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Abstract: The interest in employing absorption refrigeration systems is usually related to electricity’s
precariousness since these systems generally use thermal rejects for their activation. The application of
these systems is closely linked to the concept of energy polygeneration, in which the energy demand
to operate them is reduced, which represents their main advantage over the conventional vapor
compression system. Currently, the solution pairs used in commercial absorption chillers are lithium
bromide/water and ammonia/water. The latter pair has been used in air conditioning and industrial
processes due to the ammonia operation’s low temperature. Few review papers on absorption
chillers have been published, discussing the use of solar energy as the input source of the systems,
the evolution of the absorption refrigeration cycles over the last decades, and promising alternatives
to increase the performance of absorption refrigeration systems. There is a lack of consistent studies
about designing requirements for absorption chillers, so an updated review covering recent advances
and suggested solutions to improve the use and operation of those absorption refrigeration systems
using different working fluids is relevant. Hence, this presents a review of the state-of-the-art of
ammonia/absorbent based absorption refrigeration systems, considering the most relevant studies,
describing the development of this equipment over the years. The most relevant studies in the
open literature were collected to describe this equipment’s development over the years, including
thermodynamic properties, commercial manufacturers, experimental and numerical studies, and
the prototypes designed and tested in this area. The manuscript focuses on reviewing studies in
absorption refrigeration systems that use ammonia and absorbents, such as water, lithium nitrate,
and lithium nitrate plus water. As a horizon to the future, the uses of absorption systems should be
rising due to the increasing values of the electricity, and the environmental impact of the synthetic
refrigerant fluids used in mechanical refrigeration equipment. In this context, the idea for a new
configuration absorption chiller is to be more efficient, pollutant free to the environment, activated
by a heat substantiable source, such as solar, with low cost and compactness structure to attend the
thermal needs (comfort thermal) for residences, private and public buildings, and even the industrial
and health building sector (thermal processes). To conclude, future recommendations are presented
to deal with the improvement of the refrigeration absorption chiller by using solar energy, alternative
fluids, multiple-effects, and advanced and hybrid configurations to reach the best absorption chiller
to attend to the thermal needs of the residential and industrial sector around the world.

Energies 2021, 14, 48. https:/ /dx.doi.org/10.3390/en14010048 https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4224-185X
https://orcid.org/0000-0001-5147-3498
https://orcid.org/0000-0001-7597-3358
https://www.mdpi.com/1996-1073/14/1/48?type=check_update&version=1
https://dx.doi.org/10.3390/en14010048
https://dx.doi.org/10.3390/en14010048
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/en14010048
https://www.mdpi.com/journal/energies

Energies 2021, 14, 48

2 of 41

Keywords: absorption refrigeration systems; lithium nitrate; ammonia; thermodynamic proper-
ties; prototypes

1. Introduction

Absorption refrigeration systems are compression refrigeration systems that use ther-
mal compressors. Such systems have the advantages of reduced electricity consumption,
lower maintenance costs, and the elimination of CFC and HCFC use as refrigerants. They
also allow cogeneration and solar energy as an input source to drive the system [1-4].

However, such equipment has the following disadvantages: (i) low COP (coefficient
of performance) when compared to vapor compression systems, and (ii) absorption chillers
are heavy equipment, and their capital cost is relatively high. Besides the critical points
mentioned, the choice of working fluids (refrigerant and absorbent) is crucial for the effi-
ciency and performance of absorption cooling systems, as many authors have demonstrated
over the years, by conducting studies in different areas of the cooling thermal comfort or
even for refrigeration purposes [5,6].

In commercial manufacturing products, two types of solution pairs are commonly
used: lithium bromide/water (LiBr/H,0) [7,8] and ammonia/water (NH3/H,O) [9-11].
Usually, the pair LiBr/H,O is used for thermal comfort systems and the pair NHz /H,O
for refrigeration systems [12]. As part of the analysis, those equipment have been used
for different applications to achieve the energy demands of hospital sector [13], hotel and
business buildings [5,6,14,15], refinery industry [16], and also for the configuration of new
control strategies on absorption solar systems [17].

In the last decades, new solution pairs have been presented and investigated by
different authors [18-20] to increase absorption chillers” heat and mass transfer process.
One of the cited pairs, ammonia/lithium nitrate (NHs/LiNO3), is very popular around
the world due to its advantages, such as the elimination of the rectifier, high solubility in
ammonia, and the absence of corrosion of the metal, among others [19-22]. Besides the
advantages mentioned above, Heard et al. [23] observed a higher tolerance to operation
parameters other than the ideal condition, crystallization risk.

Several studies were conducted to evaluate the NH3/LiNOj solution as an alternative
work pair for the absorption systems. Some studies assessed this fluid by employing
experimental apparatus [24,25], real prototypes [26,27], heat and mass transfer studies [18],
and different components and configurations [28,29]. These studies demonstrated the
effective performance of these working fluids in absorption systems and showed their
technology limitations.

The thermal energy storage by using absorption systems has been strongly analyzed
considering cycles and thermodynamic systems, working fluids, and different system
configurations to meet specific thermal demands. Recently, Mehari et al. [30] published a
review article on absorption refrigeration systems, aiming to discuss and present the cycles
and configurations of thermal absorption energy storage, integrating of storage systems
using conventional absorption refrigeration systems, and heat pumps.

To date, a few review papers on absorption chillers have been published [30-35].
However, they discuss solar energy as the input source of the systems [36], the absorp-
tion refrigeration cycles” evolution over the last decades [37], or even the progress and
new features in solar cooling applications [35]. Regarding the critical description of the
literature in the area of absorption refrigeration, Nikbakhti et al. [38] reported in detail,
several technologies implemented to improve the COP of absorption refrigeration systems.
Promising alternatives were presented and discussed to increase the thermal performance
of absorption refrigeration systems, aiming at optimizing the original design of the system.
Another critical aspect verified was that the optimization of the absorption chillers” opera-
tional conditions had improved its performance. The discussion on how mathematical or
thermodynamic methods had been used to improve their performance is overviewed in
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Best and Rivera [39]. Even with these studies, updating this subject with new technology
and applications on the field is mandatory. It helps the scientific community understand
and improve these systems to better technical performance to reach financial feasibility.
In the literature, there is a lack of consistent studies about designing requirements for
absorption chillers.

It is interesting to see that many authors have been discussing solar powered energy
as an input source for absorption chillers [32,33,36]. Others aim towards the type of
heat exchanger technologies on those systems [40] and the use of membrane contactor to
enhance the absorption process [31]. Figure 1 presents the central paper reviews about
absorption chillers presented in the scientific community in the last 10 years. Figure 1
shows no reviews about designing requirements for absorption chillers with the relevance
of thermophysical properties in this process and the heat and mass transfer processes in
the refrigeration absorption systems using ammonia/nitrate-lithium and water.
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Figure 1. Review papers on the absorption chillers in the last 10 years and the gap found.

In this context, there is a need to present a more updated review to cover recent
advances and suggested solutions to improve the use and operation of those absorption
refrigeration systems using different working fluids. Hence, this review tries to fill the
gap mentioned above by presenting the state-of-the-art of ammonia/absorbent based
absorption refrigeration systems, considering the most relevant studies, describing the
development of this equipment over the years.

2. Literature Survey of the State-of-the-Art

The search for related manuscripts was carried out on a scientific repository, Scopus.
The keywords were combined with Boolean operators to find the most relevant papers on
the chosen topic.

General search keys were firstly used, and then the search continued with more
specific terms. In query 1, the investigation was initiated with the search key “chiller and
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refrigeration”. In the general search, both vapor compression and vapor absorption chillers
were found. A second query key, query 2, was used, restricting the results to the absorption
chillers. Finally, the keyword “ammonia” was included in the search query to limit the
found results to the present work’s specific objective. The results stratification regarding
the document types is presented in Table 1. The explicit queries, keywords, and Boolean
operators are shown on the notes of the same table.

Table 1. Overview of the paper founds according to the specified search queries.

Document Type Query 1 Query 2 Query 3
Article 1018 413 78
Conference paper 611 186 28
Review 38 14 4
Conference review 19 8 2
Book chapter 17 7 1
TOTAL 1703 628 113
Notes:

Query 1—(chiller AND refrigeration)
Query 2—((chiller AND refrigeration) AND (absorption))
Query 3—((chiller AND refrigeration) AND (absorption) AND (ammonia OR nh3))

The articles found in the present paper were categorized based on the following
criteria: (i) thermodynamic properties of mixtures used in systems based on ammonia
absorption, (ii) residential and industrial absorption chillers that use NH3/absorbent, (iii)
evaluation study of ammonia/absorbent systems, (iv) heat and mass transfer processes
in absorption cooling system ammonia/absorbent, (v) chiller activation by absorption
through solar energy, and (vi) NH3/absorbent absorption chiller prototypes.

A critical analysis was carried out on the papers found in the literature review. The ar-
ticles were examined by focusing on the following features: author and year of publication,
methodology, goals, and significant findings. Figure 2 group the articles by categories. As
can be noticed, 35% of the studies were experimental and 65% numerical and theoretical
studies.

Thermodinamical

analysis
14%
; Theoretical
_ Numerical and it
Experimental study theoretical study :
35% ; 31% -
65% Review
article
12%
Numerical
analysis

8%
Figure 2. Overview of the articles found in the literature review.

3. Thermodynamic Properties of Mixtures Used in Systems Based on Ammonia
Absorption

Several studies of working fluids” thermodynamic properties for absorption systems,
such as NH3/H;O, have been prepared over the years.
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3.1. NH3/H,0 Solution

Many researchers have studied correlations and experimental data in the case of the
thermodynamic properties of the NH3/H;O solution. Ziegler and Trepp [41] developed
an equilibrium correlation for the NH3 /H,O solution properties (specific volume, vapor
pressure, enthalpy, and equilibrium constant) in the temperature range above 226.85 °C
(500 K) and 5000 kPa (50 bar) pressure range based on Schulz’s state equations. These
correlations are to be used as a design and testing tool for absorption equipment, especially
for heat pumps.

In the study presented by Park and Sonntag [42], a generalized state equation was used
to determine the thermodynamic properties of NHj3/H,O solution with temperature and
pressure ranges above 377 °C and 20,000 kPa (200 bar), respectively, based on the principle
of four corresponding state parameters. After that, Ibrahim and Klein [43] proposed a
numerical correlation covering liquid pressure and vapor equilibrium temperatures above
11,000 kPa (110 bar) and 327 °C, respectively. Separate state equations were used for liquid
phases and vapor for pure ammonia and pure water, assuming the solution’s ideal mixing
behavior in the liquid phase. Gibbs” excess energy was used to leave a change in the
solution’s ideal behavior in the other phase (gas). In turn, Patek and Klomfar [44] proposed
different correlations to describe the vapor-liquid equilibrium properties of the NH; /H,O
mixture by adjusting experimental data through simple, functional forms.

