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ABSTRACT
The paper reports the theoretical analysis of a hybrid air-conditioning cycle
which integrates an H2O-LiCl dehumidification cycle with a CO2 refrigeration
cycle.
The process air is cooled and dehumidified in a membrane contactor by the
salt solution in order to condition the air inside the vehicle. The cooling load
is handled by a CO2 refrigeration cycle.
The diluted solution is regenerated in a second membrane contactor using
heat given off by the condenser or warm water from the engine.
The power required to maintain indoor comfort conditions in summer by
means of this combined cycle is compared with that required by the CO2
cycle which directly cools the process air.
Theoretical analysis carried out by means of a Simulink code shows
considerable power saving under high latent load and/or high outdoor
humidity.
INTRODUCTION
Mobile air conditioning is one of the fields in which significant efforts are being made
to reduce power consumption and its impact on the environment. The Montreal and Kyoto
protocols have established common pathways for technological evolution and car makers
and suppliers are working to build air-conditioning (AC) systems that use less power and
employ refrigerants that have a lower environmental impact (GWP, LCCP) [1].
In this context, it is fundamental, more than ever, to reduce the power consumption
of mobile air-conditioning systems. The traditional vapour compression equipment (V-C)
tackles both sensible and latent loads by chilling the process air to below its dew-point, so
that air dehumidification is intrinsically coupled with cooling [2,3]. As this operation requires
the IC engine to supply a large amount of mechanical energy to the compressor, the
impact on fuel consumption is considerable, particularly in hot and humid climates.
In AC, solid or liquid desiccants - such as LiCl and CaCl2 solutions - enable latent
loads to be handled independently from sensible loads, i.e. the humidity of the process air
can be controlled independently from the temperature [2,3]. In applications in which
significant latent loads are involved and when waste thermal energy is available to
regenerate the desiccant, considerable power savings are possible in comparison with
traditional cooling dehumidification [3,4]. Liquid desiccant processes can also improve air
quality by co-absorbing pollutants into the solution [5].
Furthermore, the use of “hybrid systems” [6,7,8], i.e. direct-contact liquid desiccant
cycles integrated with vapour-compression (V-C) cycles, can achieve energy benefits in

comparison with traditional V-C cycles. In these hybrid systems, the V-C cycles can
operate at higher evaporation temperatures than in traditional systems, thereby saving
energy mainly as a result of their higher performance coefficient (COP) [6].
Up to now, liquid desiccants have been used only for industrial AC purposes and
dehumidification [2,3,4] in direct-contact plants that are not suited to mobile equipment. By
adopting membrane contactors, as recently proposed [9,10,11,12], it is also possible to
build compact liquid desiccant equipment for mobile AC applications. Hence, innovative
hybrid membrane AC systems (H-M) that integrate V-C cycles with liquid desiccant
dehumidification cycles can be envisaged. A previous study [12] involving an inverse
endoreversible Carnot cycle showed that energy savings can be achieved by such an H-M
system, in conditions of high latent load and/or high outdoor humidity.
The loss in simplicity of an H-M system in comparison with the traditional V-C one
can be justified by its energy savings and also by the following advantages:
- using a liquid desiccant as a secondary fluid to treat the process air to the cabin
allows a freer choice of refrigerants (alternative to H134a), such as the flammable
H152a or propane;
- using the heat given off by the V-C condenser to regenerate the desiccant enables
more compact V-C equipment, with short tubes and connections and therefore little
refrigerant leakage, to be implemented close to the engine.
The aim of this study was to analyse an H-M system for mobile AC and to compare its
energy performances with those of a traditional AC system. One of the most frequently
considered alternative refrigerants (carbon dioxide) was used to simulate the refrigeration
cycles of both systems.
TRADITIONAL AC SYSTEMS AND THE HYBRID MEMBRANE AC SYSTEM
The reference AC system consists of a refrigeration cycle using carbon dioxide as
its refrigerant. Fig. 1a and 1b show the reference traditional AC system, as it is usually
installed in cars, while fig. 2a and 2b show the proposed H-M system and fig. 2c a possible
configuration of the components under the hood.
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Fig. 1a Scheme of the reference AC system
AMB - vehicle cabin; EXT - outdoor environment; 1 – evaporator; 2 – compressor; 3 – condenser; 4 expansion valve; 5 – heater; A - indoor air state; E - outdoor air state; B - mixed air state; C - air state at the
outlet of 1; D - air state at the inlet of AMB.
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Fig. 1b Layout of the reference AC system
In traditional mobile air conditioning, the air to be treated by the system (fig. 1a) totally renewed or fully recycled - is conveyed to the heat exchanger (1) (evaporator) and
then heated by means of the cabin heater (2) in order to obtain comfortable conditions in
the AMB. The thermodynamic process is shown in fig. 1c.
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Fig. 1c Reference AC cycle
The same air-side layout has also been considered for the H-M system, in which the
air passes through the membrane contactor (6), where it is cooled down and dehumidified
by means of simultaneous heat and mass transfer processes, before being conveyed to
the AMB. The thermodynamic process is shown in the Carrier diagram in fig. 2d.
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Fig. 2a Scheme of the hybrid membrane AC system
AMB - vehicle cabin; EXT - outdoor environment; 6 – dehumidifier contactor; A’ - indoor air state; E - outdoor
air state; B’ - mixed air state; D’ - air state at the inlet of AMB.

