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· The system shows Energy Efficiency Ratios up to 4.6. 

· An independent control of temperature and humidity is achieved.  

· The higher the total loads the better the performance of the HLDS. 

· 30% electrical energy savings are attained when compared to traditional systems. 

· Efficient alternative for HVAC systems in high latent load applications. 
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Abstract 

Hybrid Liquid Desiccant systems (HLDS) combine the liquid desiccant technology for 
dehumidification of air with conventional compression cycle technology for cooling. They are 
an alternative to conventional compression cooling systems, being more efficient and offering 
the possibility of independently control temperature and humidity. In this paper the design and 
operation of a HLDS is presented, for the air conditioning of a high latent load application with 
high ambient humidity levels. An analysis of  the daily evolution of the performance of the 
system under different environmental conditions has been included. The innovative 
demonstration unit placed in Taiwan, in continuous operation since November 2015, achieved 
Energy efficiency Ratios (EER) up to 4.6. 

Keywords 

Liquid desiccant system, HVAC, falling-film, experimental performance. 

 

Nomenclature 

Symbols 

AHU – Air Handling Unit 
CAGR  – Compound Annual Growth Rate 

COP – Coefficient of performance 
EER  – Energy efficiency ratio 
H – Relative humidity / % 
h – Enthalpy / kJ·kg-1 
HLDS – Hybrid Liquid Desiccant System 
H&MTC – Heat & Mass transfer coefficients 

HTC  – Heat transfer coefficient / W·m-2·K-1 
HVAC – Heating, Ventilation and Air Conditioning 
k – Factor of the fan used in the AHU 

LDS – Liquid Desiccant System 

LLHX – Liquid-Liquid Heat exchanger 
Msup – Air mass flow rate / kg·s-1 
MTC  – Mass transfer coefficient / kg·m-2·s-1 
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NTU – Number of transfer units 
P – Pressure / kPa 
PLR – Partial load ratio 
PU – Polyvalent Unit 
Qtotal – Total load of the HLDS / kW 
T – Temperature / ºC 
W – Absolute humidity / kg·kg-1 of dry air 
 
Greek Symbols 

ρ – Density / kg·m-3 

 
Subscripts 

1 – inlet air stream to the HLDS 
3 – outlet air stream from the HLDS 
4 – supply air stream from the HLDS 
amb – ambient 
cc – cooling coil 
sat – saturation 
abs – absorber 
vent – ventilation 
int – internal 
h – time step 
return – air return to the conditioned space 
supply – air supply to the conditioned space 
set – set point 
 
 

1. Introduction 

Conventional compression air conditioning systems match the latent cooling loads by 
reaching the dew point of air, in order to obtain water condensation, having the need of reaching 
too low air temperatures. This leads to inefficient cooling and dehumidification process, for the 
comfort conditions achievement.  

In this sense, liquid desiccant systems are appropriate for dehumidification processes [1]. 
In Hybrid Liquid Desiccant systems, the latent load is removed by a liquid desiccant 
dehumidifier, while the sensible load is removed by a conventional air conditioning system. The 
combination of both systems makes possible an independent control of temperature and 
humidity, and has been proposed as a promising alternative [2-7]. They are suitable for diverse 
applications, such as air conditioning in highly humid climates, like tropical or sub-tropical 
humid climates. Several hybrid liquid desiccant systems with vapor compression technology 
have been proposed in the literature for building applications [8]. Regarding the tropical and 
sub-tropical climates, it should be considered that Asia Pacific represented at 2016 the 53 % of 
the HVAC market share growing at a CAGR of 3.27% from 2016 to 2022 [9], which denotes a 
clear market opportunity for HLDS. 

Figure 1 shows a simplified representation of the cooling and dehumidification process in a 
psychrometric diagram, for the conventional process (red lines) and the HLDS process (blue 
lines). As can be seen in the diagram, in the conventional process air needs to reach the dew 
point in order to condensate the water and thus eliminate the water content of air. This leads to a 
high reduction of the temperature of air, which needs to be reheated after cooling and 
dehumidification to match the comfort conditions. In the HLDS process, on the other hand, the 
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air is dehumidified and cooled down at the same time, and once the required humidity level is 
reached, the temperature is adjusted.  

