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Abstract 

In order to develop compact absorption refrigeration cycles driven by low heat 
sources, the simulated performance of a microchannel absorber of 5 cm length and 9.5 
cm3 in volume provided with a porous membrane is presented for three different 
solution-refrigerant pairs: LiBr-H2O, LiCl-H2O and LiNO3-NH3. The high absorption 
rates calculated for the three solutions lead to large cooling effect to absorber volume 
ratios: 625 kW/m3 for the LiNO3-NH3, 552 kW/m3 for the LiBr-H2O and 318 kW/m3 for 
the LiCl-H2O solutions given the studied geometry. The performance of a complete 
absorption system is also analyzed varying the solution concentration, condensation 
temperature and desorption temperature. The LiNO3-NH3 and the LiBr-H2O solutions 
provide the largest cooling effects. The LiNO3-NH3 can work at a lower temperature of 
the heating source, in comparison with the one needed in a LiBr-H2O system. The 
lowest cooling effect and coefficient of performance are found for the LiCl-H2O 
solution, but this mixture allows the use of lower temperature heating sources (below 70 
ºC). These results can be used for the selection of the most suitable solution for a given 
cooling duty, depending on the available heat source and condensation temperature. 

 
 
Keywords: absorption refrigeration; microchannel; membrane absorber; lithium 
bromide-water; lithium chloride-water; lithium nitrate-ammonia. 
 
Nomenclature 
A area (m2) 
C constant 
𝐶𝑝 specific heat (kJ kg-1 K-1) 
D diffusion coefficient (m2 s-1) 
D0  self-diffusion coefficient of ammonia (m2 s-1) 
De diffusion term (m2 s-1) 
𝐷ℎ hydraulic diameter (m) 
dp  membrane pore diameter (m) 
dz discretisation length (m) 
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e height or thickness (m) 
h convective heat transfer coefficient (W m-2 K-1) 
i specific enthalpy (kJ kg-1) 
J  absorption rate (kg m-2 s-1) 
k thermal conductivity (W K-1 m-1) 
�̃� mass transfer coefficient (m s-1) 
K mass transfer coefficient (kg Pa-1 m-2 s-1) 
l width (m) 
�̇� mass flow rate (kg s-1) 
M molecular weight (kg mole-1) 
Nu Nusselt number, 𝑁𝑢 = ℎ𝐷ℎ 𝑘⁄  
P pressure (Pa) 
Pr Prandtl number, 𝑃𝑟 = μ𝐶𝑝 𝑘⁄  
q thermal power (W) 
R mass transfer resistance (kg-1 Pa m2 s) 
Re Reynolds number, 𝑅𝑒 = 𝑢𝐷ℎρ μ⁄  
rQV ratio between cooling capacity and absorber volume 
Ru  universal gases constant (J mole-1 K-1) 
Sh  Sherwood number, 𝑆ℎ = 𝐾𝐷ℎ 𝐷⁄  
T temperature (ºC) 
u velocity (m s-1) 
U global heat transfer coefficient (W m-2 K-1) 
w power (W) 
x absorbent mass fraction (kgabsorbent kgs

-1) 
z length (m) 
 
Greek symbols 
 constant 
 porosity 
 viscosity (Pa s) 
Ξ  Ackermann factor 
 density (kg m-3) 
  tortuosity 
Φ heat transfer rate factor 
 
Subscripts 
A absorber 
ave average 
b boundary layer 
C condenser 
cw cooling water 
D desorber 
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E evaporator 
in inlet 
lv liquid-vapour 
m membrane 
out outlet 
ov overall 
P pump 
ref refrigerant 
s solution 
sat saturation 
v vapour 
va vapour absorbed 
 
 
1. Introduction 

 
Large scale absorption chillers have been widely used with lithium bromide-water 

(LiBr-H2O) or water-ammonia (H2O-NH3) as absorbent-refrigerant pairs. The LiBr-H2O 
absorption refrigeration cycles have reasonable coefficient of performance for 
applications with evaporating temperatures above 0 ºC (air conditioning). For lower 
temperatures, the H2O-NH3 is used, but with lower performance. These working pairs 
present however some drawbacks as corrosion, crystallization and toxicity [1]. The need 
for better absorbent-refrigerant pairs to improve the system performance and the heat 
and mass transfer of the absorption chiller has become one focus of research [2]. 

Previous studies agree in that the lithium nitrate-ammonia (LiNO3-NH3) mixture is 
thermodynamically more attractive and can be the most suitable solution alternative to 
H2O-NH3 systems working in the same conditions [3-5]. Comparison of the 
performances of H2O-NH3 and LiNO3-NH3 absorption cycles suggests that the last one 
can achieve higher cooling capacities and better coefficients of performance [2,3,4,6,7]. 
Experimental prototypes have already attained reasonable good coefficients of 
performance in air-conditioning applications [8-12]. The use of a rectification column 
after the desorber is avoided as the salt is a non-volatile absorbent. This also reduces the 
machine weight and cost [3,6,10,11,13]. Moreover, solar driven absorption with LiNO3-
NH3 would provide improved performance over the conventional units, because of the 
lower desorber temperatures which allow operation with simple, flat-plate, solar 
collectors [4,6,8,13,14]. 

