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HIGHLIGHTS

« A model of solar-regenerated liquid desiccant membrane system was developed.
« The model predicts the humidity removal capacity from the space.

« The model was experimentally validated.

« The system resulted in 10% decrease in indoor relative humidity in Beirut climate.
« The system payback period was about 7 years.
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This paper investigates the feasibility of using a solar regenerated liquid desiccant membrane system to
remove humidity from an office space. While conventional vapor compression cycles dehumidify the air
before supplying it to the indoor space, through using sub cool-reheat process, the proposed cycle
absorbs the humidity directly from indoor space through the dehumidifier. The dehumidifier consists
of a set of permeable vertical tubes placed in the indoor space with liquid desiccant flowing through
them. Solar energy is used as the source of thermal energy required for the regeneration of the desiccant
and sea water is used as heat sink to provide the cooling needs of the liquid desiccant.

A mathematical model of the membrane desiccant system was integrated with the internal space
model and solar system model to predict the humidity removal capacity from the space at given dehu-
midification and heat sink temperatures and outdoor environmental conditions. Experiments were per-
formed to validate the model results be comparing exit humidity and temperature of the exit air from the
space.

The validated model was applied to a case study consisting of an internal office during the month of
August in Beirut hot humid climate. A decrease of 10% in indoor relative humidity is observed when
the system was used. The cost of the proposed system was compared to the cost of a conventional vapor
compression cycle that provides the same indoor conditions. A payback period of 7 years and 8 month
was estimated compared to the investment in the vapor compression cycle.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction levels of humidity also affect the building structure [2]. Negative

impact of elevated moisture levels on building material includes

The control of indoor humidity is of fundamental importance
for thermal comfort of human beings, building material sustain-
ability and energy consumption. Thermal comfort deals with regu-
lating the thermal environment, which includes temperature and
relative humidity along with air velocity, around humans. Extreme
levels of relative humidity, whether it is high or low, can irritate
people’s comfort [1]. Not only does it affect people, inappropriate
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electrochemical corrosion, volume changes, and chemical deterio-
ration [3].

In order to eliminate the preceding negative impacts of elevated
moisture levels, indoor humidity should be controlled, either by
conventional or non-conventional techniques. In humid climates,
the humidity issues are a major contributor to energy inefficiency
in HVAC devices. The high humidity of the outside air combined
with ventilation requirement increases the latent load. Most con-
ventional air-conditioning systems are not designed to indepen-
dently control temperature and humidity. The conventional way
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Nomenclature

T temperature (°C)

Troom indoor room temperature (°C)

c concentration of water per desiccant (Kgy,o/Kgcaci,)

Cp specific heat (J/kg K)

h¢ heat convection coefficient (W/m? s)

hm mass convection coefficient (m/s)

heomtion  €nthalpy of the liquid desiccant solution (J/kg)

To external radius of the pipe (m)

ri internal radius of the pipe (m)

E power input/output (W)

D diffusion constant of vapor in the pipe wall material
(m?/s)

k thermal conductivity (W/m K)

m mass rate (kg/s)

n number of dehumidification/regeneration pipes

l length of the pipe (m)

hy, latent heat of vaporization of the water (J/kg)
resistance coefficient per unit length

Q internal heat generation (W)

Le Lewis number

Greek letters

p density (kg/m?)

w humidity ratio (kgy,o/KEdryqir)

W}oution  the equilibrium humidity ratio at surface of solution at
temperature and  concentration of  solution
(kgHZO/kgdryair)

Subscripts

solution CaCl, and H,O solution in the permeable tubes

0 outer side of the permeable tube

i internal side of the permeable tube

inlet inlet conditions to the space

outlet  outlet conditions to the space

m mass convection

c heat convection

a air

% water vapor

w liquid water

d desiccant CaCl,

g vapor generation

of moisture removal is cooling the indoor air (using vapor compres-
sion cycle) to temperatures below its dew point temperature to con-
dense the excess moisture followed by reheating to the adequate
supply air temperature. This is an energy intensive process [4,5].
Recently, research has been oriented towards considering non-con-
ventional, passive and less-intensive methods for controlling indoor
humidity. A known sustainable dehumidification technique is the
use of desiccant technology as an active\passive method for HVAC
applications [6-11].

Conventional desiccant dehumidification techniques utilize
solid or liquid desiccant based systems. In the case when a liquid
desiccant is used, dehumidification and regeneration tower beds
are employed [6,9], whereas in the case of a solid desiccant, a
rotary desiccant wheel is used [10]. An attractive feature of desic-
cant dehumidification systems is their suitability for solar or other
low-grade thermal energy applications [6,7]. However, dehumidifi-
cation of air is traditionally done through direct contact between
the strong desiccant solution and the supply air. After the air is
dehumidified, it is further cooled to the supply room temperature
[9]. This technology can have many negative impacts related to
health issues and corrosion problems especially with the entrain-
ment of hazardous salts to the ventilation system due to the direct
contact of air with the desiccant material [12].

