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Abstract: In this work, the analysis of a hybrid LiBr/H,O absorption-cooling and flash-desalination
system, using solar thermal energy as heat source, is presented. An absorption open-cycle with three
pressure levels is used in combination with a single-stage flash-desalination process to use the coolant
as product water, resulting in an increase in cooling and desalination efficiency. For the application,
a 20-room coastal hotel complex in San Felipe, Baja California, Mexico, is taken as a case study and
the sizing of the solar collection and storage system is carried out for the operation of the proposed
hybrid system, during the summer operative period. The operational dynamics during the week
with the highest ambient temperatures are presented. The dimensioning of the solar collector’s area
and the energy storage resulted in a collection area of 620 m? with 30 m?, respectively, reaching a
solar fraction of 69%. The absorption-cooling subprocess showed an increase of 13.88% in the average
coefficient of performance (COP) compared to conventional LiBr/H,O absorption systems. Also,
considering that the system provides cooling and desalination simultaneously, the average COPg is
1.64, which is 2.27 times higher than the COP of conventional LiBr/H,O single-effect absorption units.
During the critical week, the system presented a desalinated water production of 16.94 m® with an
average performance ratio (PR) of 0.83, while the average daily water production was 2406 kg/day;
enough to satisfy the daily water requirements of four people in a coastal hotel in Mexico or to cover
the basic services of 24 people according to the World Health Organization.

Keywords: solar energy; absorption cooling; desalination

1. Introduction

Future energy technologies must be designed to use clean and renewable sources of energy, as well
as waste energy, in order to achieve sustainable development that ensures the well-being of the world’s
population. Energy generation systems need to consume less energy and be more efficient in order to
reduce environmental pollution and increase their profitability.

The increase in population has brought with it a substantial increase in the demand for energy to
meet basic needs, such as air conditioning and access to drinking water. In the United States alone,
10% of total annual energy consumption in 2019 was used for space cooling in buildings, equivalent to
380 billion kWh [1], while in other developed countries 30% of the energy produced is consumed by
heating, ventilation, and air conditioning systems (HVAC) [2].
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On the other hand, seawater desalination is one of the main methods for meeting the needs for
drinking water in regions where it is difficult to acquire it by other means [3,4]. For this purpose,
there are different technologies, such as multiple-effect desalination (MED), multi-stage flash (MSF),
humidification-dehumidification (HDH), reverse osmosis (RO), membrane distillation (MD), among
others, that are widely used and with a high level of technological development. However, at present
the energy cost of desalinating water is considerably high [5] and, if fossil fuels are used as energy
sources, the environmental pollution generated by water desalination is harmful [6]. Renewable
energies are a sustainable option to generate the energy required by this type of system, eliminating
the problem of pollution and with competitive costs [7-9].

In recent years, great efforts have been made to integrate renewable energies into desalination
processes [10] and space cooling [11], and clearly there is a wide use of solar energy, both thermal and
photovoltaic, to produce both services in a sustainable way [12,13]. Within desalination, solar thermal
energy has been successfully used in MED, MSE, MD, and HDH systems [14], while photovoltaic is
undoubtedly an excellent option for RO [15]. This is mainly because there is a relationship between
water scarcity and the availability of solar radiation in many regions [16]. On the other hand,
absorption-cooling systems are efficiently coupled with solar heating technologies in regions with
difficult access to electricity [17,18]. Currently, the trend is in the hybridization of technologies,
seeking greater efficiency and less pollution [19], performing energy and mass integrations between
the different streams.

Anand & Murugavelh [20] studied a vapor refrigeration system operating with an HDH system for
fresh water production. The results mention that the energy consumption may decrease and the cooling
capacity increase when the ambient temperature tends to decrease, while at high ambient temperature
the water desalination system is seen to benefit, but the cooling capacity is negatively affected. However,
in this study the activation energy came from the combustion of fossil fuels. In turn, Qasem et al. [21]
analyzed the integration between an HDH desalination system and an absorption-cooling system.
The seawater from the HDH is used as a heat removal medium from the absorber and condenser of
the cooling system, acquiring sufficient energy to activate the HDH. The optimal cooling capacity
was 62 tons and a water production of 1145 L/h. Its results show a 2.2-times improvement in HDH
efficiency and an 8.24-times reduction in the cost of fresh water compared to traditional HDH systems.
The HDH desalination systems are attractive in low water demand and cooling applications; however,
they are severely limited by climatic conditions, especially high levels of air humidity, so their use
in large coastal buildings may not be suitable. Another very interesting energy integration is to use
the heat of condensation from a power cycle to activate desalination and absorption thermal systems.
Kerme et al. [22] analyzed a system for desalination, power generation, and cooling using solar energy.
This system consists of a parabolic trough solar concentrator field that generates the thermal energy
to activate an organic Rankine cycle, which, in turn, uses the heat of condensation from the working
fluid to activate a MED system and an absorption system. With this energy integration it is possible to
reduce the thermal energy requirements of process activation.