Efforts have also been made to find optimal absorbent solutions trying to replace 
the LiBr-H2O system because of its corrosiveness to steel, low availability and 
relatively high cost [15]. The lithium chloride-water (LiCl-H2O) working pair is readily 
available and environmentally friendly and can be suitable for moderate temperature 
applications [1,16,17]. Moreover, the LiCl-H2O working pair could be preferred over 
LiBr-H2O for reasons of cost and long-term stability [1,18]. 
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Meanwhile, the interest for small-scale absorption chillers in buildings and 
dwellings air-conditioning appliances has also increased, coupled with the use of solar 
thermal systems as a way to reduce the electricity consumption in these applications 
[3,4]. The absorber is one of the most performance limiting [19] and volume demanding 
[20] component of absorption systems. The main challenge in designing and operating 
these devices is to maximize the mass transfer rate by getting as much interfacial area as 
possible, minimizing the overall size. This can be achieved using membrane contactors 
in microchannel heat exchangers. This new technology has already been considered for 
LiBr-H2O and H2O-NH3 refrigerant-solution pairs. A review of membrane contactors 
applied in absorption refrigeration systems has been presented by Asfand and Bourouis 
[21]. The potential of the membrane absorption technology for volume and cost 
reduction of absorption refrigerators has been reported theoretically by Chen et al. [22] 
and experimentally by Schaal et al. [23] for an absorber using hollow fiber membranes 
and the H2O-NH3 solution. Ali and Schwerdt [20] studied the characteristics of 
membranes for the vapour absorption using the LiBr-H2O solution and Ali [24] 
designed and investigated the performance of an absorber with hydrophobic membrane 
in case the chiller operates at different values of the cooling water temperatures. Yu et 
al. [25] have shown the importance of the reduction in the solution film thickness to 
obtain high absorption rates in membrane-based absorbers. Isfahani and Moghaddam 
[26] tested an absorber using the LiBr-H2O solution and a super hydrophobic 
nanofibrous membrane obtaining an absorption rate of about 0.006 kg/m2s, using 
channels of 100 m thick and a flow velocity of 5 mm/s. Venegas et al. [27] developed 
a simple model to predict the performance of a LiBr-H2O microchannel absorber 
operating with a microporous membrane. Recently, Asfand et al. [28] present a 
simulation of a membrane-based absorber with a quaternary salt system 
(LiBr+LiI+LiNO3+LiCl) and a ternary mixture of alkali nitrates 
(LiNO3+KNO3+NaNO3) with water as refrigerant using the ANSYS/FLUENT code. 

The present paper is devoted to covering the two main issues reported above: scale 
down the size of absorption systems by means of a microchannel absorber, provided 
with a porous membrane, and study its performance with substitute absorbent-
refrigerant pairs that have not been considered before in this kind of absorber. Our 
approach differs from the work of Asfand et al. [28] in that the mixtures evaluated and 
the dimensions of the microchannels used are different. Further, in the present work a 
simplified model (described in [27]) is used, which is less time consuming than the 
numerical codes and needs less hypotheses to simulate the system. The considered 
absorbent-refrigerant pairs are LiCl-H2O and LiNO3-NH3, which have already been 
used in conventional absorbers, but not in membrane-based absorbers. Their 
performance in the membrane-based absorber is compared with the LiBr-H2O solution. 
For the first time in relation to membrane-based absorbers, we provide the values of the 
cooling effect and coefficient of performance of a complete absorption system working 
with this kind of micro absorber. Additionally, the temperatures needed in the desorber 
are calculated for each of the solutions. 
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2. Microchannel absorber model 
 
In the proposed absorber a microporous membrane provides the surface contact 

area between the vapour and the solution. The refrigerant vapour (in the present study 
water or ammonia) passes through the membrane and it is absorbed by the solution 
(LiBr-H2O, LiCl-H2O or LiNO3-NH3) flowing inside constrained flow passages. The 
vapour pressure difference across the membrane is the driving force for vapour transfer. 
The heat of absorption is extracted by a cooling water stream, confined also in 
microchannels and separated from the solution by a metallic wall. 

 
2.1. Microchannel absorber configuration 

 
The configuration considered for the absorber in the present study is shown in Fig. 

1(a). The dimensions of the microchannels are 150 m height and 1.5 mm width. The 
length of the channels is 5 cm. We have considered a membrane 60 m thick, with 0.8 
porosity and a pore diameter of 1 m. The number of water and solution channels is the 
same, equal to 13. 
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Fig. 1. (a) (Top): Microchannel absorber cross-section; (b) (Bottom) Differential control volume 

for heat and mass transfer balances. 
 

2.2. Heat and mass transfer model 
 
Our model is based in the dusty-gas model for the vapour mass transfer through the 

membrane and the film theory: the heat and mass transfer equations are described in 
terms of the corresponding mass and heat transfer coefficients. In the following 
paragraphs, an overview of the modelling approach is provided. For a detailed 
discussion of the complete procedure and the correlations employed, the reader is 
referred to our previous publication (Venegas et al. [27]) because the same modelling 
approach is used in the present work. 

The microchannel absorber is divided in differential elements, as shown in Fig. 
1(b), where mass and energy balances are sequentially applied. 