In the solution-side loop, depicted in fig. 2b, there are two membrane contactors (1,

7): one to dehumidify the air (1) and the other to regenerate the diluted solution (7). The
solution in the dehumidification loop must be maintained at a constant concentration and
cooled in order to condition the air, while the heated solution in the contactor regenerator
is re-concentrated. The cooling unit is therefore used as a heat pump to transfer heat from
the dehumidification loop to the regeneration loop.
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Fig. 2b Particular of the desiccant cycle
RADIATOR

Regeneration
unit
Cooling unit
Recovery /
mixing unit

ENGINE

Engine compartment
AC unit

Cabin

Fig. 2c Layout of the hybrid membrane AC system
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As the desiccant solution becomes diluted during the absorption process, it must be
re-concentrated in the regeneration loop, in order to keep the concentration constant. The
scheme of the heat and mass transfer loop (desiccant cycle) is detailed in fig. 2b. The
diluted solution, coming from (6), flows into the tank (8), where the concentration is
restored to the required value. This process takes place in the regeneration loop and is
carried out by first preheating the solution in the recovery heat exchanger (9) and
subsequently increasing the solution temperature by means of the waste heat from the
condenser refrigeration cycle (3). The solution then flows into the regenerator contactor
(7), where the vapour is discharged outside into the outdoor air (E) stream thereby
increasing the solution concentration. The warm concentrated solution returns to the tank
through the recovery heat exchanger (9), in counter-current with the cold solution coming
from (8). In the absorption loop, the solution is cooled down by the evaporator of the V-C
cycle (1).
At the highest latent loads, the waste heat from the engine is used to heat the
solution in the heat exchanger (10).
In the H-M cycle, a regeneration ratio has been introduced; this is defined as:
RR =

Gs de + Gs derec
Gs de

(1)

where Gsde is the flow rate to the regeneration loop, and Gsderec is the flow rate recycled
in the loop. Furthermore, the ratio between Gsde and the solution flow rate through the
absorber Gsab is defined as follows:
Gs ratio =

Gs de
. (2)
Gs ab

The solution temperatures and concentrations which establish in the two loops
control the heat and vapour transfer in the dehumidifier and in the regeneration contactor.
In steady state conditions the absorbed water vapour rate in the contactor (6) is equal to
the desorbed water vapour rate in the other contactor (7).
Simulation input and analysis
The computer simulations of the two CO2 refrigeration AC systems (reference and HM
systems) were carried out assuming for both systems:
• totally renewed air (RRA=1);
• the same temperature and relative humidity of the outdoor air;
• negligible blower power consumption to move air to cabin;
• negligible mechanical power required for the desiccant flow in the absorption and
desorption loops;
• ambient volume V = 3 m3;
Both systems handle the same outdoor air flow rate Gae (E state) and re-circulated
air flow rate Garec so that the total air flow rate into the AMB (Ga = Gae + Garec) is the
same. The air flow Ga into the AMB handles the indoor sensible and latent heat loads to
match indoor conditions (states A and A’ respectively) allowing the same human comfort
indexes PMV and PPD. In both systems the air re-circulation ratio RRA is defined as:

RRA =

Ga e + Ga rec
Ga e

(3)

