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Featured Application: Absorption cooling systems fed by solar thermal energy.

Abstract: In this work, the performance of a single effect absorption cooling system fed by solar thermal
energy is evaluated. The absorption chiller includes a membrane-based microchannel desorber using
three types of nanoparticles: Al2O3, CuO, or carbon nanotubes (CNT). Correlations available in the
open literature to calculate the thermal conductivity of nanofluids are reviewed. Using experimental
data for the water-lithium bromide solution (H2O-LiBr) with Al2O3 and CNT nanoparticles, the most
appropriate correlation for thermal conductivity is selected. Nanofluid properties are evaluated using
a concentration of nanoparticles of up to 5% in volume. The largest increase in the desorption rate
(7.9%), with respect to using pure H2O-LiBr solution, is obtained using CNT nanoparticles and the
maximum concentration of nanoparticles simulated. The performance of the chiller is evaluated and
the daily solar coefficient of performance (SCOP) for the solar cooling facility is obtained. The best
improvement with respect to the conventional system (without nanoparticles) represents an increase
in the cooling effect of up to 6%. The maximum number of desorber modules recommended, always
lower than 50, has been identified.

Keywords: absorption refrigeration; microporous flat membranes; rectangular microchannels;
H2O-LiBr; nanoparticles; desorber; nanofluids

1. Introduction

Absorption cooling chillers can be fed by any heat source, including renewable or waste heat,
for example, from solar thermal collectors. Any solar thermal facility, used to obtain domestic hot
water and/or heating, can be used to provide air-conditioning in the summer season, obtaining the
best use for the solar facility. In this way, the electricity consumed during summer can be reduced,
decreasing possible peaks in the electrical grid.

In a single effect absorption chiller, there are four key components: absorber, desorber, evaporator,
and condenser, as shown in Figure 1. In the desorber, an amount qd of heat is supplied to the solution
flowing inside the device to separate a portion of the more volatile component (the refrigerant). In the
case of the H2O-LiBr pair, the solution concentrated as a fraction of water in the superheated vapour
state is separated. This vapour flows to the following component, the condenser, where the amount
qc of heat is released to a recooling fluid (typically water coming from a cooling tower or ambient
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air). The superheated vapor is then cooled and condensed, ideally obtaining water in a saturated
liquid state. These two components, desorber and condenser, work at the highest pressure inside the
absorption chiller. For this reason, expansion devices are located at their outlets to reduce the pressure
down to the values in the following devices (absorber and evaporator). In the condenser, liquid water
expands in the throttling device to obtain a saturated two-phase flow that enters the evaporator. There,
the remaining liquid water evaporates, thanks to the heat qe extracted from the external cold fluid,
producing the desired cooling effect. Vapour generated enters into the absorber, where it comes into
contact with the concentrated solution flowing from the desorber. Here, the solution absorbs the
vapour and the absorption and dilution heats produced qa are transferred to an external recooling fluid.
The diluted solution is then pumped again to the desorber to close the cycle. An additional component,
a recovery heat exchanger, is added in real absorption chillers to improve the cycle efficiency. It is
located between the desorber and the absorber and allows heat transfer from the hot concentrated
mixture to the cold diluted one.
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Figure 1. Scheme of a single effect absorption chiller, including conventional shell and tubes exchangers
in the desorber and absorber.

Figure 1 shows the typical configuration used for desorber and absorber in conventional absorption
chillers, corresponding to shell and tubes exchangers. In the case of the desorber, the heating fluid
circulates through the tubes, while solution boils inside the shell. In the absorber, the concentrated
solution is dispersed in drops at the top of the tube bank, entering into contact with the vapour flowing
from the evaporator. The heat released during absorption is extracted by the recooling fluid circulating
through the tubes. Both components are very large, heavy, and very sensitive to vibrations. For this
reason, absorption systems are not competitive with mechanical compression chillers, and many
studies are being performed to improve their design.

In the last years, the use of microporous membranes located at the boundary between solution
and vapour in desorbers of absorption chillers has been evaluated. In the case of components using
microporous flat membranes, one possible configuration is that represented in Figure 2. There,
the solution is confined in very small channels and the contact area between vapour and solution is
increased because the channel thickness is tiny. In addition to this, higher mass and heat transfer
coefficients are obtained owing to the flow type generated inside these small channels.