 
2.2.1. Heat transfer 

The energy balance applied to the differential element j, of length dz in Fig. 1(b), is 
written as: 
(�̇�𝑣𝑎𝑖𝑙𝑣)𝑗 = (�̇� ∙ 𝑖)𝑠

𝑗+1
− (�̇� ∙ 𝑖)𝑠

𝑗
+ (�̇� ∙ 𝑖)𝑣

𝑗+1 − (�̇� ∙ 𝑖)𝑣
𝑗 + �̇�𝑐𝑤𝐶𝑝𝑐𝑤

𝑗
(𝑇𝑐𝑤

𝑗+1
− 𝑇𝑐𝑤

𝑗
)     (1) 

Left term in Eq. (1) corresponds to the thermal power released during the 
absorption of the vapour flow rate �̇�𝑣𝑎 into the solution. This heat is transferred to the 
solution, vapour and cooling water. The heat transfer between the solution and the 
cooling water, considering the last one as incompressible liquid with constant specific 
heat, can also be written as in Eq. (2): 
�̇�𝑐𝑤𝐶𝑝𝑐𝑤

𝑗
(𝑇𝑐𝑤

𝑗+1
− 𝑇𝑐𝑤

𝑗
) = 𝑈𝑠_𝑐𝑤

𝑗
𝐴(𝑇𝑠

𝑗
− 𝑇𝑐𝑤

𝑗
) (2) 

In the same way, the heat transfer between the solution and the vapour can be 
expressed as in Eq. (3): 
(�̇� ∙ 𝑖)𝑣

𝑗+1
− (�̇� ∙ 𝑖)𝑣

𝑗
= 𝑈𝑠_𝑣

𝑗
𝐴(𝑇𝑠

𝑗
− 𝑇𝑣

𝑗
)      (3) 

The global heat transfer coefficients in Eqs. (2) and (3) are calculated by means of 
Eqs. (4) and (5): 
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1

𝑈𝑠_𝑐𝑤
𝑗 =

1

ℎ𝑐𝑤
𝑗 +

𝑒𝑤

𝑘𝑤
𝑗 +

1

ℎ𝑠,𝑐𝑤∗
𝑗         (4) 

1

𝑈𝑠_𝑣
𝑗 =

1

ℎ𝑣
𝑗 +

𝑒𝑚

𝑘𝑚,𝑎𝑣𝑒
𝑗 +

1

ℎ𝑠,𝑣∗
𝑗         (5) 

The heat transfer coefficients (h) appearing in the overall coefficients Us_cw and Us_v in 
Eqs. (4) and (5) are estimated using heat transfer correlations taken from the literature. In 
the present study, we use the heat transfer correlations of Lee and Garimella [29] for the 
thermal entrance region and Shah and London [30] for fully developed flow, as 
described in [27]. These correlations take the form shown in Eqs. (6) and (7), 
respectively, where the Nusselt number for the fully developed flow is a constant, for 
the aspect ratio of the channels fixed with the dimensions specified in Section 2.1.  
𝑁𝑢𝑗 = 𝑓(𝑧, 𝑅𝑒, 𝑃𝑟, 𝐷ℎ) =

1

𝐶1(𝑧
𝑅𝑒𝑃𝑟𝐷ℎ⁄ )

𝐶2
+𝐶3

+ 𝐶4  (thermal entrance region)  (6) 

𝑁𝑢𝑗 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (fully developed flow)     (7) 
The aspect ratios and hydraulic diameters used in the present study are included in 

the validity ranges of the Lee and Garimella’s correlation. Developed for laminar flow, 
condition that applies in the present work, the correlation of Shah and London has been 
previously used by some authors to predict the heat transfer performance in similar 
geometries of rectangular microchannels [31,32]. 

In the case of the solution channel, the effect of mass transfer on heat transfer is taken 
into account using modified heat transfer coefficients. Modified coefficients are found 
multiplying those obtained from Eqs. (6) and (7) by the Ackermann factor (Taylor and 
Krishna [33]) calculated as in Eq. (8): 
Ξ =

Φ

𝑒Φ−1
          (8) 

where the heat transfer rate factor Φ is defined as in [33]: 
Φ = 𝐽 ∙ 𝐶𝑝𝑣 ∙ 𝑒𝑠 𝑘𝑣⁄          (9) 

In Eq. (9), J is the absorption rate, Cpv and kv are the vapour specific heat and 
conductivity, and es is the channel solution height. 

The average thermal conductivity of the membrane, km,ave in Eq. (5), is calculated 
using the equation given by Martínez and Rodríguez-Maroto [34]: 
𝑘𝑚,𝑎𝑣𝑒 = ε𝑘𝑣 + (1 − ε)𝑘𝑚        (10) 

In Eq. (10), kv is the thermal conductivity of the vapour inside the membrane pores, 
while km is the thermal conductivity of the membrane solid material. The thermal 
conductivity of the membrane is taken equal to 0.22 W/mK, the same used by Ali [24]. 

 
2.2.2. Mass transfer 

The conservation of mass in each differential element relates the solution (�̇�𝑠) and 
vapour (�̇�𝑣) mass flow rates and the mass fraction of the absorbent (x) in the solution 
are calculated with Eqs. (11) to (13): 
�̇�𝑠

𝑗+1
= �̇�𝑠

𝑗
+ �̇�𝑣𝑎

𝑗          (11) 
�̇�𝑣

𝑗+1
= �̇�𝑣

𝑗
− �̇�𝑣𝑎

𝑗          (12) 
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𝑥𝑗+1 = 𝑥𝑗 �̇�𝑠
𝑗

�̇�𝑠
𝑗+1         (13) 

The mass flow rate of vapour transported across the membrane (�̇�𝑣𝑎) in Eqs. (11) 
and (12) is calculated taking into account the conditions of the bulk vapour and bulk 
solution streams. Eq. (14) provides, for the differential element j, the absorbed vapour 
mass flow rate: 
�̇�𝑣𝑎

𝑗
= 𝐽𝑗 ∙ 𝐴          (14) 

where A is the heat and mass transfer area. The absorption rate is calculated as: 

𝐽𝑗 =
𝑃𝑣−𝑃𝑠

𝑗

𝑅𝑜𝑣
𝑗           (15) 