Simplifying the complex correlations for NHz /HyO mixture properties, Tillner-Roth
et al. [45] presented a simple thermodynamic model of a fundamental state equation based
on Helmholtz's free energy, covering a large part of the thermodynamic space between the
solid-liquid—vapor boundary and the critical point with a pressure range of 40,000 kPa
(400 bar).

El-Shaarawi et al. [46] presented a set of polynomial forms for correlations of properties
developed based on experimental data. These correlations are simple, easy to use, and
explicitly defined, and can be used as a tool in modeling absorption systems. Napoleao
et al. [47] calculated NH3/H,O mixture’s entropy as a function of temperature, pressure,
and other important parameters for absorption cooling systems mathematical modeling.

Experimental measurements characterized the prediction of NH3/H,O solution prop-
erties to calculate this mixture’s equilibrium properties. Still, for modeling, simulation
systems, and to design and optimize the absorption chiller, it is necessary to have numerical
correlations to calculate the properties of any operating condition. That is why the proposal
made by Tillner-Roth et al. [45] was the easiest, simplest, and most practical way to use in
iteration modeling without any problem. Besides, its values are similar to those obtained
by Park and Sonntag [42] and Pétek and Klomfar [44].

3.2. NH3/(LiNO3) and NH;3/(LiNO3 + H,0O) Solution

The working fluids LiBr/H;O and NH3/H,O present some disadvantages such
as corrosion problems, crystallization, low operating pressure for LiBr/H,O, toxicity
problems, need for an extra component (rectifier) and high operating pressures for the pair
NHj3/H,0O, need for high temperatures for the mixture separation process in the generator,
and limitations to operate with solar energy as a driving source [18,19].

The use of the mixture of ammonia and lithium nitrate was proposed as an alternative
to prevent and control LiBr/H; O and H,O/NHj; pairs” problems. Encouraging results
were found, especially for the use of solar energy as the triggering system source. Another
advantage is related to the rectifier’s dispensability in the exit of the cooling vapor when
using the mixture NH3 /LiNO3 [18-20].

The study of the NH3/LiNO3; mixture started with the work presented by Davis
et al. [48], where several absorbent liquids were examined, and it was found that lithium
nitrate had the highest absorbency value and no corrosion effect on carbon steel, which is
suitable for this equipment.

Several measurements to determine the vapor pressures of the NH3 /LiNO3; mixture
were performed for a mass fraction range between 0.24 and 0.42 by Gensh [49]. In the
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same context, but considering another range of ammonia mass fraction between 0.4 and
0.6, Blytas et al. [50] extended the vapor pressure measurements.

The work presented by Infante-Ferreira [22] proposed different thermodynamic prop-
erty correlations for the NHj3/LiNO3 mixture, but these correlations present divergences
with others found in other works at some thermodynamic conditions, such as the one
presented by Cuenca et al. [21]. It shows an experimental study of the thermal conductivity
of the NH3/LiNOj3 mixture at different temperatures with values between 30 (303.15 K)
and 80 °C (353.15 K), and different mass fractions from 0.35 to 0.60 at 1500 kPa (15 bar).

Uchibayashi et al. [51] determined the NH3 /LiNO mixture’s viscosity for the ammonia
mass fraction from 0 to 0.3, with temperature ranging from 223 to 308 K and density for a
temperature range from —50.15 to 19.85 °C (223 to 293 K). Extending the study for other
properties, Aggarwal and Agarwal [52] determined several thermodynamic properties of
the NH3 /LiNOj3; mixture, such as vapor pressure, solution enthalpy, and latent vaporization
heat, considering the 0.3 ammonia mass fraction with a temperature range from —50.15 to
155.85 °C (223 to 429 K). In turn, the work presented by [18-20] measured the vapor-liquid
balance, density, dynamic viscosity, and thermal capacity of mixtures NH3/LiNO3 and
NHj3/(LiNOs + H,O). To improve the mixtures’ available data, the authors also correlated
these measurements with analytical equations for each property.

A study of the NH3/LiNO3 mixture’s corrosion on the carbon and stainless-steel
materials was carried out by Heard and Ayala [53]. From the results, the authors verified
that the three samples are suitable for the construction of an absorption heat pump, and an
average corrosion rate of 0.05 mm per year was obtained. Table 2 summarizes of the works
found on the binary NH3 /LiNO3; working fluid’s thermodynamic properties.

Table 2. State-of-the-art of thermodynamic properties for the NH; /LiNO3 working fluid.

Works on NH;3/LiNOj3 Properties Properties/Ranges
Davis et al. [48] P (T =12.85-34.85 °C; X1 = 0.36)
Gensch [49] P (X1=0.24-042)
Blytas et al. [50] P (X1 =0.4-0.6)

Correlations—Density, equilibrium vapor pressure,

Infante-Ferreira [22] viscosity, and thermal conductivity.

Uchibayashi et al. [51] p (T = —50.45-34.85 °C; X1 > 0.3); p (T = —50.45-19.85 °C)
Aggarwal and Agarwal [52] P (T = —25.15-155.85 °C; X1 > 0.7)
Heard and Ayala [53] Corrosion (49.85-149.85 °C)
Libotean et al. [19,20] P, p, Cp (T =20-80 °C; X1 = 0.35-0.65)
Cuenca et al. [21] k (T =30-80 °C; P = 1500 kPa; X1 = 0.35-0.60)

Even with this binary mixture, the absorption chiller presents a limitation of lithium
nitrate’s viscosity, leading to low heat and mass transfer. It was observed that the addition
of water in the absorbent (LiNO3) increases heat and mass transfer, besides increasing the
affinity of the refrigerant (NHjz) with the absorbent, which produces a positive effect on the
performance of the absorption chiller [18-20].

Some works on the properties of a ternary mixture have been found in the literature.
In Ehmke and Renz [54], the effect of water on the solubility and viscosity of the ternary
mixture was studied considering the range of water mass fraction between 0.2 and 0.25.
It was also determined and correlated with the vapor pressure, and the density data
of the same mixture to a water mass fraction equal to 0.2 in the absorbent. In turn,
Reiner and Zaltash [55,56] performed an experimental study to measure the viscosity
and density of the ternary mixture, considering a mass fraction of ammonia and water of
0.04 and 0.605, respectively. In the same context, Amaris et al. [18], Libotean et al. [19,20]
measured the liquid—-vapor balance, density, dynamic viscosity, and thermal capacity of
the NH3/(LiNO3 + H,O) mixture to increase its evaluated data, besides correlating the
measurements with analytical equations for each property, which could be used to design
and simulate absorption chillers with such mixture.
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To determine the mixture’s thermal conductivity, Cuenca et al. [21] presented an
experimental study with temperatures ranging from 303.15 to 353.15 K and mass fractions
between 0.35 and 0.60, at 1000 kPa (10 bar), to obtain data that can be correlated to
calculate the thermal conductivity of NH3/(LiNO3; + H,O). They found a decreasing
thermal conductivity with increasing temperature, and the lowest thermal conductivity was
found for the mass fraction of 0.4. Table 3 summarizes works found on the thermodynamic
properties of the ternary mixture NH3/(LiNO; + H,O). Table 4 shows the advantages and
disadvantages of ammonia/absorbent working fluids for absorption systems.

Table 3. State-of-the-art of thermodynamic properties of the NHz /(LiNO3 + HpO) mixture.

NH3/(LiNO3 + H,0) Properties/Ranges
Ehmke and Renz [54] Crystallization, P, y, p, Cp
Reiner and Zaltash [55,56] w, p (0.04 NH3 + 0.355 LiNO3 + 0.605 H,O); (T = 9.85-69.85 °C).
Libotean et al. [19,20] P, u, p, Cp (T =20-80 °C; X1 = 0.35-0.65; X3 = 0.20-0.30)
Cuenca et al. [21] k (T =30-80 °C; P = 1500 kPa; X1 = 0.35-0.60; X3 = 0.20-0.25)

Table 4. Advantages and disadvantages of ammonia/absorbent working fluids for absorption

systems.
Working Fluid: NH3 /H,O
Advantages Disadvantages
e  Can operate under low evaporating tem-
peratures e  The need for the rectifier leads to more
e No crystallization or vacuum problem complex systems and higher losses
Working Fluid: NH3/LiNO;
Advantages Disadvantages

e  Rectifier can be eliminated
e  High solubility in ammonia and no corro- ¢  Performance limited by the high viscosity

sion in steel of saline solutions
e  Low driving temperature and better per-

formance than NH3/H,O

Working Fluid: NH3/(LiNO3 + H,O)
Advantages Disadvantages

e Higher heat transfer coefficient and lower

viscosity than binary mixtures e  The boiling temperature is higher than for
e  Lower vapor pressure and lower water binary mixtures.

content in the refrigerant vapor

4. Evaluation Study of Ammonia/Absorbent Systems

The use of mixtures based on ammonia/absorbents in absorption refrigeration pro-
cesses has been studied, analyzed, and implemented by several authors over the years.
Theoretical and experimental studies were carried out to analyze the performance of ab-
sorption refrigeration systems, using NH3z /H,O [57-60] or NH3/LiNOs [61,62] or any
other absorbent with NHj3 [63—66]. These techniques were investigated on prototypes or
experimental apparatus and by applying the first and second Laws of Thermodynamic,
as shown in Figure 3.
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Figure 3. Flowchart of the methods used for the assessment of ammonia/absorbent systems.

The reuse of energy and renewable energy represent viable alternatives for techno-
logical development and expansion of the world energy matrix. In this context, the use
of thermodynamic tools that allow the quantification and qualification of energy and its
availability have been applied in the literature [67], more specifically, to verify technical
feasibility, such as the use of thermal waste to activate absorption chillers [68,69].

The First and Second Laws of Thermodynamics” application represent essential tools
to guarantee the efficient functioning of absorption refrigeration systems (Figure 3). The ap-
plication of these techniques in refrigeration and heating technologies by vapor absorption
systems can be seen in the review presented by Kanabar and Ramani [37]. To study and
understand the characteristics of absorption refrigeration cycles, Du et al. [70] proposed a
graphical method of relating temperature and thermal load. The method considers differ-
ent configurations and operating conditions to verify the best operation region in terms of
energy of these cycles that use NH;3/H,O as the working fluid, and it was demonstrated
that the saturation supply condition offered the maximum internal heat recovery point of
the cycle.

4.1. Experimental Assessment on Absorption Chiller

Over the years, experimental evaluation has been done to improve the configuration
and implement a better control strategy to improve absorption chiller behavior. In this
context and studying the possibility of internal heat recovery in these cycles, Du et al. [71]
introduced an optimal absorption refrigeration cycle that uses NH3;/H,O with internal
heat recovery. Thermodynamically, a 20% increase in cycle performance was determined
compared to the traditional cycle under typical operating conditions. The improvement
was much better for lower evaporation temperatures and higher generation temperatures,
despite respecting the refrigerant’s maximum temperature value.