In modelling the CO2 cycle, the CO2 thermodynamic properties were derived from [13]
and the characteristics of the Lynd compressor for automotive application were taken from
its efficiency chart [14].
The performances of the membrane contactors refer to a module provided by the GVS
Company and depicted in fig.3. In the simulation, the dimensions of the contactor core
were set at 400x340x210mm, corresponding to two modules in series on the air path.
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Fig. 3 Thermal welded cross-flow membrane contactor
The membrane was composed of a PTEF layer (≈ 70 µm) with nominal porosity 0.2
µm laminated on a polyester supporting layer of up to 170 µm total thickness; its
permeability δ was in the range 4.65*10-11 ÷ 7.35*10-11 (kg/(m2 s Pa) (i.e. 0.95 < Ret < 1.5
(m2Pa/W)) as tested at DIPTEM [15].
A description of the equations used to evaluate vapour flux through the membrane
and a description of the theoretical and experimental results obtained at DITEM on thermal
welded contactors is given in [10,15]. Fig. 4 shows the vapour fluxes absorbed by the salt
solution as a function of the air flow Ga. The continuous line shows the predicted values
obtained with the two different membrane permeabilities mentioned above.
Air inlet temperature 18°C
Air inlet relative humidity 36%
Solution [saturated LiCl] flow rate 400 kg/h
Solution inlet temperature 21°C

♦ Experimental values

Theoretical values

Fig. 4 -Vapour fluxes as a function of air flow rate: experimental and computed results [15]
The performances of the two systems were compared by means of a SIMULINK
code (MATLAB environment) that provides a graphical user interface for building a multicomponent system as a succession of blocks. Each block represents a system component

(for instance, the absorber and the desorber contactor, the economiser heat exchanger
and so on) in which the inlet and the outlet variables are linked together by means of the
governing equations describing the behaviour of the component itself.
The thermodynamic properties of moist air were modelled according to [2], while
the properties of the LiCl solution were modelled on the basis of experimental data
reported in literature [16÷19]. For both systems, the calculations were made in order to
obtain the same conditions of human comfort in the AMB, i.e. the same predicted mean
vote (PMV) and predicted percentage of dissatisfied (PPD) cloth thermal resistance Icl,
mean radiant temperature tmr, air velocity v and metabolic rate M/Ab [20,21], as reported in
Table 1.
Table 1
Icl
[clo]
0.5

tmr
[°C]
28

v
[m/s]
0.2

M/Ab
[W/m2]
72

PMV
[-]
0.24

PPD
[-]
6.2

The same PMV can be achieved with an air temperature tA* > 25 and φA*< 50% or
with tA* < 25 and φA* > 50%, so that the increased dehumidification in the first case will be
accompanied by a greater latent load.
All simulations were carried out assuming the input data specified in tables 2, 3 and 4.
Table 2: outside and indoor air, sensible and latent load, air flow rate and RRA parameter
gv’
tE φ E tA φA
GvE
Ga RRA Gae
ϕ’sen
[°C] [%] [°C] [%] [W/m3] [g/(hm3)] [m3/h] [kg/h] [-] [kg/h]
35 60 25 50
450
115
1000 400
1
400

Table 3: AC standard cycle, characteristics of the heat exchangers
Heat exchanger (1)
Heat exchanger (3)

Table 4: H-M cycle
Heat exchanger (1)
Heat exchanger (3)
Regenerator (9)
Gs ratio
RR
At the inlet (1)
At the inlet (3)
From (8) to (9)
Membrane contactor (6)
Membrane contactor (7)

U1= 150 [W/m2 K]; A1= 1.1 [m2]
U3= 150 [W/m2 K]; A3/A1=0.91; A3 = 1.0 [m2]

2
2
U1* = 2000 [W/m K]; A 1* = 1.5 [m ]
2
2
U 3* = 1500 [W/m K]; A 3* A 1* =0.64; A 3* = 0.96 [m ]
2
2
U 9* = 400 [W/m K] A 9* = 0.5 [m ]
0.1 [-]
10 [-]
Gsab = 900 [kg/h]
RR Gsde = 900 [kg/h]
Gsde = Gsab ⋅Gsratio = 90 [kg/h]
2
A *6 = 7 [m ]; δ ≈ 3.5 − 7 − 14 ⋅10 −11 [ kg /( msPa )]
2
A 7* A *6 = 1.18; A 7* = 8.3 [m ]; δ ≈ 14 ⋅ 10−11 [kg/(msPa)]

The values of thermal transmittances for all heat exchangers, in both traditional and
hybrid systems, were assumed in accordance with heat exchanger practice [22].
The energy performances of the two cycles were compared in steady state conditions
by adjusting the heat flux at the evaporator (1) of the of the H-M cycle and marching in
time until the same comfort parameters ( PMV and PPD) were reached in the AMB for tE =
35 and ФE = 60 %.