           

Figure 1. Comparison between a Hybrid Liquid Desiccant System and a conventional cooling and 

dehumidification 

 

In this paper the design and operation of a hybrid liquid desiccant system is presented, for a 
case study in a swimming pool of the National Taiwan University of Science and Technology, 
with high internal humidity generation and also high ambient humidity levels due to sub-
tropical humid climate present in Taiwan. 

The designed HLDS has falling film type internally cooled/heated air-solution contactors 
(absorber and regenerator), made of polymeric tubes in order to avoid corrosion effects of the 
desiccant solution. The polymeric tubes have received a plasma treatment in order to increase 
their wettability, deeply explained in Fina et al. [10]. An improvement of the wettability and 
therefore the performance of the air-solution contactors has been previously experimentally 
evidenced [11]. 

 
2. Design of the hybrid liquid desiccant prototype  

HLDS is comprised by the following sub-systems: 

- A liquid desiccant system (LDS) whose main components are the absorber, regenerator 
and liquid-liquid heat exchanger. The desiccant used in this system is an aqueous 
solution of Lithium Chloride. 

- A conventional Air Handling Unit (AHU) with a cooling coil and a cross-plate heat 
exchanger for ventilation heat recovery.  

- A polyvalent unit (PU) heat pump able to provide cooling and heating simultaneously, 
which feeds the absorber and the cooling coil with cold water at 15ºC-17ºC, and the 
regenerator with hot water at 51ºC- 55ºC.  

The diagram in Figure 2 represents the main components of the HLDS. 

 

HLDS process 

Conventional process 

  

cooling 

dehumidification 

reheating dehumidification + cooling 

cooling 
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Figure 2. Diagram representing the main components of an HLDS 

 
Ambient design conditions are 30ºC and 80% relative humidity, according to Ashrae [12], 

and interior design conditions are set to 25ºC and 60% relative humidity. In order to satisfy the 
ventilation requirements, 2500 m3/h of air need to be supplied, leading to a latent load of 30.1 
kW and sensible load of 8.5 kW. At design conditions, impulsion air must reach 19.8 ºC and 
0.0069 kg/kg of dry air. The capacity of the absorber and regenerator is 38 kW under design 
conditions, with a liquid-liquid heat exchanger effectiveness of 0.85. The air/air plate heat 
exchanger’s effectiveness at design conditions is 0.65 and the cooling coil has a cooling 
capacity of 9 kW. Table 1 shows a detailed summary of both the external/internal design 
conditions, the internal and ventilation sensible and latent loads. 

For the design, rating and simulation of the system, detailed thermodynamic models of the 
main components (absorber, regenerator, liquid-liquid heat exchanger) of the HLDS have been 
carried out. 

 
Table 1. Design conditions and loads. 

Ambient design conditions 30ºC / 0.0215 kg/kg dry air 

Comfort design conditions 25ºC / 0.0119 kg/kg dry air 

Ventilation rate 2500 m3/h 

Internal sensible heat load 3.5 kW 

Ventilation sensible heat load 5 kW 

Total sensible heat load 8.5 kW 

Internal latent heat load 8.8 kW 

Ventilation latent heat load 21.3 kW 

Total latent heat load 30.1 kW 

 

 The absorber and the regenerator are falling film type, internally cooled and heated 
respectively. They are comprised by a polypropylene tube bundle, a liquid distribution system 
based on spray nozzles, and a demister inside a fiber glass tower. Tube bundles are formed by 
individual modules of tubes, which are linked horizontally in groups of three, and then 
vertically to form several passes; with a total area of 59 m2. Proper wettability of tubes is a key 
factor for obtaining good performance in the liquid desiccant cycle, for that reason, the 

LDS 
AHU 

PU 
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polypropylene tubes have received a plasma treatment in order to improve their wettability. 
Figure 3 shows the schematic configuration of the whole absorber/regenerator units, and the 
physical configuration of the bundles for heat & mass exchange.  