Up to now, reduced, but increased number of investigations, are being developed because this
technology is an alternative to reduce the size of these components. Most of the research developed
on this subject has been developed in the last decade, including a review performed by [1]. Previous
research using the NH3-H2O solution has concluded that the use of membrane contactors contributes
to cost and size savings [2–6]. The present research focuses on the use of membrane-based devices
operating with the H2O-LiBr solution. This working pair is mainly used for air-conditioning systems
and its use avoids the need for a rectification column and attaining higher energy performance.
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Some research has been performed related to membrane-based desorbers using the H2O-LiBr
solution. The authors of [7] tested water vapour permeation and analysed the effects of the temperature
difference and stirring rate on the desorption flux. A similar study was conducted by [8] to evaluate
water separation from an ultra-thin film of solution. Using a fixed inlet concentration and flow rate,
the vapour generation rate was measured, obtaining a linear relation with the heat flux. When the
heat flux was fixed, if the inlet mass flow rate lessened, then the concentration increased. Employing
the same mixture, [9] showed an enlargement in the desorption rate when the pressure difference
across the membrane was increased, and the channel thickness and concentration at the desorber inlet
were reduced.

A hollow fibre membrane module was used by [10], obtaining experimentally high desorption
ratios. The authors arrived to the conclusion that this technology can be used to improve the coefficient
of performance (COP) of the chiller or as a novel or secondary desorber capable of using heat at a low
temperature. The authors of [11] used a desorber with rectangular microchannels and concluded that
pore diameters smaller than 1 micron are valid. In a different work [12], when a comparison to the
results of [9] was performed, desorption rates obtained were one order of magnitude higher.

More recently, the authors of [13,14] developed experiments in a desorber-condenser using the air
gap membrane distillation technology and the water-Carrol and H2O-LiBr working pairs. In this case,
the use of this technology provides promising results. The authors of [15] evaluated an intermittent
absorption arrangement employing a porous membrane in a desorber-condenser fed with solar thermal
energy. In this study, the quantity of refrigerant desorbed was experimentally measured at different
operating temperatures. In a recent work, the authors of [16] tested and analysed the effect of the
cooling water and solution temperatures on the desorber performance. Using these experimental
data, a theoretical heat load was computed and the solar system was sized. In other recent work,
the authors of [17] tested a micro-desorber using membrane technology and fed by low temperature
heat. Two operating parameters were varied, the hot water inlet temperature (62 and 66 ◦C) and the
mass flow rate of the inlet solution. The results obtained include the desorption rate, desorption ratio,
cooling power, and solution and hot water heat transfer coefficients.

With respect to numerical simulation of desorption processes using membranes, the authors of [18]
presented a miniature desorber using microchannels. The results obtained using this technology were
evaluated for electronics cooling, demonstrating its feasibility. In [19], a combination of numerical and
experimental research was employed to evaluate the vapour separation from a solution flowing through
microchannels. A numerical model was employed to evaluate the effect of surface microstructures.
A different numerical study was developed by [20], using in this case a micro-porous hollow fibre.
A cooling capacity of around 2.88 kW was predicted by the simulation and a COP of 0.63 when solution
recirculation was used. More recently, a simple model of a membrane desorber using microchannels
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was developed and validated by [21], while a parametric study evaluating the effect of operating and
design variables can be found in [22].

Another way to reduce the volume of absorption chillers is increasing the mass and heat transfer
rates by adding nanoparticles to the solution. Some researchers have experimentally studied the
enhancement of mass and heat transfer using nanoparticles, but most of them in the absorber, and very
few using the H2O-LiBr solution [23–25]. Related to desorption processes and the H2O-LiBr solution,
the authors of [25] measured the heat transfer coefficient during boiling and the critical heat flux
obtained when Al2O3 nanoparticles were added. They obtained a reduction in the heat transfer
coefficient and a growth in the critical heat flux of the nanofluid with respect to the base fluid when
the concentration of nanoparticles was increased. The authors of [26] added iron oxide nanoparticles
to the H2O-LiBr solution. The experiments showed that sensible and latent heats transferred to the
solution from a solar simulator were enhanced in the nanofluid. In addition to this, the increasing
rate of sensible heat was lower than that of latent heat when the nanoparticles content was increased.
The most recent work about desorption was developed by [27], using multiwall carbon nanotubes
and carbon black (CB). The solar desorption experiment showed that the nanosolution containing up
to 0.01% of CB nanoparticles increases the steam generation rate with respect to the pure H2O-LiBr
solution, indicating its potential for use in direct solar absorption refrigeration systems.