In Eq. (15), Pv is the bulk vapour pressure and Ps is the refrigerant vapour partial 
pressure (water or ammonia) corresponding to the bulk solution concentration and 
temperature. The overall mass transfer resistance between the vapour and bulk solution 
(Rov) includes the resistance to diffusion through the solution boundary layer (Rb) and 
the resistance to diffusion of vapour through the membrane active layer (Rm). The same 
approach presented by Ali [24] and applied in Venegas et al. [27] is followed here to 
obtain the overall mass transfer resistance: 

𝑅𝑜𝑣 = 𝑅𝑏 + 𝑅𝑚 =
1

𝐾𝑏
+

1

𝐾𝑚
=

𝑃𝑠𝑎𝑡
𝑗

ρ𝑟𝑒𝑓
𝑗

�̃�𝑠
𝑗 + [

𝑀

𝑒𝑚
(

𝐷𝑒

𝑅𝑢𝑇𝑚
)]

−1

    (16) 

On the right side of Eq. (16), Psat is the refrigerant saturated pressure corresponding 
to the bulk solution temperature, ref is the liquid refrigerant density and �̃�s is the mass 
transfer coefficient between the solution-vapour interface and the bulk solution. A 
suitable correlation for mass transfer in microchannels has not been found in the open 
literature. For this reason, the mass transfer coefficient of the solution �̃�s is calculated as 
in Eq. (17) using mass and heat transfer analogy, using the definition of Sherwood 
number: 

�̃�𝑠
𝑗

=
𝑆ℎ𝑠

𝑗
𝐷𝑗

𝐷ℎ
          (17) 

In Eq. (17), D is the diffusion coefficient for each of the absorbent-refrigerant pairs 
considered in this study and Dh is the hydraulic diameter. The Sherwood number, Shs, is 
obtained by means of the same correlations used to evaluate Nu for the heat transfer 
problem, Eqs. (6) and (7), replacing the Prandlt number by the Schmidt number, as in 
Eq. (18): 
𝑆ℎ𝑠

𝑗 = 𝑓(𝑧, 𝑅𝑒, 𝑆𝑐, 𝐷ℎ) =
1

𝐶1(𝑧
𝑅𝑒𝑆𝑐𝐷ℎ

⁄ )
𝐶2

+𝐶3

+ 𝐶4     (18) 

This heat and mass transfer analogy has already been used in previous works, for 
similar problems [24,35]. 

The last term in Eq. (16) corresponds to free molecular flow through the membrane. 
It is a function of the molecular weight of the vapour, M, the membrane thickness, em, 
and the temperature of the membrane, Tm. Eq. (19) provides the diffusion term, De, as a 
function of the porosity, , pore diameter, dp, and tortuosity, , of the membrane as in 
[27]: 
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𝐷𝑒 =
𝜀𝑑𝑝

3𝜏
(

8𝑅𝑢𝑇𝑚

𝜋𝑀
)

0.5

         (19) 
The temperatures and concentration along the channels cannot be explicitly 

determined from equations (1) to (19). Therefore, the above set of equations has been 
solved iteratively (in less than 30 seconds) using Engineering Equation Solver software, 
EES™. The advantage of the present model is that, besides its simplicity, it considers 
that temperatures and concentration are changing along both zones: thermal entrance 
region and fully developed flow. Additionally, the influence of mass transfer on heat 
transfer, which has not been included before in similar investigations using these 
solutions, is taken into account.  

 
2.3. Fluid properties 

 
Special care has been taken to select or obtain the correlations for the diffusion 

coefficient of the refrigerants into the solutions. The different sources used to predict the 
properties are described in the following paragraphs for the three solutions. 
 

The thermodynamic and physical properties of the LiBr-H2O solution have been 
calculated using the functions provided by EES based on [36-38]. 

According to Fig. 2(a), the diffusion coefficient of water in the LiBr-H2O reported 
by Kim et al. [39] agrees well (differences are below 20%) with the Mittermaier et al. 
[40] correlation, which is the expression used in the present simulation. 

The density, specific heat and thermodynamic properties of the LiCl-H2O pair have 
also been calculated using the functions of EES, based on [41]. The viscosity and 
thermal conductivity have been predicted by means of the correlations provided by 
Conde [42]. 

In Fig. 2(a) the data reported by Kim et al. [39] for the diffusion coefficient of 
water into the LiCl-H2O solution and the values obtained with the correlation of Conde 
[43], are plotted with data also reported by Bouazizi and Nasr [44] for the same 
solution. The differences between the data found in the open literature and the 
correlation of Conde [43] are below 10%. Therefore, in the present study this 
correlation is used in the simulation for the LiCl-H2O mixture. 

In the case of the LiNO3-NH3 solution, the thermodynamic and physical properties 
have been calculated according to the correlations proposed by Libotean et al. [45,46]. 
The diffusion coefficient of ammonia into the solution is calculated using Eq. (20), 
specifically developed in the present work: 

𝐷 = 𝐷0 {1 − [1 + (
√𝑥𝐿𝑖𝑁𝑂3

δ1
)

δ2

]

δ3

}       (20) 

where 1 = 0.524,  = -6.65, = -0.95 and D0 is the self-diffusion coefficient of 
ammonia. 

This equation relates the data provided by Infante Ferreira [47] in an equation of a 
similar form to the one proposed by Conde [43] for the LiCl-H2O solution. In Fig. 2 (b), 
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the results of this function is plotted with the data referred in Kusaka et al. [48] and also 
the data provided by Infante Ferreira [47]. 

 

 
Fig. 2. Diffusion coefficients: (a) (Top) water into LiBr-H2O (bold) and LiCl-H2O (dashes and 

unbold); (b) (Bottom) ammonia into LiNO3-NH3 solution. 
 

