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ABSTRACT
Liquid desiccant air dehumidification (LDAD) is a promising alternative to the dehumidification systems that use
mechanical cooling. However, its use in the market is still very limited due to its high installation cost, intensive
carryover, and maintenance issues associated with the corrosion resulting from conventional liquid desiccants. The
research reported in this paper aimed at addressing these challenges by applying membrane technology and ionic
liquids in LDAD. This paper introduces a design of a membrane-based ionic liquid desiccant air dehumidification
(MILDAD). A small-scale prototype of the MILDAD was built and tested in controlled conditions to characterize its
performance. The preliminary experimental results indicate that the MILDAD can effectively dehumidify the air and
the ionic liquid desiccant can be regenerated at 40ºC temperature. However, the latent effectiveness is relatively small
compared with conventional LDAD systems and the current design is prone to leakage, especially when the flow rate
of air and/or ionic liquid is high.

1. INTRODUCTION
According to U.S. Energy Information Administration (EIA, 2017), the world's energy consumption grew 54%
between 1990 and 2015. Buildings accounted for 20% of the total energy consumption in the world, and 40% in the
United States. Compared with industry and transportation, the energy consumption of buildings will have a fastest
growth in the future. About 55% of the energy consumed in U.S. buildings is to keep the indoor environment thermally
1
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comfortable (Abdel et al., 1982). Humidity level is one of the important indicators of the quality of the indoor air
environment (IEQ), which directly affect people's productivity and health. ASHRAE standard 55-2013 and 62.1-2016
request that HVAC system must be able to maintain a humidity ratio of below 0.012, and the relative humidity should
be controlled below 65% to keep a good IEQ. Dannemiller et al. (2017) and APAFrankel et al. (2012) observed that
water provides a major breeding ground for the growth of bacteria and fungi in buildings, thus, affecting people's
health. In many regions, air dehumidification is necessary to reduce the moisture level in the indoor environment.
Conventional air dehumidification methods include mechanical cooling and adsorption. With mechanical cooling, air
is cooled down to its dew point temperature and water vapor in the air is condensed. To provide acceptable air
temperature for space cooling or ventilation, the cold air usually needs to be warmed (reheat), which wastes energy.
Absorption method uses solid or liquid desiccant to absorb water vapor in the air (Qu et al. 2018). In conventional
LDAD system, the liquid desiccant is in direct contact with the wet air to be treated and absorbs water vapor in the
wet air. With LDAD, the air temperature and humidity can be independently regulated and the cooling system can
work more energy efficiently. However, since air flow directly contacts with liquid desiccant in conventional LDAD
systems, small solution droplets can be carried over by the air flow and spread into ductwork or the conditioned space.
It not only negatively impacts the health of occupants, but also results in corrosion the air supply ductwork. In addition,
dehumidification performance could degrade due to exposure to the pollutants in the ambient environment.
To eliminate the carry-out, membrane technology has been applied for air dehumidification. A liquid-to-air membrane
energy exchanger (LAMEE) has been developed in the Thermal Science Laboratory at the University of Saskatchewan
since 2002 (Ge et al., 2013). Himigson (2005) designed and built the first prototype of LAMEE. But he came across
with maldistribution and leakage problems. The membrane partially obstructed some air channels under high liquid
pressure, and the solution permeates the air side at low liquid pressure. In order to reduce the deflection of membranes,
Erb (2006 and 2007) built the second LAMEE prototype using an aluminum screen to support the ProporeTM
membranes. This model had two LAMEEs with an air-to-MgCl2 cross-flow configuration. It is found that the steadystate effectiveness was affected by the number of transfer units (NTU) and ratio of solution and air heat capacity rates
(Cr*). Then Mahmud (2009) did some experiments to show that the effectiveness was sensitive to the flow rates of
both air and desiccant. A maximum effectiveness of 45% in summer condition and 50% in winter condition were
measured. For the sake of improving the system effectiveness, Vali (2009) designed a counter/cross-flow