The air flows from bottom to top getting in contact with the descendent lithium chloride 
solution, which forms a falling film outside the tubes. The rich LiCl solution absorbs humidity 
from the air in the absorber, meanwhile the poor LiCl solution desorbs humidity enriching the 
solution in the regenerator. Cold (15ºC) and hot water (55ºC) coming from the Polyvalent Unit 
flow inside the absorber and regenerator tubes, respectively, cooling the solution and the air 
during the absorption process (exothermic reaction), and heating the solution and the air during 
the regeneration process (endothermic reaction). 

 

ABSORBER

Inlet air

Outlet air

Cold/hot water 

to absorber/regenerator

Rich/poor solution

to absorber/regenerator

Recirculation

from LLHX

Liquid distributor

Demister

Solution falling film

Tube bundle

Recirculation

to LLHX

 

Figure 3.  Scheme of the absorber/regenerator units, and the tube bundle layout 

 
Models for the falling film absorber and regenerator are based on the theoretical model 

described by Gommed and Grossman [13], formulating the heat & mass balances, and 
discretizing both air-solution contactors. The reason for the discretization is that neither the air 
water content nor the enthalpy at the air-solution interface exhibits a linear behavior along the 
interface; therefore by dividing the single exchanger unit into several sub-exchangers, the error 
due to the non-linearity was minimized, as explained by Gommed et al. [14]. The number of 
required sub-units, depends on the dimensionless ratio of mass transfer coefficient times area 
divided by the air flow rate; in the designed prototype that number yields a total of three sub-
units.  

 
The developed absorber and regenerator model needs the heat and mass transfer 

coefficients for the sizing calculation. Since the number of available correlations for the HTC 
prediction in a falling-film type absorber/regenerator in a liquid desiccant application are scarce; 
an alternative, which was suggested by Hellmann & Grossman [15], is to implement a 
correlation developed for evaporative cooling coils. Therefore, after analyzing different options, 
the correlation proposed by Bykov et al. [16] was implemented in the detailed thermodynamic 
model. In addition, for the calculation of the mass transfer coefficient the correlation proposed 
by Queiroz et al. [17] for an air-drier for a liquid dehumidifier system was used. In order to 
validate the correlations for the liquid desiccant application, the values experimentally obtained 

Hot/cold 

water inlet

Hot/cold 

water outlet
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by Gommed et al. [14] have been compared with the values obtained from the implemented 
correlations for the same working conditions in the absorber; the results are presented in Table 
2. 

 
Table 2: Calculated/Experimental H&MTC, Absorber. 

Item Calculated Experimental 
Resulting solution-tube 
thermal resistance [m2 K/W]  

0.00154 0.00148 

Resulting solution-tube Heat transfer coefficient  
[W/ m2 K] 

650 675 

Mass transfer coefficient between air-solution 
interface and the air stream (kg/m2s). 

0.06 0.05 

 
The liquid-liquid heat exchanger is used to precool the solution going to the absorber, and to 

preheat the solution entering the regenerator. For its sizing and rating, a deterministic model 
based on the ε -NTU method and using the correlations proposed by Martin [18] has been 
developed.  

Thus, the LDS model represents in a realistic way all critical components, absorber, 
regenerator and LLHX, for different working/design conditions. 

In addition, the AHU main components’ models were implemented in the whole HLDS’s 

model. The air heat exchanger is a compact plate heat exchanger, with cross-flow configuration, 
made of aluminum and with internal fins to increase the heat transfer between both air streams. 
The use of such equipment enables considerable savings (around 40%) to be achieved in the 
operating costs of air conditioning plants, and thus the saving of energy that would otherwise be 
lost. In the HLDS it is used for preheating the air entering the regenerator. It is modelled by 
using the ε-NTU method.   