The previous literature review shows the increased interest in improving the performance of
desorbers used in absorption cooling chiller in two ways: using membrane-based components and
adding nanoparticles to the base solution. The review also shows that a limited number of works
have been developed up to now on membrane-based desorbers and only three related to desorption
processes using nanoparticles and the H2O-LiBr solution. The present research focuses on the use of a
membrane desorber of rectangular microchannels and nanoparticles added to the H2O-LiBr solution.
Al2O3, CuO, and carbon nanotubes (CNTs) nanoparticles are employed to enhance the desorption
rates in the desorber. Nanofluids effect is assessed using concentration of nanoparticles up to 5%
in volume. The performance of a single effect solar absorption cooling system incorporating the
membrane-based desorber, H2O-LiBr nanoparticles in the absorption chiller, and a flat plate thermal
collector is evaluated.

2. Materials and Methods

2.1. Membrane-Based Desorber

The desorber uses the configuration presented in Figure 2. The microporous flat membrane
separates the vapour from the H2O-LiBr nanoparticles flowing through rectangular microchannels.
Hot water circulates through a similar set of microchannels, transferring heat to the nanofluid.
A metallic wall separates the hot water from the nanofluid. Geometrical and operating data employed
in the simulation appear in Table 1.

Thermal power transmitted from the heating fluid to the nanofluid channel is equal to the sum of
the power required for vapour desorption and that stored in the nanofluid:

qhw =
.

mvilv + qn f (1)

Energy losses to the surroundings have been neglected because the simulated system is surrounded
by adiabatic walls. In a real desorber, energy losses can be reduced to a negligible amount if the
isolating system is correctly dimensioned.

The heat transferred and stored in a differential element j is, respectively, as follows:

q j
hw =

.
mhw(i

j
hw − i j+1

hw ) =
.

mhwCp j
hw(T

j
hw − T j+1

hw ) (2)

q j
n f = (

.
m·i) j+1

n f − (
.

m·i) j
n f (3)
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The heat transferred across the metallic wall from the hot water to the nanofluid is as follows:

q j
hw = U j

n f _hwln f ·dz(T j
hw − T j

n f ) (4)

The global coefficient, U, is estimated considering conduction heat transfer through the metallic
wall and convection in the hot water and nanofluid channels.

Table 1. Geometrical and operational data, corresponding to the scheme shown in Figure 2.

Parameter Value

Inlet temperature of the hot water, Thw (◦C) 75
Inlet temperature of the nanofluid, Tnf (◦C) 65

Pore diameter of the membrane, dp (µm) 1
Nanofluid pressure, Pnf (kPa) 5.5

Vapour pressure, Pv (kPa) 5.5
Porosity of the membrane, ε 0.8

Height of the hot water channel, ehw (mm) 0.15
Wall thickness, ew (mm) 2.7

Height of the nanofluid channel, enf (mm) 0.15
Thickness of the membrane, em (µm) 60

Height of the vapour channel, ev (mm) 5
Centre-to-centre distance between nanofluid channels (mm) 1.6
Centre-to-centre distance between hot water channels (mm) 1.6

Width of hot water channel, lhw (mm) 1.5
Width of nanofluid channel, lnf (mm) 1.5

Width of vapour channel, lv (mm) 20
Channel length, L (mm) 50

Length of discretized element, dz (mm) 0.27
Total inlet flow rate of nanofluid, mnf,T (g/s) 0.5