To overcome the previous problems, researchers have recently
implemented hydrophobic membranes to cool and dehumidify
the air without direct contact with the desiccant [13-20]. The mem-
branes used are permeable to water vapor but impermeable to
liquid desiccant. The membrane-desiccant systems have been used
in two different configurations. The first configuration employs a
membrane desiccant system that dehumidifies the supply air before
entering the indoor space [15-18]. In this configuration (first), there
are two compact energy exchangers, one for dehumidifying the air
and the second for regenerating the liquid desiccant [15,18]. Since
simultaneous heating and cooling are required for the liquid desic-
cant operation cycle, the liquid desiccant membrane system has
been integrated with conventional vapor compression reverse cycle
forming a hybrid air conditioning system [19]. The results showed
that such integrated system has a higher coefficient of performance
(COP) compared to the conventional air conditioning system since
the cooling coil is operating at a higher temperature and the

regeneration of the liquid desiccant utilizes the dissipated con-
denser heat [19]. Some of the compact energy exchangers that have
been studied in literature are Liquid-to-air membrane energy
exchanger (LAMEE) [16] and run-around membrane energy exchan-
ger (RAMEE) [17] systems. The semi-permeable membrane allows
simultaneous heat and moisture transfer between the air and desic-
cant solution streams. A RAMEE is comprised of two or more sepa-
rated liquid-to-air membrane energy exchangers and an aqueous
desiccant solution that is pumped in a closed loop between the
LAMEE.

The other configuration (second), which has been less refer-
enced in the literature compared to the first one of hybrid air con-
ditioning system, is the direct indoor dehumidification, where a
permeable membrane is placed in the indoor space picking up
moisture, as it is generated, directly from the indoor air. Even
though this configuration has received less attention than the first
one, nevertheless it has a promising performance and can have
additional advantages.

Direct indoor dehumidification has many advantages over out-
door dehumidification. It may offer better humidity control for the
indoor environment during transient latent load changes if the
driving force for the dehumidification process (the difference
between the vapor pressure in the air and in the desiccant aqueous
solution) is properly regulated to minimize transient delays
[11,13]. In the configuration where dehumidification is occurring
directly in the internal space, the supply air humidity ratio may
not need to be decreased below the indoor humidity ratio as it is
the case with the first configuration where the supply air humidity
ratio is lowered before delivering the conditioned to the space. It
should be noted that in the case of indoor dehumidification, the
supply air humidity ratio cannot have higher values than the
indoor humidity ratio to prevent any possible condensation.

One of the novel configurations that have been used to perform
indoor dehumidification is the Heat and Moisture Transfer Panel
(HAMP) [11,13,14]. The analysis of the HAMP was mainly focused
on its efficiency and performance in handling internal latent and
sensible loads; hence it was placed in an open loop cycle where
the liquid desiccant was conditioned before it enters to the indoor
space [11,13]. Regenerating the liquid desiccant was not included
in both studies [11,13].



K. Keniar et al./Applied Energy 138 (2015) 121-132 123

Even though the literature findings suggest that both internal
and external dehumidification configurations have improved effi-
ciency as compared to conventional air conditioning system, the
integration with renewable energy of direct indoor dehumidifica-
tion configuration has not been established yet [18]. As for external
dehumidification arecent study has been conducted [21] that covers
the subject. Thus the integration of permeable desiccant system (in
both configurations) is not covered thoroughly in the literature
[18,21]. There is an increased emphasis on utilizing renewable
energy sources to decrease the negative economic and environmen-
tal outcomes associated with fossil fuels. The second dehumidifica-
tion configuration, which uses indoor dehumidification, may offer a
feasible option for an air conditioning system that can be totally
powered by renewable energy. Hence, in the presence of a moderate
temperature heat sink for cooling the liquid desiccant in the cycle
and available solar energy for regeneration, indoor dehumidification
might be an effective system to design and operate. The effective-
ness of a solar assisted indoor membrane desiccant dehumidifica-
tion and cooling system has not been addressed by literature.

This study will consider the feasibility of performing a closed
cycle membrane desiccant system for direct indoor dehumidifica-
tion powered by renewable energy. The performance of the system
will be investigated through applying it to a typical internal office
space in the city of Beirut. Beirut is a coastal city on the Mediterra-
nean Sea, with a minimum temperature of 7-16 °C during winter,
and a maximum temperature of 24-32 °C during summer, and rel-
ative humidity that varies between 60% and 80% [22]. Due to the
humid warm weather during the summer time, efficient dehumid-
ification is desirable during that period. The proximity to sea water
can be used as heat sink [23] and the abundance of solar radiation
throughout summer makes the solar-regenerated membrane des-
iccant system an attractive dehumidification system to implement
in Beirut. To achieve the stated objective, a mathematical model of
the desiccant membrane system is developed and integrated with
the internal space model and solar panel thermal model. The des-
iccant membrane system model is then validated by experiments.
This is followed by a simulated case study using the proposed
solar-regenerated membrane desiccant system in Beirut climate
to evaluate its feasibility in dehumidifying room air and providing
thermal comfort in the space and to compare its performance to
conventional HVAC systems. The energy consumption of both sys-
tems will be evaluated in order to determine which dehumidifica-
tion process is more effective and less costly.

2. System description

The proposed dehumidification system is composed of the
dehumidification permeable pipes, desiccant regeneration perme-
able pipes, sensible heat exchangers, regeneration heat exchanger,
and parabolic solar collectors. Fig. 1 illustrates the system compo-
nents. The membrane-desiccant system controls the space relative
humidity, while the heat sink source is used to cool the air before it
enters to the room.

The piping system is made of solid piping lines except in the
regenerator and dehumidifier parts. In those sections the main
pipe is divided to many pipes where each is made of a porous
material, micro porous polypropylene-commercial name Propore”,
which is permeable to water vapor but not liquid. The permeable
pipes are put inside the indoor space to absorb the moisture from
the air and hence perform direct indoor dehumidification. A similar
set of pipes is exposed to the ambient air in order to regenerate the
liquid desiccant. The regeneration permeable pipes will not be sub-
jected to direct sunlight-especially UV rays- and they are put in
shades in case they are exposed to ambient air [24].