The use of a low-temperature source for the activation of absorption chillers has been
a challenge over the years, since it would allow the use of small equipment to produce cold.
In this sense, to take advantage of sources of low quality of heat, and to avoid exergetic
losses and, therefore, decrease the efficiency of this equipment, Du et al. [72] analyzed how
to reuse the maximum of the internal heat over a double-effect absorption refrigeration
chiller using NH3/H,0 as working fluid., Two operating conditions of the freezing mode
(—10 and —30 °C) were considered to determine the chiller’s energetic feasibility, attending
these configurations and aiming at the optimal energy value for activation. It was found
that the best recovery strategy is through the combination of heat flows at temperature
intervals close to the pinch points where the proposed system can be improved by 14%
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(=10 °C) and 34% (—30 °C) in the operating conditions analyzed when compared to
conventional systems.

Du et al. [3] showed the development and experimental survey of an NHs/H,O
absorption refrigeration prototype for reusing rejected heat from exhaust gases from diesel
engines. The experimental results showed that the operation of the system was more
reliable due to the increased variation of the exhaust gases, where a cooling capacity of 33.8
kW and a thermal COP of 0.53 were produced under the conditions of water, refrigerant
and exhaust inlet were 26.1, —15.2, and 567 °C, respectively. This led to the approval of a
new prototype configuration (Figure 4).

t @I
=2 ‘
I ! Exhaust
B I |
| I
| |
1 : :
Cooling [€ >k [ st I
= heat
tower | |
| I
|| Condensation |
|| -absorption |
A | unit |
| |
Q | |
|
@00 | | G+

b) Test Circuti set up ﬁ

<= a) Absorption System - Prototype

Figure 4. Absorption refrigeration prototype [3] (Reprinted with permission from Elsevier).

Based on the results obtained in previous works Du and Wang [10], a unified proposal
for a single effect NH3 /H,O absorption refrigeration system for different freezing, thermal
comfort, and heating applications to seek better thermal efficiencies taking into account
internal heat recovery depending on the application and demand. The results found from
the proposed system verified an increase in the thermal efficiency of 25%, 34%, and 20%,
respectively, compared to a conventional absorption system. Table 5 shows the results data
from the effects of the feed states on the system’s performance.

Table 5. Effects of the feed state on the system performance of the system.

State Freezing Air-Conditioning Space Heating
T(€O corp T(O cor TCO cor
Subcooled 119.5 0.5 74.5 091 95.1 1.68
Saturated 129.5 0.55 84.5 0.95 105.1 1.68
Overheated 134.5 0.54 89.5 0.93 110.1 1.68

Ayala et al. [73,74] developed a theoretical /experimental study of a hybrid cycle (com-
pression and absorption), as presented in Figure 5, using the binary mixture of NH3 /LiNO3.
The simulation results of the theoretical model determine an increase in the hybrid system’s
efficiency compared to an absorption cooling system.
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Figure 5. Absorption/compression refrigeration hybrid cycle. Adapted from Ayala and Heard [73]
(Reprinted with permission from Elsevier).

However, a comparison of the numerical and experimental results of the prototype
test revealed significant discrepancies between them. This divergence of results was mainly
attributed to the veracity of the mixture of thermodynamic properties and problems in
bench measurements. It was very common at that time because the numerical correlations
they had were not accurate and showed significant discrepancies with the actual thermo-
dynamic process of this solution, as it has been confirmed and discussed by [18-20] and
Cuenca et al. [21]. However, another problem they might have had would be concerning
the instruments and measurements collected in the tests. The importance of using the
appropriate numerical correlation in determining the thermodynamic properties of the
NHj;/LiNO3; mixture can be observed for proper analysis and results consistent with the
actual operation of absorption chillers, as it has been confirmed in the study conducted by
Vasilescu and Infante-Ferreira [75], where a theoretical and experimental study was done.

Jiminez-Garcia and Rivera [76] carried out an experimental study of new absorption
refrigeration equipment that uses stainless steel plate heat exchangers with NH3/LiNO3
mixture working fluids. The objective of the work was to evaluate the equipment ex-
perimentally and seek the effect of the input parameters (activation and condensation
temperatures, volume and mass flow of the solution, and opening of the expansion valve)
on the output variables, such as cooling power, evaporation temperature, and COP. The
cooling power of 3 kW was reached with 6 °C of chilled water temperature and COP of
0.62. An increase in the cooling power of 20% was achieved with an increase of 3 kg/min
in the solution’s mass flow.

Through the years, many studies have been proposing different configurations as-
sociated with absorption systems for cooling or heating, such as multiple absorbers [77],
different activation sources [78], and even the combination of sorption and compression
systems [79]. Rivera and Rivera [78] performed a theoretical study of an intermittent
absorption cooling system operating with the binary mixture of NH3 /LiNOs3. It was based
on the First Law of Thermodynamics, considering a parabolic collector used as a generator.
The system’s efficiency throughout the year varied from 0.33 to 0.78 and could produce up
to 12 kg of ice at temperatures of the generator and condenser of 120 and 40 °C, respectively.
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4.2. Theoretical and Numerical Assessment on Absorption Chiller

The increase of the multiple-effect absorption chiller leads to a better COP, as noted
in studies such as [38,80]. That is why the authors have been keeping the study of such
absorption systems using different working fluids. Hence, Dominguez-Inzunza et al. [81]
performed a comparison of five configurations of absorption refrigeration systems in
operation (half, single, double-effect in series, double and triple effect) with NH3/LiNOj3.
The lowest evaporator temperatures can be achieved with half effect systems at lower
generator temperatures, with a COP around 0.3, and can also be used for air conditioning
and industrial refrigeration. It was confirmed that the single-effect system is the simplest
configuration compared to other systems, and the COP was almost twice as large as that
obtained with half-effect systems, requiring, however, higher generator temperatures. With
double-effect systems, it was possible to obtain a coefficient of performance as high as
1.12 in condenser temperatures of 30 °C, but they need generator temperatures higher
than 140 °C to reach evaporator temperatures as low as 5 °C and presented high pressures.
These systems can be used for air conditioning purposes. The highest COP can be achieved
with triple-effect systems. However, they require the highest generator temperatures and
the pressure is higher than the single- and double-effect systems, which could also increase
the system cost. These types of equipment could be used for air conditioning.

Farshi and Asadi [66] performed a comparative analysis of three configurations of
double-effect absorption cooling systems (series, parallel, and reverse parallel systems)
using the NH3/LiNO3; and NH3/NaSCN working fluids with a single-effect system. The
authors observed better performance of the pair NH3 /LiNOj at low generator temperatures
than NH3 /NaSCN, but this is reversed at higher temperatures. It was also observed that the
series system has the worst performance due to its higher probability of crystallization and
that the NH3 /NaSCN pair has a higher probability of crystallization than the NH3 /LiNOs3
pair.

Comparing different solutions and introducing a new component to improve the ther-
mal performance of absorption cooling systems, Cai et al. [65] conducted a thermodynamic
study on a new air-cooled double-effect absorption cooling system (Figure 6).
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Figure 6. Absorption/compression refrigeration hybrid cycle. Adapted from Cai et al. [65] (Reprinted with permission

from Elsevier).
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This cycle performance was enhanced by implementing a nonadiabatic air-cooled
absorber. The results allowed determining that the COP of the pair NHz /NaSCN was
higher than that obtained by the NH3/LiNOj3 based system at evaporation temperature
between —10 and —5 °C. However, in conditions of low evaporation temperature, below
—10 °C, NH3/LiNO3 was better.

It is noticeable that theoretical and numerical analyses help to understand and design
absorption refrigeration systems. However, these models need real and operational data to
perform their validations [60], as it was done to validate the thermodynamic modeling of
an absorption chiller (Table 6), where the experimental data of water temperatures were
used to validate it [82].

Table 6. Validation of the thermodynamic modeling by experimental data. Adapted from Ochoa
et al. [82] (Reprinted with permission from Elsevier).

Circuit 1st Case 2nd Case Nominal Case
(Hot, Cold, and UA (Constant) UA (Variable) UA (Variable)
Chilled Water) Temperature °C Temperature °C Temperature °C
Error Maximum 15% 9% 3%
Error minimum 2% 0.2% 0.2%

In work carried out by Ventas et al. [83], a hybrid refrigeration system with a different
system configuration was analyzed by Ayala et al. [73,74]. The auxiliary compressor was
located between the evaporator and the absorber, which was intended to increase the
absorber’s heat and mass transfer process. The model was based on UAATIm for separate
regions of the flat plate exchanger. It is convenient to point that adding a compressor
to the absorption chiller introduces a mechanical consumption work that could limit the
electric COP, but in this case, it is more efficient than the one supplied to a separate vapor
compression chiller with the same refrigerant.

The work presented in Liang et al. [84] proposed a new absorption chiller configuration
using two ejectors as an activation source instead of mechanical pumps (Figure 7). A pro-
posed numerical chiller model was developed considering the solutions of NH3/LiNOj3
and NHj3/NaSCN, as well as the use of an air-cooled absorber, based on the First Law
of Thermodynamics to verify thermal performance and compare it with a conventional
absorption chiller. The liquid—vapor ejector is located at the absorber inlet, and the steam-
powered jet pump is adjusted to the return flow of the solution heat exchanger.

The thermal COP can reach values of up to 0.64, being sufficient for practical use with
exhaust heat sources. As an encouraging result, the use of the two ejectors and the nonadi-
abatic air-cooled absorber provides benefits for the miniaturization and simplification of
the absorption refrigeration system.

To sum up this state-of-the-art research, the theoretical study could be a tool to allow
researchers to analyze different scenarios in absorption refrigeration systems that use
binary/ternary mixtures without spending too much time and money on research because
it is an easy and straightforward way to obtain the results [85,86]. However, this will
depend on the sophistication and precision of the model and, increasingly, on the mixture’s
properties [63,65,73,74,87]. Several studies have investigated and analyzed compact heat
exchangers as a way to reduce the amount of working fluid, as well as reducing the global
size of the system, and therefore costs, by the use of compact components in absorption re-
frigeration systems to use low-temperature sources for the activation [26,85]. Additionally,
due to the increasing performance of the refrigeration systems and reduction in energy
consumption, new configurations are possible, such as adding multiple absorbers [77],
compact heat exchanger components [26,27,76,88] or including ejectors of the systems [84],
or combining sorption and mechanical compression systems [80,89], or integrating different
systems to use polygeneration plants [67,90].
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Figure 7. Proposed combined double ejector-absorption refrigeration cycle. Adapted from Liang
et al. [84] (Reprinted with permission from Elsevier).

4.3. Miscellaneous Assessment on Absorption Chiller

Since the 1990s, many studies have been using the Thermodynamic Laws to verify,
theoretically or experimentally, the absorption chiller’s behavior using ammonia and other
absorbents. Tables 7 and 8 summarize the studies about absorption chillers using either
experimental analysis or numerical and theoretical studies.