configuration for the LAMEE system. He found that the effectiveness resulting from this design is 10% to 20% higher
than the LAMEE in cross-flow configuration. In 2014, Zhang et al. [11] reported a new type of cross-flow hollow
fiber module used as both dehumidifier and regenerator. LiCl was used as liquid desiccant. The efficiency of
dehumidification of the lab tests was between 0.2 and 0.6. In 2016, Chen et al. studied the effects of desiccant solution
concentration, regeneration temperature and inlet condition on the performance of the system. They concluded that it
is feasible to dehumidify and cool air with CaCl2 solution under certain test conditions. When the relative humidity of
the inlet air increases at a constant temperature of 34.6°C, the dehumidification rate and dehumidification effectiveness
increase. In 2018, Bai et al. did a parametric study of a cross-flow membrane-based parallel-plate liquid desiccant
dehumidification system. The experimental results indicated that the latent effectiveness ranges from 0.46 to 0.93
under different test conditions. The parametric study showed that the latent effectiveness was more sensitive to the
temperature and concentration of the liquid desiccant aqueous solution than the sensible effectiveness.
Early prototypes of LAMEE models used LiBr (Hemingson, 2005) or MgCl2 (Erb 2006; Mahmud 2009). Until 2010,
Afshin studied four liquid desiccants (aqueous solutions of LiCl, LiBr, MgCl2 and CaCl2) to find the most suitable
liquid desiccant based on safety, system performance, and costs. The results showed that while the efficiency
difference was small, the cost difference was significant. The price of LiCl solution is almost 20 times of the price of
MgCl2 solution. Crystallization of the salt solution is another important parameter for selecting liquid desiccant. The
risk of MgCl2 crystallization is the largest, followed by CaCl2, LiCl and LiBr.
To address the technical challenges of LDAD, the study reported here aims to investigate a new membrane-based
ionic liquid desiccant air dehumidification (MILDAD) system by using ionic liquids. The first innovation of the system
is using membrane-based mass-heat exchanger to eliminate the carry-out problem of the typical LDAD. The second
innovation of the MILDAD is the use of ionic liquid as desiccant liquid. Ionic liquid is synthesized liquid salts which
are in the liquid phase when exposed to room temperature and atmospheric pressure. They have high thermal stability,
negligible or no vapor pressure, high solubility in water, low or no corrosion to metals, and low driving temperatures
to desorb water vapor. Ionic liquid, therefore, are ideal substitutes for traditional desiccant liquids because they can
reduce or eliminate the corrosion and save the desiccant liquid used in the operation. Using Ionic liquids can
remarkably reduce the operation and maintenance cost, as well as improve system performance. This paper focuses
on the system performance of an initial MILDAD prototype tested in the Oak Ridge National Laboratory. The
following sections cover the background of the MILDAD, the prototype and experiment setup, followed by the
experimental data analysis and discussions.
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2. MEMBRANE-BASED IONIC LIQUID DESICCANT AIR DEHUMIDIFICATION
2.1 Membrane Technology
A MILDAD system uses semi-permeable membranes to separate the liquid desiccant and the air so that the problem
of carryover is avoided (Mohamed et al., 2016). A membrane is a thin material with pores in it that allow some
substances to penetrate through it while preventing others from entering. The driving force between the air and the
liquid desiccant is the difference in water vapor pressure. There are two main parameters to describe a membrane:
permeability and selectivity. Permeability is the rate at which vapor permeates through a membrane per unit area or
per unit driving force; selectivity is the ratio of the permeability coefficient of vapor and the others in the humid air
through the membrane (Qu et al., 2018). The degree of selectivity is largely based on the membrane charge and
porosity. The mass transfer in the porous membrane is complex and can be divided into four independent mechanisms
such as Knudsen-diffusion, molecular-diffusion, Poiseuille flow, and molecular sieving (Ding et al., 2003).
There are some technical challenges in using MLDAD, such as biological fouling on the membrane; low moisture
permeability, poor strength, and high cost of the membrane (Wang et al., 2013). Yang et al. (2015) reported that the
uneven distribution of liquid desiccant mainly caused by membrane deflection will significantly reduce
dehumidification performance.