The close loop cycle starts as follows. The cool strong liquid des-
iccant enters the permeable-membrane pipes at (7) picking the

moisture from the indoor space (1) to leave at (2) where it is
pumped through a solid piping. The desiccant solution then gets
heated from the high temperature desiccant leaving the regenera-
tive membrane (exchanger A) and solar energy stored in the tank
(exchanger B). The heated desiccant then enters the regenerator,
at (4), i.e. the permeable pipes in contact with ambient air. It then
loses the absorbed indoor moisture to the external ambient envi-
ronment. To ensure that the desiccant does not impose an addi-
tional sensible indoor heat load and to increase its ability in
picking the indoor moisture, the desiccant will first exchange heat
with the cool desiccant solution leaving indoor room (exchanger
A), then it will be further cooled through the heat sink (exchanger
(Q)). After passing through exchanger (C), the desiccant enters the
dehumidifier again at (7).

The liquid desiccant needs to be heated (regenerated) in order
to expel the moisture it has absorbed from the indoor environ-
ment. The energy source required for regeneration in this work is
solar energy. The solar irradiance is assumed to be collected
through parabolic plate collectors that heat a working fluid, which
in turn transfers the heat and stores it in a storage tank.

3. Methodology

The membrane desiccant cycle is modeled and simulated to
study its efficiency in dehumidifying indoor space. Steady state
and 1-D models for the different cycle subsystems; dehumidifica-
tion/regeneration pipes and heat exchangers are developed. The
liquid desiccant membrane cycle is integrated with the quasi-
steady state space model to predict the performance of the pro-
posed system in controlling the space relative humidity.

Following the model development, experimental tests are con-
ducted to validate the mathematical model and its ability in pre-
dicting humidity removal from the space. Then the system will
be applied to a case study where its performance in Beirut City is
evaluated and compared to vapor compression cycles.

4. Mathematical model
4.1. Desiccant membrane system

To predict the performance of the membrane-desiccant system,
it will be integrated with an internal space model and parabolic
solar collectors. The membrane-desiccant system consists of the
desiccant solution within the permeable pipes along with its inter-
action with the indoor space temperature and humidity. In order to
derive a mathematical model for heat and mass transfer across the
pipes, the thermo-physical properties of the pipe material should
be known, which include the vapor diffusivity and thermal conduc-
tivity of Propore”.

4.2. Dehumidifier/regenerator

The mass flow on dry basis, i.e. the desiccant, CaCl, flow rate per
second, is assumed constant in the pipes while the total mass flow
rate is variable due to absorption or desorption of liquid water. In
the proposed cycle a permeable membrane that separates the two
phases, i.e. the liquid desiccant and the air outside, exists. Many
models that govern mass and energy transfer are found in litera-
ture. Zhang et al. [24-27] has derived an analytical solution for hol-
low fibers that are used in air dehumidification [24] while Huang
et al. [28-31] have performed numerical simulations using 2-D
analysis. This paper uses a simplified model following derivations
published by Zhang et al. [24], Huang et al. [31], Larson [32], Hem-
ingson et al. [17], Bergero et al. [33] and Fan et al. [34].
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Fig. 1. Schematic of the system.

The mathematical model was derived under the following
assumptions: 1-D heat and moisture variation, no energy or mass
storage in the pipe membrane, i.e. quasi-steady model, the mech-
anism of vapor transport in the membrane is only due to diffusion
and the axial heat conduction and vapor diffusion in the pipe are
neglected. Applying the above assumptions, the energy equation
is then given by

d
0 = *mddfy{lllsolution(l + Csolution)} + Uc(To - Tsolution)

+ hfganm (o — Cl);olution) (1)

The first term on the right represents the net convective energy
flow and the second term represents sensible energy added to the
solution due to difference in temperature between liquid desiccant
and the surrounding air temperature. The last term represents the
energy added due to the absorption of moisture into the solution.
The overall heat transfer coefficient, U, per unit length, is repre-
sented by

B 1 In(ro /1) 1 !
Ue= {anohm Tk T 2nrl-hc_i}

Neglecting the solution side mass transfer resistance in the
mass transfer process [17], the mass transfer coefficient, U, per
unit length, is represented by

B 1 In(ro/r) '
Un = {27trohm‘0 RT)) }

Some studies have included the solution side mass resistance
coefficient [31,34] while others have removed it from the total
mass transfer resistance [17]. Hemingson et al. [17] found that
neglecting the internal mass transfer resistance will have minimal

(2)

3)

Tair

liquid desiccant
flow

wall porous material

Fig. 2. Thermal resistance model.

effects (about 2%) on mass transfer. Eqs. (2) and (3) couple the
membrane properties of the pipe with the flow properties on both
sides of the membrane as shown in Fig. 2. The mass convection
coefficient is calculated according to the following equation [34]:

Le?

Cpa

- (4)

The species conservation equation for the permeable pipes is

dc
0= _md@ + anm((l)O - a);alun'on) (5)
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The first term on the right represents the net moisture convec-
tive flow and the second term represents the moisture transfer
from the surrounding air to the solution in the pipe, across a con-
centration difference of (wo — },40n)- The humidity ratio in the
surrounding air is wo while w;,,,, is the equilibrium humidity

of the liquid desiccant at the solution’s temperature and concentra-
tion, Tsoption aNd Csoution T€SPECtively.