Table 7. Assessment of absorption refrigeration systems using the experimental methodology.

Author

Goal

Significant Findings

Antonopoulos
and Rogdakis
[91]

Study the behavior of SARS in
Athens

Either, winter or summer,
NHj3/LiNO3 was the best working
fluid

Cai et al. [86]

Analysis of the behavior of a single
air absorption refrigeration cycle

Viability of the use of ammonia/salt
ARS for freezing purposes under
air-cooling conditions

Hernadez-

Magallanes et al.

[25]

Performance of NH3 /LiNOj3
absorption chiller cooled by
H,O/ethylene glycol solution

The performance was influenced by
the heat source, cooling temperatures,
and flow of the rich solution

Jiang et al. [92]

Analysis of influences on the
coefficient of heat transfer of the
ARS

New correlation was proposed to
predict the impact of the settings on
the boiling heat transfer coefficient

Jiménez-Garcia
and Rivera [76]

Assessment of the use of plate heat
exchanger on an absorption chiller

The cooling power of 3 kW was
reached with 6 °C of chilled water
temperature and COP of 0.62

Le Lostec et al.
[59]

Analysis of an air-cooled absorption
cooling prototype working with an
NH;3/LiNO3

The system operated effectively at

ambient and also presented quick

stabilization mitigating the risk of
crystallization

Moreno-
Quintanar et al.
[24]

Verify the best working pairs for a
solar-driven intermittent absorption
cooling system

System performance with
NHj;/(LiNOj3 + H,O) was better than
NHj;/(LiNO3), with a 25% increase in

cor
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Table 7. Cont.

Author

Goal

Significant Findings

Oronel et al. [93]

Investigate the boiling and
absorption process with
NHj3 / Absorbents

Low viscosity of the NH3/(LiNO3 +

H,0) increased the heat transfer and

mass of the absorber better than the
NHj3/LiNO;3

Said et al. [57]

Design of the components and the
control of the solar NH3/H,O

absorption chiller

Cooling and ice modes of the ARS
achieved cooling capacities of
10.5 kW-4.5 kW and COPs of

0.71-0.42, respectively

Yang et al. [94]

Transient analysis of characteristics
of the NH3 /H,O solution with

nanofluids

The dynamic circulation process
significantly improves the suspension
capacity of TiO, nanofluids in the
ammonia water

Zacarias et al.

[29]

Investigation of using a full cone
nozzle to evaluate the influence of

the absorption rate

A linear relation between the inlet
subcooling and the absorption ratio
was observed

Zamora et al.

[26]

Performance comparison of
single-effect absorption chiller
LiBr/H,0 and NH;3/LiNO;

The temperature of activation and the
condensation source has a strong
influence on the thermal parameters
of the chiller

Zamora et al.

[27]

Characterization of two
preindustrial prototypes of
NHj3/LiNOj3 absorption chiller

The water-cooled prototype
produced 13 kW of cooling capacity
and an electric COPge. of 19

Zotter and

Rieberer [58]

Performance of a thermally driven
solution pump for NH3/H,O heat

pump

This novel solution pump works
without any electricity demand and
can be easily integrated into the
system

Table 8.
methodology.

Assessment of absorption refrigeration systems using the theoretical/numerical

Author

Goal

Significant Findings

Ayala et al.
[73,74]

Analyze the behavior and
performance of NH3/LiNO3
mechanical absorber and chiller

Possibility of achieving up to a 10%
boost in the overall efficiency of these
combined systems

De Vega et al.
[88]

Find the optimum solution pairs for
a microchannel absorber

The developed model can be used to
select the most appropriate solution
for an ARS to achieve any cooling
demand

Wang et al. [61]

Use of ionic fluids to increase the
heat and mass transfer process
sorption system

NHj; with ionic fluids show
comparable heat and mass transfer
performance with that of
NH3/LiNO;3

Dixit et al. [89]

Performance and feasibility of a
new absorption/compression
chiller

The proposed system achieves a
reduction of 89% in electricity
consumption and almost 100% in
CO, emission

Farshi et al. [64]

Comparison of working pairs on
single-effect absorption systems

At lower driving temperatures,
NHj3/LiNOj3 performances the
highest while at higher temperatures,
NH3/NaSCN is better
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Table 8. Cont.

Author

Goal

Significant Findings

Liang et al. [84]

Introduction of an innovative
combined double ejector-absorption
chiller

The use of the two ejectors and the
nonadiabatic air-cooled absorber

provide benefits for the simplification
of the ARS

Lima et al. [85]

Verify the heat and mass transfer
process in absorber that uses
NH3/H,0

Increasing the NH3 fraction at the
absorber inlet leads to raising the
amount of ammonia present at the
outlet of the absorber

Ochoa and
Coronas [95]

Analysis of using the characteristic
equation method in absorption
refrigeration systems

The comparison of the results was
accurate since the average deviations
were less than 5%

Rivera and
Rivera [78]

Evaluation of the behavior of
intermittent SARS to produce ice

The system could produce up to 12
kg of ice at temperatures of the
generator and condenser of 120 and
40 °C, respectively

Vasilescu and
Infante-Ferreira
[75]

Dynamical behavior analysis of a
solar NHj3 /LiNOj3 double-effect
absorption chiller

Thermal energy obtained through the
solar collector could supply more
than 50% of the energy required for
the system

Ventas et al. [79]

Performance analysis of a hybrid
NHj3/LiNOj3 absorption chiller

Electrical COP was found to be
higher than that in an ammonia
vapor compression cycle for
comprehensive working conditions

Ventas et al. [87]

The behavior of the double-effect
cycle for combined power and
cooling with flexibility

Combined cooling and power cycle
provide a COP of 0.53 and electric
efficiency of 5% for a generation
temperature of 140 °C

Wang et al. [96]

Investigation of the
absorption/compression hybrid
refrigeration system

The primary energy efficiency of the
proposed system can be 29% higher
than that a of double-effect
absorption chiller

Farshi et al. [64]

Thermodynamic comparison of an
absorption refrigeration system
(NHj3/LiNO3; and NH3/NaSCN)

At lower temperatures in the
generator the NH3 /LiNO3; working
fluids showed better results. At
higher temperatures, NH3/NaSCN
was better

5. Heat and Mass Transfer Processes in Absorption Cooling System
Ammonia/Absorbent

The intensification of mass and heat transfer processes in absorption systems repre-
sents the main goal of its optimal thermal behavior. That is why many authors have been
investigating ways to enhance those processes [85,93,97]. Some possible improvements
are the use of different working fluids, water added on the absorbent, configuration of
the absorber, and generator, as seen in Figure 8 showing a flow chart on how and why
the intensification on the heat and mass transfer has been so important to enhance the

performance of the absorption refrigeration systems.



Energies 2021, 14, 48

16 of 41

Absorber

Absorption

Refrigeration
Systems

Heat and Mass Transfer m

Intensification

Better Performance of

a ; Less solution
4 . tl_le Ab?orptlon / Lower Input So
; Refrigeration Systems g Better Efficiency;

Figure 8. Flow chart of the way on the intensification on the heat and mass transfer.

Lima et al. [85] evaluated the influence of the ammonia mass fraction and the flows
of the absorbent solution and refrigerant vapor to allow the optimization and simulation
of absorption cooling systems. The absorption process is one of the limiting factors of the
absorption cooling system’s performance. Using the same working fluids, Chandrasekaran
et al. [98] presented a characterization of a new microchannel shell-and-tube absorber
for absorption refrigeration systems. The idea was to design an absorber that allows
significant heat absorption capacities considering a wide range of fluid flow rates and
ambient temperatures, using a 10.5 kW NH3/H,O absorption chiller. Numerical modeling
was developed and validated with the experimental data collected, and found excellent
fit between them (errors lower than 4%). As a main result from the study, it was the
development of a sizing and simulation tool that allowed to optimize highly compact and
efficient absorbers for absorption systems. Another important advance of this proposal
was presented by Kini et al. [99] where through the thermodynamic analysis they verified
that the new absorber integrated to the absorption chiller led to excellent behavior proving
the scalability of this technology to attend the thermal demand for a residential scale
absorption heat pump.

Boiling and absorption processes are the key to sorption refrigeration systems, so their
improvement must reach high levels to provide higher refrigeration capacity with less
driving energy. In this context, Oronel et al. [93] conducted an experimental study of the
boiling and absorption process with the binary mixture (NH3z /LiNO3) and ternary mixture
(NHj3/LiNO3 + H,O) under the operating conditions of absorption refrigeration systems
driven by low-temperature heat sources. They were performed using a conjugated flat
plate heat exchanger formed by three channels, with the absorption occurring in the central
channel. The results showed that the ternary mixture’s mass flow absorption was higher
than that obtained with the binary mixture in the same operating conditions. The heat
transfer coefficient from the ternary mixture’s solution was higher than that of the binary
mixture. The ternary mixture’s low viscosity increased the heat transfer and mass of the
absorber compared with the binary mixture.

Studying heat and mass transfer in absorption cooling systems, Aramis et al. [18]
performed an experimental analysis using the same working fluids as Oronel et al. [93].
The test’s objective was to characterize the absorption and desorption process using flat
plate heat exchangers, looking for a cost and size reduction of the absorption chiller. It
was found that the ternary mixture has a higher affinity than the binary mixture, which
increases the performance of the absorption and desorption processes.

Using the same working fluids, Taboas et al. [100] presented an experimental study
to estimate the heat transfer coefficient by flow boiling and the pressure drop by friction
for a plate heat exchanger considering 20% weight of water in the absorbent. The results
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showed that the solution’s mass flow was the parameter that had the most significant
influence on the flow boiling coefficient in the operating conditions applied, representing a
characteristic of boiling by convection.

The increase in the flow’s boiling coefficient was significant in low heat flow values
when the mass flow was increased for the binary mixture. However, with the ternary
mixture, the improvement of the flow’s boiling coefficient, achieved by the increase in the
solution’s mass flow, was analogous for all values considered for the heat flow.

Using the NH3/LiNOj pair, Jiang et al. [92] presented through experimental analysis
the influence of parameters such as mass and heat flow, diameter, and titer of vapor on the
coefficient of heat transfer by boiling in a horizontal tube. An increase in the heat transfer
coefficient with the increase in mass flow and heat flow was observed, where the mass flow
was more impactful with high heat flow. A new correlation (Table 9) was also proposed to
predict the influence of the analyzed parameters on the boiling heat transfer coefficient,
obtaining better results than other works found in the literature.

Table 9. Proposed correlation to predict the boiling heat transfer coefficient.
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Applying the falling film method in the heat and mass transfer process, the authors
of [101] presented a parametric analysis to determine the coefficient of performance, cooling
capacity, and recirculation of the solution in different operating conditions in an absorber
and generator cooling system. Cooling capacities of 4.5 kW, temperatures around 4 °C
from the evaporator, COPs between 0.3 and 0.62 were found depending on the operating
system.