RESULTS
The mechanical power required by the two cycles in order to achieve the same comfort
conditions in the AMB were first computed on the basis of the data in Tables 1, 2, 3 and 4,
in order to evaluate the influence of the relative humidity of the outside air. Fig. 5 shows
the trend in the percentage mechanical power saving (MPS) on adopting three different
membrane permeabilities for the dehumidifier.
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Fig. 5 MPS for different external relative humidity values and different membrane
permeabilties of the dehumidifier
The proposed H-M system is seen to achieve considerable power savings at the
highest values of outdoor relative humidity; furthermore the saving increases when the
membrane permeability decreases.
In addition, a higher efficiency of the recovery heat exchanger from 0.54 to 0.71
yields a higher MPS, as shown by the theoretical results obtained for a membrane
permeability δ = 7 ⋅ 10 −11 (kg/m2 s Pa) and depicted in Fig 6. This effect is mainly due to the
more efficient thermal separation of the absorption and regeneration cycles: indeed, the
lower the heat flow rate transferred from the regeneration loop to the absorption loop, the
less the heat flow to be handled by the evaporator, and therefore the lower the power
consumption of the cooling unit.
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Fig. 6 MPS for different values of outside relative humidity and recovery heat
exchanger efficiency

Finally, further calculations were made with the same input data (Tables 1, 2, 3, 4) –
except of φE set equal to 50% - to assess the influence of indoor vapour production gv’.
Considering that the base value of 115 g/h·m3 corresponds to a vapour production of
driver plus four passengers, other cases with more or less passengers have been
simulated.
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Fig. 8 MPS for different indoor vapour production values
Results depicted in fig. 8 show that MPS increases with the indoor vapour
production; a power saving of about 30% can be obtained when the vapour production
rises to 190 g/h m3.
CONCLUSIONS
The following conclusions can be drawn:
• in summer, the H-M cycle achieves comfortable indoor conditions, with power saving of
up to about 35 % in comparison with a traditional CO2 refrigeration cycle;
• power saving increases as the relative humidity of the outdoor air and the latent loads
in the controlled ambient increase; the higher energy saving is not achieved by using
the membrane with the highest vapour permeability in the dehumidification contactor;
• energy saving increases with the efficiency of the regenerator heat exchanger.

SYMBOLS
A
surface (m2)
COP coefficient of performance (-)
g’v
internal vapour production in AMB (g/hm3)
Ga
mass flow rate into the conditioned cabin (kg/h)
Gae renewal air mass flow rate (kg/h)
Garec recirculated air mass flow rate (kg/h)
GvE outdoor air flow rate throughout (3) and (7) (m3/h) of fig. 2b
Gv
absorbed/desorbed vapour mass flow rate in the H-M cycle (kg/h)
Gsab LiCl solution mass flow rate at the inlet of the absorber (6) (kg/h)
Gsde LiCl solution mass flow rate to the desorption loop (kg/h)
GsderecLiCl solution re-circulated mass flow rate (kg/h)
Gsratio ratio between Gsde and Gsab
Icl
thermal resistance of clothing of occupants in AMB (clo)
MPS mechanical power saving (%)
M/Ab metabolic specific power of occupants in AMB (W/m2)
PMV predicted mean vote (-)
PPD predicted percentage of dissatisfied (%)
Ret
membrane mass transfer resistance to latent flux (m2/Pa W)
RRA air re-circulation ratio (-)
RR
solution re-circulation ratio in the desorption loop (-)
t
temperature (°C)
tmr
radiant mean temperature of AMB (°C)
U
overall heat transfer coefficient (W/m2)
v
mean air velocity in AMB (m/s)
V
volume of the conditioned cabin (AMB) (m3)
Greek Symbols
δ
membrane permeability (kg/(m2 s Pa))
ϕ’sen sensible heat load (W/m3)
φ
relative air humidity (%)
Subscripts
1,2,3,4,…,8 refer to the ith component
A,B,C,D,E refer to the ith air state of the traditional AC
A*,B*,D*
refer to the ith air state of the H-M cycle
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