2.2 Ionic Liquid Desiccant
The most frequently used liquid desiccants are lithium chloride, triethylene glycol, and calcium chloride (Sahlot et al.,
2016). However, the traditional desiccant liquids faced with problems of corrosion, high cost and so on. Thus,
alternative liquid desiccant is highly desirable. Ionic liquids are salts comprised of organic cations and inorganic anions
or organic anions. In this study, the aqueous solution of an Ionic liquids--[EMIM][OAc]—is used as the liquid
desiccant. It has high thermal stability and with low or no corrosion to metals (Qu et al., 2017). Moreover, it does not
have this crystallization problem. Fig. 1(a) shows the constant [EMIM][OAc] concentration lines in a psychrometric
chart, which indicate the equilibrium conditions for air in contact with an [EMIM][OAc] solution at the specified
concentrations. Fig. 1(b) shows the commonly used ranges of concentration and comparison of equilibrium vapor
pressure of various liquid desiccants at 20 ºC.

(a)

(b)

Figure 1: Properties of [EMIM][OAc]: (a) dehumidification capacity at different concentrations, b) commonly used
concentration ranges of different liquid desiccants.

2.3 Membrane-based Liquid Desiccant System
Fig. 2 shows the construction of a counter-flow membrane-based liquid desiccant air dehumidification system. A
MLDAD is generally comprised of two supply air streams and two modules—a dehumidifier and a regenerator. A
liquid desiccant solution is pumped through the permeate side channels, and an air stream is drawn to the feed side
channels at the same time. Because of the difference between the temperature and humidity of the solution stream and
air stream, heat and mass are exchanged through the membrane. In this process, the concentration of the solution is
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reduced by absorbing water vapor. Meanwhile, the solution absorbs heat generated by phase transformation of water
vapor and then its temperature rises. The water vapor pressure on the surface of the solution increases with the decrease
of the concentration of liquid desiccant and the increase of temperature, and the moisture absorption capacity of the
Schematic diagram of basic procedure of membrane-based liquid desiccant system
solution decreases. The hot dilute solution is pumped into the regenerator to exchange heat and mass with a hot and
dry air stream to evaporate the moisture. After that, the solution becomes concentrated again, and the vapor pressure
becomes lower as well. It will be sent to the dehumidification module to keep continuous operation of the MLDAD.
Inside desiccant flow
Processed
air outlet

Processed
air inlet

Regenerated
air inlet

Inside air flow
Regenerated
air outlet

Weak desiccant

Dehumidifier

Concentrated desiccant

Membrane

LD desiccant tank
Low concentration

Regenerator

LD desiccant tank
High concentration

Figure 2: Schematic diagram of basic procedure of membrane-based liquid desiccant system

3. EXPERIMENT
3.1 Experiment Setup
An experimental apparatus was set up in an artificial climate chamber at the Oak Ridge National Laboratory to
characterize the performance of a small-scale MILDAD prototype. The MILDAD prototype is made with 4 layers of
air plates and 3 layers of ILD plate. The ILD plate and air plate is separated with a membrane (in a sandwich
configuration) as illustrated in Fig. 3. The exchanger is a crossflow exchanger, so the direction of the air stream and
the ILD flow are perpendicular. The height, thickness, and width of the module are 3.75 in, 6 in, and 7.25 in,
respectively. The membrane used in the module has a specific surface area of 261 in2 and a thickness of 0.001 in. An
aqueous solution of [EIMI][OAc] was used as the liquid desiccant. The membrane used in the prototype is a variant
similar to Nafior® PFSA.

Figure 3: The structure of the small-scale MILDAD Prototype
As shown in Fig. 4, the MILDAD prototype was tested in an Omega WT4401-D wind tunnel. The air pressure,
temperature, and relative humidity at the inlet and outlet of the MILDAD were measured. A data acquisition system
was used to collect and save data from all sensors during each test. The measurement devices and corresponding
accuracies are shown in Table 1.