To improve the thermal performance of heat and mass transfer using an adiabatic
absorption process, Zacarias et al. [29] conducted an experimental study of the ammonia
vapor absorption process in the NH3/LiNOj3 solution using a full cone nozzle and an
upstream single pass subcooler to analyze the influence of the absorption rate, subcooling
output, mass transfer coefficient, and the equilibrium ratio approach. The results recom-
mended using full cone nozzles in spray absorbers at high mass transfer values due to
the high availability, low cost, ease of construction, compacting, and large bore diameter.
Equation (1) presented a Sherwood number correlation, expressed as:

Sh = 0.0208Re}>5Scl247 (L)%, with — 908 < Regs < 2270;14,755 < Sces < 23,064;0.73 < L* < 1 (1)

It is important to note that the efficiency of absorption systems comes from the effectiv-
ity of the heat and mass transfer process through the absorbers, where the intensity of heat
and mass transfer is high, and they could represent the element with a greater possibility of
bottlenecking the energy process [82,90]. That is why heat exchangers have been identified
as an energy barrier element of absorption chillers [40], hence the importance of studying
and understanding the operation of heat exchangers. A detailed review of different tech-
nologies of heat exchangers in absorption chillers was carried out where detailed works
and experimental simulations studies of simple effect absorption systems that use binary
solutions with LiBr/H,0O, NH;/H,0, and NH3/LiNO3 were presented. The aim, in detail,
was on the use of heat exchangers with innovative technologies, conventional and special
geometries, mechanical treatments to provide information on the use of heat exchanger
technologies and their development in the last 40 years. Another critical aspect discussed
was the performance in the heat and mass transfer process and its relevance in choosing
the correct heat exchanger configuration, which not only takes the potential for heat and
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mass transfer performance but factors such as manufacturing costs, type of exchanger and
heat source, working fluids, compactness, among others.

By improving the process of the heat and mass transfer in a plate heat exchanger (PHE)-
type model NB51 absorber with NH3 /LiNOj3, Chan et al. [102] conducted an experimental
analysis of a bubble mode absorption using a special vapor distributor aiming to increase
the mass transfer considering solar cooling operating conditions. A range of 35-50% of
solution concentrations and 11.69-35.46 kg s~! mass flow rates of the dilute solution range
were used. As main result from the study, a set of Nusselt number correlations, Equations
(2) and (3), governing the ammonia vapor by the NH3/LiNOj3 solution in the absorber was
determined considering two ranges of Reynolds number.

0.17
Regp <90 — Nugy = 0.1301Re§£523Pr0~333 (T) )
w
0.17
Resop 2 90 — Nugy = 0.0089R€2£213P1’0'333 (T) )
w

An experimental analysis to verify the influence of operational conditions on the
heat and mass coefficients in a heat and mass transfer process in a horizontal falling
film tube absorber using NH3/H,O was carried out in Bohra et al. [103]. The absorber
was constructed with transparent housing to visualize flow and heat and mass transfer
measurements at the local and component levels, as shown in Figure 9, where a basic
schematic drawing is seen [103].
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Figure 9. Absorber assembly and tube array.

The results showed that most of the time, the absorber operates in a falling film mode.
It was concluded that while the Nusselt number of the solution increased, Sherwood vapor
and liquid numbers remained relatively unchanged by the Reynolds number

Using the falling film technique to analyze the heat and mass transfer process, Na-
gavarapu and Garimella [104] presented a heat and mass transfer model for NHz /H,O
absorption on a bank of microchannel tubes, analyzing three regions in the absorber: solu-
tion pool, droplets in evolution, and falling film. It was found that most of the absorption
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occurred in the region of the film, and 7% of the process occurred in the droplets. The heat
transfer coefficients’ values varied between 1788 and 4179 W/m?K, presented through
Nusselt numbers. An empirical correlation of the Nusselt number of films was developed
as presented in, Equation (4). This correlation can be used to integrate a hydrodynamic
model and a heat and mass transfer model. A total of 135 of thel85 data points were
predicted within £ 25% accuracy.

Nitgiyy = 0.0091-Re%S5 -Pr . (14 ReS,) 4)
where Re?;ﬁ;, Pr?ﬁ; and corresponds to Reynolds and Prandtl numbers of the film Regfp,

represents the Reynolds numbers of the vapor, respectively.
The applicability of the correlation presented in Equation (4) is limited to the range of
parameters shown in Table 10.

Table 10. Range of applicability of overall Nusselt number correlation, Equation (4) (adapted from
Nagavarapu and Garimella [104]).

Absorber pressure [kPa] 169 to 721.9 Temperature [°C]
Mass flow rate [kg s71] Dilute solution 34.7 t0 105.4
Concentrated solution 1.06 to 3.43 Concentrated solution 14.8 to 68.6
Vapor inlet 0.79 to 6.57 Vapor inlet —10.5t028.2
Concentration [-] Nondimensional numbers [-]
Dilute solution 0.152 to 0.449 Film Reynolds number 7.31to 196.1
Concentrated solution 0.207 to 0.546 Film Prandtl number 22t0104
Vapor inlet 0.807 to 0.999 Vapor Reynolds number 2.5 to 40.93

The unfavorable properties of fluid transport, over the years, have been highlighted
as the main factors that prevent the application of ammonia and ionic liquids in absorption
refrigeration systems. Despite this information, few studies link this problem to the heat
and mass transfer of these ionic fluids. Hence, Wang et al. [61] developed an experimen-
tal/numerical study to fill this gap on the process of heat and mass transfer of ionic fluids
in absorption chillers using a corrugated plate heat exchanger. The experimental results
are used as input for the numerical model developed to study heat and mass transfer
performance during the absorption of NH;3 vapor in the NH3 /ILs pair. The heat transfer co-
efficient was 1.4 kW/m?-K, and the proposed effective mass diffusivity was exponentially
related to the ionic fluid viscosity with an exponent of —1.45 for the analyzed pair.

The use of nanoparticles on the solution absorption fluid pair is also seen in Jiang
et al. [105] where a new type of absorber for an absorption refrigeration system that uses
NH;/HO as the working fluids to analyze the processes of heat and mass transfer with
different concentrations of TiO, nanoparticles (0.1%, 0.3%, and 0.5%) was designed and
tested. Unlike other studies, the absorber has been integrated into the real absorption
system. The absorption performance was mainly determined by the strong solution’s
concentration at different evaporation, activation, and inlet cooling water temperatures. It
was found that the addition of TiO, nanoparticles has an essential effect on the absorption
process as it allows the temperature of the strong solution to be lower and the concentration
of the strong solution to be higher. The phenomena could be explained in Figure 10 where
the Prandtl number rises slowly with increasing temperature with the same quantity of
nanoparticles. At the same temperature, and a higher concentration of nanoparticles,
the Prandtl number is higher, too, since the nanofluid’s viscosity was increased, and
the thermal conductivity growths slightly correspondingly. The figure also shows the
schematic design used to model the mass and heat transfer [103]. It was also found that
the thermal conductivity of nanofluids dominates the absorption process
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Figure 10. Absorption process in a falling film tube. Effective coefficient of Prandtl number ratio behavior at different

concentrations of nanofluids at different temperatures.

In the second part of this study, Jiang et al. [106] proceeded on the effect of different
amounts of TiO, nanoparticles, but now on the coefficient of performance of the absorption
refrigeration system. In this new experiment, the evaporation, activation, and cooling
temperature ranges were varied (—18-0 °C), (105-150 °C), and (22-33 °C), respectively.
The addition of nanoparticles can lead to an increase of 27% of the heat and mass transfer,
as shown in Figure 11, where the increase of the TiO; nanoparticles increases the COP and
the generation and evaporation temperatures. The COP improvement is strongly related to
the number of nanoparticles dispersed in the fluid [106]
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Figure 11. COP behavior of the absorption systems with different mass fractions of TiO, nanoparticles under different

evaporation and generation temperatures.

It is evident from these studies that the addition of water as an absorbent in the mixture
with NHj3 allowed a better performance in the absorption and desorption process [18,93,100].
Better results were obtained when this process was performed in plate heat exchangers due
to the size, ease of installation, cheaper cost, and ease of testing. Introducing a falling film
method and a new component as a full cone nozzle [29,101] could increase heat transfer
and mass thermal performance. Therefore, the thermal performance of absorption systems
and the appropriate heat exchanger for the absorption chiller could lead to a better COP
performance, as seen in Altamirano et al. [40]. Another fact seen around the heat and
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mass transfer process literature is the positive effect of using ionic nanoparticles on the
absorption system, increasing the COP of the chiller [105,106].

6. Chiller Activation by Absorption through Solar Energy

Due to the lower driving temperature, absorption chillers that make use of the ab-
sorbent fluid ammonia/absorbents have the possibility of activation by thermal energy
obtained through solar collectors [1]. This advantage has led several authors to study this
application in generator activation. As shown in Figure 12, it can be seen that the main
reason for the use of solar energy as input to drive absorption refrigeration systems is to
attend to the residential and industrial sector demand for cooling and refrigeration. The
figure also shows how important it is to design small components to compound the absorp-
tion chiller, search for different working fluids to operate them, and how the conventional
solar and concentrated collector systems impact the technical and financial behavior of
those absorption cycles.

!
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Figure 12. Schematic graphic of the solar energy source to drive absorption systems with ammo-
nia/absorbents.

Rivera and Rivera [78] performed a theoretical study of an intermittent cycle operating
with NH3/LiNOs, using solar energy as the driving source. The authors used data from
Texmico, Mexico, and obtained a compound parabolic concentrator efficiency throughout
the year with values between 0.33 and 0.78, and the system can produce up to 12 kg of ice
when the temperatures of the generator and condenser are 120 and 40 °C, respectively.

Through theoretical analysis, Vasilecu and Infante-Ferreira [75] analyzed a double-
effect cooling system with the NH3 /LiNO3 work pair driven by solar energy for industrial
use. The study was conducted in a dynamic regime considering the Mediterranean summer
conditions and horizontal parabolic solar collectors. The authors could conclude that the
solar collector’s thermal energy could supply more than 50% of the thermal energy required
for the system to operate at maximum cooling load.

Using experimental analysis, the prototype operating with NHj3/LiNOj; developed
by Rivera et al. [107] has an operating capacity of 8 kg of ice per day using exclusively
solar energy. The authors could observe a positive correlation between the COP and the
solar radiation. In the same context, Moreno-Quinanar et al. [24] compared the absorption
chiller’s performance with the work pairs NH3/LiNO3 and NH3/(LiNO3; + HyO), and
driven by solar energy. A better COP was obtained with NH3 /(LiNO3 + H,0), 25% higher
than the other mixture.
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Llamas-Guillén et al. [108] presented the results for a prototype absorption refriger-
ation system using the NH3/LiNOj3; mixture. In an environment with a temperature of
25-35 °C, the system reached a temperature below 10 °C in the evaporator and 110°C in
the generator, which was only possible to achieve due to high efficiency evacuated tube
collectors. A COP between 0.3 and 0.4 and a thermal load of 4.5 kW was obtained.

