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A B S T R A C T

Effective humidity management is a key challenge for engineering systems operating at extreme moisture con
tents such as building dehumidification and industrial drying. Conventional low-temperature condensation- 
based humidity management systems are energy-intensive because they couple dehumidification with sensible 
cooling. To address this, a thermally-driven, semi-open sorption-based humidity management system is devel
oped, which separates latent and sensible loads by directly capturing moisture from the humid air. This approach 
eliminates the low-temperature cooling step, thereby allowing a high-temperature dehydration process with 
improved energy efficiency. The energy consumption of sorbent-based systems highly depends on the perfor
mance of their desorber modules. This study experimentally analyzes the performance of textured falling film 
and membrane-based desorbers in a semi-open sorption-based humidity management system. The effects of key 
operating parameters, including sorbent flow rate and desorber temperature, on drying performance are assessed 
at three representative air conditions with medium, high, and extreme humidity contents relevant to dehu
midification in buildings and drying in industrial systems. The results showed that the moisture removal rate and 
drying energy efficiency increase at lower sorbent flow rates and higher desorber temperatures within the 
experimental range examined. More importantly, the membrane-based desorber module demonstrates a higher 
moisture removal rate and drying energy efficiency compared with its falling film desorber counterpart due to a 
reduction in associated heat and mass resistances. At a sorbent flow rate of 2.5 g/s and desorber temperature of 
140 ◦C, the membrane-based desorber module showed a moisture removal rate of 2.5 g/m2-s and an energy 
efficiency of 63.7 %, which are 78.6 % and 64.2 % higher than the falling film desorber module, respectively. The 
findings obtained from this study expedite the development of advanced textured desorbers for next-generation 
semi-open liquid-desiccant humidity management systems for future energy-efficient buildings and industrial 
drying processes.

1. Introduction

Humidity management in residential and industrial applications is 
one of the ubiquitous, yet energy-intensive, processes. For instance, in
dustrial dehydration reflected a primary energy market size of 1623 
TBtu in the United States (U.S.) in 2012 (i.e., 32 % of the U.S. 
manufacturing steam usage) [1]. In the residential sector, clothes dryers 
are in approximately 90 % of U.S. households (i.e., 89 million units; 75 
% electric- and 25 % gas-driven) and were responsible for about 3.2 % of 
total residential energy consumption in the U.S. in 2022 [2–4]. In typical 

dehydration processes, thermal energy is employed to thermally 
vaporize moisture, thereby resulting in a dehydrated product [5]. 
However, removing moisture by evaporation is a complex process 
requiring a substantial amount of energy to overcome the latent load of 
evaporation [6–9].

The most commonly used industrial and residential dryers rely on the 
forced convection heat and mass transfer mechanism in which a hot air 
stream comes into contact with the product being dried [10]. Rotary 
dryers [11], fluidized bed dryers [12], spray dryers [13], and impinge
ment dryers [14] are among typical system configurations employing 
the convection thermal drying mechanism. They are simple in concept 
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and operation with the benefit of a short drying time. Convection-based 
thermal drying systems, however, reject about 40–50 % of the input 
energy to ambient through the warm/moist air stream that is vented 
[15]. There have been several approaches targeting to increase the en
ergy efficiency of convection-based thermal drying systems. This in
cludes optimizing the system’s operating parameters [16], recirculating 
the warm/moist air leaving the system [17], and waste heat recovery 
through heat exchangers [18], or a combination of these approaches 
[15]. For instance, Fil et al. [19] examined exhaust gas recirculation as 
well as recuperation to increase the energy efficiency of a commercial 
gas-fired dryer. They reported energy savings of about 9 % and 15 % 
over the baseline model when the exhaust gas was recirculated and 
recuperated, respectively. However, despite considerable progress in 
reducing the energy consumption of convection-based thermal drying 
systems, existing approaches only capture the sensible heat of the vented 
air and not its latent heat.

Over the past few decades, significant attempts have been made to 
improve the energy efficiency of dehydration systems through non- 
thermal drying technologies. This includes vacuum drying [20], mi
crowave heating technology [21], cold plasma drying [22], contact/ 
non-contact ultrasonic wave technology [23,24], infrared drying, and 
freezing drying [25]. For instance, using high-frequency vibration of 
piezoelectric transducers, Peng et al. [24] experimentally explored 
fabric drying. They showed that the energy consumption of ultrasonic 
dryers is up to one order of magnitude lower than conventional electric- 
resistance fabric dryers as they bypass the latent heat of evaporation. 
However, non-thermal drying systems are often adapted for small-scale 
applications and often suffer from system complexity, reliability, and/or 
cost [5].