Three groups of tests under different operating conditions are conducted, including two dehumidification
tests and one regeneration test. For each test, the temperature and relative humidity of the air was maintained
at a pre-defined condition by adjusting the temperature and relative humidity set point of the climate
chamber. The air flow rate can be adjusted by regulating the wind tunnel’s variable speed fan. The ILD was
17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018
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circulated through the prototype at a fixed flow rate. A solution tank and a circulation pump are used to
circulate ILD through the prototype. An electric heater is installed in the solution tank to control the
temperature of the ILD solution. The maximum flow rate of the ILD was 0.67 L/min. However, the actual
ILD flow rate was reduced to about 0.3 L/min, and the air flow rate was kept below about 3 CFM in order
to prevent leakage from the membrane to the air stream. In order to determine the air flow rate at low fan
speeds, a flow rate measurement was first taken at a sufficiently high flow rate. The affinity law was then
used to determine the flow rate at lower speeds based on the measured pressure difference. For the
dehumidification test, the initial temperature of the ILD is at the ambient temperature; but the ILD was
warmed up to a prescribed temperature before the regeneration test. Once the prescribed test conditions
were reached, the system was allowed to run while the temperature and relative humidity of the inlet and
outlet air were measured. The weight of the solution tank was measured throughout each test to determine
the change in the weight of the ILD solution during the test. A sample of the ILD solution was also taken
before and after each test and was measured to determine the concentration using a correlation between the
concentration and density of the ILD solution. This correlation was derived from the measured densities of
the aqueous solution of [EMIM][OAc] at various mass fractions.

Figure 4: The experimental apparatus for testing a small-scale MILDAD prototype.
Table 1: The measurement devices and corresponding accuracies
Target parameters

Measurement devices

Corresponding accuracies

Range

Temperature

Vaisala HMT330

± 0.45 F

-4 … +104 F

Relative humidity
Differential air
pressure
Scale

Vaisala HMT330

± (1.0 + 0.008 X reading) %

0 – 95%

Omega PX02K1-16A5T

0.25%

0 – 32 in. Hg

Torbal AG4000

0.01 gram

4,000 gram

3.2 System Performance Evaluation
Three parameters are defined to quantify the system performance of MILDAD, which are dehumidification rate (𝑚" ),
mass transfer coefficient (𝐷 ), and the latent effectiveness (𝜀% ). The moisture removal rate (𝑚" ) is the product of the
humidity ratio difference and the mass flow rate of air, which represents the quantity of water vapor removed within
a unit time.

𝑚" = ∆𝐻𝑅 ∙ 𝑚+,The mass transfer coefficient ( 𝐷 ) is calculated with the equation below. This coefficient is usually used by
manufacturers to determine the needed size of the MILDAD for delivering the desired moisture removal rate.
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𝐷=𝑞∗

𝛿
Pv,ILD − Pva,i

The latent effectiveness (𝜀% ) is the ratio of the actual transfer rate of latent heat to the maximum possible transfer rate
of latent heat, which is an important indicator of evaluating the performance of a MILDAD system. The effectiveness
is linearly related to the mass transfer coefficient. It is more useful for application engineers who need to quantify the
output of a MILDAD system for a given set of operating conditions.

𝜀% =

𝑃",+,, − 𝑃",+,;
𝑃",+,, − 𝑃",<%=,,

In the above equations, P>?,@ and P>?,A are the water vapor pressure at the inlet and outlet of the air stream,
respectively; P>,BCD is the equilibrium vapor pressure of the ILD aqueous solution; 𝑞 is the moisture removal rate
(𝑚" ) per unit surface area of the membrane; 𝛿 is the thickness of the membrane.

4. RESULTS AND DISCUSSIONS
4.1 Dehumidification

55

1.5E+00

53

1.2E+00

51

9.0E-01

49

6.0E-01

47

3.0E-01

45
1:55 PM

0.0E+00
2:06 PM

2:16 PM

Upstream RH

2:27 PM

2:38 PM

Downstream RH

2:49 PM

3:00 PM

Change in Humidity Ratio
(g water/kg dry air)

Relative Humidity (% )

The initial dehumidification test was run with an average air flow rate of 2 CFM. The indoor air condition of the
climate chamber was maintained at 28±0.5 ºC air temperature and 53±1% relative humidity. An aqueous solution of
[EMIM][OAc] with a concentration of approximately 90% was used for this test. Figure 5 shows the relative humidity
of the air at the inlet and outlet of the prototype MILDAD during the test. As shown in this figure, the relative humidity
at the outlet of the MILDAD (downstream RH) was reduced by 2 – 3 percentage points compared with that at the inlet
of the MILDAD (upstream RH). This indicates that air was dehumidified by the MILDAD. It is noted that the RH
values varied slightly but continuously during the test, which was resulted from the humidity control of the climate
chamber. Surprisingly, the response of the downstream RH was a few minutes ahead of the upstream RH. It is thought
to be due to the location of the air supply of the climate chamber, which is closer to the outlet of the MILDAD. The
change in humidity ratio across the MILDAD (𝐻𝑅,E − 𝐻𝑅;FG ) is also shown in Figure 5.