4.3. Modeling of indoor space

In this study, a model for indoor space is developed following
the work done in [35] under the following assumptions: quasi
steady state where a steady state model for the room is used with
varying sensible and latent loads assuming that the space loads are
all internal loads where the thermal and moisture inertial effects
are neglected [36,37]. The model assumes that the air is well
mixed; hence the average values for temperature and humidity
ratio are used to represent the temperature and humidity of the
room. The space represents an internal office room in a typical firm
in Beirut City. Applying the above assumptions and knowing the
flow rate and the conditions of the supplied air, the space energy
equation assuming perfect mixing can be written as

MaCpa (Tinlet - Tg) + macp,y(Tinletwinlet - Tgwg) +Q
n I;
= Z/O UC(TO - Tsolutian)dy (6)
i=1

where the first two terms on the left side of the equation represent
the convective sensible heat flows, of dry air and water vapor
respectively, and the last term represents the space internal load
(sensible). The term on the right side of the equation represents
the sensible energy transfer with the set of desiccant membrane
pipes found in the indoor space. It is integrated over the whole
length I of each pipe to take into consideration the variation of tem-
perature in the pipe.

Similarly, the space moisture balance equation can be repre-
sented as

n li
mg ((Uinlet - COO) +Mmg = Z /0 Umpa(wo - w;olun‘on)dy (7)
i=1 "

The two terms on the left side of the equation represent the
convective moisture transfer and the internal moisture generation.
The right side of the equation represents the moisture exchange
with the desiccant membrane piping system.

4.4. Modeling of the solar collector and heat exchangers

The energy required for regeneration of the liquid desiccant is
supplied from the solar irradiance. Parabolic solar collectors are
used to harvest the solar energy and supply the required heat for
the cycle. The model developed in [38] is used in this study where
it has been integrated with the other subsystems in the cycle to
form the total numerical model which is used in the simulations.

The model for the heat exchangers used in the cycles is adopted
from [39]. The effectiveness method is used with effectiveness of
0.85 for all heat exchangers in the liquid desiccant cycle.

5. Numerical method

In order to simulate the effectiveness of the membrane desiccant
system in dehumidifying the indoor space, the following input con-
ditions are needed: (1) the dimensions and the physical and thermal
properties of the permeable pipes; (2) the internal sensible and
latent load profile; (3) the ambient conditions; (4) the supply condi-
tions of the air to the indoor space; and (5) the temperature, mass

concentration and the mass flow rate of the desiccant solution enter-
ing the indoor space through the permeable pipes. A finite difference
method is used to solve for the temperature and concentration var-
iation of the pipes in the room, under steady state assumptions. The
dehumidification and regeneration pipes are discretized into 100
elements in order to account for the temperature and concentration
variation along the length of the pipe. Simulations were performed
with finer grid (125 elements) and it was found that any further
increase in the number of elements along the pipe length did not
lead to improvement in obtained results on temperature, humidity
or liquid desiccant concentration at exit from the space. The average
temperature and humidity in the indoor space is calculated using
the developed model. The storage tank that couples the solar system
and the desiccant system is simulated using transient explicit
scheme with lumped temperature model.

The solution flow chart is shown in Fig. 3. Simulations start by
setting the input conditions to the cycle. Then using the dehumid-
ifier and the internal space model the room temperature, humidity
ratio and the exit temperature and concentration of the dehumid-
ifier are calculated. The dehumidifier model consists of solving
simultaneously the heat and mass transfer balance Eqgs. (1) and
(5) using first order finite differencing scheme at every element
in the tube.

To regenerate the desiccant, the regenerator model is used to
calculate the required regeneration temperature of the cycle. Using
the same model, the exit temperature of the regenerator is also cal-
culated. Knowing the inlet and exit temperatures at the regenera-
tor and dehumidifier, the cooling and heating needs of the
desiccant cycle are evaluated through the heat exchanger model.
The resulting regeneration energy along with the solar flux during
the day, are used as an input to the solar system in order to calcu-
late the storage tank temperature. The simulations of the tank will
run for a period of one day.

6. Experimental setup and material selection

To test the regeneration and absorption ability of the permeable
membrane used in the study and to validate the theoretical model,
an experimental setup was built. The setup was composed of a
membrane dehumidifier, membrane regenerator, heat exchanger,
and heating tank. The supply air to the dehumidifier and regener-
ator was supplied from two different environmental chambers.

The pipe material choice is of fundamental importance. The
material should be permeable to moisture but not to liquid water.
The pipe material chosen in the experimental apparatus is Propore”
(Microporous polypropylene membrane) which has high water
vapor permeability. This material has been used in previous similar
applications [14,32]. As for the desiccant material, Calcium Chlo-
ride is chosen in this application because it is one of the most com-
mon working fluid in absorption systems [40]. Its moisture
absorption capability and low corrosiveness along with its cheap
price makes it an attractive choice for such applications. A sche-
matic of the experimental setup showing the regenerator tubes,
dehumidifier tubes, heating tank and cooling heat exchanger is
shown in Fig. 4.

The dehumidifier and regenerator tubes were enclosed in a
rectangular air duct of length 2m and a cross section of
7 cm x 30 cm with controlled suction fans at the end. Inside the
air ducts there were four cylindrical pipes made from Propore”
material. The pipes were manufactured through cutting a rectan-
gular piece of Propore” of length 1.36 m and 6.3 cm in width. The
rectangular piece is then folded along the width to form a cylinder
of diameter 2+0.1cm and length 1.36+£0.01 m. Two metallic
sheets were pressed along the top part of the rectangular piece
and held together by small clamps in order to give the pipes the
cylindrical shape and keep them intact once the liquid desiccant
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Fig. 3. Simulation flow chart.

flow passes through them, as shown in Fig. 5. The working fluid in
the setup was a liquid desiccant solution made of CaCl, and water
with a concentration of 38 + 1%. The flow rate of the desiccant was
set to 69 L/h. The liquid flow was sufficient to fill and completely
inflate the pipes giving them their circular shape and minimizing
the possible non-uniformity of the pipe diameter. This is necessary
since the simplified 1-D model does not account for the possible
non-uniformity in the pipe diameter over the length of the
1.36 m long pipe. The desiccant temperature entering the regener-
ator was controlled through a PID controller and was set at 39 °C
with a 1 °C steady state error from the set value. The controller
was applied to the heating tank which has a heating capacity of
2200 Watts and total volume of 6 1. The temperature of the desic-
cant entering the dehumidifier was controlled through monitoring
the flow of chilled water to the heat exchanger. The temperature at
the inlet of the dehumidifier was set at 24 °C and measured
through a type K thermocouple; the error in the reading is 0.5 °C.