One attractive strategy to enhance the drying energy efficiency is to 
condense the humidity of the warm/moist air leaving the dryer system, 
thereby potentially allowing air circulation and/or latent heat recu
peration. A simple approach employed in condensing dryers is to utilize 
an air-to-water/air heat exchanger at the system’s outlet to dehumidify 
the air leaving the drum and thus allow air circulation [26,27]. Jian 
et al. [26] experimentally explored the drying performance of a 
condensing dryer utilizing a water-cooled plate-fin heat exchanger. 
Their experiments showed a significant enhancement in drying perfor
mance due to air dehumidification and circulation. However, condenser 
dyers employing an air-to-water/air heat exchanger are not able to 

easily leverage the latent heat associated with the moisture condensa
tion process. In contrast, heat pump dryers (HPDs) capture the latent 
heat released during the moisture condensation process in their evapo
rator module and transfer the captured energy to the air stream in their 
condenser module. As such, heat pump dryers are more energy-efficient 
than pure condensing dryers [28]. A heat pump dryer might be enabled 
by a vapor compression refrigeration (VCR-HPD) [29,30], an absorption 
refrigeration cycle (ARC-HPD) [31,32], or solid-state thermoelectric 
(TE-HPD) [7,33]. Strommen et al. [34] reported up to 60–80 % reduc
tion in the energy consumption of a VCR-HPD system compared to 
conventional drying systems operating at the same temperatures. 
However, heat pump dryers need to cool the air stream to the dew point 
to perform the moisture condensation process. As such, heat pump 
dryers waste a significant amount of sensible heat that is otherwise 
available for improving energy efficiency.

More recently, semi-open sorption cycles have been considered for 
improving the energy efficiency of the drying/dehumidification systems 
[35–40]. In semi-open sorption-based dehydration systems, the sorbent 
media directly interacts with the warm/moist air to capture its humid
ity, thus enabling air circulation. At the same time, the sorption-based 
humidity capture process is exothermic which increases the air tem
perature for better drying. However, the humidity capture capacity of a 
sorbent media decreases at high temperatures. Therefore, a careful 
balance between various sorbent operating parameters is critical for 
improved sorption-based drying performance. Fil et al. [9] explored the 
energy consumption and drying time of a commercial gas-fired tumble 
dryer integrated with a solid-desiccant-based thermal energy storage 
system. They employed a silica gel sorption bed at the drum outlet to 
capture the moisture and circulate the air back to the drum. They 
showed their approach decreases the overall energy consumption by 22 
%, increases the drying energy efficiency by 60.7 %, and reduces the 
drying time by 19 %. However, the solid-desiccant-based drying systems 
need to consider the energy required for the regeneration half-cycle 
and/or employ a two-bed or desiccant wheel approach for continuous 
operation. In any of these cases, the solid-desiccant-based drying sys
tems fail to effectively recover the heat supplied for the regeneration 
half-cycle. Liquid-desiccant-based drying systems, on the other hand, 
are more suitable to effectively recover a large fraction of the energy 
supplied for the regeneration process [41–47].

The above literature review indicates that existing drying systems 

Nomenclatures

NTD Non-thermal drying
VD Vacuum drying
ER Electric resistance
TD Thermal drying
HPD Heat pump dryers
VCR-HPD Vapor compression refrigeration heat pump dryers
TE Thermoelectric
DWA Dry and warm air
DHA Dry and hot air
S-A HX Solution-to-air heat exchanger

Greek letters
ω Humidity ratio
ηth Thermal efficiency
ρ Density
δ Uncertainty
ϕ Relative humidity

Chemical symbols
LiBr Lithium Bromide

Symbols
A Area
J Dehumidification rate
v vapor
T Temperature
x Desiccant concentration
p Pressure
ṁ Mass flow rate
hfg Latent heat of vaporization
Pwv,air Partial water vapor pressure of the air side
Pwv,LiBr Partial water vapor pressure of the LiBr solution
Q̇ Net heat input

