+dTaa E M Ts’
WHW, s X
H V4
y = 0 .

Figure 2: Schematic representation of heat and mass transfer processes in the membrane dehumidifier

Air Side Equations
The mass balance equation on the air side is given as

dw,’ -
2 = NTU,, x(W, -W 1)
e = NTU (W)
) ) - o *  W-W,;,
where dimensionless specific humidity W = W
sin " "Vain

and dimensionless length, y” = -

(o]
The number of mass transfer units (NTUw) is the non-dimensionalized mass transfer area of the dehumidifier, which
is given as

NTUM:UMXA[ _UnxA

mmin ma
The energy balance equation on the air side is given as
dT, R
d—yizNTUHx(TS -T,) @
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T-T,

a,in

-T

a,in

where dimensionless temperature T =

s,in
The number of heat transfer units (NTU4) is the non-dimensionalized heat transfer area of the dehumidifier, which is
given as

NTU,, = U,xA  U,xA

(mep)min (mep)a

Desiccant Side Equations
The mass balance equation on the desiccant side is given as

jj: =(NTU, < (W W) xm, x(14C, ) xw, | )

where W, is the mass transfer potential of the dehumidifier from which the local mass transfer potential at any cross
stream location is non-dimensionalized. It is given as

Wy =W, -W,

a,in

The desiccant mass fraction (Cs) is defined as
_ mass of water

mass of salt
where X;is the desiccant mass concentration which is defined as
mass of salt 1

®" mass of solution  1+C,
The mass flow ratio (my) of air and desiccant in Egn. 3 is defined as

ma
m, =—
mS
The energy balance equation on the desiccant side is given as
dTS* * * * *
- = (R NTU x(T,7-T7) )+ (R, X NTU,, (W -w ) @)

(m X Cp)
where dimensionless heat capacity ratio, R; =(

& and dimensionless absorption heat ratio
m x Cp)

S

m, x habs x (Ws,in 'Wa,in )

(m X Cp )S X (Ts,in - Ta’in )

R, =

2.1.2 Overall heat and mass transfer coefficients: The overall heat and mass transfer coefficients are calculated using
the individual heat and mass transfer coefficients of air, desiccant and intermediate membrane, as follows.
Overall mass transfer coefficient (Uwm) is given as

-1
UM: i_’_é‘im_’_i (5)
h K h

D,a m D,s
Overall heat transfer coefficient (Uy) is given as

-1
UH: i+57m+i (6)
h k h

ca m C,S

2.1.3 Boundary conditions: The boundary conditions for solving the normalized governing equations, i.e., Eqns.1 to
4, are as follows.

() Wa(y = yO) =Wa,in ; (i) Ta(y = yO) :Ta,in ; (i) Cs(y =0)= Cs,in ; (iv) Ts (y = 0) :Ts,in
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2.1.4 Solution methodology: The governing equations for mass and energy balance of air and desiccant streams, i.e.,
Eqgns.1 to 4, are solved using fourth order Runge—Kutta (RK4) and Newton quadratic interpolation technique. A
MATLAB computer program was written to carry out the analysis with the dehumidifier height divided into 10°
segments. The governing equations are solved for each segment from the bottom to the top of the dehumidifier. At
the bottom of the dehumidifier, outlet temperature and specific humidity of the air are initially guessed. Then,
iterations are performed to guess the temperature and specific humidity of air at the top of the dehumidifier that can
give the specified inlet conditions of air.

2.1.5 Validation of the numerical model: The numerical model has to be validated before it is used to evaluate the
performance of the proposed SMLAC. The experimental results given by Ge et al. (2014) are used for the
validation. Figure 3 shows the comparison between the experimental and numerical results and it is observed that
the numerical results are in good agreement with the experimental results. Therefore, it is concluded that the
developed model reliably evaluate the performances of the dehumidifier and regenerator used in the proposed
SMLAC.

0.020 Waout - EXp- + W gy - Num. 0
S 00181 O tyout “Exp. Xty -Num. 36
en
v L
< ] 5 32
2 0.016 .
on <] 28 2
=] é 6 o] 5 =)
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8 L16 &
2 0.010- Q 3
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Experimental input conditons
Figure 3: Comparison between the numerical and experimental results (Ge et al., 2014) of membrane dehumidifier

2.2 Cooling System (CS)
Vapor compression refrigeration system (VCR) is used to cool the desiccant and air, and its energy input ( ECS,in ) is
calculated as follows.

m, x Cpc X (TC3 —Tcl)

_ : 7
COP,cq @

where COP, ., is the coefficient of performance of the VCR which is calculated using the equation given in
literature (Abdel-Salam et al.,2013) as a function of evaporator temperature. It is assumed that the evaporator
temperature is 3°C lower than the cooling water supply temperature (T, ).