The heating and cooling systems powered by solar energy have been proving their
efficiency and flexibility, aiming at environmental aspects and saving energy consumption,
by using renewable energy that does not harm the environment and saving electricity
thanks to a total or partial activation related to solar irradiation. Besides, they have
technical and functional feasibility since it represents an alternative to replace conventional
energy sources such as fossil fuels and electricity.

A detailed approach on the subject was reported in the review study carried out by
Skeikhani et al. [33], where the authors discussed the contributions directed to cooling
systems powered by solar energy and integrated with other energy auxiliary devices. The
explanation of technologies for capturing solar irradiation, such as flat plate collector,
evacuated tube collector, composite parabolic collector, and trough parabolic collector, was
conducted. Essential technical and financial parameters (COP, annual energy consumption,
payback period, solar implementation systems) were discussed, emphasizing the quality of
the activation source used and the configuration effect on the absorption chillers. It is clear
that chillers with triple-effect absorption present a better COP but need a higher hot source
temperature (around 200-250 °C). This leads to more efficient but, at the same time, more
complex and expensive solar collectors, such as evacuated and parabolic collectors. In the
case of a single-effect absorption chiller with smaller COP (approximately 0.7) a simpler
and cheaper collector can be used (flat plate type).

Sharma et al. [32] presented a review aiming at the importance of these variables
(selection of solar collectors and thermal storage) in the performance of absorption chillers
powered by solar energy in a critical survey of studies of cooling systems by solar absorp-
tion. Based on the information, it was considered that the correct choice of the type of
solar collector directly influences the efficiency of the absorption cooling system. Solar
energy is intermittent. It is a significant factor in storing this energy and guarantees that
the demand for activation source will be attended in periods without solar radiation (night)
and moments when the chiller’s operating conditions are excellent. These storage tanks act
as buffer absorbers and significantly improve the COP of the chiller.

Regarding the financial viability aspects, other factors might affect the return period
of the implementation of the absorption system, such as project, climatic conditions, region,
and thermal load, which makes it necessary to subsidize the fixed cost of absorption
systems powered by solar energy to encourage the use of this technology and, reduce the
return period.

Using a sensitivity analysis as a tool to evaluate the performance of solar absorption
chillers at different operational conditions, Luna et al. [109] carried out an experimental
analysis of a 5 kW absorption refrigeration system that uses NHz /H,O as the working
fluids, where the solar drive system consists of a field of 15 parabolic collectors with a
reflective surface made of aluminum, and the absorber tubes made of copper, representing
a total area of 38.4 m?. Useful heat of up to 6.5 kW, energy, and exergetic efficiency of up to
20% and 15%, respectively, through the field of the collectors and activation temperatures
of up to 105 °C were found and a COP of 0.56 and exergetic efficiency of 0.13 were obtained,
considering activation temperatures between 85 and 95 °C, condensation temperatures
between 20 and 28 °C, and chilled water up to 6°C.

Through the application of the First and Second Laws of Thermodynamics, absorption
chillers of the solar-type can be analyzed considering (i) the type of fluid as a function of the
thermal properties for the performance of the system [110], (ii) the type of solar collector
and function improving irradiation absorption [111], (iii) the use of nanofluids as a way
to increase the efficiency of heat and mass transfer [112], and (iv) the use of integrated
polygeneration systems [113].
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A double-effect absorption cooling system that uses NHz/H,O as an air-cooled work-
ing fluid has been proposed in Du et al. [9] for small applications powered by solar heating.
Using a prototype of a rated capacity of 2 kW, it was built to verify the feasibility and
performance of this configuration. The system provided a uniform and constant behavior
during the tests. The COP stabilized in a range of 0.18-0.25 in thermal comfort conditions
in the summer season. According to the promising results, this prototype presents the
possibility of developing small systems with low-cost solar energy activation for residential
applications.

Pandya et al. [110] presented a thermo-economic comparison of the use of two working
fluids (sodium ammonia-thiocyanate and ammonium-lithium nitrate) to evaluate the
performance of the 15 kW solar absorption refrigeration systems. Different solar collectors
were used, such as flat plate, evacuated tubes, flat plate with parabolic reflectors, and
parabolic collectors, integrated with a thermal storage tank. The comparison of COP as a
function of working fluids showed that the NH3/LiNOs3, coupled to the evacuated tube
collectors, was superior to the arrangement with coupled flat plate collectors. Absorption
chillers using NH3 /LiNOs, together with parabolic collectors, showed higher values of
cost and thermal efficiency by 23% and 0.7%, if compared to the system’s values integrated
to the evacuated tube collectors. Considering the two working fluids” performances, it is
observed that the NH3/LiNOs3 pair was superior to the NH;/NaSCN in all the analyzed
solar collector configurations. Therefore, considering the thermodynamic and economic
results, using the NH3 /LiNO3; mixture in an absorption chiller activated with evacuated
tube collectors was recommended.

Likewise, using the same working fluids as Pandya et al. [110], but considering the use
of nanofluids in the solar capture system, Mody et al. [112] carried out an energy analysis
on solar absorption chiller to evaluate this addition of nanoparticles in the performance of
thermal parameters, such as heat transfer coefficient, thermal efficiency, and useful heat
gain of the collector. A maximum increase of 122% in the heat transfer coefficient was
determined with 2% nanoparticles concentration, the heat transfer coefficient with the use
of NH3/NaSCN as the fluid with the best performance 0.12% higher compared to the use
of NH3/LiNOs as fluid. However, in the case of the average COP of the chiller, the use of
NH;3/LiNO3; was 6% higher than the use of NH3/NaSCN. Thus, the use of NH3/LiNO3
is recommended in absorption refrigeration systems coupled to plate collectors with the
addition of nanofluid.

Using the First and Second Laws of Thermodynamics as a technical evaluation tool,
Khaliq et al. [113] presented a study of a trigeneration system composed of a heliostat
field (Duratherm600 oil), Rankine organic cycle, and a solar-powered absorption chiller
(NH3/LiNO3) to produce cold demand at 0 °C. The study analyzed two hydrocarbons
(isobutane and propane) as refrigerants in the Rankine organic cycle (ORC). The exergetic
flow of the isobutane-operated trigeneration system was increased from 2562 to 4314 kW,
while it increased from 1203 to 2028 kW when the system uses propane, considering that
the normal direct irradiations were increased from 600 to 1000 W/m?. The results showed
that when the ORC uses isobutane as working fluids, 65% of the energy is transformed
into useful output energy, and the remaining 35% is lost and exhausted to the environment.
On the other hand, in exergetic terms, only 14% is transformed into useful exergy, 85% is
destroyed due to irreversibility, and only 1% is transformed into exergetic losses.

Cerezo et al. [114] developed a dynamic model by coupling two computational
platforms, Equation Engineering Solver (EES) and TRaNsient System Simulation (TRN-
SYS), of a single-effect absorption chiller using five working fluids (NH3/H,O, H,O/LiBx,
NH;/NaSCN, NH;3/LiNOj3, and H,O/LiCl) driven by solar energy. The results showed
that despite obtaining the best COP among all working fluids, due to the problem of
crystallization of the solution, the H,O/LiCl mixture obtained a maximum solar fraction of
0.67 and a minimum heating fraction of 0.33 with a maximum fraction of lost heat of 0.12.
The NHj3/LiNOj3; and NH3/H;O mixtures obtained the most significant energy gain up
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to 6. Both got a maximum solar fraction of 0.91 and a minimum heating fraction of 0.09,
using 89 and 100 m? of solar collector area.

Some disadvantages of solar absorption refrigeration systems are the complexity of
these installations, the required area to capture useful energy for activation, installation
control, the type of configuration if it is cold and heating, and, consequently, the high
installation and operating costs. In this way, the search for more competitive technologies
through hybrid configurations, and combined applications, can represent an effective
alternative for the production of heat and air conditioning [36].

The integration of the generator with a vapor separator from an absorption chiller
that uses NH3/LiNOj3 as the working fluid and considering a field of solar collectors
reduces the monetary cost and makes the cooling and solar heating facilities more flexible
was proposed by Lecuona-Neumann et al. [111]. The flow established inside the linear
receiver tube of the solar collector is driven by gravity and stratified in a counter-flow
regime, and modeled in a one-dimensional way adapting convective boiling correlations
and including modifications for the effects mixing. A low sensitivity was found to the
chosen boiling heat transfer correlation in terms of heat and mass transfer. The theoretical
and experimental results showed that the current use of the parabolic collector or Fresnel
medium temperature solar collectors in the proposed flow layout was feasible since it
allowed to produce vapor with efficiency similar to conventional type vapor generators,
significantly if the subcooling length is minimized.

As it has been established and demonstrated, the use of solar energy as input for the
cooling absorption systems has been a challenge due to the seasonality and periodicity of
it, so the optimization and the uses an efficiency solar collector must be implemented to
produce more activation heat, as the experimental studied conducted by Luna et al. [109]
showed, where a parabolic collector system was used to produce the heat to drive an
ammonia/lithium nitrate absorption chiller with a 5 kW nominal capacity. The goal of
them was to assess the operation of the chiller and its solar activation source considering
several conditions on the weather of Cuernavaca, Mexico. Particularly comparison and
evaluation of the solar absorption chiller, both of the systems (solar collector and absorption
chiller) were considered coupled and uncoupled to see their effectiveness, using the first
and the second Laws of Thermodynamic. It was determined that the integrated solar
collector field system could generate up to 6.5 kW of heat, with up to 20% of thermal
efficiency and exergy efficiencies up to 15%, at 105 °C temperature, which is good enough
to drive a single effect absorption chiller. Regarding the absorption refrigeration systems,
the cooling capacity produced could be up to almost 2 kW with almost 3.5 kW of input
heat, with values COP up to 0.56. It was concluded, due of the results obtained, that
the parabolic solar absorption cooling configuration system will be allowed to achieve
air-conditioning demands with rational performance.

From the studies presented, it is evident that the use solar energy as driving input to
activate the absorption refrigeration systems has been one of the main goals of investiga-
tions on absorption refrigeration systems, as confirmed by Sheikhani et al. [33] and Sharma
et al. [32]. The motivation is that it allows reducing electrical consumption to activate
cooling and air conditioning systems, using renewable energy as an input, and a decrease
in the use of fossil resources [109,115]. However, this kind of resource is directly associated
with specific regions and climatic conditions since solar energy can only be used directly
during the day and depends on solar irradiation. It is, then, necessary to use storage
systems, collection systems with better efficiency [75,78], and the use of considerable areas,
depending on the cooling capacity and activation of the absorption systems [114].