Subscripts
deh Dehumidification
des Desorber
in Inlet
out outlet
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suffer to simultaneously recover both sensible and latent heat associated 
with the warm/moist air leaving the drum unit. In a recent study [48], 
the authors proposed a novel semi-open liquid-desiccant-based humid
ity management concept that simultaneously recovers both sensible and 
latent heat while allowing an efficient recovery of the energy supplied 
for the regeneration process. The new drying system decouples latent 
and sensible loads, thereby enabling a high-temperature adsorption 
process. While our previous study [48] offered modeling insights into 
the drying performance of a semi-open liquid-desiccant-based humidity 
management system, the present study aims at the experimental eval
uation of the new system under various operating conditions. In 
particular, the energy consumption of the proposed system largely de
pends on the performance of its desorber module. As such, the primary 
objective of the present study is to experimentally evaluate the perfor
mance of two textured falling film and membrane-based desorber 
modules in a semi-open sorption-based humidity management system. 
Here a well-equipped test facility is developed to experimentally 
investigate the effect of the operating sorption parameters including the 
sorption flow rate and desorber operating temperature on the drying 
performance. In the following, first, the design and fabrication of the 
new liquid-desiccant-based system are discussed. Then, the data 
reduction and test procedure are reviewed. Finally, the effect of desorber 
operating parameters on the drying performance of the liquid-desiccant- 
based dehydration is presented.

2. Experiment and uncertainty analysis

2.1. Semi-open sorption-based humidity management test facility

An experimental test facility was developed to evaluate the perfor
mance of the semi-open sorption-based humidity management cycle at 
different sorbent and air operating conditions. Fig. 1 shows an image of 
the experimental test facility. The system includes two main cycles: the 
semi-open liquid desiccant and airflow cycles. The important thermo- 
hydraulic properties of the liquid desiccant (i.e., LiBr solution) and air 
including temperature, density, and flow rate are measured to better 
analyze the heat and mass transfer performances of various system 
modules. The liquid-desiccant and air flow cycles are discussed in detail 

in the following.
Semi-open liquid-desiccant cycle: The dehumidifier and desorber 

modules are the two main components of the semi-open liquid-desiccant 
cycle. Other components of the sorption cycle include a solution heat 
exchanger, a solution-to-air heat exchanger (S-A HX), two solution flow 
meters (Model: Emerson Electric Co., Micro Motion Elite Coriolis Flow/ 
Density Meter, CMFS series), ten solution flow meters (Model: Omega, 
FL-3396 ST), and two submersible pumps. The strong lithium bromide 
(LiBr) solution initially flows through the first Coriolis flow meter and 
then ten variable solution flow meters before reaching the dehumidifier 
module. The dehumidifier module is a cross-flow heat/mass exchanger 
consisting of five double-sided textured polycarbonate plates over which 
the LiBr solution flows and absorbs moisture from the humid air stream. 
The driving force for the absorption process is the water vapor pressure 
difference between the air and LiBr sides. The ten variable flow meters 
ensure an even distribution of the LiBr solution among different dehu
midifier plates. Upon the absorption process, the weak water-rich LiBr 
solution leaving the dehumidifier module flows through the second 
Coriolis flow meter, the solution heat exchanger, and then the semi-open 
desorber module. An oil heater placed at the back of the desorber plate 
provides thermal energy to thermally reject the initially absorbed water 
vapor molecules out of the LiBr solution. The released water vapor 
molecules are condensed at the condenser plate and drained out from 
the system. Then, the hot and strong LiBr solution leaving the semi-open 
desorber-condenser module flows through the solution heat exchanger 
before reaching the dehumidifier module. In the solution heat 
exchanger, the hot LiBr solution leaving the desorber module heats the 
low-temperature LiBr solution entering the desorber module to reduce 
the input thermal energy to the desorber module. After the solution heat 
exchanger, the strong LiBr solution passes through the solution-to-air 
heat exchanger. Here, the warm and strong LiBr solution partially 
heats the air stream before flowing back to the dehumidifier reservoir to 
complete the liquid desiccant cycle.

Air cycle: As shown in Fig. 1, the air cycle consists of the condenser, a 
mist generator, an in-line fan, an air heater unit, a honeycomb laminated 
air flow meter (Model: Air Monitor Inc., 4” LO-flo/P with an integral 
temperature probe), and several thermocouples (T-type), and three 
humidity sensors (Model: Vaisala Inc., HMT 337). The airflow meter 
precisely measures the volumetric air flow rate. The warmed-prob hu
midity sensors reliably monitor and control the relative humidity of the 
air at the inlet/outlet of the dehumidifier and outlet of the condenser. 
The T-type thermocouples at the inlet/outlet of the dehumidifier and the 
condenser modules control the temperature of the air stream entering 
and leaving each module. The fan blows the humid and warm air stream 
to the dehumidifier module. A desired air humidity and temperature are 
provided by the mist generator and air heater positioned before the 
dehumidifier module. The humid and warm (HWA) air stream interacts 
with the strong LiBr solution flowing through the dehumidifier module 
to absorb air humidity. The heat released during the exothermic ab
sorption process is partially transferred to the air stream. The dry and 
warmer air (DWA) leaving the dehumidifier module passes through the 
airflow meter flows and then the condenser modules. The latent heat 
released during the condensation process is indirectly transferred to the 
air stream. The dry and hot air (DHA) leaving the condenser modules 
flows to the drum to complete the air cycle.