In India, Sahoo et al. [23] presented a theoretical study of a polygenerative system that produces
electrical energy, water, and cooling. A power cycle of steam activated with solar thermal energy
and biomass was proposed, where the steam coming out of the turbine is used to activate the first
effect of a LiBr/H,O double-effect absorption-cooling unit, while the heat of condensation from
the absorption system is used for the activation of an HDH desalination process. To activate the
system, a parabolic trough collector field with an aperture area of 31,339 m? and a biomass system
with a capacity of 17.4 MJ/kg were used. A cooling coefficient of performance (COP) of 1.42 was
reported, with a cooling capacity of 2805.5 kW and a freshwater desalination of 900 L/h. However,
the coupling of these technologies involves a large number of components, increasing the initial
investment. Alelyani et al. [24] proposed novel integrations between absorption-cooling systems and
MED desalination systems, where the heat from the condenser and absorption rectifier equipment
is used to thermally activate the MED in the first effect. Their results show that with the proposed
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integration cost of water production increases by 9% with respect to a MED without integration,
but with a reduction of 42% in the cost of cooling production. Mohammadi & McGowan [25] analyzed
the integration of an absorption and vapor compression cooling system with a MED system and found
that the desalination system produces an appreciable amount of water using the steam discarded by
the absorption-cooling cycle.

Different authors have studied the application of hybrid systems that include space cooling and
desalination in isolated regions. Calise et al. [26] proposed a polygenerative system based on solar
energy and biomass to meet the needs of cooling, seawater desalination, heating, and electricity of an
isolated small community. In another study, Calise et al. [27] made a modification to their previous
system and analyzed it under typical operating conditions of a building on Pantelleria Island. Recently,
a solar thermal activated polygenerative process was proposed to provide electrical power, fresh
water, and space cooling to a hotel in Eastern Azerbaijan, Iran [28]. In this system, it is proposed to
use a Stirling solar dish activated with solar thermal energy to generate electricity for the building;
in addition, to activate the HDH desalination process, the heat rejected by the Stirling engine is
used and, for space cooling, a vacuum vessel is used to cool a closed air system. On a typical day,
the temperature inside the building was 25 °C; the maximum efficiency of the solar Stirling engine was
36.3% and the electrical power output was 38.8 kW. The maximum activation energy was reported to
be 97.12 kW, with a cooling capacity of 229 kW and a Gained Output Ratio (GOR) of 2.35. However,
controlling the generation of electrical energy in this system is complex and the initial investment may
be high.

In the works mentioned above, a trend can be appreciated in proposing systems that produce
different services in a more efficient and sustainable way. The hybridization and energy integration of
technologies has reduced energy consumption by taking advantage of the waste heat among them.
However, it is necessary to continue improving the current technologies, seeking a better energy and
mass integration that allows a decrease in energy consumption, as well as in the system components,
making use of renewable energy sources available at the project location. Following the global efforts,
this paper presents a novel hybrid LiBr/H,O absorption-cooling and seawater flash-desalination system
that uses solar thermal energy as a heat source. This system couples a single-effect absorption-cooling
open-cycle with three pressure levels, thus allowing an internal energy and mass integration with a
single-stage flash-desalination process. The activation temperature levels are suitable to enable the
system to be coupled to a solar thermal collector field to obtain the energy required for its operation.
This system is an improvement to the work presented in [29] and is studied under the dynamics of
solar resource availability and cooling demand variation of a 20-room hotel complex as a case study.

The description of the hybrid system, as well as the process of cooling and thermosolar desalination,
is presented in Section 2. It also mentions the methodology used to carry out the study, defining the
simulation considerations and describing the characteristics of the case study, such as its meteorological
conditions that affect the operation of the system and the calculation of the cooling demand. Section 3
shows the results of the energy-operating analysis of the hybrid system during the summer period
and during one week with the highest environmental temperatures of the year, where both cooling
and water desalination performances can be appreciated. Finally, the most important conclusions are
presented in Section 4.