Total flow rate of hot water, mhw,T (g/s) 0.5
Inlet vapour flow rate, mv (g/s) 0

Inlet LiBr concentration, x 0.55

Two possible desorption modes in the nanofluid channels are considered: direct diffusion
(single-phase) and boiling (two-phase). The first type occurs if Tnf − Tsat < 0 and the second one when
Tnf − Tsat > 0. Single-phase region includes the thermal entrance zone and the fully developed region
and correlations of [28,29] are employed to predict heat transfer. During boiling, the correlation of [30]
is employed to estimate the heat transfer. To account for the influence on heat transfer of mass transfer,
the nanofluid heat transfer coefficient is multiplied by the Ackermann factor [31]. In the hot water
channels, the same equations used to estimate the nanofluid heat transfer in the single-phase region
are used.

To predict mass transfer, nanofluid and vapour mass balances are employed. Salt mass fraction is
calculated as follows:

x j+1 = x j

.
m j

n f
.

m j+1
n f

(5)

The rate of vapour separation is a function of the desorption rate J:

.
m j

v = J j
·ln f ·dz (6)

J depends on the difference between the vapour partial pressure, calculated at the bulk nanofluid
temperature and concentration, and the pressure in the vapour channel:

J j = K j(P j
n f − Pv) (7)
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To predict the global mass transfer coefficient (K), a model using resistances in series is used.
It contains the mass transfer coefficients of the nanofluid boundary layer and the membrane active
layer. The first one is calculated as in [32] and the mass transfer coefficient required, between the bulk
nanofluid and the nanofluid–vapour boundary, is estimated bearing in mind the two regions defined
for desorption. During direct diffusion, the correlation of Lévêque [33] is used, while in the boiling
mode, that of [34] is employed. The required diffusion coefficient is calculated using the equations
of [35]. The coefficient characterizing the mass transfer across the microporous membrane is predicted
as in [36], employing the dusty-gas model. The tortuosity of the membrane is estimated as in [37].

All the equations obtained are solved using Engineering Equation Solver, EES™, of F-Chart
Software (Madison, USA) [38]. Properties of the H2O-LiBr solution and water are obtained using
correlations included in EES™, except the surface tension of the H2O-LiBr solution, which is obtained
using the correlation presented by [21] from data tabulated by [39].

A complete description of the model developed for the membrane-based desorber employing the
H2O-LiBr pair, and the results obtained of a parametric study evaluating the effect of operating and
design variables, can be found in [21,22], respectively.

2.2. Nanofluids

Nanoparticles selected for the study are Al2O3, CuO, and CNT. Their properties are given in Table 2.
Correlations evaluated to predict the thermophysical properties of the nanofluids are summarized in
Table 3.

Table 2. Thermophysical properties of nanoparticles. CNT, carbon nanotube.

Property Al2O3 CuO CNT

Value Source Value Source Value Source

k (W/m·K) 40 [40] 20 [40] 3000 [41]
ρ (kg/m3) 3970 [40] 6500 [40] 1350 [41]

Cp (J/kg·K) 765 [40] 535.6 [40] 800 [42]

Table 3. Correlations evaluated to predict the thermophysical properties of the nanofluids.

Property Sources

k [43–46]
ρ, Cp [47]
µ [48]

Nanoparticles fraction considered in the present study ranges from 0% to 5% in volume. Table 4
contains information about typical nanoparticles’ dimensions, purity, and cost.

Table 4. Data of nanoparticles [49]. ID, inside diameter; OD, outside diameter.

Parameter Al2O3 CuO CNT

Diameter (nm) 40 40 -
ID (nm) - - 2–6
OD (nm) - - 5–20

Length (µm) - - 1–10
Specific surface (m2/g) >10 >10 240

Purity (%) >99.8 >99 min. 95
Cost (€/kg) 1042.8 2153.8 3839
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2.3. Solar Thermal Facility

Solar thermal collectors selected for this study correspond to the model auroTHERM VKF 135 D
of Vaillant (Vitoria, Spain) [50], with an active area A = 2.352 m2, characterized by the following
performance curve:

η = 0.801− 3.761
Tm − Ta

I
− 0.012

(Tm − Ta)
2

I
(8)

where η is the efficiency, Tm is the average temperature in the collector, Ta is the ambient temperature,
and I is the solar irradiation on the tilted surface.