ECS,in

2.3 Solar Thermal System

The solar thermal system consists of an evacuated tube type solar collector and a storage tank with aspect ratio (L/D)
of 4:1. The equations used for the modeling of the solar thermal system are taken from an earlier study of Saleh and
Mosa (2014).

3. RESULTS AND DISCUSSION
3.1 Performance Parameter
The performance of the proposed SMLAC is presented using room temperature and specific humidity and also by

the coefficient of performance.
The coefficient of performance (COP) is defined as the ratio of the cooling energy obtained by the supply air to the
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total cooling energy consumed by SMLAC. It is calculated as follows.

COP = m (8)

ECS,in

3.2 Solar Collector Area

Abdel et al. (2013) found that MLAC requires hot water supply temperature in the range of 50 - 55°C for its
optimum performance. Therefore, the present study calculates the required solar collector area to provide hot water
at 55°C. Figure 4 shows the required monthly averaged solar collector area. From Fig.4, it is found that July and
January months require minimum (24 m?) and maximum (39 m?) solar collector area to provide the hot water at
55°C. This is due to corresponding high and low solar radiation during those months respectively, as shown in
Figure 4. However, it is very difficult to vary the solar collector area during the operation of the system. Therefore,
an average solar collector area of 30 m? is considered for the further performance study. Figure 5 shows the monthly
averaged hot water supply temperature when the collector area is taken as 30 m?. As shown, the hot water supply
temperature is found to be maximum (58°C) and minimum (51°C) in the months of July and January respectively
due to their corresponding high and low solar radiation than the other months.
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Figure 4: Monthly-averaged required solar collector area
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Figure 5: Monthly-averaged hot water supply temperature

3.3 Performance of the Proposed SMLAC

Figure 6 shows the monthly averaged specific humidity of the room and ambient air. As shown, the proposed
SMLAC maintains the specific humidity of the room with a minimum fluctuation (0.0079 to 0.0097 kg/kgda)
whereas the corresponding fluctuation in the ambient specific humidity is significant (0.018 to 0.026 kg/kgda). In
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addition, the proposed SMLAC maintains the specific humidity of the room in the comfort range (0.0097 kg/kgda)
specified by ASHRAE for almost all over the year. Moreover, as shown in Fig.6, the specific humidity of the room
is found to be minimum during the month of December due to its comparatively lower ambient specific humidity. In
addition, the specific humidity of the room during the months of June, July and August is also found to be lower.
This is due to high solar radiation during these months which in turn increases the hot water supply temperature to
SMLAC. Consequently, more regeneration takes place in the regenerator and thereby, the average concentration of
the desiccant in the system increases. This in turn increases the mass transfer potential of the dehumidifier (i.e., the
vapor pressure difference between the water vapor in the air and that in the air-desiccant interface) which reduces
the specific humidity of the room air in such months.

Figure 7 shows the monthly averaged temperature of the room and ambient air. As shown, the proposed SMLAC
maintains the temperature of the room air around 23°C throughout the year even though the ambient temperature
varies between 28 to 37°C. This is due to the optimum selection of operating parameters which are listed in Table 2
and the additional cooling of air in the air cooling heat exchanger which further avoids the fluctuation in the
temperature of supply air.
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Figure 6: Monthly-averaged specific humidity of the room and ambient air
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Figure 7: Monthly-averaged temperature of the room and ambient air

3.4 Coefficient of Performance

Figure 8 shows the monthly averaged COP of the proposed SMLAC. As shown, COP is found to be minimum
(2.23) during the month of January due to low solar radiation and ambient specific humidity. The low solar radiation
reduces the hot water supply temperature and thereby decreases the average concentration of desiccant in the
system. This in turn decreases the mass transfer potential of the dehumidifier. In addition, low ambient specific
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humidity during that month also reduces the mass transfer potential of the dehumidifier. The decrease in the mass
transfer potential of the dehumidifier reduces the cooling energy obtained by the supply air and therefore, COP is
found to be lowest during the month of January, as shown in Fig.8. As illustrated, COP is found to be maximum
during June which is due to comparatively higher solar radiation and ambient specific humidity than the other
months.
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Figure 8: Monthly-averaged coefficient of performance of SMLAC
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3.5 Energy Saving Potential of SMLAC