2. Materials and Methods

2.1. System Description

The proposed system consists of the coupling of a LiBr/H,O single-effect absorption-cooling
open-cycle that has three levels of pressure, with a one-stage flash-desalination process. The system
is divided into four subprocesses: (1) the cooling subprocess; (2) the desalination subprocess; (3) the
product water extraction and conditioning subprocess, and (4) the solar thermal energy collection and
storage subprocess, which are shown in Figure 1.
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Figure 1. Schematic diagram of hybrid solar absorption-cooling and flash-desalination system.

In the cooling subprocess, the hot water flow (23) coming from the solar thermal energy collection
and storage subprocess enters the generator (GEN) to heat the weak solution LiBr/H,O flow (3),
producing the separation of water vapor (7). The vapor (7) is taken to the condenser (CON), to undergo
a phase change by exchanging latent heat with the seawater stream (16) and leave as a saturated liquid
(stream 8). On the other hand, the strong solution (stream 4) exchanges sensitive heat with the stream
(2) of diluted solution, in order to bring both streams closer to the process of desorption and absorption,
respectively. The stream (4) after decreasing its temperature, leaves the HX1 as the stream (5) and is
taken to a solution expansion valve (5V). When leaving this valve, the stream (6) decreases its pressure
and in these conditions enters the absorption equipment (ABS). In the absorber, the stream (6) absorbs
water vapor (20) from the desalination subprocess, producing an exothermic reaction. The pump (SWP)
suctions in the seawater stream (13) and conducts it as stream 14 to dissipate the heat of the exothermic
reaction in the absorber and leaves at a higher temperature (stream 15 = 16) and is conducted to
condense the steam (7) produced in the GEN. The stream (17), after receiving the condensation heat,
leaves the condenser and enters the desalination subprocess and is taken to a stream divider (DIV),
where it is divided into streams (18) and (21). The stream (21) is taken to a brine dilution vessel (BRC);
while the stream (18) goes through an expansion process, so it flashes, due to the pressure decrease,
and remains in two phases (stream 19). The two-phase stream (19) enters a liquid-vapor separator
(SEP); here the vapor is separated (20) and taken to the cooling subprocess to enter the ABS and be
absorbed. On the other hand, the liquid brine leaving the SEP is taken to a barometric column (BC2)
and, then, exits to the BRC; the function of the barometric column (BC2) is to serve as a hydraulic seal
by maintaining the vacuum pressure and allowing the brine to be raised to atmospheric pressure.

In the cooling subprocess, the liquid coolant (8) passes through an expansion valve (VR) producing
a slight flash, caused by the decrease of its pressure and temperature (stream 9); in these conditions,
it enters the evaporator (EVA) to produce the cooling effect. The cooling water (27) enters to the
evaporator equipment and is cooled, causing the refrigerant (10) to change its state at the exit of the
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evaporator and leave as saturated steam; in these conditions the stream (10) enters to the expansion
and product water conditioning subprocess.

In the subprocess of extraction and adaptation of product water, the current (10) after the cooling
effect in the EVA is suctioned by the ejector unit (EJE), which is activated with the driving fluid (26)
coming out of the cooler (HX2). The low pressure vapor stream 10 is mixed with the high-pressure
liquid stream (26), both mixed fluids are compressed by the ejector diffuser, at a pressure intermediate
between the pressures of streams (10) and (26); this pressure has the appropriate value for vapor 10
to condense, while the liquid stream (26) receives this condensation heat. This causes both streams,
now in liquid phase, to increase their temperature at the outlet of the ejector diffuser. The liquid
stream leaving the ejector is discharged into the barometric column (BC1), which allows the vacuum to
be maintained in the system and the water leaving the ejector to be deposited in the product water
tank. The stream (25) is suctioned by the pump (EP) and is taken (stream 26) to dissipate the heat
of condensation in the cooling equipment (HX2); the stream 26a coming out of HX2, is again able to
receive the heat of condensation from the steam 10.