The cooling coil has been modelled by using the model described in ASHRAE [19]. This 
model is based on ɛ-NTU and LMTD and LMHD equations and uses Braun's hypothesis [20] to 
model the behavior of the cooling coil in an air handling unit (AHU). Normally, cooling coils in 
AHUs deal with sensible and latent cooling loads, condensing water from air in the surface of 
the tubes. In this case, although the cooling coil serves for dealing only with sensible cooling 
loads and no condensation should occur on the tube surface, the model includes also the wet coil 
approach, in case the cooling coil may be used for dehumidification as well. 

The polyvalent unit is a heat pump (NRP 200 model from Aermec [21]) which is able to 
provide heating and cooling simultaneously; by recovering the heat of condensation in a water 
circuit through the condenser when the machine is working on dual mode, and dissipating 
condensation heat to the air when the machine is working on cooling mode. Therefore, it is used 
in cooling mode when the LDS is only dehumidifying and cooling (regenerator off), or in dual 
mode when the system is regenerating LiCl solution as well, with no need from another external 
source of heat. 

Figure 4 shows the Piping & Instrumentation Diagram of the Hybrid Liquid Desiccant 
System. The air streams are represented in blue, the solution streams in green and the water 
streams in purple (cold water stream) and orange (hot water stream).  

The system has been designed to ensure an independent control of temperature and humidity 
levels. Absorber operation is controlled in order to achieve the required dehumidification level 
(humidity set point), while the cooling of air to the required set point temperature is achieved by 
controlling the cooling coil in the AHU. The regenerator is controlled in order to maintain the 
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solution concentration between certain levels, which guarantee absorber’s dehumidification 

capacity. The system achieves the temperature set point in each zone by maintaining constant 
supply temperature, and variable air flow rate in each zone as a function of the return 
temperature, making use of dampers in each zone. The humidity level is controlled in the return 
stream. The polyvalent unit has its own internal control in order to supply the chilled water and 
the hot water at fixed set point temperatures.  

 
Figure 4. Piping & Instrumentation Diagram of the Hybrid Liquid Desiccant System. 

 
3. Data reduction 

As shown in the Piping and Instrumentation Diagram (Figure 4), temperatures, pressures and 
flow rates have been measured in each of the subsystems (air streams in the AHU, water 
streams in the Hydraulic Circuit, and LiBr streams in the solution circuit). 

For the purpose of the Energy efficiency ratio calculation carried out in this work, the 
measured parameters include the following. 

- Absorber inlet temperature and relative humidity T1 (ºC), H1 (%); which correspond to 
ambient conditions. 

- Cooling coil outlet temperature and relative humidity, T3 (ºC), H3 (%). 
- Differential pressure at the outlet of the system, DP4 (Pa), in order to calculate the air 

flow rate into the system. 
- Polyvalent unit energy power, PUActiveEnergy (kW). 

The rest of the measured variables have been used for energy and mass balance calculations, 
and calculation of the heat and mass transfer coefficients, which are beyond the scope of this 
paper. Table 3 shows the specifications of the measuring devices. 

Table 3. Specifications of the measuring devices. 

Measured parameters Sensor Accuracy Measuring range 
T1, T3 Regin HTDT2500 0.3 K at 20ºC 0-50ºC 
H1, H1 Regin HTDT2500 2.5% at 20ºC 10-95% 
DP4 Regin DTL310 1% at full scale 0-1000 Pa 
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Based on the measured temperature and relative humidity of the inlet air (supply air at 

ambient conditions) and outlet streams (outlet air from the cooling coil) to the system, the water 
vapor saturation pressure (Psat) and the absolute humidity (W) values of each stream are derived 
from the following equations [22]: 
 

 

 

 

 
 

With the calculated absolute humidity the enthalpy (h) and density (ρ) of the air for both 
entrance and exhaust conditions is calculated based on the following equations: 
 

 

 

 

 
Mass flow rate of the air stream (Msup) is calculated according to the UNE-EN ISO 5167-

1:2003 [23], being k a factor corresponding to the specific fan used in the AHU: 
 

 

 

The total load (Qtotal) of the HLDS includes the absorber and the cooling coil loads, this 
accounts for the latent (dehumidification) and sensible (cooling) loads.  