The air at the inlet of the dehumidifier duct was supplied from an
environmental chamber maintained at a mean fixed temperature of
25.8 °C+ 0.3 and mean humidity ratio of 17.45 g,,/kg, + 0.65. The
inlet air at the regenerator was taken from the lab environment at
24.5 °C £ 0.3 and mean humidity ratio of 12.38 £ 0.54 g,,/kg,. Sen-
sors at the inlet and exit of the air flow in the dehumidifier and
regenerator were added to monitor the properties of the air and
hence calculate the mass and heat transfer to it. The sensors used

are OMEGA® HX94A Series Humidity/Temperature sensors with rel-
ative humidity accuracy of +2.5% and temperature accuracy of
+0.3 °C. The sensors were connected to a data acquisition system
which was used to process the input data of the sensors. The mass
flow rate of the air in the dehumidifier/regenerator was calculated
through measuring the air velocity with an anemometer, with error
of 3% of the reading. The air mass flow rate was setat 1.12 g/s by con-
trolling the speed of the suction fans.

After turning on the fans and the pump and regulating the cool-
ing water valves, the sensors were turned on to take the readings
and the testing setup was left to operate for 4 h. The measurements
were saved after observing the temperature and humidity ratio at
the exit of the dehumidifier and regenerator stabilized (fluctua-
tions of less than 2% and 5% of the instantaneous measured value
relative to the average measured values over one hour of the tem-
perature and the humidity ratio, respectively). The measurements
taken for the inlet and exit conditions of the regenerator and dehu-
midifier are shown in Fig. 6 and Fig. 7 respectively.

In order to check the moisture balance of the setup, i.e. the
moisture desorbed by the regenerator is equal to that absorbed
by the dehumidifier; a moisture balance was made on both compo-
nents. The moisture balance was performed using average values
for the inlet and exit conditions of the regenerator and dehumidi-
fier. The rate of mass absorbed/desorbed is calculated using the fol-
lowing mass balance:
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mg = ma(a)inlet - a)outlet) (8)

The rate of moisture absorption by the dehumidifier is found to
be 2.37 x 1073 g/s while that of the regenerator was 2.6 x 103 g/s,
with an error of £3.36 x 107> g/s in estimation of the mass flow
rate from velocity measurements. This error is 9.7% of the moisture
value desorbed in the dehumidifier. This error is within the total
experimental setup accuracy.

At the end of the experiment, the concentration in the tanks did
not change and remained at the initial value of 38%, as measured
by the titration technique HACH 8225 for chloride and HACH
8226 for calcium hardness [41].

The energy balance of the system was done by taking a control
volume over the whole system. The energy inputs were the

enthalpy of air entering the dehumidifier and regenerator and
the heat input through the heaters. Whereas, the energy outputs
were energy through the cooling heat exchanger and enthalpy of
the air leaving the regenerator and dehumidifier. Eq. (9) is used
to evaluate the total energy balance of the system.

AE = Einler - Eoutlet (9)

The difference between inlet and outlet energy in the cycle was
less than 6.2 W. The error in the estimation of energy input and
energy output is +12 W based on heater input error, air flow error,
and temperature measurement error. This error is less than 6% of
the energy input of the heater at 2200 W.

7. Results and discussions
7.1. Model validation

The integrated model of liquid desiccant membrane dehumidi-
fication system was simulated for the geometric and physical
parameters of the experiment while using the experimentally mea-
sured average inlet conditions to the regenerator and dehumidifier
as inputs to the model. To simulate the mathematical model, the
membrane material properties were taken as 5.2 x 10~ m?/s for
the material vapor diffusivity and 0.34 W/m K for the thermal con-
ductivity [42]. The external convection coefficient of the pipe wall
in other studies [13] used natural convection correlations over ver-
tical wall for vertical membrane configuration. For our experiment,
the pipes were placed horizontally in the duct and the Reynolds
number of the air flow based on duct hydraulic diameter was
around 70 which was the case of laminar developing forced con-
vection flow [37]. The average calculated convection coefficient
used in the model for the conditions of the experiment was
3.1 W/m K. It should be noted that the laminar forced convection
may not be the case in indoor air conditioning applications where
natural convection usually prevails. However, given the
experimental setup constraints, the laminar forced convection
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Fig. 7. The inlet and exit conditions to the dehumidifier; (a) humidity ratio and (b)
temperature.

assumption is valid. Nevertheless the value of the heat convection
coefficient used for natural convection was close to the value used
in this study [42].