2.2. Integrated semi-open desorption-condensation process

The liquid desiccant and air cycles described in the previous section 
are connected through an integrated semi-open desorber-condenser 
module. Fig. 2a-e show a schematic of the semi-open membrane-based 
desorption-condensation process, an image of the semi-open textured 
membrane-based desorber surface, an image of the semi-open textured 
falling film desorber surface, an image of condenser fins, and a cross- 
sectional view of the integrated semi-open desorber-condenser mod
ule, respectively. The module consists of an oil heat exchanger, a 

Fig. 1. An image of the semi-open sorption-based humidity management 
test facility.
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textured brass desorber plate, a solution distributor, a solution collector, 
an aluminum condenser, a polycarbonate plate between the desorber 
and condenser, three polycarbonate cover plates, two 3D-printed air 
inlet/outlet manifolds, and two 3D-printed prob. holders. Two different 
semi-open desorber configurations were explored: textured membrane- 
based desorber (Figs. 2a and b) and textured falling film desorber 
(Fig. 2c). In the membrane-based desorber design, the solution is con
strained between the brass plate employing features with a height of 0.5 
mm and a layer of a superhydrophobic micro-porous membrane with a 
pore size of 1 μm and a thickness of 200 μm. In the falling film desorber 
design, the height of the brass features on the desorber plate is 3 mm.

A hot oil stream flowing through the oil heat exchanger supplies the 
thermal energy required for the desorption process. The effective surface 
area of the desorber plate is 0.09 m2. While the weak LiBr solution is 
constrained by the superhydrophobic membrane, the water vapor mol
ecules released during the desorption process pass through the mem
brane and are condensed at the condenser plate. The latent heat released 
during the condensation process indirectly heats the air stream through 
the condenser fins. The thickness, spacing, and height of the condenser 
fins are 1.2, 3, and 76 mm, respectively. The temperature of the inlet air 
is measured by five thermocouples. Moreover, five thermocouples and a 
humidity sensor monitor the air properties at the condenser outlet.

2.3. Data reduction and uncertainty analysis

Nominal value, range, experimental error, and uncertainty of the 
main parameters of the experiments, including solution flow rate, so
lution density, solution temperature, air flow rate, air relative humidity, 
air temperature, oil flow rate, and oil temperature, are listed in Table 1. 
The net moisture removal rate per projected area of the dehumidifier 
plates is defined as the dehumidification rate (Jdeh). The net moisture 
captured from the humid air to the strong LiBr solution is equal to the 
change in LiBr solution concentration: 

Jdeh =
ṁair

(
ωair,in − ωair,out

)

Aproj
=

ṁLiBr
(
xLiBr,in − xLiBr,out

)

Aproj
, xLiBr = f(TLiBr, ρLiBr)

(1) 

where ṁair is air mass flow rate, ωair is the humidity ratio of the air, ṁLiBr 
is the LiBr solution mass flow rate, and xLiBr is LiBr solution concentra
tion which is a function of solution temperature (TLiBr) and density 
(ρLiBr). The total projected area (Aproj) of the ten dehumidifier plates is 1 
m2.

The uncertainty associated with the dehumidification rate (Jdeh) is 
calculated using the following equation: 

δJdeh

Jdeh
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎛

⎝δṁLiBr

ṁLiBr

⎞

⎠

2

+ 2
(

δρLiBr

ρLiBr

)2

+ 2
(

δTLiBr

TLiBr

)2

√
√
√
√
√ (2) 

The moisture removal rate in the dehumidifier module is a function 
of the vapor partial pressure potential (ΔP) between the humid air 
stream and the strong LiBr solution as follows: 

ΔP = Pwv,air,inlet(Tair,ϕair) − Pwv,LiBr,inlet(TLiBr, xLiBr) (3) 

where Pwv,air is a function of air temperature (Tair) and humidity (ϕair), 
and Pwv,LiBr is a function of LiBr temperature (TLiBr) and concentration 
(xLiBr).