Change in Humidity Ratio

Figure 5: Relative humidity of the inlet and outlet air as well as the difference in humidity ratio during the first
dehumidification test.
Figure 6 shows the calculated mass transfer coefficient and latent effectiveness of the MILDAD for the same testing
period as shown in Fig. 5. It is clear that although the latent effectiveness and mass transfer coefficient are expressed
differently in mathematical equations, they actually reflect the same dehumidification performance of the MILDAD—
higher mass transfer coefficient is equal to higher latent effectiveness and vice versa. The average value of the mass
transfer coefficient and the average value of the latent effectiveness of the MILDAD are 2.1E-14 [s] and 0.02,
respectively during this test. The average rate of dehumidification during this test is 3.14E-05 lb/min (0.85 g/hr). In
HI
M
terms of moisture flux rate this is equivalent to 2.88E-6
L (0.84
L ). These values indicate that a large surface
J,E∗KG

N-∗J

area is needed to remove a significant amount moisture from the air flow. The high concentration (90%) of the ILD
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1.5E-14

Latent Effectiveness

0.07
1.0E-14

0.05
0.03

5.0E-15

0.01
0.0E+00

-0.01
-0.03
1:55 PM

-5.0E-15
2:06 PM

2:16 PM

2:27 PM

2:38 PM

2:49 PM

Mass Transfer Coeffiicient
(s)

created a large potential between the equilibrium water vapor of the ILD and the partial water vapor of the air stream.
However, the low mass transfer flux from air to the ILD indicates that the water vapor transfer resistance from air to
ILD through the membrane is high.

3:00 PM

Latent Effectiveness
Mass Transfer Coefficient
Figure 6: Latent effectiveness and mass transfer coefficient during the first dehumidification test.

20

4
3
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2
16

1

14
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12:28 PM
1:04 PM
1:40 PM
Upstream RH
Downstream RH

0
2:16 PM
2:52 PM
Air Flow Rate

Air Flow Rate (CFM)

Relative Humidity ( % )

4.2 Regeneration
A regeneration test was performed in which the indoor air temperature in the climate chamber was kept constant at
35±0.5 °C and the relative humidity of the air was not controlled, varying between 14 - 19% during the test. The air
flow rate was adjusted in four step changes between 1.4 and 3 CFM. The ILD was heated to 40 °C and maintained at
this temperature during the regeneration test.
Figures 7 and 8 show the testing conditions and the resulting mass transfer coefficient and latent effectiveness. The
latent effectiveness and mass transfer coefficient are pretty much constant when the air flow rate is constant. The RH
of the inlet air varied between 14 – 19 % and there were a couple of sudden changes of inlet air RH, which was due
to short time openings of door of the climate chamber. It appears that the variation of the indoor conditions, especially
the sudden changes in RH, resulted in variations of both the mass transfer coefficient and the latent effectiveness. The
step changes of air flow rate also varied these performance metrics. Reducing air flow rate increased both the mass
transfer coefficient and the latent effectiveness, and vice versa.

Figure 7: Relative humidity and flow rate of air during the regeneration test.
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Figure 8: Mass transfer coefficient and latent effectiveness during the regeneration test.
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The relationship between the mass transfer coefficient and the latent effectiveness against the air flow rate is shown
in Figure 9. The data points represent the average of the respective values at each flow rate. This figure indicates that
the mass transfer coefficient decreases with an increased air flow rate. This suggests that operating at a lower air flow
rate increases the performance of the membrane. The latent effectiveness of the MILDAD also decreases with an
increase in air flow rate. This is likely due to the decreased contact time between the air and the membrane as it passes
through the exchanger. The mass transfer coefficient decreases by about 34% when air flow rate was increased from
1.4 CFM to 3 CFM. In comparison, the latent effectiveness decreases more significantly by about 57% resulting from
the same change in the air flow rate. The average latent effectiveness for the regeneration tests was 0.2 with 1.4 CFM
and it decreased to 0.075 with 3 CFM air flow. The mass transfer coefficient varied from 1.0E-13 to 2.0E-13 [s] when
air flow rate was increased from 1.4 CFM to 3 CFM. These numbers are much higher than that of the dehumidification
test. It indicates that the that the water vapor transfer resistance from ILD to air through the membrane is much lower
than that in the opposite direction.