The predictions of the mathematical model and the actual
experimental measurements of exit temperature and humidity of
the humidifier and regenerator are summarized in Table 1. The
experimental conditions are calculated as the average values of
the measured quantity over the last hour. The uncertainty in the
measurements takes into consideration the fluctuations of the
measured value around the average (standard deviation) and the
uncertainty in the measuring sensor. As shown in Table 1, the
model was able to predict the exit conditions. The error in predict-
ing the temperature was 6.5% in the dehumidifier and 2% in the
regenerator. As for the humidity ratio, the error was 5.4% in the
dehumidifier and 4% in the regenerator. The error in predicting
the humidity ratio in both the dehumidifier and regenerator were
comparable while the temperature prediction was slightly better
for the regenerator as compared to the dehumidifier. In literature,
the disagreement between measured data and model predictions
was more for the regenerator [43]. For a simplified model, the dif-
ference between the expected and the actual is acceptable.

7.2. Case study

In order to test the efficiency of the membrane desiccant cycle,
it will be applied to an internal office space, of dimensions
3m x 6m x 7m, in the city of Beirut (see Fig. 1). As mentioned
earlier, Beirut is a coastal city; hence sea water at 17 °C can be used
as a heat sink to supply the required cooling loads [22].

The office under study has a typical latent and sensible load
profile shown in Table 2 [44]. The membrane desiccant system is
used as the primary system to lower the humidity level in the
office. The dehumidification pipes of the system are assumed to
be installed in a vertical manner on one of the room walls. To
ensure efficient dehumidification, the length of the pipes is equal
to the room height, which is 3 m. The total number of pipes used
is 190, covering the wall area, each with an outer diameter of
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Table 1
Comparison between experimental and theoretical.

Inlet conditions

Exit theoretical

Exit experimental

Temperature (°C) Humidity ratio (gw/kga)

Temperature (°C)

Humidity ratio (gw/kga) Temperature (°C) Humidity ratio (gw/kga)

Dehumidifier 25.8+0.3 17.4+0.6 26.1+0.1 14.5+0.08 24.6+0.3 153+0.6
Regenerator 245+0.3 123 0.5 30.54+0.1 15.28 £ 0.08 31.1+03 14.7 0.6
Table 2

Internal loads and ambient conditions.

Internal sensible Internal latent

Supply air flow

Ambient temperature Ambient humidity Solar flux (W)

load (W) load (W) rate (kg/s) (°C) ratio (gw/Kkga)
8:00-9:00 987 128 0.16 29 17.02 512
9:00-10:00 987 128 0.16 30 18.06 653
10:00-11:00 987 128 0.16 30 18.06 754
11:00-12:00 1554 256 0.22 31 19.15 798
12:00-13:00 1554 256 0.22 31 19.15 780
13:00-14:00 1554 256 0.22 30 18.06 701
2:00-3:00 1392 220 0.20 31 19.15 574
3:00-4:00 1392 220 0.20 31 19.15 419
4:00-5:00 1392 220 0.20 31 19.15 256

2.3 cm. The large number of dehumidification tubes considered is
to ensure that there is sufficient mass transfer area between the
liquid desiccant in the tubes and the room air. A diameter of
2.3 cm for the tubes was selected to insure that the whole wall area
is covered with tubes with small distance between them ignoring
any possible maldistribution that might occur due to irregularity
in both the pipe diameter over the 3 m individual pipe length
and the amount of desiccant entering the pipe.

The indoor space is conditioned by 100% fresh air. Using the heat
sink at 17 °C, the fresh air temperature is lowered from the external
ambient temperature to a temperature of 18 °C. The selection of the
low heat sink temperature was to avoid the need additional cooling
to the supply air to the room or increase the supply flow rate which
would bring more saturated air to the room increasing moisture
removal load. The target is to have a system that is 100% renewable.
The system would perfectly work for lower heat sink temperatures
ifitis working for 17 °C. If the dew point temperature of the ambient
air is higher than 18 °C (which is typical for a summer day in Beirut
City), the supply air will enter at 100% relative humidity and
12.93 g,,/kg, humidity ratio. The corresponding supply air flow
rates, needed to maintain room temperature around 24 °C, are
shown in Table 2. As for the liquid desiccant entering the room
through the pipes, a dehumidification temperature of 23 °C and
concentration of 40% is chosen ensuring dehumidification [45].
The desiccant mass flow rate is set at 3.6 kg/hr per pipe [46,33], to
minimize the heat input to the cycle and at the same time to ensure
that no sensible load is added to the indoor space due to the heating
of the desiccant solution associated with the release of absorption
energy upon moisture removal. As for the regeneration tubes, their
number and diameter is equal to that of the dehumidification pipes
placed in the indoor area, i.e. 190 tube and 2.3 cmrespectively. Their
length however is reduced from 3 m to 1 m to prevent excessive
drop in the desiccant temperature upon interacting with the ambi-
ent air, due to the low desiccant flow rate in the tubes.

The regeneration thermal energy required by the membrane sys-
tem is assumed to be supplied through the use of parabolic solar
panels and a storage tank [23,38]. The parabolic solar panels will
be sized according to the thermal energy consumption required
by the desiccant to raise its temperature to the regeneration
temperature, with the provision that the area occupied by the solar
concentrators does not cover more than 40% of the roof area.

The model is simulated for a representative day in August (15th
of the month), with the ambient conditions shown in Table 2. To
evaluate the performance of the system and its efficiency in

removing humidity from indoor space, two cases are considered,
case (A) the room model with the membrane desiccant system
and case (B) the room model without the desiccant system. The
hourly variation of the room temperature, humidity ratio and rel-
ative humidity for both cases are shown in Fig. 8, Fig. 9 and
Fig. 10, respectively, whereas the hourly thermal energy needed
for the regeneration of the desiccant is shown in Fig. 11.