3. Results and discussion 
 

The main objective of our paper is to derive the theoretical performance data of a 
membrane-based absorber integrated in a complete absorption chiller. The model is 
capable of comparing the heat and mass transfer behaviour along the channels for the 
LiBr-H2O solution and the less conventional LiNO3-NH3 and LiCl-H2O mixtures. 
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3.1. Model validation 
 

The current model has been validated with experimental data obtained by Isfahani and 
Moghaddam [26] with the LiBr-H2O solution. No experimental data of the two other 
solutions have been found in the open literature using membrane-based absorbers, but 
correlations used in the present model remain valid in all the cases. As stated by Herold et 
al. [49], the mass transfer process controls the coupled heat and mass transfer in the 
absorber and therefore validation has been performed comparing the absorption rate 
predicted with the experimental data reported by Isfahani and Moghaddam [26]. In the 
experimental case, the solution and cooling water channels measure 1 and 4 mm in width 
respectively. The cooling water channel height was 0.4 mm. The solution channel of 0.16 
mm height was used for the validation.  

Fig. 3 shows a comparison between the absorption rate predicted by the model, using 
the data of Isfahani and Moghaddam [26], and their experimental results. The figure shows 
the influence of the vapour pressure and the cooling water inlet temperature on the 
absorption rate. Experiments and simulation agree well. Fig. 3(a) shows the good 
prediction of the model concerning the vapour pressure influence. The absorption rate 
increases because the vapour pressure potential rises. In the case of Fig. 3(b), the increase 
in the cooling water inlet temperature reduces the driving force for heat transfer between 
the solution and the cooling water, leading to an increase of the solution temperature. 
Consequently, the solution water vapour pressure increases, which reduces the vapour 
pressure potential for mass transfer. The mean absolute error of the model predictions 
respect to all experimental data represented in Fig. 3 is 9.4%. This low difference 
demonstrates the value of the model to perform a good prediction of the membrane-based 
absorber performance.  
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Fig. 3. Absorption rate as a function of (a) (Top): the vapour pressure; (b) (Bottom) the cooling 

water inlet temperature. Comparison between model and experimental results of Isfahni and 
Moghaddam [26]. 

 
3.2. Mass and heat transfer along the channels 

 
The performance of the membrane-based micro absorber, working with the three 

different solutions, is evaluated in the following paragraphs. We have used as input 
parameters: concentration, inlet solution and cooling water temperatures, absorber 
vapour pressure and solution mass flow rate (represented by the solution Reynolds 
number along the channels), as shown in Table 1. These data represent typical operating 
conditions of single-stage absorption chillers and are similar to those used by Kim et al. 
[39] for the LiBr-H2O solution and Hernández-Magallanes et al. [10] for the LiNO3-
NH3 solution. Data for the LiCl-H2O mixture approach the optimal values found by 
Bellos et al. [50] for a solar absorption cooling system and they correspond also to the 
ones employed in Kim et al. [51]. If compared to the LiBr-H2O solution, the lower 
concentration used is related to the higher crystallization possibility. 

 
Table 1. Input parameters used for the simulation of the absorber. 
 LiBr-H2O LiCl-H2O LiNO3-NH3 
Absorbent mass fraction at the inlet (%) 60 44 51.6 
Inlet solution temperature (ºC) 40 35 40 
Inlet cooling water temperature (ºC) 30 30 30 
Solution Reynolds number 60 60 60 
Vapour temperature (ºC) 7.5 7.5 7.5 
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The mass transfer resistance between the solution-vapour interface and the bulk 
solution 𝑅𝑏 and the membrane mass transfer resistance 𝑅𝑚 are represented in Fig. 4 for 
the three mixtures along the channels. For the three solutions, the membrane mass 
transfer resistance 𝑅𝑚 remains almost constant taking the values of 9.62.104 Pa kg-1 m2 

s for the LiBr-H2O case, 9.52. 104 Pa kg-1 m2 s for the LiCl-H2O mixture and 9.9. 104 Pa 
kg-1 m2 s for the LiNO3-NH3 solution. As discussed by Ali and Schwerdt [20] and 
shown in Berdasco et al. [35], membrane resistance is mainly controlled by the 
maximum pore diameter allowable to avoid penetration of the solution into the 
membrane pores. In our case, the pore diameter is relatively large, 1 µm, giving a 
membrane mass transfer resistance that for the LiNO3-NH3 solution is negligible, when 
compared to the bulk resistance (as also occurred in Berdasco et al. [35]). The higher 
bulk resistance obtained using the LiNO3-NH3 solution is due to the higher saturation 
pressure of ammonia in comparison to water for the same refrigerant temperature, 
according to Eq. (16). In the case of the aqueous solutions the relative importance of 
both resistances is very similar, and the behaviour of the LiBr-H2O and LiCl-H2O 
solutions is as the one already discussed in Venegas et al. [27]. 
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Fig. 4. Solution and membrane mass transfer resistances along the channels: (a) (Top) H2O as 

refrigerant and (b) (Bottom) NH3 as refrigerant. 
 
The absorption rate along the channels is represented in Fig. 5. For the three 

solutions (and mainly for LiNO3-NH3), at the channels entrance, when higher pressure 
potential and mass transfer coefficient are available, the mass transfer rates are higher. The 
absorption rates decrease as the solutions heat, absorbing vapour along the channels. The 
higher driving potential provided by the working vapour pressures of the LiNO3-NH3 
leads to higher mass transfer rates. The LiCl-H2O solution presents a lower absorption 
rate than the LiBr-H2O pair because of the lower driving potential and lower diffusivity 
of the vapour into the solution. 