Mass Transfer Coefficient

Figure 9: Mass transfer coefficient and latent effectiveness averaged for each air flow rate.

5. CONCLUSIONS
For this initial prototype MILDAD, the latent effectiveness and mass transfer coefficient are shown to be functions of
inlet air conditions and air flow rate. For an increase in inlet air flow rate, both the latent effectiveness and the mass
transfer coefficient decrease. The average latent effectiveness was 0.02 for the dehumidification test, and
approximately 0.14 for the regeneration tests. The average mass transfer coefficient was 2.1E-14 for the
dehumidification test, and approximately 1.5E-13 for the regeneration tests. This indicates that the resistance to mass
transfer is greater for the dehumidification test than for the regeneration test. This may be due to different mass transfer
characteristics of the membrane for air-to-membrane moisture transfer than for membrane-to-air moisture transfer.
The small dehumidification/regeneration rate (on the order of 1E-05/E-4 lb/min) indicates that this initial prototype
design has limited capacity. An increased mass transfer coefficient, more favorable ILD temperature and
concentration, and increased membrane-air surface area can increase the latent effectiveness. Besides, better structure

17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018

2728, Page 9
design of the MILDAD is needed to withstand pressure from the ILD and air flow so that higher air and ILD flow
rates can be used without any leakage.
A future test is planned to further investigate the mass transfer coefficient in dehumidification vs regeneration. For
this test, the ILD temperature, concentration, and flow rate of both ILD and air will be kept constant. The inlet air
relative humidity and temperature will then be changed to equivalently induce a partial pressure difference in each
direction across the membrane. In addition, more tests will be performed to investigate the effects of liquid desiccantside operating conditions, including mass fraction and temperature of the ILD, on the dehumidification/regeneration
performance.

NOMENCLATURE
∆𝐻𝑅
𝑚"
𝐷
𝜀%

absolute moisture removal
dehumidification rate
mass transfer coefficient
effectiveness

Subscript
L
a
ILD
i/in
o/out
v

latent
air
liquid desiccant
inlet condition
outlet condition
vapor

(kg/kg)
(kg/s)
(m2/s)
(–)

REFERENCES
Abdel-Salam, M. R. H., Ge, G., Fauchoux, M., Besant, R. W., & Simonson, C. J. (2014). State-of-the-art in liquid-toair membrane energy exchangers (lamees): a comprehensive review. Renewable & Sustainable Energy Reviews, 39(6),
700–728.
Afshin, M. (2010). Selection of the liquid desiccant in a run-around membrane energy exchanger. Heat & Mass
Exchangers.Retrieved from https://ecommons.usask.ca/handle/10388/etd-05262010-175310.
APAFrankel, M., Bekö, G., Timm, M., Gustavsen, S., Hansen, E. W., & Madsen, A. M. (2012). Seasonal variations
of indoor microbial exposures and their relation to temperature, relative humidity, and air exchange rate. Applied &
Environmental Microbiology, 78(23), 8289–8297.
American Society of Heating, Refrigerating and Air-Conditioning Engineers. (2013). Thermal environmental
conditions for human occupancy: ASHRAE standard 55-2013. Atlanta, GA: American Society of Heating,
Refrigerating and Air-Conditioning Engineers.
American Society of Heating, Refrigerating and Air-Conditioning Engineers. (2016). Ventilation for acceptable
indoor air quality: ASHRAE standard 62.1-2016. Atlanta, GA: American Society of Heating, Refrigerating and AirConditioning Engineers.
Chen, Z., Zhu, J., Bai, H., Yan, Y., & Zhang, L. (2017). Experimental study of a membrane-based dehumidification
cooling system. Applied Thermal Engineering, 115, 1315–1321.
Dannemiller, K. C., Weschler, C. J., & Peccia, J. (2017). Fungal and bacterial growth in floor dust at elevated relative
humidity levels. Indoor Air, 27(2), 354–363.
Ding, Z., Ma, R., & Fane, A. G. (2003). A new model for mass transfer in direct contact membrane distillation.
Disalination, 151(3), 217–227.
Bai, H., Zhu, J., Chen, Z., & Chu, J. (2018). Parametric analysis of a cross-flow membrane-based parallel-plate liquid
desiccant dehumidification system: numerical and experimental data. Energy & Buildings, 158, 494–508.
Erb, B., 2006. Run-Around Membrane Energy Exchanger Performance and Operational Control Strategies,
Department of Mechanical Engineering, University of Saskatchewan, Saskatoon, Saskatchewan. Retrieved from
https://ecommons.usask.ca/handle/10388/etd-12192009-145431.
Ge, G., Abdel-Salam, M. R. H., Besant, R. W., & Simonson, C. J. (2013). Research and applications of liquid-to-air
membrane energy exchangers in building hvac systems at university of Saskatchewan: a review. Renewable &
Sustainable Energy Reviews, 26(10), 464–479.