It is important to note that the hybrid system uses three pressure levels where the absorber has a
higher pressure than the evaporator, which results in a thermal compressor with less AP, improving
efficiency and allowing the evaporator to work with adequate pressures for cooling [29]. On the other
hand, the system has an internal energy integration in which the heat from the absorber and condenser
is used to preheat the seawater before it is taken to the desalination subprocess; this allows the cooling
of the CON and ABS without requiring an expensive cooling tower. Finally, to condense the cooling
steam, barometric ejecto-condensers are used, which are passive elements that allow maintaining the
vacuum in the system, besides compressing the cooling steam until it is condensed, without a high
energy cost.

The solar thermal energy collection and storage subprocess convert solar radiation into high
quality thermal energy, which is used to drive the hybrid system’s generator. During the day, water is
taken from the bottom of the thermal energy storage tank (TEST) to be conducted to the solar collector
field through the stream (12); the collectors are connected in a series and parallel arrangement to ensure
the temperature level and amount of energy required for the operation of the system. As long as there
is enough solar radiation to raise the temperature of the stream (11) above that of the stream (12),
the solar fluid pump (SFP) will remain on. During operation of the hybrid system, energy is extracted
at the rate of the cooling demand by the stream (23) and the HWP, resulting in nonconstant conditions
within the TEST. The solar collectors in a certain period of heating will be supplying the amount of
energy sufficient for the operation of the hybrid system and, also, for storage in sensible heat form
within the TEST for the periods of null (night) or low solar radiation. If the temperature of the stream
(23) falls below 78 °C because the stored energy and/or the energy produced by the collector field is
not sufficient to meet the demand, the auxiliary heater (AUX) shall be used to reach the minimum
operating temperature.

Table 1 shows the characteristics of the equipment used in the study. The capacity of the equipment
is analyzed below.
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Table 1. System characteristics.

Hybrid Cooling-Absorption and Flash-Desalination System

Max. cooling capacity 80 kW
Min. cooling capacity 16 kW
Mass flow activation my; 5.62 kg/s
Temp. of seawater (stream 13) 27 °C
Mass flow of seawater (stream 13) 3.39 kg/s
Evaporator temp. 6°C
Condenser temp. 34.30°C
Absorber temp. (stream 1) 32°C
Inlet chiller temp. 12°C
Flow solution 0.28 kg/s
Solar Collector
Brand/model Suntask/SHC24
Collector type Evacuated tube with CPC reflector
Number of tubes 24
Aperture area 441 m?
Optical efficiency (a0) 0.668
First order efficiency coefficient (al) 1.496 W/m?2 °C
Second order efficiency coefficient (a2) 0.005 W/m? °C2
Fluid Water
Mass flow 0.02 kg/s m?
Thermal Energy Storage Tank
Material Fiberglass
Insulation thickness 0.025 m
Loss coefficient 1.4 W/m2 K
Fluid Water

2.2. Methods

The simulation of the hybrid system activated with solar thermal energy was carried out by means

of three software:

1.

Aspen Plus was used to evaluate the internal operation of the absorption-cooling and
flash-desalination system.

Through the TRNSYS software, the thermal load and capacity of the solar thermal collector and
TEST system were determined.

MATLAB was used to evaluate the coupling of the solar thermal collector, TEST, and thermal
load with the proposed hybrid system.

The considerations for making the operational study are presented below:

The proposed cycle operates in stable conditions. The LiBr/H,O solution is homogeneous and in
balance. The weak solution is at 51%.

The steam (22) generated in sudden evaporation must be equal to the steam (7) produced in
the GEN.

Operating pressures were set as reported in [29], unless otherwise mentioned.

The maximum operating cooling capacity was set at 80 kW, and a minimum partial load operation
of 20% (16 kW).

The approach temperatures of the heat exchanger equipment EVA, GEN, ABS, CON and HX1 are
those reported by [29] and those of HX2 are those reported by [30].

The design flows of the external system circuits were considered according to the AHRI
standard [31]. Seawater was considered to have a concentration of 35,000 ppm with a temperature
of 27 °C, as reported by [32] and the composition based on [33].
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e  The minimum operating temperature of the hybrid system is 78 °C; a lower temperature will force
the use of the auxiliary heater.

o The on/off switching of the solar field pump was controlled by temperature difference
([Tout - Tin] > 0).

e  30-min simulation intervals.

Figure 2 shows the methodology and simulation process used in this study.

Capacity of the solar
collector field and TEST

MATLAB

Aspen Plus
internal procedure

Figure 2. Methodology and software simulation procedure.