 

 
Fig. 5. Absorption rate along the channels. 

 

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

0.00 0.01 0.02 0.03 0.04 0.05

M
as

s 
tr

an
sf

e
r 

re
si

st
an

ce
 (

P
a.

m
2
.s

/k
g)

z (m)

LiNO3-NH3

liquid

LiNO3-NH3

membrane

0.0E+00

2.0E-03

4.0E-03

6.0E-03

8.0E-03

1.0E-02

1.2E-02

1.4E-02

1.6E-02

0.00 0.01 0.02 0.03 0.04 0.05

J 
(k

g/
m

2
s)

z (m)

LiBr-H2O

LiCl-H2O

LiNO3-NH3



 
 

15 
 

Very high heat transfer coefficients are predicted in the present study for the three 
solutions, as shown in Fig. 6. The strong decrease observed in the figure for the convection 
coefficients corresponds to the change from thermal entrance region to fully developed 
flow. Additionally, in the fully developed flow region, as the aspect ratio of the channels is 
constant, the convection coefficient is also constant (see Eq. (7)). On the other hand, the 
higher values of the Prandtl number for the LiCl-H2O pair provide higher values of the 
heat transfer coefficient for this solution. The fully developed flow is reached first in the 
LiBr-H2O case, while it appears later for the LiCl-H2O.  

 

 
Fig. 6. Solution heat transfer coefficient along the channels. 

 
The cooling power of an absorption chiller equipped with the absorber modelled in the 

present work and the ratio between this cooling power and the absorber volume, rQV, along 
the channels, are shown in Fig. 7. The cooling power is represented in Fig. 7(a). This is 
the integrated value obtained for the different lengths shown. The cooling power is 
calculated taking into account the vaporization enthalpy of the refrigerant at the absorber 
pressure and the mass flow rate of vapour absorbed by the solution in the membrane-based 
absorber. The higher absorption rates provided by the LiNO3-NH3 solution leads to 
higher refrigeration rates, while the lower mass transfer rates obtained using the LiCl-
H2O pair cause the lowest values reached in the cooling power. 
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Fig. 7. (a) (Top) Cooling power; (b) (Bottom) Ratio of cooling power to absorber volume, rQV, 

as a function of the channel length 
 
The ratio between the cooling power and the absorber volume, rQV can be used to 

select the proper channel length and solution in order to minimize the absorber size. In 
Fig. 7(b), the ratio suddenly increases with the channel length, reaching its maximum 
value at approximately 3 mm length. From this point, the ratio decreases. The high values 
observed at the channel entrance are associated to the high heat and mass transfer 
coefficients and the higher pressure potential at the inlet of the absorber. As these 
coefficients decrease when the channel length increases, the quantity of vapour absorbed 
decreases along the channel. Hence, in order to optimize the absorber size, when designing 
the absorber, it is not recommended to use very long channels, because the increase of the 
absorber size is higher than the increment obtained in the cooling power. This is an 
important conclusion derived from the results of the present work. 
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For the present case, the rQV values obtained using an absorber of 5 cm length, are 

625, 552 and 318 kW/m3 for the LiNO3-NH3, LiBr-H2O and LiCl-H2O solutions, 
respectively. For the sake of comparison, some rQV values obtained using conventional 
absorbers have been retrieved from the open literature. For example, using LiBr-H2O, 
rQV is in the order of 450 kW/m3 in conventional and marketed shell and tubes falling 
film absorbers [27]. Kim et al. [51] in an experimental falling film absorber, constructed 
of two concentric tubes and working with LiCl-H2O, obtained an rQV in the order of 50 
kW/m3. In [10], a falling film absorber of 25.4 cm in diameter and a height of 70 cm 
was tested in a LiNO3-NH3 cooling system of 1.5 kW of cooling capacity, leading to a 
ratio of cooling to absorber volume in the order of 40 kW/m3. The LiBr-H2O technology 
is extensively and commercially available. As a well stablished technology, the LiBr-
H2O falling film absorber configuration is probably at present more optimized than the 
configuration for the much less employed LiNO3 and LiCl solutions. For this reason, the 
volume ratios obtained in this work for the LiNO3-NH3 and LiCl-H2O systems seem 
very high, respect to the experimental values using falling absorbers, when compared to 
the ratio for the LiBr system. 

From the comparison between the rQV results obtained using conventional and 
membrane-based absorbers, it can be concluded that smaller absorbers can be used 
employing membrane technology. Due to these reduced dimensions, these absorbers are 
specially suggested for low to medium cooling loads applications (as the ones found in 
households). The LiNO3-NH3 solution, considering compactness, is specially 
recommended, because of the smaller size of this system. This conclusion is a novelty 
of the present paper regarding the selection of the solution to be used in membrane-
based absorbers. Moreover, the modular design of this type of heat and mass exchanger 
can easily provide a proper scale up, which could allow even higher cooling effect to 
absorber volume ratios. For example, it could be easy to increase the capacity in such a 
way that the vapour and cooling water channels are shared by adjacent modules. In this 
way, this ratio can be increased almost twice. As a general rule, microchannel heat 
exchangers have low material costs. In conventional LiBr-H2O shell and tube absorbers, 
the cooling to volume ratio is 450 kW/m3. According to our previous parametric study 
(Venegas et al. [27]) the optimization of this parameter provides a maximum ratio for 
the LiBr-H2O microchannel absorber equal to 1090 kW/m3 yielding to a reduction in 
volume for a given cooling duty that can be more than twice in comparison to a falling 
film absorber, with the proportional reduction in raw material. Considering the 
membrane, its cost is low, ranging from 0.04 to 0.13 USD/cm2. While the application of 
microchannel heat exchangers in industry has been slowed by high manufacturing costs, 
at present, there is an intensive work toward low-cost fabrication technologies. 
Alternate processes for the production of microchannel devices are under study and 
exploring the cost structure of high volume manufacturing approaches will certainly 
lower cost fabrication [52,53]. 
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Previous results of mass transfer coefficient, absorption rate, heat transfer 
coefficient, cooling power and ratio between cooling power and absorber volume have 
not been found in the open literature up to now for the LiCl-H2O and LiNO3-NH3 
solutions related to microchannel membrane-based absorption technology. 