 
 

 

 
Finally, the total dehumidification/cooling capacity of the HLDS (Qtotal,h) and the Total EER 
(Total_EERh) values in each of the time steps are derived from:  
 
 

 



ACCEPTED MANUSCRIPT

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

X. Peña et al. / International Journal of Refrigeration 

10 
 

 

 

Total_EERh refers to the Energy Efficiency ratio in a certain amount of time, taking into 
account the total cooling/dehumidification load provided by the system (Qtotal,h) in that period of 
time, and the Energy consumption of the Polyvalent Unit in the same period of time. 

An average value of the EER per day has been obtained based on the Total EER values 
obtained during the period of the day in which the HLDS is operative. The evolution of the 
daily averaged EER value, is deeply analyzed in the Results and discussion section. 

 
4. Results and discussion 

The HLDS was installed in Taiwan at the end of October 2015, and after its corresponding 
commissioning period, has been properly working since November 2015. The system has been 
monitored during its operating period under Taiwan climatic conditions, registering all its 
operation parameters. The independent control of temperature and humidity is successfully 
achieved, for many different ambient conditions faced by the system. In days where the system 
is working at full load, meaning that ambient conditions are near to the design ones, the comfort 
conditions are achieved in the conditioned space, maintaining the room temperature and 
humidity within the control limits.  

Concretely, Error! Reference source not found.Error! Reference source not 

found.Error! Reference source not found.the evolution of both temperature and humidity 
during a full load day is shown in Figure 5. Although peak values of temperature and humidity 
appeared in the first part of the day (from 10h to 16h), which are slightly higher than the design 
ones, the system is able to maintain both return temperature and humidity values close to the set 
point. At these conditions, the achieved daily average EER was 3.1. As shown in Figure 
6Error! Reference source not found., the internal loads and the ventilation loads requirements 
are similar to the design ones. The ventilation loads are two to three times higher than the 
internal loads. 

 

  
Figure 5. Evolution of temperature and humidity during a full load day, 26/04/2017. 
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 Figure 6. Evolution of thermal loads during a full load day, 26/04/2017. 

 

Furthermore, another day in which the ambient temperature is around the design value (30 
ºC), and the ambient humidity is slightly above the design value (0.0215 kg/kg dry air) is 
represented in Figure 7. As can be seen, the return temperature achieves the defined set point 
correctly. On the other hand, although humidity is usually maintained inside the defined 
hysteresis (blue band), it presents some peak values mainly due to the ventilation and internal 
loads in the locker rooms. (see Figure 7). Nevertheless, the design comfort conditions were 
accomplished almost all day, reaching to a daily average EER value of 3.7.  

 

  
Figure 7. Evolution of temperature and humidity during a full load day, 17/06/2017. 

 

 
Figure 8. Evolution of thermal loads during a full load day, 17/06/2017 

 
In addition, some days with the system working at overload conditions (higher temperature 

and humidity levels than the design values) are analyzed. In these kinds of days, the highest 
EER values are achieved. In Figure 9 the evolution of temperature and humidity during the day 
with the highest EER achieved (around 4.6) is presented. 
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Figure 9. Evolution of temperature and humidity during an overload day, 19/07/2016. 

 

As can be seen in Figure 9, the system tries to maintain the temperature and humidity values 
inside the system hysteresis (blue band), i.e., in between the maximum and minimum values of 
temperature and humidity fixed by the system control parameters. Anyway, the system is 
working far away from the design conditions, the ambient conditions in Taiwan during the 
analyzed period are higher than 34ºC and 0.025 kg/kgdryair during the whole day, achieving peak 
values of up to 42ºC and 0.030 kg/kgdryair.  

On the other hand, it should be mentioned that the internal loads are maintained around the 
design values. Nevertheless, the ventilation loads logically are much higher than the design 
values, as can be seen in Figure 10. 