The thermal efficiency of the integrated semi-open desorber- 
condenser module (ηth) can be determined as follows: 

ηth =
ṁair

(
ωair,in − ωair,out

)
hfg

Q̇net,desorber
(4) 

where the hfg is the latent heat of evaporation, and Q̇net,desorber is the net 
input thermal energy supplied by the hot oil stream to the desorber 

Fig. 2. (a) A schematic of the semi-open membrane-based desorption-condensation process, (b) an image of the semiopen textured membrane-based desorber 
surface, (c) an image of the semi-open textured falling film desorber surface, (d) an image of condenser fins, and (e) a cross-sectional view of the integrated semi-open 
desorber-condenser module.

Table 1 
Nominal value, range, experimental error, and uncertainty of main parameters.

Parameter [unit] Nominal 
value

Range Experimental 
error

Uncertainty

LiBr solution flow 
rate [g/s] 3.25 2.5–4 ± 0.325 ± 0.1 %

LiBr solution 
density [kg/m3] 1450 1445–1455 ± 0.5 ± 0.03 %

LiBr solution 
temperature 
[◦C]

40 38–42 ± 1 ± 2.5 %

Air volumetric 
flow rate [m3/h]

170 160–180 ± 3.4 ± 2 %

Relative humidity 
[%] 73 63–83 ± 1 ± 1.3 %

Air temperature 
[◦C]

50 32–68 ± 0.2 ± 0.4 %

Humidity ratio 
[gwater/kgdry-air]

75.8 23.8–127.8 ± 2.5 ± 3.3 %

Oil flow rate [g/s] 50 48–52 ± 2 ± 4 %
Oil temperature 

[◦C] 130 120–140 ± 1 ± 0.8 %

Desorber heat 
input [W] 600 400–800 ± 28 ± 4.6 %

B. Ahmadi et al.                                                                                                                                                                                                                                 International Communications in Heat and Mass Transfer 163 (2025) 108794 

4 



module. It should be mentioned that the integrated desorber-condenser 
module is the primary energy-consuming component of the system.

The uncertainty associated with the thermal efficiency and the net 
input thermal energy can be determined as follows: 

δη
η =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎛

⎝δṁair

ṁair

⎞

⎠

2

+

(
δωair,in

ωair,in

)2

+

(
δωair,out

ωair,out

)2

+

⎛

⎜
⎝

δQ̇net,desorber

Q̇net,desorber

⎞

⎟
⎠

2
√
√
√
√
√
√ (5) 

δQ̇net,desorber

Q̇net,desorber
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎛

⎝δṁLiBr

ṁLiBr

⎞

⎠

2

+ 2
(

δTLiBr

TLiBr

)2

+

⎛

⎝δṁv

ṁv

⎞

⎠

2
√
√
√
√
√ (6) 

where ṁv is the vapor generation rate (i.e., desorption rate) defined as: 

ṁv = ṁLiBr
(
xout,des − xin,des

)
(7) 

The uncertainty associated with the vapor generation rate is defined 
as follows: 

δṁv

ṁv
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎛

⎝δṁLiBr

ṁLiBr

⎞

⎠

2

+ 2
(

δTLiBr

TLiBr

)2

+ 2
(

δρLiBr

ρLiBr

)2

√
√
√
√
√ (8) 

2.4. Test procedure

The performance of the proposed semi-open sorption-based humid
ity management system was experimentally explored for three repre
sentative air conditions with medium, high, and extreme humidity 
contents for both falling film and membrane-based desorber modules. 
Here, two main operating parameters of the sorbent cycle were studied: 
the inlet oil temperature and the desorber solution mass flow rate. For 
each test, first, the LiBr solution and air mass flow rates were adjusted. 
Then, the desired air temperature and relative humidity at the inlet of 
the dehumidifier module were established. The air temperature (in ◦C)/ 
relative humidity/humidity ratio (in g of water per kg of dry air) of the 
medium, high, and extreme humidity contents were 32.5 ◦C/81 %RH/ 
25.4 g/kg, 45 ◦C/80 %RH/51.2 g/kg, and 66.5 ◦C/65 %RH/129.6 g/kg, 
respectively. Finally, the oil heater temperature was adjusted to provide 
the target inlet oil temperatures to the desorber module (i.e., 120 and 
140 ◦C).

The desorber/dehumidifier inlet/outlet solution mass flow rate and 
concentration/density, air flow rate, dehumidifier inlet air temperature, 
and dehumidifier inlet air relative humidity, were continuously moni
tored for each test to ensure a steady-state operating condition. The 
temperature and density of the LiBr solution to/from the desorber/ 
dehumidifier modules were monitored by the two Coriolis solution mass 

flow meters. The relative humidity and temperature of the airflow 
stream were monitored by humidity sensors and thermocouples posi
tioned at the inlet/outlet of the dehumidifier/condenser modules. In 
addition, the inlet/outlet temperature of the hot oil stream to/from the 
desorber module was monitored. Each data point in the result section 
was recorded after at least 30 min of a continuous steady-state opera
tion. Additionally, each test was repeated at least three times to ensure 
the repeatability of the data presented.