Due to these implications, several authors have directed efforts in the use of alter-
native mixtures to reduce the activation capacity, lower temperatures [108], combining
technologies as mechanical, ejector absorption cycles [36], advanced technologies of heat
exchanger [111], the addition of substances [112], among others, in order to activate ab-
sorption chillers exclusively/partially with solar energy [113].
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7. Ammonia/Absorbent Absorption Chiller Prototypes

In recent years, studies on the absorption cooling system using the binary mixture
have taken a direction in designing and constructing prototypes [27,34,116].

As mentioned, NH3/H;O is one of those usual working fluids of absorption
chillers [3,9,10,117,118]. That is why many authors are still researching to achieve bet-
ter performances on different operation conditions. Hence, searching for better ways
to minimize exergy destruction, Du et al. [71] proposed a novel cycle considering the
maximum internal heat recovery applying the pinch method technology. This application
was able to verify that this proposed cycle’s performance was considerably improved, at
least by 20%, compared with the traditional cycles, and even better at low evaporating
temperature and when the highest generation temperature was considered. Du et al. [70]
also presented an analysis of the same system applying a graphical method to identify the
characteristics of different cycles with different internal heat recovery strategies and find
out the key points that significantly influence internal heat recovery.

After dealing with a single-effect, Du et al. [72] continued to work using the pinch
technology on a double-effect NH3 /H,O ARS, aimed at the internal heat recovery of a
mass-coupled considering freezing temperatures conditions to verify the reduction on the
losses by irreversibility and to quantify the gain of uses of this kind of implementation on
absorption chillers. The COP values from the derived refrigeration double-effect absorption
chiller showed a significant increase, between 14% and 34%, under the tested conditions.

Currently, cooling demands are significant to the total energy consumption in build-
ings. Therefore, the focus on the design of more efficient and sustainable refrigeration
systems is especially important, Neyer et al. [116] using NH3/H;O as a working fluid,
energetically and financially analyzed the influence of different heat rejection sources in a
single-effect and half-effect ACH powered by solar or cogeneration energy. A functional
chiller was developed and built based on flat plate heat exchangers. Models developed
were used to simulate other operating conditions through the TRNSYS computational
platform and evaluate the annual impact on the new single and half-effect absorption
refrigeration prototypes. It was verified that the chiller presented a good and stable per-
formance in different operating conditions, and the system was able to operate with a
heat rejection temperature of up to 45 °C, which provides its use in hot and arid climates.
Savings of primary nonrenewable energy of up to 70% were verified on this prototype
powered by solar energy and cogeneration when compared to the conventional ones.

Considering the NH3/LiNO3; working fluids, Rivera et al. [107] presented a perfor-
mance analysis of the intermittent absorption cooling system. The developed prototype
has a nominal capacity of 8 kg of ice per day and was based on the theoretical study devel-
oped by Rivera and Rivera [78]. The measurements performed on the reported prototype
evaporator presented temperatures as low as 11 °C obtained for several hours with solar
coefficients of performance up to 0.08. It was verified that the coefficient of performance
increased with the increase of solar radiation and the solution’s concentration, and there
was no dependence on the coefficient of performance with the temperature of the cooling
water. However, there were significant discrepancies between the numerical and experi-
mental results of the CPC efficiency. This may be associated with inappropriate numerical
correlations for the thermodynamic properties of NH3/LiNO;3. Even with these errors,
the proposed system could work exclusively with solar energy as the driving source and
produces 8 kg of ice/day.

In Moreno-Quintanar et al. [24], an experimental comparison of the solar-driven
intermittent absorption cooling system developed by Rivera et al. [107] considering the two
mixtures NH3 /LiNO3; and NH3/(LiNO;3; + HyO) was performed. The idea was to verify
which mixtures present better performance. It was found that the evaporator temperature
reaches 8 °C for 8 h driven exclusively by solar energy. The ternary mixtures’ system
performance was better than the binary mixtures, obtaining a COP 25% higher. This
increase in the COP may be related to the fact that the generator temperature was 5 °C



Energies 2021, 14, 48

26 of 41

lower than the binary mixture and the pressure reduces with the increase of water in the
ternary mixture, reducing the pump’s consumption in comparison to the binary mixture.

Zacarias et al. [119] performed an experimental analysis to evaluate ammonia and
lithium nitrate solution’s adiabatic absorption. The authors used a flat plate absorber with
a flat fan nozzle, and in the upstream, a single pass subcooler, obtaining a heat transfer
coefficient twice as high as that obtained for the tubular vertical absorber in bubbles.

In Zacarias et al. [120], a study of an absorber using NHj3/LiNOj solution was per-
formed. The injection of the absorbent solution was performed through a mist injector. The
adiabatic equilibrium factor was 3.7% higher, and the mass transfer coefficient was half of
the value obtained in Zacarias et al. [119], respectively. In both studies, correlations for the
equilibrium factor and Sherwood’s number were presented.

Testing a prototype ARS, Hernandez-Magallanes et al. [25] analyzed a single-effect
system with 3 kW nominal cooling capacity operating with NH3/LiNOj3 as a working fluid
designed and built for food conservation and air conditioning purposes. The developed
prototype is presented in Figure 13.
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Figure 13. Prototype scheme and real absorption system built [25] (Reprinted with permission from
Elsevier).

The generator and absorber are heat exchangers with internal coils and the condenser,
evaporator, and solution HEX are compact plate heat exchangers. It has been reported that
the system produces up to 3 kW of cooling capacity with a hot water temperature of 95 °C
and can reach evaporator temperatures around 1 °C. Additionally, the COP can range from
0.45 to 0.70. It was found that the system can work with a hot water temperature of 80 °C,
which is adequate for the use of solar energy as a driving source.

There were significant discrepancies between the numerical and experimental results
that the authors attributed the components’ inefficiencies and the heat losses to the environ-
ment but did not mention the uses of the correlations, found from the literature, to determi-
nate thermodynamic properties. The previous studies found in the literature [19-21,73,74],
confirmed the imprecision on thermodynamic properties” use could bring inefficiencies of
the ARS.

As mentioned before, there are no manufacturers that produce absorption chillers with
these working fluids (binary or ternary solution), but there is specific research studying
this type of absorption chiller. Zamora et al. [26] developed two preindustrial absorption
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chillers, a water-cooled and an air-cooled one, both using welded plate heat exchangers.
Figure 14 shows the absorption chiller prototype’s schematic and the test bench installed at
the Rovira and Virgili University in Spain, where the water circuits are presented and the
part-load circuit configuration, adapted from Zamora et al. [26,27].
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Figure 14. Schematic partial-load test circuit apparatus used to assess the absorption chiller prototypes.

A new rotary pump replaced the circulation pump with lower energy consumption.
The water-cooled prototype produced almost 13 kW of cooling capacity and an electric
COP4gjec of 19 when operating at 15, 90, and 35 °C of chilled, hot, and cooling water,
respectively. In the air-cooled prototype, a cooling capacity of 9 kW and an electric COPjec
of 6.5 to 15, 90, and 35 °C of chilled, hot, and air temperatures, respectively. Table 11 shows
the coefficients of performance, thermally and electrically, achieved by this absorption
chiller prototype considering the driving temperature and two evaporation temperatures
and its operating condition.

Table 11. Coefficients of performance of the absorption chiller prototype.

Tevaporate Tariven COPihermal COPejectric
15.5 90 0.61 26.58
8.5 90 0.56 19.74

The COP values, from a thermal point of view, are those expected for single-effect
ARS reaching values of 0.5-0.6. However, what is essential to highlight were the COPs
electrically achieved which represent significant values (varying from 19 to 27), making
it an excellent alternative to ARS prototype. This system meets energetic demands for
thermal comfort processes and even lower temperature systems, such as data centers.

Figure 15 shows the two absorption chiller prototypes’ global electricity consumption
distribution presented in Zamora et al. [26,27].

It is possible to see in Figure 15 that there is still a potential space for improving the
performance of the prototype chillers due to the high electricity consumption of the cooling
water pump. Hence, characterizing in partial load mode, Zamora et al. [27] conducted an
experimental test. The electrical performance coefficient’s partial load curve was obtained
by adjusting the experimental data to the curve shape proposed in the standard prEN-
14825:2011 for air-water chillers. These prototypes were described by the characteristic
equation of the experimental data collected. The uses of welded plate heat exchanger have
transitory response times similar to those of vapor compression machines, and the results
in partial load operation achieve higher electric COP, where it was better to use an ON-OFF
control than to modify the hot water temperature. These prototypes were intended to
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produce a commercial absorption cooling chiller for residential use, driven exclusively by
solar sources. This was a project in cooperation with the Engineering Department of Rovira
and Virgili University and CIATESA Corporation.
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Figure 15. Distribution of the global electricity consumption of the two absorption chiller prototypes: (a) Water-Cooled
Prototype (b) Air-Cooled Prototype.

There is still no mass marketing of absorption refrigeration systems that use ammonia
with different water absorbers. However, several studies have shown the technical and
financial viability of some prototypes that allow the use of LiNO3, LiNO3z + H,0, and
others, as seen in Zamora et al. [26], through the use of new configurations of absorbers [29,
77,119,120], as the main component in the process of heat and mass transfer in absorption
refrigeration systems [93,103,104]. An important fact found in this critical survey of the
state-of-the-art of refrigeration systems by absorption of ammonia/absorbents is the use
of hot sources at low temperatures, aiming at the use of solar energy to activate the
systems [107] for different applications, such as food preservation [25], ice production [24],
and air-conditioning [25].

Therefore, the present work shows the importance of these applied materials in the
pursuit of bringing to the market other sorbents that can help to reduce the size of the
absorption refrigeration equipment [27], as well as in energy flexibility with the complete
introduction of solar energy as an activating source of absorption chillers [25].

8. Final Considerations on the Absorption Refrigeration Systems (NH3/Absorbents)

The survey of the state-of-the-art of absorption refrigeration systems that use am-
monia as a refrigerant, and water, lithium nitrate, and lithium-water nitrate as absorbent
substances, have been studied exhaustively. The following aspects were considered: ther-
modynamic properties of the mixtures and their numerical correlations, heat and mass
transfer processes in absorbers and generators, theoretical and experimental studies of the
First and Second Laws of Thermodynamics, and active and passive applications of the
solar-type models. It also presents the detailing of prototypes and alternative equipment
in the search for systems that allow operating with adequate activation temperatures and
lower than those used in commercial chillers, offered by several manufacturers (using
LiBr/H,O as a working fluid).