 

 
Figure 10. Evolution of thermal loads during an overload day, 19/07/2016. 

 
In order to analyze in detail the behavior of the system working in overload conditions, 

another representative day has been selected and analyzed. During this day the value of the EER 
achieved by the system is around 4.1. Checking Figure 11, in which the evolution of 
temperature and humidity during the system working period is presented, it can be seen that the 
return temperature is maintained inside the blue band, despite facing ambient temperature 
values of 36ºC in the first part of the day. Moreover, the humidity peak values sometimes 
exceed the blue band. This is mainly because of the combination of two factors, first of all, the 
ambient humidity values are 5g/kgdry air higher than the design ones, secondly the maximum 
values related to internal loads achieved are around 15 kW. 
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Figure 11. Evolution of temperature and humidity during an overload day, 21/06/2016. 

 

 
Figure 12. Evolution of thermal loads during an overload day, 21/06/2016. 

 
After analyzing the behavior of the system during the previously presented representative 

days, a direct relationship between the EER of the system and total loads has been identified. 
Therefore, an analysis of the evolution of the EER of the system operating at partial loads, 
design conditions and over-design conditions has been carried out, i.e., EER vs Partial load ratio 
(PLR). The value of the PLR represents the ratio between the actual load of the system at each 
period of time and the load of the system in the design conditions. 

In order to assure that the analyzed tendency would be independent from the gradual aging 

of the units, mainly due to the wettability on plasma treated tubes, a comparison of the daily 

average EER depending on the Partial load ratio (PLR) during two years of operation (2016 and 

2017), is presented. 
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Figure 13. Evolution of the Energy efficiency ratio vs total loads. 

 
As can be seen in Figure 13, the behavior is quite similar regardless of the year; the higher 

the total loads, the better the performance of the HLDS. Understandably, there is a clear 
dependency between the EER of the HLDS and the efficiency of the compression unit, therefore 
if the efficiency of the compression unit is improved, the efficiency of the HLDS will be 
improved in the same ratio. 

In addition, a tool developed in the frame of the EU project has been employed in order to 
develop a comparison between the HLDS and a conventional system operation, for achieving 
the same comfort conditions during a whole year, based on real climatic data and ventilation 
internal loads obtained from the demo measurements. The tool was fed by the measured demo 
site electrical consumption data, hour per hour, day per day. On the other hand, the calculation 
of the energy consumption for the conventional system was based on the consumption of a 
chiller for the air-drying process plus the consumption of a heat pump for the required post-
heating. The energy consumption was then converted to electricity consumption assuming 
average reference levels and behavior for EER and COP, according to IDAE [24]. The 
measured electricity consumption of the HLDS during a year is 47.91 MWh; and the calculated 
electricity consumption of a conventional system based on the previously defined realistic 
assumptions under the same operation conditions leads to 71.54 MWh per year, which leads to 
33% electrical energy savings. 

 
5. Conclusions 

Thermal design of an HLDS prototype has been carried out based on a deterministic model 
of each of the main system components. The mechanical design and manufacturing of an HLDS 
prototype for HVAC applications has been carried out. The prototype was successfully installed 
and commissioned, and the system is working since November 2015 on a demo site in 
subtropical climatic zone, having a low sensible heat ratio (SHR) and high ventilation 
requirements. 
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The HLDS has successfully achieved comfort parameters when working in design conditions 
and an independent control of temperature and humidity is accomplished. The EER reaches 
values up to 4.6. Moreover, a direct relationship between the EER of the system and PLR has 
been identified. In this sense, the higher the total loads the better the performance of the HLDS.  

The measured energy consumption of the system compared with the theoretical energy 
consumption of a conventional system under the same operation conditions, leads to around 
30% electrical energy savings. 

In resume, the HLDS has beeen proved as an efficient alternative to conventional HVAC 
systems for high latent load applications with high ambient humidity levels in tropical and 
subtropical climates. 
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