3. Results and discussion

The test setup described in the previous sections was employed to 
evaluate the performance of the high-T semi-open sorption-based hu
midity management cycle at three representative air conditions with 
medium (32.5 ◦C/81 %RH/25.4 g/kg), high (45 ◦C/80 %RH/51.2 g/kg), 
and extreme (66.5 ◦C/65 %RH/129.6 g/kg) humidity levels that are 
relevant to dehumidification in buildings and drying in industrial sys
tems. During the tests, the air flow rate was fixed at 0.047 m3/s. Fig. 3a 
shows the outlet humidity ratio of the dehumidifier module as a function 
of the desorber LiBr solution flow rate at two different inlet oil tem
peratures of 120 ◦C and 140 ◦C for both semi-open falling film and 
membrane-based desorbers at the medium humidity level. As shown, the 
outlet humidity ratio of the dehumidifier module decreases (i.e., more 
dehumidification) as the LiBr solution flow rate of the desorber module 
decreases. This is attributed to the desorber solution film thickness, 
which reduces at lower solution flow rates of the desorber module. A 
thinner LiBr film intensifies the associated heat and mass transfer rates 
of the desorber module, which results in a higher desorption/absorption 
rate of the desorber/dehumidifier module. Consequently, the dehu
midifier outlet humidity ratio decreases at lower desorber solution flow 
rates. In addition, the dehumidifier outlet humidity ratio of the sorption 
system employing the membrane-based desorber is lower than that of 
the system with the falling film desorber module. This is because the 
effective solution film thickness of the membrane-based desorber is 
lower than that of the falling film desorber, which increases the 
desorption and absorption rates of the membrane-based sorption sys
tem. Additionally, at a given desorber solution flow rate, the dehumid
ifier outlet humidity ratio is lower at higher desorber temperatures. At 
higher desorber temperatures, the desorption rate and the associated 
absorption rate are higher, thereby reducing the dehumidifier outlet 
humidity ratio. Furthermore, Fig. 3b shows the outlet humidity ratio of 
the dehumidifier module as a function of the desorber solution flow rate 
at medium, high, and extreme humidity levels for the semi-open mem
brane-based desorber at the inlet oil temperature of 140 ◦C. As expected, 
the dehumidifier outlet humidity ratio increases as the inlet humidity 
ratio increases from the medium to extreme humidity level. This is 
because the desorption and dehumidification rates do not drastically 

Fig. 3. Dehumidifier outlet air humidity ratio as a function of the desorber LiBr solution flow rate (a) at two different inlet oil temperatures of 120 and 140 ◦C for 
both semi-open falling film and membrane-based desorbers at the medium humidity level and (b) at medium (32.5 ◦C/81 %RH/25.4 g/kg), high (45 ◦C/80 %RH/ 
51.2 g/kg), and extreme (66.5 ◦C/65 %RH/129.6 g/kg) humidity levels for the semi-open membrane-based desorber.
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change when the inlet air humidity level increases.
Fig. 4a shows the condenser outlet air temperature versus the 

desorber LiBr solution flow rate at different desorber temperatures and 
the medium humidity level (i.e., 32.5 ◦C/81 %RH/25.4 g/kg). As shown, 
the condenser outlet air temperature increases at lower desorber LiBr 
solution flow rates. This is attributed to the desorption rate, which is 
higher in lower solution flow rates exhibiting thinner film thicknesses. 
At higher desorption rates, the condensation rate and its associated 
latent heat released are intensified, thereby increasing the condenser 
outlet air temperature. In addition, the condenser outlet air temperature 
increases at higher desorber temperatures. This can be explained by the 
higher desorption/condensation rate at higher desorber temperatures, 
which increases the condenser outlet air temperature. Additionally, the 
condenser outlet air temperature of the sorption system utilizing the 
semi-open membrane-based desorber is higher than that of the semi- 
open falling film desorber module. This is because the desorption/ 
condensation rate of the sorption system with the membrane-based 
desorber is higher than the falling film desorber system, which in
creases the dehumidifier outlet air temperature. Furthermore, Fig. 4b 
shows the condenser air temperature rise of the semi-open membrane- 
based desorber as a function of the desorber solution flow rate at the 
medium, high, and extreme humidity levels to the dehumidifier module 
and at the inlet oil temperature of 140 ◦C. As shown, the air temperature 
increases in the condenser module at the medium (32.5 ◦C/81 %RH/ 
25.4 g/kg) and high (45 ◦C/80 %RH/51.2 g/kg) humidity levels. This is 
because the temperature at which the condensation process occurs is 
higher than the air temperature at the medium and high humidity 
contents. In contrast, the air temperature decreases in the condenser 
module at the extreme (66.5 ◦C/65 %RH/129.6 g/kg) humidity level as 
the condensation temperature is lower than the air temperature. This 
also indicates there is a significant heat loss to the ambient in the 
condenser module at the extreme humidity level.