 
3.3. Absorption chiller performance 

 
As stated in the introduction, one of the interests of the alternative solutions (LiCl-

H2O and LiNO3-NH3) is the possibility of working in systems supplied with solar 
thermal energy or, more generally, in applications where the desorber is fed with low 
heating temperatures. In order to evaluate the possible working conditions considering 
the complete absorption system, for an evaporation temperature of 7.5 ºC, the absorber 
has been studied operating in a complete absorption system as the one represented in 
Fig. 8. 

 
Fig. 8. Absorption chiller. 

 
The theoretical approach followed for the analysis of the complete system is shown 

in Fig. 9. Once equations for the absorber are solved, energy and mass conservation 
equations are applied for each of the components. The model assumptions include no 
thermal losses to the surrounding from the components; the solution leaving the 
generator is saturated; the vapour leaving the evaporator and the liquid leaving the 
condenser are assumed to be saturated, and the vapour and the solution leaving the 
generator are at the same temperature. The condenser and the absorber are subjected to 
the same cooling medium, and we assume that the solution leaving the absorber and the 
liquid leaving the condenser are at the same temperature, as in [4,16]. 
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Solve 
absorber

Input values of main 
parameters

{Tcw,in; Ts,in=T10; xA,in=x10; Pv}

Calculate cycle

Output data;
{Tcw,out ; Ts,out =T5; 

xA,out=x5; mva}

Selection of 
solution

{LiBr-H2O, LiCl-H2O, 
LiNO3-NH3}

Determine state points
{PC=Psat,ref(T5); P8= PC;T8=Ts(x8;P8)}

Calculate thermodynamic 
properties of refrigerants and 

solutions

Calculate main parameters for 
performance analysis
{ qE; qD; qA; wP; COP}

 
Fig. 9. Flow chart of the cycle simulation. 

 
Different inlet solution concentrations and temperatures have been considered. The 

range of concentrations and solution inlet temperatures for the comparison of the LiBr-
H2O and LiCl-H2O cases are the same ones used by Kim et al. [51]. For the comparison 
of the LiNO3-NH3 working pair, the values of the solution concentration and 
temperature are in the range of the ones reported by Hernández-Magallanes et al. [10]. 
The absorbent concentration is limited to avoid crystallization. These conditions are 
summarized in Table 2. Up to the authors’ knowledge, no previous studies are available 
evaluating the effect of these variables on the cycle performance using the LiNO3-NH3 
and LiCl-H2O pairs using membrane-based absorbers. 

 
Table 2. Input parameters used for the simulation of the absorption chiller. 
Parameter LiBr-H2O LiCl-H2O LiNO3-NH3 
Vapour pressure, Pv (kPa) 1 1 564 
Solution inlet temperature, T10 (ºC) 35-42 33-37 35-42 
Vapour inlet temperature, Tv (ºC) 7.5 7.5 7.5 
Inlet cooling water temperature, Tcw,in (ºC) 30 30 30 
Solution inlet concentration, x10 (%) 57-60 41-44 48-51.6 

 
The cooling effect and the coefficient of performance, COP, for a solution inlet 

temperature of 35 ºC (and a temperature of the cooling water of 30 ºC), varying the 
solution concentration, are presented in Figs. 10 and 11. 
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Fig. 10. Effect of solution concentration in the cooling effect of an absorption chiller working 
with a 5 cm long membrane absorber: LiCl-H2O and LiBr-H2O (a)(left); LiNO3-NH3 and LiBr-

H2O (b)(right). 
 

The lowest cooling effect is provided by the LiCl-H2O solution, while the LiNO3-
NH3 and LiBr-H2O solutions supply similar cooling. For the three solutions, higher salt 
concentration provides higher cooling effect. In this case, the solution inlet temperature 
is fixed, therefore the change in concentration implies higher subcooling of the solution 
and a higher pressure potential. A change in the inlet solution concentration of 3% leads 
to an increase in the chilling power of 62% for the LiBr-H2O, 130% for the LiCl-H2O 
and 92% for the LiNO3-NH3. This increase in the cooling capacity is obtained with a 
higher COP as shown in Fig. 11. 

 
Fig. 11. Effect of solution concentration in the coefficient of performance of an absorption 

chiller working with a 5 cm long membrane absorber: LiCl-H2O and LiBr-H2O (a)(left); LiNO3-
NH3 and LiBr-H2O (b)(right). 

 
The LiBr-H2O provides the highest COP, while the LiCl-H2O pair works with a 

poor performance (below 0.3). The LiNO3-H2O and LiBr-H2O can provide similar 
cooling effects, but with a better COP in the second case. As a novelty of the present 
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paper, it is the first time that the COP of the chiller operating with the LiCl-H2O and 
LiNO3-NH3 solutions in a membrane-based absorber is provided. 