Efficiency is also defined as follows:

η =
qu

IA
=

.
mCp(To − Ti)

IA
(9)

The recommended flow rate for this collector is 45 L/m2 h. From previous equations, it is possible
to obtain the temperature at the solar collector outlet To throughout a day. A temperature difference
of 3 ◦C is considered between the collector outlet and the desorber inlet, while a difference of 2 ◦C is
simulated between the desorber outlet and the collector inlet. Ambient data for the representative day
selected (Madrid, August 5) are shown in Figure 3.
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Figure 3. Solar radiation, ambient temperature, and relative humidity.

3. Results and Discussion

Figure 4 presents a comparison of the thermal conductivity values of the H2O-LiBr-Al2O3

nanofluid predicted using correlations shown in Table 3. The same experimental conditions used
by [51] are considered (a salt mass fraction of 50% and a temperature of 22.3 ◦C), because this is the
unique experimental work available in the open literature about thermal conductivity of this nanofluid.
The results obtained using the correlation of [44] are not shown as these are identical to those of [45].
From the comparison, it is concluded that the correlation of [43] is the one that best fits the experimental
data of [51].

Regarding the H2O-LiBr-CNT nanofluid, Figure 5 includes a comparison of the values obtained
using the different correlations. In this case, the correlation of [44] is not used because it is only valid
for spherical particles. Now, the only experimental data available for this nanofluid [27] are used (a salt
mass fraction of 60% and a temperature of 25 ◦C). Comparison between experimental and predicted
data shows that, in spite of closer data being obtained using the correlation of [46], a more similar
trend is provided by the correlation of [43]. Taking into account that much larger volume fractions of
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nanoparticles will be simulated in this work than those shown in Figure 5, a smaller error is expected
to occur using the correlation of [43].

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 16 

휌 = (1 − α )휌 + α 휌  (11) 

To predict the viscosity, the correlation of [48] was selected. This equation was broadly used in 
absorption-related processes and gives the ratio between the viscosity of the nanofluid and that of 
the base fluid. 

 
Figure 4. Comparison between correlations to predict the nanofluid thermal conductivity using Al2O3. 

 
Figure 5. Comparison between correlations to predict the nanofluid thermal conductivity using 
carbon nanotubes (CNTs). 

푟 =
1

(1 − α ) .  (12) 

Finally, the nanofluid specific heat is obtained using the mixture model presented by [47]: 

퐶푝 = (1 − α )퐶푝 + α 퐶푝  (13) 

Previous selected correlations were included in the model of the membrane-based desorber to 
predict properties of the H2O-LiBr-nanoparticles working fluid. Simulations results, indicating the 
increase in the average desorption rate along the channels with respect to the case when only H2O-

0 0.01 0.02 0.03 0.04 0.05 0.06

0.998

1

1.002

1.004

1.006

1.008

Volume fraction of nanoparticles (%)

R
at

io
 o

f t
he

rm
al

 c
on

du
ct

iv
iti

es
, r

k Experiment [50]Experiment [50]

Model [46]Model [46]
Model [45]Model [45]

Model [43]Model [43]

0 0.04 0.08 0.12 0.16 0.2
1

1.005

1.01

1.015

1.02

Volume fraction of nanoparticles (%)

R
at

io
 o

f t
he

rm
al

 c
on

du
ct

iv
iti

es
, r

k

Experiment [27]Experiment [27]

Model [45]Model [45]

Model [43]Model [43]

Model [46]Model [46]

Figure 4. Comparison between correlations to predict the nanofluid thermal conductivity using Al2O3.
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Figure 5. Comparison between correlations to predict the nanofluid thermal conductivity using carbon
nanotubes (CNTs).