Fig. 5a shows the desorption rate as a function of the desorber LiBr 
solution flow rate at two different desorber temperatures of 120 and 140 
◦C and the medium humidity level to the dehumidifier module (i.e., 
32.5 ◦C/81 %RH/25.4 g/kg). At a given desorber temperature, the 
desorption rate decreases with the desorber solution flow rate. This is 
because the solution flow thickness increases at higher solution flow 
rates, which decreases the desorption rate. It should be noted that the 
desorption rate of a membrane-based desorber module is expected to 
increase with the desorber solution flow rate as reported in the literature 
[42,43,49,50]. This would be the case if the thickness of the solution 
film constrained by the hydrophobic membrane remains the same. 
However, it appears that the effective solution film thickness of the 
present membrane-based desorber module increases with the desorber 
flow rate due to an amplified membrane buckling at higher solution flow 

rates. A thicker sorbent film introduces additional heat and mass transfer 
resistances, thereby reducing the desorption rate. One plausible reason 
behind this observation could be due to the large size of the desorber 
module employed in the present study versus the small size of desorber 
modules used in Refs. [42, 43, 49, 50] (900 vs. 20 cm2). Maintaining a 
constant solution film thickness without any membrane bulking is 
significantly more challenging at larger desorber sizes of the present 
study. This highlights an area for potential improvement of the proposed 
membrane-based desorber-condenser module. Also, the desorption rate 
increases at higher desorber temperatures due to the increase in the 
water vapor pressure of the LiBr solution. Additionally, the desorption 
rate of the sorption system with the semi-open membrane-based 
desorber module is higher than that of the system with the semi-open 
falling film desorber module due to a lower effective solution film 
thickness of the membrane-based desorber. Furthermore, Fig. 5b shows 
the desorption rate of the semi-open membrane-based desorber as a 
function of the desorber solution flow rate at the medium, high, and 
extreme humidity levels to the dehumidifier module and the inlet oil 
temperature of 140 ◦C. As shown, the desorption rates are almost 
identical when the humidity level of the dehumidifier module varies 
from medium to high and extreme conditions. This explains that the 
performance of the desorber module highly depends on the thermohy
draulic conditions of the desorber module including the desorber solu
tion flow rate and temperature. The slight increase in the desorption rate 
from the medium to extreme humidity level can be explained by the LiBr 
solution concentration which decreases (i.e., a weaker water-rich solu
tion due to a slightly higher dehumidification rate) as the humidity level 
of the dehumidifier module increases. The desorption rate increases as 
the concentration of non-evaporating species (i.e., the LiBr salt) 
decreases.

Fig. 6a shows the thermal efficiency of the integrated semi-open 
desorber-condenser module versus the desorber LiBr solution flow rate 
at two different desorber temperatures of 120 and 140 ◦C and the me
dium humidity level to the dehumidifier module (i.e., 32.5 ◦C/81 %RH/ 
25.4 g/kg). As shown, at a given desorber temperature, the thermal 
efficiency of the integrated semi-open desorber-condenser module de
creases as the desorber solution flow rate increases. This is attributed to 
the desorption rate and the sensible heat carried by the LiBr solution, 
which both increase at higher desorber solution flow rates. Also, the 
integrated semi-open desorber-condenser becomes more energy- 
efficient at higher desorber temperatures. This can be attributed to 
two reasons. First, the desorption rate is higher at higher desorber 
temperatures due to augmented water vapor pressure potentials. Sec
ond, the LiBr solution gets to the saturation temperature at a shorter 
desorber length as the desorber temperature increases, thereby 
increasing the effective surface area for the desorption process. 