2.3. System Simulator Validation

Validation of the system simulator was done using Aspen Plus software; this is specialized
software for chemical, heat transfer, and mass process analysis. Aspen Plus has thermodynamic
properties of many working fluids already validated and with experimental correlations on the
operation of various industrial equipment. The validation of the proposed system was done in two
parts, where the absorption-cooling subprocess was validated, with the experimental results reported
by Florides et al. [34] and the flash-desalination subprocess with the results reported by Kahraman &
Cengel [35] and Palenzuela et al. [36].

After performing the validation study for both subprocesses, it was found that the largest deviation
was presented with the experimental results of Florides et al. and did not exceed 3%, so it can be
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concluded that Aspen Plus is a good option to study the operability of the system. The validation can
be verified in the work of Lépez-Zavala et al. [29].

2.4. Case Study

To operatively study the technological proposal influenced by real operating conditions, a 20-room
hotel complex located in the city of San Felipe, Baja California, Mexico (31°01'22.1"" N 114°49’56.5"” W)
was taken as a case study. This city is characterized by its coastal location, with a high level of
tourism and high environmental temperatures during the summer, which can reach 45 °C in the shade.
It presents difficulty in accessing drinking water, its main source being the waters coming from the
Colorado River that are transported from Mexicali, which is approximately 200 km away. However,
San Felipe has an excellent solar resource for its energy exploitation, so this location is suitable for
analyzing the proposal.

The calculation of the cooling demand was made with the Type 56 (TRNBuild) of TRNSYS,
an interior temperature of 25 °C was established during 24 h of the day for a building formed by
concrete blocks (k = 1.64 w/m°C, g = 2011 kg/m3, Cp =0.91 KJ/kg°C) that were 8 m long, 7.5 m wide, and
2.75 m high. Thermal gains generated by four people performing resting activities (480 W), artificial
lighting (75 W), and a television (60 W) were considered. Figure 3 shows the profiles of (a) ambient
temperature, (b) global radiation, and (c) cooling demand and daily mean ambient temperature of the
hotel complex during the June-September period, considering the months with the highest tourist
affluence and high ambient temperatures.
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Figure 3. Profile of (a) ambient temperature, (b) global radiation, and (c) cooling demand and daily
mean ambient temperature used in the simulation of the solar cooling and desalination system.

2.5. System Evaluation

The absorption system is evaluated with the COP indicator, which represents the ratio of the
desired effect to the energy cost of producing it, according to Equation (1). Qg is the cooling capacity,
Qqen is the heat supplied to the system, SP is the solution pump power, Wsyp and Wsyyp; represent
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the work of the ABS and HX2 cooling pumps, respectively, and Wgp is the work of the ejector fluid
pump. However, considering that this system produces fresh water and space cooling simultaneously,
with the same main source of energy, a COPg is proposed in accordance with Lopez-Zavala et al.’s
proposal [30], calculated as shown in Equation (2), where mg is the product water flow:

Qrva
COP = 1
Qcen + Wsp + Wswp + Wswpr + Wep @

Qrva +mpg X (2326 ],:—i,)

COP = Qrva

2

To evaluate desalination, the performance ratio (PR) indicator is used, which relates the amount
of water produced in terms of energy with respect to the main activation energy of the desalination
process [37], and is calculated with Equation (3):

My X (2326 ,’j—é)

PR = 3)

QGEN
The thermal efficiency of solar collectors, E f; £, 18 evaluated based on Equation (4), as well as the

heat contributed by each of the collectors, Qs¢, with Equation (5):

- Tin — Ta)?
Efy =0 -m e g, o =T @

Qsf = Asc Gr Efsy ®)

where ag, a1, and a; are the optical efficiency of the solar collector and the first and second order efficiency
coefficient, respectively. T;, corresponds to the collector inlet temperature, T, the ambient temperature,
Gr the incident solar radiation in the collector aperture area, and Agc the solar collection area.

The solar fraction represents the thermal energy contribution of the solar field and TEST to the
hybrid system consumption and is calculated based on the Equation (6):

fsf:M (6)

Qcen

where QGEN is the thermal energy required to meet the needs of the hybrid system and Quux is the extra
energy supplied by the auxiliary heater after the solar contribution to meet the demand for cooling
and desalination.