The correlation of [43] is presented in Equation (10) and allows predicting the ratio between the
nanofluid thermal conductivity and that of the base fluid (H2O-LiBr).

rk = 1 + 8.733αd (10)

Regarding the density, the equation provided by [47] is considered adequate. It is based on the
conventional mixing theory:

ρn f = (1−αd)ρb f + αdρd (11)
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To predict the viscosity, the correlation of [48] was selected. This equation was broadly used in
absorption-related processes and gives the ratio between the viscosity of the nanofluid and that of the
base fluid.

rµ =
1

(1−αd)
2.5 (12)

Finally, the nanofluid specific heat is obtained using the mixture model presented by [47]:

Cpn f = (1−αd)Cpb f + αdCpd (13)

Previous selected correlations were included in the model of the membrane-based desorber to
predict properties of the H2O-LiBr-nanoparticles working fluid. Simulations results, indicating the
increase in the average desorption rate along the channels with respect to the case when only H2O-LiBr
is used, are presented in Figure 6. Data obtained for the three different nanoparticles and volume
fractions up to 5% are shown.
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Figure 6. Desorption rate increase with respect to only using the base fluid.

It can be observed that the highest increment in the desorption rate is obtained using CNT and
the maximum simulated concentration of nanoparticles. The maximum desorption rate increase,
with respect to the case without nanoparticles, reaches 7.9%. Additionally, Al2O3 provides a better
performance than CuO nanoparticles.

Once the best type and concentration of nanoparticles are identified, the combined system is
simulated, including the solar thermal collectors connected to the desorber of the absorption chiller.
In this case, only one solar collector is considered, and it is able to provide, throughout the day,
the cooling power shown in Figure 7. In this analysis, six hot water mass flow rates through the
channels are simulated and the number of desorber modules varies accordingly (Table 5), in order to
meet the recommended flow rate through the solar collector. Maximum cooling power throughout the
day corresponds to 645 W, and is reached using the highest number of desorber modules (with the
dimensions specified in Table 1) and a mass flow rate through each channel of 4 mg/s.
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Figure 7. Cooling power throughout the day using different mass flow rates through the channels.

Table 5. Characteristics of the desorber modules.

Mass Flow Rate through the Channels (mg/s) Number of Desorber Modules (with Data of Table 1)

4 588
8 294

16.1 147
40.2 58.8

112.5 21
643.1 3.7

Daily solar coefficient of performance (SCOP) of the whole solar cooling facility, defined as the
ratio between total cooling power and total incident solar radiation on the tilted surface, is represented
in Figure 8. SCOP reaches a maximum of 14% using the maximum number of desorber modules,
which corresponds to the minimum flow rate considered through the channels, as shown in Table 4.
In the same figure, the total cooling effect produced over the day is shown, reaching a maximum of
2.3 kWh for the same number of modules.
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Figure 9 shows the relative increase in the cooling effect produced when CNT nanoparticles are
added to the mixture. The increase is calculated with respect to the case of only using the H2O-LiBr
solution. The best improvement represents a relative increase in the cooling effect of 6%. Benefits from
adding nanoparticles decrease as the number of modules increases, owing to the better performance
obtained in the membrane-based desorber when the mass flow rate decreases, irrespective of using
nanoparticles. In addition to this, a higher number of modules increases the total cost of the absorption
chiller. For this reason, a thermo-economic analysis should be performed to identify the optimum
number of desorber modules.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 16 
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An exact economic analysis currently cannot be performed because the proposed system is under
development and its real cost is unknown. As reference data, the sell price to our research group
of a first experimental prototype manufactured ad hoc by a Spanish company was 7893.75 euros.
This prototype had 50 hot water channels. A second prototype, including a few changes in the design,
was sold for 2631.25 euros. This implies that huge reductions in the sell price can be obtained when
large amounts of membrane-based desorbers are manufactured.