Fig. 4. Condenser outlet (a) air temperature as a function of the desorber LiBr solution flow rate at two different inlet oil temperatures of 120 and 140 ◦C for both 
semi-open falling film and membrane-based desorbers at the medium humidity level and (b) air temperature rise of the membrane-based desorber module at medium 
(32.5 ◦C/81 %RH/25.4 g/kg), high (45 ◦C/80 %RH/51.2 g/kg), and extreme (66.5 ◦C/65 %RH/129.6 g/kg) humidity levels for the semi-open membrane- 
based desorber.
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Additionally, the thermal efficiency of the sorption system with the 
semi-open textured membrane-based desorber module is higher than 
that of the system with the semi-open textured falling film desorber 
module owing to a lower effective solution film thickness of the 
membrane-based desorber module. As a result, a shorter desorber length 
is required for the LiBr solution to get to the saturation temperature, 
thereby decreasing the sensible heat carried by the LiBr solution as well 
as increasing the effective surface area of the desorber module. 
Furthermore, Fig. 6b shows the thermal efficiency of the semi-open 
membrane-based desorber module as a function of the desorber LiBr 
flow rate at the medium, high, and extreme humidity levels to the 
dehumidifier module and the inlet oil temperature of 140 ◦C. As shown, 
the thermal efficiency of the integrated semi-open desorber-condenser 
module just slightly increases as the humidity level of the dehumidifier 
module varies from medium to extreme conditions. The increase in the 
thermal efficiency of the integrated semi-open desorber-condenser 
module can be explained by the enhanced desorption rate caused by the 
weaker LiBr solution concentration at higher humidity levels of the 
dehumidifier module.

4. Conclusions

This study experimentally examined the performance of textured 
falling film and membrane-based desorber modules in a semi-open 
sorption-based humidity management system at extreme moisture 
contents. The semi-open desiccant-based humidity management system 
includes two main modules: a dehumidifier and an integrated semi-open 
desorber-condenser module. The dehumidifier module directly captures 

the humidity (i.e., latent load) of the air stream. The captured humidity 
is then rejected in the integrated desorber-condenser module and sub
sequently condensed. The latent heat of condensation is transferred to 
the process air. The performance of the semi-open sorption-based hu
midity management cycle was evaluated at different desorber solution 
flow rates and operating temperatures at three representative air con
ditions with medium, high, and extreme humidity contents that apply to 
dehumidification in buildings and drying in industrial systems.

The results revealed that the desorption rate and thermal efficiency 
of the semi-open membrane-based desorber module outperform those of 
the semi-open falling film desorber module due to the formation of a 
thinner solution film within the desorber module. For instance, at a 
desorber solution flow rate of 2.5 g/s and temperature of 140 ◦C and 
under the extreme humidity level, the desorption rate and thermal ef
ficiency increase from 1.4 to 2.5 g/m2-s and from 38.8 to 63.7 % when 
the desorber module is switched from a falling film to membrane tech
nology, respectively. Additionally, the desorption rate and thermal ef
ficiency of the desorber module increase at higher desorber 
temperatures and lower desorber solution flow rates. For example, the 
desorption rate and thermal efficiency of the membrane-based desorber 
module increase from 2.09 to 2.5 g/m2-s and 58 to 63.7 % when the 
desorber temperature varies from 4 to 2.5 g/s, respectively. Further
more, the desorption rate and thermal efficiency of the semi-open 
membrane-based liquid-desiccant humidity management system just 
slightly increase when the humidity level of the dehumidifier module 
increases from medium to high and extreme conditions. The insights 
obtained from this study facilitate the development of energy-efficient 
semi-open sorption-based humidity management systems replacing 

Fig. 5. Desorption rate as a function of the desorber LiBr solution flow rate (a) at two different inlet oil temperatures of 120 and 140 ◦C for both semi-open falling 
film and membrane-based desorbers at the medium humidity level and (b) at medium (32.5 ◦C/81 %RH/25.4 g/kg), high (45 ◦C/80 %RH/51.2 g/kg), and extreme 
(66.5 ◦C/65 %RH/129.6 g/kg) humidity levels for the semi-open membrane-based desorber.

Fig. 6. Thermal efficiency of the integrated desorber-condenser module as a function of the desorber LiBr solution flow rate (a) at two different inlet oil temperatures 
of 120 and 140 ◦C for both semi-open falling film and membrane-based desorbers at the medium humidity level and (b) at medium (32.5 ◦C/81 %RH/25.4 g/kg), 
high (45 ◦C/80 %RH/51.2 g/kg), and extreme (66.5 ◦C/65 %RH/129.6 g/kg) humidity levels for the semi-open membrane-based desorber.
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conventional energy-hungry condensation-based humidity management 
systems in both residential and industrial applications.
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