The final temperature in the desorber for the same cases is represented in Fig. 12 
for the three solutions. The advantage of the new proposed working solutions is that 
they could work at lower desorber temperatures. The LiCl-H2O solution, as shown in 
Fig. 12, could work with generation temperatures below 70 ºC. Nevertheless, in this 
operating condition, the COP will be equal to 0.3 producing a chilling effect of 3 W. 
The LiNO3-H2O can work also at lower temperatures than the LiBr-H2O solution, but 
the difference is less pronounced. For example, if a cooling demand of 7 W is 
considered, this could be provided with a LiBr-H2O system operating with an inlet 
concentration at the absorber of 59.25%, a COP equal to 0.7 and a final desorber 
temperature of 77.5 ºC. The LiNO3-NH3 will provide the same cooling effect working 
with a solution concentration of 50.25%, a COP equal to 0.55 and the final temperature 
in the desorber would be 74.5 ºC. 

 
Fig. 12. Effect of solution concentration in the solution temperature at the outlet of the desorber 
of an absorption chiller working with a 5 cm long membrane absorber: LiCl-H2O and LiBr-H2O 

(a)(left); LiNO3-NH3 and LiBr-H2O (b)(right). 
 

The effect of varying the solution inlet temperature is shown in Fig. 13. As it is 
expected, the maximum cooling effect and COP are achieved at lower solution inlet 
temperatures because the solution would have a higher subcooling, increasing its 
capacity to absorb vapour. With a solution inlet temperature of 36 ºC, a cooling effect of 
1.24 W can be obtained using the LiCl-H2O solution (with a concentration equal to xLiCl 

= 42.5%). In this case the COP will be 0.1. With the same inlet solution temperature, a 
LiBr-H2O solution (at 58.5% concentration) will provide 5.74 W with a COP equal to 
0.51. The LiNO3-NH3 at 50%, will provide 6 W with a COP of 0.42. 
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Fig. 13. Effect of the solution inlet temperature in the cooling effect (left) and coefficient of 
performance (right) of an absorption chiller working with a 5 cm long membrane absorber. 

 
A comprehensive representation of the previous results is shown in Fig. 14 where 

the cooling effect as a function of the temperature of the heating source is represented. 
This figure can be used as a design tool to select one of the three solutions and, for each 
case, determine the working concentrations and need of cooling of the solution for a 
given cooling duty. 

 
Fig. 14. Cooling effect comparison for a chiller operating with a microchannel membrane 

based absorber of 9.5 cm3 in volume. 
 
For example, a cooling effect of 3 W can be obtained using the LiCl-H2O solution 

at xLiCl=44%, entering the absorber at 35 ºC in a system fed with a heating medium 
around 70 ºC. To obtain the same cooling effect a LiBr-H2O solution at 40 ºC and 58% 
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concentration will need a temperature in the desorber of 82 ºC, while the LiNO3-NH3 
solution could work with a solution at 40 ºC and a concentration of 50%, in a system 
feeding the generator at around 77 ºC. 

In the present work an absorber of 9.5 cm3 is considered. Scaling to higher cooling 
powers is easily achieved by increasing the number of channels or stacking the required 
number of modules. In this way, a 1 kW system could be achieved, for example, with 8 
adjacent modules of 150 channels each, or 4 modules with 300 channels. 

To our best knowledge, this kind of results has not been reported before. It is the 
first time that information on the performance of a complete absorption chiller working 
with the three different solutions of this study (LiBr-H2O, LiCl-H2O and LiNO3-NH3) in 
a microchannel membrane-based absorber is provided. 

 
 

4. Conclusions 
 
In the present work, the simulation of the absorption process through a membrane 

in a microchannel absorber allowed the comparison of the alternative solutions LiCl-
H2O and LiNO3-NH3 with the conventional LiBr-H2O working pair. This comparison 
has not been reported in the literature. In order to compare the performance of the LiBr-
H2O, LiCl-H2O and LiNO3-NH3 solutions, the data referred to their thermodynamic and 
physical properties in the literature have been first exhaustively reviewed. In particular, 
an effort has been stressed on the calculation of the diffusion coefficient, which value 
determines in a great manner the mass transfer between the refrigerant and the solution. 
This has allowed the evaluation of the heat and mass transfer coefficients at different 
operating temperatures and concentrations.  

The simulated performance of the LiBr-H2O, LiCl-H2O and LiNO3-NH3 solutions 
working in a membrane based process has shown that they can provide small-size 
absorbers in comparison to the conventional ones working with a falling film solution 
sheet. The cooling effect to absorber volume ratio has been used as a base of 
comparison. The highest value for this parameter is obtained using the LiNO3-NH3 pair. 
The LiCl-H2O provides, in comparison, the lowest ratio. 

Another novelty is the study of the membrane absorber in a complete absorption 
chiller for the three solutions. In this way, the cooling effect and coefficient of 
performance for different concentrations, cooling water temperatures and temperature of 
the heating source are estimated and an operational map for the three solutions has been 
drawn. These charts reveal that the highest cooling effect can be achieved with the 
LiNO3-NH3 solution, with lower temperatures in the desorber than the ones needed in 
the LiBr-H2O system. Nevertheless, the system working with the LiBr-H2O solution 
possesses the best COP. The maximum cooling effect is achieved at lower solution 
temperatures and higher salt concentrations. The lower temperatures are obtained in the 
desorber using the LiCl-H2O solution, but with poor coefficient of performance and low 
cooling effect. As a novelty, the paper also provides criteria for the selection of the most 
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suitable solution for each application, depending on the available heat source and 
condensation temperature levels. 
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