In the following, an optimization process of the hot water channels number is performed. First,
the chiller is supposed to sell the cold produced at the same cost of using a mechanical compression
system. The electricity price for domestic use is 0.1349 €/kWh [52]. The system is supposed to operate
during the summer season (90 days) and for 25 years with an average COP of 2.5. The cost of a
reversible compression chiller of 800 W cooling capacity is 559 euros [53]. It is considered that it is
used for heating in the winter season, so only one half of its cost is taken into account. The cost of the
solar collector is 383.57 euros [54], and it is supposed that it is used for hot water supply or heating for
the rest of the year, so only one fourth of its cost is computed. The cost of the condenser, evaporator,
and auxiliary components of the absorption chiller is supposed to be 100 euros. Finally, the cost
of the desorber and absorber modules is supposed to be similar, and four hypothetical values are
considered for the first module produced: 5, 15, 25, and 35 euros. Subsequent modules are supposed
to be manufactured at a lower cost, using the following rule:

CT = NTC1/6 + 1.5C1 (14)

In the previous equation, CT is the total cost of the desorber, NT is the total number of modules,
and C1 is the cost of the first module. The function shown in the previous equation for the total cost is
approximately similar to the cost variation used by manufacturers of other products [49].
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Figure 10 shows a comparison between the price of the cold produced by the vapour compression
system and that of the different absorption chillers, depending on the price of the first desorber module.
Analysing the absorption chillers that are competitive with respect to the mechanical compression
system (those with a lower cost), as expected, when the price of the first module increases, the number
of modules to be used reduces. In addition to this, a limiting value of 35 euros for the first module is
obtained for the absorption chiller to be economically competitive.

In Figure 11, the benefit obtained from using the different absorption chillers with respect to the
vapour compression system is depicted. It can be observed that the optimum number of modules
(maximum benefit) varies with the price of the first module. The tendency is a reduction in the benefit
and in the optimum number of channels when the price of the first module increases. In all of the
cases, the optimum number is lower than 50 modules.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 16 
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4. Conclusions

Correlations available in the open literature to predict nanofluid thermal conductivity were
reviewed. Using experimental data for the H2O-LiBr solution with Al2O3 and CNT nanoparticles,
the most appropriate correlation was selected. Values of the nanofluid properties were calculated
using the concentration of Al2O3, CuO, and CNT nanoparticles up to 5% in volume.

The performance of a membrane microchannel desorber was studied using a previous validated
model and the three types of nanoparticles. The largest increase in the desorption rate (7.9%),
with respect to using the pure H2O-LiBr solution, was obtained using CNT nanoparticles and the
maximum volume fraction simulated.

Regarding the combination of the absorption chiller simulated with one solar thermal collector,
the best performance for the cases simulated is obtained using the minimum mass flow rate through
the channels (maximum number of desorber modules) and the H2O-LiBr-CNT nanofluid. In these
conditions, the maximum cooling power is 645 W, obtained at 13:00 local time, the daily SCOP reaches
14%, and the total cooling effect is 2.3 kWh.

However, the relative increase in the cooling effect owing to the use of nanoparticles reduces as
the number of desorber modules grows. In addition to this, a higher number of modules increases
the total cost of the absorption chiller. For this reason, a thermo-economic analysis was performed to
identify the optimum number of hot water channels in the desorber.

When the price of the first module increases, the number of modules to be competitively used
reduces. For the absorption chiller to be economically competitive with respect to the mechanical
compression system, a maximum value of 35 euros for the first module is obtained. The optimum
number of desorber modules varies with the price of the first module. When this price raises, a decrease
in the benefit and in the optimum number of modules is obtained. The optimum number of modules
is always lower than 50.
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Nomenclature

C1 cost of the first module (€)
Cp specific heat (J/kg·K)
CT total cost of the desorber (€)
e height or thickness (m)
i specific enthalpy (kJ/kg)
I solar irradiation (W/m2)
ID inside diameter (m)
J desorption rate (kg/m2

·s)
k thermal conductivity (W/m·K)
l width (m)
L total length of channels (m)
.

m mass flow rate (kg/s)
NT total number of modules
OD outside diameter (m)
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P pressure (Pa)
q thermal power (W)
r ratio between property of nanofluid and base fluid
x lithium bromide mass fraction (kgLiBr/kgnf)
Greek Symbols
αd volume fraction of nanoparticles
ε porosity
µ dynamic viscosity (Pa·s)
ρ density (kg/m3)
Subscripts
a ambient, absorber
bf base fluid
c condenser
d nanoparticle, desorber
e evaporator
hw hot water
i inlet
k thermal conductivity
l liquid
m membrane, average
nf nanofluid
o outlet
sat saturation
T total
u useful
v vapour
w wall
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