Figure 9 shows the primary energy consumption rate of the conventional air conditioning system (CAC) and the
proposed SMLAC. Equations for the modelling of CAC are taken from an earlier study of Abdel-Salam et al.
(2013). As shown in Fig.9, the energy consumption rate of the proposed SMLAC is substantially lower than that of
CAC. This is due to high humid climatic conditions of Chennai throughout the year. The monthly averaged energy
saving potential of the proposed SMLAC is shown in Fig.10. As shown, it varies between 59 to 67%. Moreover, the
energy saving potential is found to be maximum during the months of January and December, even though the
available solar radiation is comparatively minimum during these months. This is due to comparatively lower
solution and air cooling loads due to lower ambient temperature and specific humidity than the other months. On the
other hand, the energy saving potential is minimum during the month of May. This is due to comparatively higher
ambient temperature and specific humidity than the other months which in turn increases the solution and air cooling
loads. Therefore, the required energy input to SMLAC increases and consequently decreases the energy saving
potential during the month of May, as shown in Fig.10.
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Figure 9: Monthly-averaged primary energy consumption of SMLAC and CAC
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3.6 Environmental Performance of SMLAC

The environmental performance of the proposed SMLAC is evaluated in terms of the reduction in the emissions of
Carbon dioxide (CO2), Nitrous oxide (NOy) and Sulphur dioxide (SOx) (Abdel-Salam et al., 2013). As shown in
Fig.10, the annual energy saving of the proposed SMLAC is around 62%. Therefore, the emissions resulting from
the energy consumption of CAC from various sectors is also expected to reduce by 62%. The energy consumption
share of India among the various sources and the various emission rates are listed in Table 3 (Akella et al., 2009).
As a result of the energy savings by the proposed SMLAC, the reduction in the emissions of CO2, NOy and SOy are
estimated according to the values listed in Table 3 and the results are listed in Table 4. As listed, the proposed
SMLAC will avoid emissions of 1400, 16 and 6 tons/per year of CO2, NOx and SOy respectively to the ambient.

Table 3: Energy share and environmental emissions from various power sources

SI. No. | Types | Share (%) | CO2 (g/kWh) | NOx (g/kWh) | SOx (g/kWh) | Efficiency
1 Coal 61 955 11.8 4.3 32
2 Gas 8 430 0 0.5 32
3 Hydro 14 9 0.03 0.07 85

Table 4: Savings in the environmental emissions

Sl. No. | Emission type | Actual (kg/year) | Savings (kg/year)
1 CO; 2227186 1401668
2 NOx 25970 16344
3 SOx 9619 6053

4. CONCLUSIONS

The present study proposes a novel SMLAC for the hot and humid climatic conditions prevailing in Chennai, India.
The system is designed to provide air conditioning for a room having low sensible heat factor (SHP) with loads of 3
kW sensible and 2 kW latent. Evacuated tube solar collector of 30 m? is used to harvest the solar energy. From the
results obtained in the present study, it is concluded that the proposed SMLAC is able to achieve comfort indoor
conditions (24°C and 0.0097 kg/kgda) throughout the year. Therefore, the selected values of the design and
operating parameters are found to be suitable for hot and humid climatic conditions. It is also found that COP of the
proposed SMLAC is found to be maximum during June which is due to the comparatively higher solar radiation and
ambient specific humidity when compared to the other months. Moreover, the annual energy saving of the proposed
SMLAC is around 65% when compared to CAC. Moreover, it is estimated that the proposed SMLAC will avoid
emissions of 1400, 16 and 6 tons/ per year of CO,, NOy and SOy respectively to the ambient.
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NOMENCLATURE

A Area (m?)

Cp Specific heat capacity (kJ/kg.K)

D Diameter (m)

h Enthalpy (kJ/kg)

Nabs Enthalpy of absorption (kJ/kg)

he Convective heat transfer coefficient (kW/m2.K)

hp Convective mass transfer coefficient (kg/m2.s)

I Solar radiation (W/m?)

k Thermal conductivity (kW/m.K)

K Membrane permeability (kg/m.s)

L Length (m)

m Mass flow rate (kg/s)

T Temperature (°C)

Un Overall heat transfer coefficient (kW/m2.K)

Unm Overall mass transfer coefficient (kg/m?2.s)

W Specific humidity (kg/kgda)

y Length (m)

Greek symbols

) Thickness (m)

Subscripts

a Air

amb Ambient

c Cooling water

fa Fresh air

H Heat transfer

h Hot water

in Inlet

m Membrane

min Minimum

M Mass transfer

ra Recirculation air

S Solution
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