17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018

2728, Page 10
Hemingson, H. 2005. Preliminary testing for run around heat and moisture exchanger, Summer Work Report,
Department of Mechanical Engineering, University of Saskatchewan, Saskatoon, Saskatchewan.
Mahmud, K. 2009. Design and testing of a laboratory RAMEE system with counter flow exchangers to transfer heat
and water vapor between supply and exhaust air flows. University of Saskatchewan. Retrieved from
https://ecommons.usask.ca/bitstream/handle/10388/etd-09092009-223833/Khizir_Mahmud_2009-Sep28a.pdf?sequence=1&isAllowed=y.
Mahmud, K., Mahmood, G. I., Simonson, C. J., & Besant, R. W. (2010). Performance testing of a counter-cross-flow
run-around membrane energy exchanger (RAMEE) system for HVAC applications. Energy & Buildings, 42(7), 1139–
1147.
Mohamed, A. S. A., Ahmed, M. S., Hassan, A. A. M., & Hassan, M. S. (2016). Performance evaluation of gauze
packing for liquid desiccant dehumidification system. Case Studies in Thermal Engineering, 8, 260–276.
Qu, M., Abdelaziz, O., Gao, Z., & Yin, H. (2018). Isothermal membrane-based air dehumidification: a comprehensive
review. Renewable & Sustainable Energy Reviews, 82(3), 4060–4069.
Qu, M., Abdelaziz, O., Sun, X. G., & Yin, H. (2017). Aqueous solution of [emim][oac]: property formulations for use
in air conditioning equipment design. Applied Thermal Engineering, 124, 271–278.
Rafique, M. M., Gandhidasan, P., & Bahaidarah, H. M. S. (2016). Liquid desiccant materials and dehumidifiers – a
review. Renewable & Sustainable Energy Reviews, 56, 179–195.
Sahlot, M., & Riffat, S. B. (2016). Desiccant cooling systems: a review. International Journal of Low-Carbon
Technologies, 11(4), 489–505.
U.S. Energy Information Administration. International Energy Outlook 2017. Retrieved from www.eia.gov.
Vali, A. 2009. Modeling a Run-around Heat and Moisture Exchanger System Using Two Counter/Cross Flow
Exchangers. University of Saskatchewan. Retrieved from https://ecommons.usask.ca/handle/10388/etd-06032009154644.
Weilong Wang, Luoming Wu, Zhong Li, Yutang Fang, Jing Ding, & Jing Xiao. (2013). An overview of adsorbents
in the rotary desiccant dehumidifier for air dehumidification. Drying Technology, 31(12), 1334–1345.
Yang, B., Yuan, W., Gao, F., & Guo, B. (2015). A review of membrane-based air dehumidification. Indoor & Built
Environment, 24(1), 11–26.
Zhang, L. Z., & Zhang, N. (2014). A heat pump driven and hollow fiber membrane-based liquid desiccant air
dehumidification system: modeling and experimental validation. Energy, 65(65), 441–451.

ACKNOWLEDGEMENT
The authors thank the Emerging Technologies Program of the Buildings Technology Office at the US Department of
Energy for supporting this research project; and Xergy, a small business technology inventor, for providing the
prototype.

17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018

