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Article history: The air conditioning market has witnessed a significant development in liquid desiccant air conditioning
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technologies. As a result, LDAC technologies — both equipment and systems — have become hot topics for
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research, which has resulted in hundreds of research papers in the scientific literature. The objective of
this paper is to present a comprehensive overview of LDAC equipment and systems, and to identify gaps
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Dehumidifier © 2015 Elsevier Ltd. All rights reserved.
Regenerator

Liquid desiccant air conditioning
Solar energy

Evaporative cooling

Vapor compression system

Contents

B R Lo L1 ot o o I PPt 1153
Performance INAICES . . .. ..ottt ettt e ettt e e e e e e e e e e 1155

b2 T B T 10 00} (6 L T D (o] ) = 1) 1155
2.1.1. 1LY o) T 0 <3 30T D L PPt 1155

2.1.2. [@0aT) 10 sy 1o - o 1155

2.1.3. Sensible Neat Tatio. . . . ..ottt ettt e e e e e e e e 1155

2.14. B OCtiVENESS. « . o oottt et e e e e e e e e e e 1155

B Y11 (<) 0 PP 1155
2.2.1. Coefficient of performance (COP) .. ... ...ttt e ettt et e et e et et e et et ettt et e et 1155

2.2.2. 2 (<l (o | ) Pt 1156

223, Thermal COP . . ..ottt ettt ettt e e e e e e e e e e e e 1156

2.2.4. Capacity matching index (CMI). . . ...ttt et e ettt e e et e et e e et ettt e 1156

b2 JR © 1 V) Y 1156

I T B T el 1 LYo U ) s U 1156
4, DehUmidifler g eNOIatOr . . . o .t ittt ettt e e e e e e e e e e e e e 1157
g T (T cot oo )3 Y =Ll Rt 1157
41.1. Packed Ded. . ... e e e e, 1157

4.1.2. ) 5] R 01T/ 1159

413. Falling Il . . ..o e e e 1159

41.4. Solar-collector/regenerator (C/R). . . ..o u ittt et e et et e e e e e e e e e 1160

4.1.5. Pressurized dehumidifier. . . . ... .. ot e e e e e 1161

4.16. Ultrasonic-atomization dehumidifier . . .. .. ... ... . i i et e e e 1161

4.1.7. 1 L8 0005 1y 1162

I ¥+ T |yl el )31 =T 1162

* Corresponding author. Mobile: (306) 850 1527; Office: (306) 966 5458.
E-mail address: aha681@mail.usask.ca (A.H. Abdel-Salam).

http://dx.doi.org/10.1016/j.rser.2015.12.042
1364-0321/© 2015 Elsevier Ltd. All rights reserved.


www.sciencedirect.com/science/journal/13640321
www.elsevier.com/locate/rser
http://dx.doi.org/10.1016/j.rser.2015.12.042
http://dx.doi.org/10.1016/j.rser.2015.12.042
http://dx.doi.org/10.1016/j.rser.2015.12.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.12.042&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.12.042&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.12.042&domain=pdf
mailto:aha681@mail.usask.ca
http://dx.doi.org/10.1016/j.rser.2015.12.042

A.H. Abdel-Salam, CJ. Simonson / Renewable and Sustainable Energy Reviews 58 (2016) 1152-1183 1153

42.1. Liquid-to-air membrane energy exchanger (LAMEE) . . . ... .. ittt ettt et et e, 1162

4.2.2. Electrodialysis TeGEMEIAtOr . . . o vttt ettt et et et e ettt e e e e e e e e e e e e 1164

4.23. LGS Yo T o1 L Yo 1 1<) =L ) 1164

4.2.4. IS 1E0 0 000 1164

43. Multi-stage dehumidification/reZeNeration . . . ... ... .ttt ittt ettt et e et et e e 1164
43.1. MUlti-Stage TEZENMEIAtION . . . . o\ ittt ettt ettt et et ettt e et e e e e e 1164

43.2.  Multi-stage dehumidification . ... ... ... ... i e e e e 1164

4.3.3. Multi-stage dehumidification and regeneration. . ... ... ...ttt ittt ettt e e e 1165

5. Solution heating[CoOINE . . . . ...ttt ittt e e ettt e e e e e e e e e e 1165
5.1.  Evaporative cooling With COOLINE tOWET . . . . . ..ttt ettt et e e e e e ettt ettt et et ettt ettt 1165

5.2, VapOr COMPIESSION SYSTRIMI . o . v vttt et ettt et et e e et et ettt et et e e e e et et e e e e et et e et e et et ettt ettt aeens 1166
5.2.1. 1) LUV o) o W efo o] 15 T4 1166

5.2.2.  SOIULION NEAtiNg. . . . ..ottt e e e e e e e 1166

5.2.3.  Simultaneous solution heating and COOIINE . . . . ... ... . i et e ettt et e e e 1166

7S TR o Y ) A7 < o o PP 1169
5.3.1. Indirect SOlar TEGENETALION . . . . .t v ettt ettt et e e et ettt e e e et e e ettt e e et e 1169