3. Results

3.1. Analysis in Summer Period

In order to carry out a specific operational study of the system, it is necessary to determine the
capacity of the solar collector area and the size of the TEST to satisfy the activation energy requirements
throughout the operational period considered in the summer months. For such situation, an operational
parametric analysis was performed during June-September using the meteorological conditions of
the region and the load profile presented in Figure 3. The results on different variables are presented
in Figure 4. Figure 4a analyzes the amount of auxiliary energy required to meet the thermal energy
requirements of the cooling and desalination system. It can be seen how a low-capacity solar thermal
collector field has no influence on the decrease in auxiliary energy consumption, regardless of the
size of the TEST. From the 500 m? of solar collector area the volume of the TEST begins to have a
positive effect; this is because the solar energy generated, as shown in Figure 4b, is sufficient to cause
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an increase in the temperature of the water stored in the TEST and can be used to activate the hybrid
system. From 600 m? onwards, there is a noticeable decrease in the auxiliary energy requirements and
a greater effect of the size of the TEST. The aim of this parametric study is to find the appropriate size
of the solar collector field, so Figure 4c shows the effect of these values on the cost of auxiliary energy
and Figure 4d the solar fraction achieved. By increasing from 460 to 620 m?, corresponding to a 25%
increase in collector area, a 28% reduction in consumption and cost of auxiliary energy is achieved,
while the solar fraction increases from 57% to 69%. However, increasing the capacity of the solar field
by 20% and reaching 770 m? represents only a 7% increase in the solar fraction. Therefore, a capacity of
620 m? in the solar collector area and a TEST of 30 m® was selected to carry out the operational study
of the hybrid cooling and desalination system, which achieves a solar fraction of 69%, requiring an
extra 53 MWh of auxiliary energy to satisfy the thermal energy requirements.
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Figure 4. Effect of total solar collector area and total volume of the TEST on (a) auxiliary energy
consumption, (b) solar energy generation, (c) auxiliary energy cost, and (d) solar fraction. A fuel cost of
$1.15 USD/L and an equivalence of 1 L = 3.79 kWh were considered, considering a conversion efficiency
of 38%.

With the above, Figure 5 shows the energy accumulation generated or consumed by the solar
collector field, the cooling and desalination system, and the auxiliary equipment. During the first
weeks of June, when the cooling load is not so high, the solar energy and thermal storage capacity is
sufficient to meet the energy requirements of the hybrid system. However, as time passes, the cooling
load increases and the solar energy is no longer sufficient to cover the heat demand, especially for night
periods, so the use of the auxiliary heater is required. During the four summer months analyzed, a total
of 183 MWh of thermal energy was required to activate the cooling and desalination system, while the
solar field and the auxiliary heater generated a total of 153 and 60 MWh, respectively. Approximately
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31 MWh of solar thermal energy is lost due to energy storage capacity and the time lag between the
cooling load and solar generation.

200 T 1 T
—a— Solar field
System

—&— Auxiliar
160 -

120

80

40

Accumulated energy generated/consumed (MWh)

June July " August ' September

Figure 5. Accumulated energy generated or consumed by the solar field, cooling and desalination
system, and auxiliary generator.

3.2. Weekly Operation

In order to further explore the operation of the solar hybrid system, the week of July 19-25 was
selected because it has the highest ambient temperatures during the study period, reaching up to 45 °C
in the shade. Figure 6 shows the behavior of the different temperatures that affect the system operation,
as well as the horizontal global radiation. The average temperature dynamics of the TEST, as well
as the temperature of the fluid entering the system'’s generator, can be seen. The stream entering the
generator is taken from the top of the TEST, so it has a higher temperature than the average of the TEST.
The minimum operating temperature of the cooling and desalination system is 78 °C, so during the day
the solar field is sufficient to maintain the TEST temperature above this value. However, as the solar
resource decreases, the tank also decreases its temperature due to the continuous extraction of energy,
to the point that there is not enough solar energy to maintain the minimum operating temperature,
so the auxiliary heater is used and has a constant temperature of 78 °C until the solar resource is
sufficient to meet the heating demand.