7.2.1. Membrane desiccant system performance

In the absence of the membrane system (case A), the conditioned
air was able to maintain a good comfort temperature but not a good
relative humidity. The indoor air temperature for case (A) was on
average 24.2 °C ranging between 23.8 °C and 24.5 °C and reaching
a peak value at noon time in accordance with the sensible load, as
shown in Fig. 8. The average value of the humidity ratio was
13.38 gw/kga, which was higher than the supply air humidity ratio
of 12.93 g,,/kg, due to the latent load in the room. The humidity
ratio reached a peak of 13.45 g,,/kg, at noon hour, when the latent
load was the highest as shown in Fig. 9. The relative humidity
achieved in case (A) was on average 70.2%, where its highest value
was 71.8% during the morning, due to the low temperature of the
indoor space and then it decreased throughout the day due to the
increase in the temperature of indoor air, as shown in Fig. 10.

In the presence of the solar regenerated membrane desiccant
system (Case B), the room temperature slightly increased through-
out the day by an average value of 0.25 °C, as was shown in Fig. 8.

264
M Case (A) = Case (B)

25 A

Temperature (°C)

8:00-11:00

11:00-2:00
Hours

2:00-5:00

Fig. 8. Indoor temperature variation; case (A) without the membrane system, case
(B) with the membrane system.
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Fig. 9. Indoor humidity ratio variation; case (A) without the membrane system,
case (B) with the membrane system.

74
MW Case (A)

721 ¥ Case (B)

Relative Humidity (%)

8:00-11:00 11:00-2:00

Hours

2:00-5:00

Fig. 10. Indoor relative humidity variation; case (A) without the membrane system,
case (B) with the membrane system.
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Fig. 11. Thermal energy consumption of the membrane desiccant system with
respect to time.

The slight increase in the room temperature is due to vapor
absorption along the length of the pipes. The absorption energy
associated with moisture removal increased the liquid desiccant
temperature in the tubes which in turn heated slightly the indoor
air. However, this effect has minimal impact on the indoor space
temperature where the increase is only 1% of the room tempera-
ture. As for the humidity ratio of the indoor air of case (B), it was
consistently lower than that of case (A) (see Fig. 9). The difference
between the average humidity ratio of the liquid desiccant, @ ;0n
of 7.7 gw/kg, and the room air is the driving potential for moisture
absorption through the permeable membrane. The average humid-
ity ratio of the indoor air was 11.7 g,,/kg, where it ranged from

11.44 g,,/kg, to a peak value of 11.95 gy, /kg, during midday. The
jump in the value of the room humidity ratio is attributed to two
factors. The first is the increase of the latent load during midday
and the second is the increase of the flow rate of the humid supply
air during midday, which was necessary to maintain an indoor
temperature around 24 °C. The indoor air relative humidity in case
(B) was on average 60% as compared to a value of 70% for case (A)
(see Fig. 10). Due to the slight increase in the room temperature
and due to the substantial reduction in the room humidity ratio,
the membrane system has helped in stabilizing the relative humid-
ity value around 60% throughout the day. The indoor humidity
ratio, relative humidity and temperature achieved in the presence
of the membrane system (Case B) were within the acceptable ther-
mal comfort zone as set by ASHRAE Standard 55 [1,47], which rec-
ommends a strict upper limit of 0.012 kg,,/kg, for humidity ratio, a
relative humidity between 56% and 67% and a temperature
between 24 and 28 °C during the summer.

The thermal energy consumption of the membrane desiccant
system was low during the beginning of the day, it peaked during
mid-day and then it decreased towards the end, as shown in
Fig. 11. This is in accordance with the ambient humidity ratio var-
iation. As the humidity of the ambient increases, the regeneration
temperature of the desiccant increased in order to raise the desic-
cant humidity ratio, ;.-

Due to the low flow rate of the desiccant used, the system gen-
erally consumed relatively low thermal energy (around 3.18 kW as
a mean value).

7.2.2. Economic analysis of the membrane system vs. Conventional
vapor compression system

To estimate the economic feasibility and energy efficiency of
the membrane desiccant system, it will be compared to a conven-
tional vapor compression system (has been in operation for over
100 years) that can attain the same indoor conditions (temperature
and relative humidity within the thermal comfort zone) as that of
the membrane system. The comparison is done over a period of
five month consisting of May, June, July, August and September,
which represent the most humid months of Beirut City and which
require efficient dehumidification.

The vapor compression cycle is assumed to have a coefficient of
performance (COP) of 3. It first subcools the supply air to reach the
required humidity ratio, and then through the use of an electric
heating coil, the supply air is reheated to the appropriate supply
temperature. Gas combustors could have been used to reheat the
air following the vapor compression dehumidification; however
in Lebanon gas combustors are usually used in buildings and not
in small office spaces.

For the case study office space considered in August and simu-
lated in Section 7.2.2, the electric energy required for subcooling
and the reheat energy required during one day of operation are
shown in Table 3. A total daily electric energy consumption of
8 kW h is consumed by the vapor compression cycle in the reheat-
subcool process. This amount will not change throughout the con-
sidered period of five month since the loads are mostly internal
and the supply conditions to the room are the same. The average
ambient temperatures during the considered months is above
24 °C and the dew temperature of the air is on average higher than
18 °C, thus the supply conditions to the room do not change and
hence the amount of 8 kW h remains the same. Over a period of five
month the total electric energy consumption will be 1372.5 kW h.

As for the membrane system, the ambient conditions are vary-
ing every month, and hence the regeneration temperature of the
desiccant will vary accordingly given that the membrane desiccant
system is desorbing the moisture to the ambient environment. To
estimate the regeneration energy of the desiccant, a representative
day was taken for each month and the model was simulated for
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Table 3
Energy loads for the membrane desiccant system and conventional system.