5.3.2.  Direct SOlar FEGENETALION. . . o . vttt et ettt et et ettt e e et e et e et et e e et et et e e e e e e 1171

5.3.3. IS 100 0 000 1172

54. Combined cooling, heat and POWET . . ... ...ttt et e et e e e et e ettt et e 1172

5.5, GaS DOIleT. . . o e e e e 1173

o2 T 21 Ty (ol T ) PP 1173

ST 2 U1 43 03 T | PN 1173

L V& a0 Yo | V= 1174
6.1, EVAPOTAtiVe COOLIME . . . oottt ettt et ettt e e e e et e e e e e e e e e e e e e e e e e e e e 1174
6.1.1. Direct-evaporative COOLIME. . . . . oottt ettt ettt ettt et et e et et e et et e e e e 1174

6.1.2. Indirect-evaporative COOLINE . . . ..ottt ettt e ettt e e e et ettt 1174

6.1.3. Dew-point-evaporative COOLIME. . . . ..ottt ittt ettt e e e e et ettt e e 1175

6.2.  Vapor COMPIesSiON COOIIME. . . . oottt ettt e et ettt et ettt et e et e e e et et e e et ettt ettt e 1176

6.3, SUIMMIAIY & . .ottt ettt ettt et e et e et e e et e e e et e e e e et e e e e e e e e e e e e e e e e e 1177

7. EDIGY TRCOVETY. . . vttt ettt et e et et e e e e e e e e et e e e et e e e e e e et e e e et e e e e e 1178
7.0, AIr-t0-air ENEIZY EXCNAMZT . . o ittt ittt ettt ettt et et e e e e e e e e e e e e e e e e e e e e 1178

7.2.  Solution-to-solution heat @XCNANeT. . . . . . ..ottt et ettt e e e e e 1178

8. Performance CONLIOL . . . . ..ottt et ettt et e e e e e e e e e e e e e e e et e e e e e e e e 1179
8.1, ParametriC STUAIES . . . o . ottt ettt ettt ettt e e e e e e e e e e e e e e e e e e e e e 1179

8.2, OpLIMUIM CONEIOl SETAtY . . . ottt ittt ettt ettt e et e et e e et e e et e et e et e et et e et e ettt ettt ettt eeaennn 1179

LS €0} e 113 T ) o P 1180
10. Suggested topics for fULUIE TESEATCH . . . . .. i ittt et ettt ettt ettt e e e e et e e 1180
Y@ L 3 10N T1 [T e 013 o Y 1180
RO O OIICES . . . o ottt et e e e e e e e e e e e e e e e e 1180
WD IDIKS . . .t e e e e e e e e e e e e e 1183

1. Introduction

A proper amount of fresh air should be delivered to a condi-
tioned space in order to achieve acceptable indoor air quality
levels according to the ASHRAE 62.1 and 55 standards [26,27], and
to increase occupants’ productivity. Fresh air should be condi-
tioned to acceptable conditions in order to cover the required
sensible and latent loads (i.e. could be space, ventilation or total
loads depending on if the system is all-air or 100% outdoor air).
Sensible loads can be met using conventional air conditioning
equipment (e.g. vapor compression system) in an energy efficient
manner. On the other hand, it is energy intensive to meet the
latent loads using conventional air conditioning equipment. This is
because latent loads are met in a vapor compression system by
cooling the humid air stream below its dew point temperature.
The overcooled air stream then needs to be reheated to an
acceptable supply air temperature in order to avoid the thermal
discomfort of occupants.

Many research studies have shown that the limitations asso-
ciated with vapor compression systems in dealing with latent
loads can be eliminated using liquid desiccant air conditioning
(LDAC) systems. In addition, LDAC systems can improve indoor-air
quality (IAQ) while saving energy [44], and they have some merits
compared to solid desiccant air conditioning systems as follows
[4]: (1) The dehumidification of a humid air stream using a solid

desiccant air conditioning system results in over heating the dry
air stream; on the other hand, simultaneous cooling and dehu-
midification can be achieved using a LDAC system. (2) Liquid
desiccants have higher capacities to hold moisture than solid
desiccants. (3) The temperatures required for the regeneration of
dilute liquid desiccant solutions are lower than those required
for the regeneration of solid desiccants [74]. (4) Energy storage
is possible in LDAC systems by storing concentrated desiccant
solution in storage tanks, while this is not possible for solid
desiccants [75].

The basic components of a LDAC system, as shown in Fig. 1(a),
are the dehumidifier, regenerator, cooling coil, heating coil and
solution heat exchanger. The major operating fluid in a LDAC system
is the liquid desiccant solution, which is used to absorb/desorb
water vapor from/to an air stream by adjusting its moisture content
and surface vapor pressure as can be seen from Fig. 1(b). In the
dehumidifier, a cool and concentrated desiccant solution stream
(state 1 in Fig. 1(a)) is used to absorb water vapor from the humid
air stream in order to cover 100% of the latent load required to be
removed by the air stream. Depending on the inlet temperature of
air and solution streams, the air stream may be either heated or
cooled. The concentration of the solution leaving the dehumidifier
(state 2 in Fig. 1(a)) is lower than the inlet solution concentration.
Thus, the dilute solution (state 2) is regenerated by being heated to
a specific set point temperature (state 4 in Fig. 1(a)) and then being
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