The dynamics related to the heat generated by the solar collector field and the auxiliary heater,
as well as that consumed by the generator, are shown in Figure 7. It can be seen that at the beginning
of the week there is no solar resource stored in the TEST, so the auxiliary heater is responsible for
satisfying the system’s generator. As it is daytime and the solar radiation is sufficient to activate the
generator, the auxiliary heater is stopped. During maximum solar exposure, the energy generated
by the solar collectors is sufficient to meet the demand and store energy in the TEST. When solar
power generation is completely finished, it can be seen that for a period of time energy continues to be
supplied to the system’s generator without the use of the auxiliary heater. This is because the TEST
has sufficient quantity and quality of energy to keep the cooling and desalination system in operation.
When the TEST temperature is below the minimum operating temperature, as shown in Figure 6,
the auxiliary heater is turned on.
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Figure 6. Variation of the average TEST temperature, system generator input temperature, and ambient
temperature during an operational week.
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Figure 7. Variation in heat generation of the solar field and the auxiliary heater, and generator power
consumption of the cooling and desalination system.

Figure 8 shows the heat transfer behavior of the GEN, EVA, CON, and ABS equipment of the
system during the critical week of ambient temperature in summer. It can be seen that the increase in
the cooling capacity causes an equal increase in the other heat-exchanger equipment. This is due to the
fact that the cooling capacity is controlled by manipulating the addition of heat in the GEN; that is,
when Qgya increases it is necessary to transfer more refrigerant fluid (7) to the evaporator, so the heat
in the GEN increases. Furthermore, this vapor, needing to condense to go to the refrigerant expansion
valve (VR), causes the increase of heat transfer in the CON. It is important to highlight that the steam
flow (7) has to be equal to the steam (20) produced in the desalination subprocess to keep the thermal
compressor in stable conditions and avoid possible crystallization problems. If the vapor (7) produced
in the GEN is greater than the vapor (20), it will cause crystallization to occur and, if the vapor (7)
is less than the vapor (20), then there would be an accumulation of mass in the absorption system,
resulting in a change in pressure levels. To maintain the equality between the currents (7) and (20),
the current divider (DIV) is used, in order to manipulate the flow of the current 19 and only use the sea



Energies 2020, 13, 3943 13 of 18

water necessary for the production of the steam (20); consequently, the increase of the steam (7) causes
an increase in the capacity of the ABS heat exchanger.

100 y T v T v T v T ¥ T ¥ T

Heat (kW)

1 QGEN QABS ——Q

QEVA 1

30

July 19 ' July20 | July21 ' July22 ' July23 | July24 ' July25

Figure 8. Operational performance of Qgen, Qrva, Qcon, and Qaps heat exchangers during the critical
summer week.

Figure 9 shows the heat transfer in EVA and fresh water production during the critical summer
week. It can be seen that the increases in cooling capacity and fresh water production are proportional.
This is because, as mentioned above, in order to meet the demand for cooling, it is necessary to control
the production of steam (7) and bring it into the EVA to provide the cooling effect. This coolant flow,
when suctioned by the ejector, is converted into product water, therefore, if the cooling capacity is
increased, the product water also increases. The system operating at its maximum cooling capacity can
satisfy a demand of 80 kW and a water production of 122 kg/h. During the week analyzed, a total
production of 16.94 m® was reached—while the average daily production of 2406 kg/day—enough to
satisfy the daily water requirements of four people in a coastal hotel in Mexico [38] or to cover the
basic services of 24 people according to World Health Organization (WHO) [39].
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Figure 9. Behavior of cooling capacity and water product during the critical summer week.
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Figure 10 shows the behavior of the cooling and desalination indicators, considered to evaluate
the performance of the proposed hybrid system. It can be seen that the COP and the PR have a similar
behavior, because both depend directly on the cooling demand. It is also observed that both indicators
decrease when there is low cooling demand; this is because the decrease in cooling capacity implies less
steam generation in the GEN, causing the high pressure in the GEN to decrease and the latent heat of
the LiBr/H,O solution to increase. Therefore, more heat is needed in the GEN to produce cooling steam.
On the other hand, with low cooling capacities, the COP shows a greater decrease than the PR due to
the energy consumption of the pumps. The average COP during the week of operation was 0.82, which
is 13.88% higher than the COP reported in conventional single-effect LiBr/H,O absorption-cooling
systems. This is due to the use of three pressure levels, which allowed the AP between the GEN and
the ABS to be reduced, allowing the EVA to reach adequate pressure levels for cooling. On the other
hand, considering that the system can provide two services simultaneously, it can be seen that the
maximum COPg is 1.66, while the average COPg is 1.64, being 2.27 times higher than the COP of
conventional single-effect LiBr/H,O absorption units. The system is capable of providing space cooling
more efficiently than conventional systems, in addition to producing water with an average PR of 0.83.