Subcool energy (kW h)

Electric energy required for the subcool (kW h)

Reheat electric energy (kW h)  Total electric energy (kW h)

8:00-11:00 3.67 1.223
11:00-2:00 4.061 1.354
2:00-5:00 3.96 1.32

Total energy (kWh/day) 11.691 3.897

1.39 2.613
1.37 2.724
1.343 2.663
4.103 8.00

that day [23,48]. The thermal energy requirement for each month
is shown in Fig. 12. The thermal energy consumption increases in
accordance with the months of highest humidity ratio. As the
ambient humidity ratio increases, the regeneration temperature
of the desiccant increases and hence the thermal energy require-
ment of the cycle increases. Having established the thermal load
of the membrane desiccant system, the parabolic solar panels
and the storage tank can be sized accordingly [23]. A total of
4.8 m x 1.2 m parabolic collectors along with a 1 m? storage tank
can supply the required thermal energy of the system, given the
solar flux profile shown in Table 2. The total surface area of the
solar panels and the storage tank cover an area that does not
exceed 20% of the roof surface area. Thus the solar system supplies
the total heat required without any additional heat sources. The
solar fraction, which is the ratio of the heat supplied to the cycle
to the heat of the solar energy supplied to the tank, varies from
0.84 in the morning to 0.74 during midday to 1.33 during after
noon. The reason for the high solar fraction in the afternoon is that
the cycle withdraws heat more that the solar flux supplies heat to
the storage tank, due to the fact that the solar flux intensity
decreases in the afternoon. The high solar flux during the morning
hours and midday compensates for this shortage in flux in the
afternoon. An average solar fraction of 0.97 is obtained for a single
day in August (August 15).

The aim of the current economic analysis is to determine the pay-
back period using present worth analysis and to obtain the return on
the investment in the cost of the membrane system and the para-
bolic solar collectors. The cost of installing the membrane system
is compared to the cost of installing the vapor compression cycle
in addition to the cost of electric energy consumed every year. The
installation and operating cost of the fan and pump will not be con-
sidered in the analysis since they are used in both systems.

The cost of the membrane system includes the initial costs of
the dehumidification/regeneration pipes and the parabolic solar
panels. The total length of parabolic collectors required to supply
the monthly regeneration energy of the membrane desiccant is
4.8 m with a width of 1.2 m. The estimated cost of the parabolic
collectors is $2000 [23], where a single module of specifications
shown in Table 4 costs. As for the membrane itself, the material
used, which is Propore®, costs $5/m? [32], for a total of 80 m? of
Propore, the cost is $400. The cost of installation and fabrication
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Fig. 12. Monthly thermal consumption of the membrane desiccant cycle.
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Table 4
Module specifications of the parabolic solar collector.

Design parameter Value

Tank specifications
Tank volume 1m?

Tank total surface area 5.545 m?
Loss coefficient of tank 0.5 W/m? k
Parabolic solar module specifications

Collector tube diameter 0.06 m
Transparent cover tube diameter 0.09 m
Flow rate of water in collector 0.0535 kg/s
Width of the collectors 1.2m
Length of the collectors 24 m

of the membrane pipes is estimated as $500. Therefore the total
cost of the membrane-desiccant system is $2900.

Considering a commercially available vapor compression sys-
tem, the initial installation cost is estimated as $800, whereas
the cost of electricity in Beirut City is estimated as 0.19 $/kW h.
Therefore the cost of electricity consumption by the vapor com-
pression cycle over the operational period of 5 month per year is
calculated to be $261.

In order to determine the present worth value, P, of both sys-
tems, we us the following expressions at discount rate d:

P—A ) g (10a)
P=A-" i=d (10b)
oy i

In Egs. (10a) and (10b), n the number of years and i is the annual
rate at which electricity costs are increasing. Using a discount rate
of 2% and assuming an annual rate of electricity price increase as
3%, the payback back period after which the initial investment in
the solar collectors [49] and the membrane system is returned to
the costumer is 7 years and 8 month.

This is a relatively long payback period. It can be justified that
the system is operating for a period of 5 month per year, as com-
pared to other locations in the globe which need dehumidification
throughout the year. Other membrane systems that have been
studied in literature have a payback period of 4-6 years [45].

8. Conclusions

In this study, the performance and feasibility of a membrane
desiccant system integrated with solar energy has been evaluated.
A theoretical model has been proposed to integrate the indoor
room model with the membrane desiccant system and the para-
bolic solar collectors. Experiments were performed to validate
the theoretical model. The predictions of the theoretical model
were in good agreement with the experimental findings. After
the validation, the system was applied to a test case for a typical
internal office space in Beirut City. The results showed that the sys-
tem can achieve indoor thermal comfort with minimal effects on
room temperature. A drop of 10% of indoor relative humidity was
observed when the system was installed. The economic cost of
the membrane desiccant system was then compared to a conven-



132 K. Keniar et al./Applied Energy 138 (2015) 121-132

tional vapor compression cycle that can achieve the same indoor
conditions as the desiccant system, in the presence of a heat sink.
The cost of the vapor compression cycle in addition to the electric-
ity consumption each year was compared to the initial cost of the
solar panels and the membrane system. The payback period to
return the initial cost of the investment was estimated, using pres-
ent worth analysis, and was found to be 7 years and 8 month.

Future research will be focused on the performance of the per-
meable pipes in removing the latent loads where optimization
techniques can be used to set the design parameters of the perme-
able membrane cycle so as to achieve best dehumidification with
minimal thermal and cooling loads.
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