0.85 T T T T T T T T T T T T T 2.8
0.84 54
0.83 1
] 2.0
1 - L
Q 0.82 8
.\‘/‘ ALy — A A Ay A kT 1.6
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| =12
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0.79 - -0.8
| COP L
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July 19 ' July20 | July21 ' July22 | July23 ' July24 | July 25
Figure 10. Performance of COP, COPg, and PR indicators during the critical summer week.
3.3. Technological Considerations

The technological proposal analyzed in this work presents different challenges in terms of current
technological development. The commercial maturity of solar heating and absorption systems is
sufficient to be used in the current proposal, with simple modifications in the operating conditions.
However, the main challenge is focused on the product water extraction and conditioning subprocess.
At present, this type of system is not commercially available, so these components must first be
developed so that they can work efficiently under the operating conditions mentioned in the study.
Once the technological maturity of all the systems involved is achieved, their energy integration will be
carried out in order to experimentally corroborate the results. On the other hand, given the nature of
the system, an adequate application for the capacity of the equipment must be sought, where sufficient
energy resources are available: in this case, high levels of solar radiation. As it is a thermal machine,
the capacity—cost ratio can be fundamental. At lower capacity, the specific cost of the system can be
increased as with other technologies, such as power cycling and vapor compression cooling systems.
However, this will be analyzed in detail in future work, when the main components of the system will
be further developed.
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4. Conclusions

A novel solar hybrid system of LiBr/H,O absorption cooling and flash seawater desalination was
proposed. This system couples a single-effect absorption-cooling open-cycle with three pressure levels,
thus allowing an internal energy and mass integration with a single-stage flash-desalination process,
producing simultaneously cooling and drinking water. A solar thermal collector field and a TEST are
used to generate the thermal energy required for its activation. Its operation is analyzed under the
dynamics of a case study of a 20-room hotel complex in the city of San Felipe, Baja California, Mexico,
where the influence of the solar resource, ambient temperature and cooling demand was studied.

The proposed novel system was evaluated during the summer period and in the week of highest
cooling requirement. The absorption-cooling subprocess, using three levels of pressure, presented an
increase of 13.88% in the average COP, compared to conventional LiBr/H,O absorption systems. Also,
considering that the system provides cooling and desalination simultaneously, it has an average COPg
of 1.64, being 2.27 times higher than the COP of conventional LiBr/H,0O absorption units of single-effect.

The system, during the critical week, presented a production of desalinated water of 16.94 m?
with an average PR of 0.83; while the average daily production of product water was 2406 kg/day,
enough to satisfy the daily water requirements of four people in a Mexico hotel or to cover the basic
services of 24 people according to the WHO. The dimensioning of the solar thermal collector field and
TEST resulted in a total collection area of 620 m? with 30 m3 of storage in the form of sensible heat.
This resulted in a solar fraction of 69% requiring an extra 53 MWh of auxiliary energy to meet the
thermal energy requirements.
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Abbreviations

GEN Generator

ABS Absorber

CON Condenser

EVA Evaporator

HX1 Recovery heat exchanger
HX2 Driving fluid cooler

AUX Auxiliary heat exchanger
TEST Thermal energy storage tank
SFP Solar fluid pump

HWP Hot water pump

SP Solution pump

SWP Seawater pump

SWP1 Seawater pump for cooling
EP Ejector pump

SV Solution valve

RV Refrigeration valve
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SWV Seawater expansion valve

DIV Streams divisor

SEP Separator equipment

EJE Ejector

BC1 Ejector barometric column

BC2 Separator barometric column

PWT Product water tank

BRC Brine container

cor Coefficient of operation

PR Performance ratio

PW Product water

Nomenclature

T Temperature [°C]

P Pressure [kPa]

Q Heat transfer [kW]

ASC Solar collection area

GT Incident solar radiation in the collector opening area
ag Optical efficiency of the solar collector
aj First order efficiency coefficient

ap Second order efficiency coefficient
Tin Collector inlet temperature

T, Ambient temperature

f Solar fraction

Ef Thermal efficiency of solar collectors
Subscripts

a Ambient

in Inlet

1,2,3... Number of streams

sf Solar field
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