An important aspect that was verified in the dimensioning and construction of ab-
sorption refrigeration equipment was the choice of the working fluids, specifically, the
thermophysical properties and their uncertainties, since the incorrect selection can lead to
unrealistic results and, therefore, to nonalternative and efficient systems for the production
of chilled water with low activation temperatures, as was perceived in the works presented
in the open literature [19,21,22,121].
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8.1. Critical Discussion of the Results Raised in the State-of-the-Art on the NHz/Absorbents
Absorption Chillers

NHjz/HO mixture is commonly used in commercial type absorption chillers for
refrigeration and air conditioning applications. Due to the mixture’s behavior, it is necessary
to add a rectifier, to assure the ammonia’s purity throughout the refrigeration circuit. This
component’s addition leads to a greater degree of complexity of the system and an increase
in the initial cost. Additionally, the system activation temperatures are relatively high for
single-effect systems, which often do not allow full use of solar energy as an activation
source, limiting its use in the residential sector and places where solar radiation is limited,
a fact highlighted in the literature [18,19,60]. Among these limitations, the search for
alternative working fluids led to the development of the NH3/LiNO3; and NH3/(LiNO; +
H,0) working fluids to minimize the complexity of the absorption refrigeration system
that uses NH3/H,O [85,122], as well as problems related to vacuum pressures, corrosion,
and crystallization of the solution, as verified in use and LiBr/H,O in several works [90,
123,124].

An essential aspect in the dimensioning and manufacturing of the NH3 /LiNO3; work-
ing fluids for absorption refrigeration systems is the no need for rectification compo-
nents and with the possibility of using solar energy as the exclusive activation source as
shown [19,20,121,125]. Many factors have been considered in the selection and use of these
chemical components in the working fluids, as well as the use of compact heat exchangers
that use loads of relatively small mixtures, leading to the construction of smaller absorption
chillers [26,27,62,126], but with capacities similar to the commercial ones [127,128].

Another fact was the improvement of the heat and mass transfer process in the
integrating components of the thermal compressor of the ARS [82], aiming at the generator
and the absorber. In this context, the use of plate exchangers as a basic component in heat
and mass transfer was highlighted, where a flat plate heat exchanger [126,129] was studied
to reduce the cost and size of the absorption chiller. In these studies it was noticed that even
with the use of the alternative NH3/LiNOj3; mixture [20,40,121,125,130] and improvements
in the overall performance of the absorption chiller [62,81], compared to ARS that use
NH;/H,0 [10,11,59,106], the problem of the viscosity of the mixture still represented an
energy limitation, as established in the literature [95,125,130,131]. This led to the addition
of water in the LiNOj3 absorber as a way to minimize these limitations. Thus, several
studies [100,130] were carried out to determine the concentration needed to reduce the
pressure drop, that is, to reduce the solution’s viscosity. Taboas et al. [100,122] found that
a 20% concentration in water would improve the heat transfer coefficient by boiling the
flow and reducing the pressure drop in plate heat exchangers and the best energy gains
(COP) in most of the ARS was using NH3/(LiNO3 + H,O) working fluids. The use of ionic
fluids in the solution to increase the efficiency of the heat and mass transfer process in
absorbers and generators of absorption refrigeration systems was discussed by several
authors [61,92,106].

As mentioned throughout the discussion, solar energy as an activation source was
one of the main targets using of absorption refrigeration systems that use these alternative
working fluids (NH3/LiNO3 and NH;3/LiNO3; + H,O). Solar use is aimed at the total
activation of the equipment [114], exclusively with the energy generated from the solar
source to be used in the residential sector in thermal comfort applications [36,75] to meet
thermal demand in a Mediterranean city, the production of ice was another application
applied by the Mexican University group [78,115]. It was emphasized that the activation of
such ARS is limited to the climatic conditions of the installation site, workload, as well as
the solar system of capture, storage, and distribution [132], and as main types used are the
solar plate, either of flat plates [33], evacuated tubes [108] and parabolic [75,109], as well as
the area available for the installation of the solar energy system [110].

Among the advantages brought by the use of solar energy that were pointed out in
this survey was the use NH3/absorbents, where an electrical consumption reduction, and,
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therefore, a decrease in fossil resources [115], as well as the expansion of the energy matrix
with renewable energy was mentioned [32,33].

As a drawback, the renewable source, in this case solar, is linked to regions with
specific climatic conditions. Solar energy can only be used directly during the day and
also, depending on the amount of solar radiation, which makes necessary the use of
storage systems, collection systems with better efficiency [133,134], in addition to the use
of considerable areas, depending on the cooling capacity and activation of the absorption
systems [25,114,135]. Some alternatives to overcome these disadvantages were the proposal
and study of the integration and coupling of different technologies, that is, hybrid systems
(integration of mechanical systems, absorption, and ejectors), as well as improvements in
the transfer of heat and mass, the addition of ionic and nanofluid substances [108,111-113].

The search for systems with better thermal performance, not only of the fluid used,
but with the modification of the cycle through the introduction of a component has been
done, as shown by Zacarias et al. [77] with the addition of several absorbers, or with the
use of more compact exchangers [26,27,76,88] or by the integration of ejectors into the
system [84], or simply through joining refrigeration systems by vapor compression and
absorption [80,89], integration of cycles in the production of electricity and cold [136], and
obviously in the use of these ARS in energy polygeneration plants, analyzed and verified
technically and financially [67,137].

Finally, this study reviewed thermodynamic studies and the search for alternative
working fluids. It showed the most recent advances of refrigerant equipment to meet
residential and commercial type demands. Details of design, construction, and testing
of absorption refrigeration prototypes capable of meeting, partially or entirely, these lim-
itations found in commercial type absorption chillers, such as those proposed by man-
ufacturers were also presented [127,128]. Thus, the prototypes’ construction elaborated
by different groups around the world, such as the ARS prototypes presented in this re-
view survey [24-27,115,116,136,138,139], indicates a way to make it possible to apply solar
energy as a driven source for them.

8.2. Profiles of the COP Values of the NH3/Absorbents Absorption Chillers

As final considerations, Figures 16-18 present the values of the performance coeffi-
cients and driving temperatures of the different works analyzed in this state-of-the-art
article, considering three main mixtures: NH3/H;O, NH;3/LiNO3, and NH3/(LiNO3
+ Hy0), through single/double/triple-effect systems and advanced cycles considering
changes in the fluid circuit, such as the integration of mechanical compressor, ejectors,
pumps, and other components.

By using several references of state-of-the-art evaluated here, the behavior of the
COP of the ARS was mapped, taking into account the generator temperature for the next
mixtures: NHs /H>O, NH3/LiNO3, NH;3/(LiNO3 + HO). Figure 16 shows the COP as a
function of the driving temperature for the three different NHj pairs, H,O, LiINO3 LiNO3
+ HyO, and the four technologies single/double/triple, and advanced technology.
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Figure 16. COP against driving temperature for each of the three working fluids (NH3/H,0O, NH3/LiNO3, and NH3 /LiNO3
+ H,0) and each of the four technologies (single, double, triple, and advanced technology).
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Figure 17. Summary of the COP for each of the three working fluids (NH3/H,O, NH3/LiNOg3, and NH3/LiNO3 + H,O)
for each of the four technologies (single, double, triple, and advanced technology).



Energies 2021, 14, 48

32 0f 41

200
A
o

— z

o 130
5
o

= 100
o
e
&

50

0

B  Single effect
|| Double effect
B Tople effect
T | = Advanced technolozy
NH3/H20 NH3/LiNO3 NH3/LiNO3+H20

Figure 18. Summary of the driving temperature for each of the three working fluids (NH3/H,O, NH3/LiNOj3, and
NHj3/LiNOj3 + H,O) for each of the four technologies (single, double, triple, and advanced technology).

For the NH3/H,O single-effect absorption chiller [11,57-59,63,100,105,114,122,140],
Figure 16, shows that the COP values of the single-effect absorption chiller vary up to 0.7,
which represents the common values, considering driving temperature among 50-200 °C.
For some references, the values between 50 and 100 °C showed a good fit for using solar
energy as an input source of the ARS. However, for values beyond 100 °C, it could be a
limitation since, for high-temperature values, the COPs are low, around 0.35.

According to advanced technology, higher values for the COP could be found for
NH;3/H,O chillers, as presented in Lu et al. [141]. This prototype was built with an in-
termediary process to increase the system’s performance to attend the residential district
heating’s thermal demands because conventional absorption heat pumps undergo sig-
nificant performance deterioration at low ambient temperatures. This prototype with an
intermediate process could offer up to 30 kW heating capacity to heat the water, leading to
an increased coefficient of performance around 1.66 (Figure 16).

For the NH3 /LiNO3 mixture, Figure 16 shows the COP values for a single-, double-,
triple-effect chiller, and the COP values of the advanced modified absorption chiller, respec-
tively [11,16,17,41,42,45-47,49-52,55,56,58,59,64,69,80,88,90,92,93,101,125,130,131]. The re-
sults are coherent with the conventional COP values of the single effect absorption chiller,
which are 0.6-0.7, but the most important fact is that those values were obtained with
driving temperatures (60-90 °C), which suits the use of solar energy as an input source.

The COP values for the double-effect absorption chillers proposed in the literature
are similar to the conventional ARS (LiBr/H,O and NH3/H;0) but have lower driving
temperatures. This information is an excellent indicator to take thsese mixtures and ACH
technology as an alternative to attend the residential sector’s thermal demand by using
just solar energy.

The COP values of the triple-effect ARS are notably lower, around 0.9, which is
not suitable for this configuration. It has one of the highest values of COP for the three
configuration NH3/LiNOj chillers. The triple-effect absorption chiller requires the highest
generator temperatures, and that equipment is very complex, restricting their application
to air conditioning processes [81].

Aiming at improving chiller COP, some advanced technologies were incorporated in
NHj3/LiNOj chillers. In Ventas et al. [83], the introduction of a hybrid system was proposed
by integrating a booster compressor between the evaporator and the absorber. In Ventas
et al. [87], aiming for the double-effect absorption chiller’s behavior, the integration of a
power cycle was proposed and simulated to attend to the electricity and cooling demands,
generating innovative schemes. In Wang et al. [96] to reduce the generator’s input heat and
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improve the absorption chiller’s performance, an absorption-compression hybrid chiller
system was proposed by recovering condensation heat for energy generation.

As shown in Figure 16, the modification or incorporation of a component to improve
ARS performance using the NHj3/LiNOj3 has been achieved since the COP values were
better than conventional ARS. Wang et al. [96] presented COP values up to 0.9, and 0.65,
as presented in Ventas et al. [79]. The study’s case made by Ventas et al. [87] shows that
the values are lower than those produced by conventional single-effect absorption chiller.
This proposed cycle allows to generate power and cooling simultaneously, which is an
important finding regarding the achievement of two products for any sector.

For the NH3/LiNO3 + HyO mixture, Figure 16 shows the COP values for a single-
effect chiller [100,122]. The values shown in these studies are coherent with the values for
a conventional machine of absorption chiller around 0.5, but its solution pump electric
consumption was less than by using the regular NH3 /LiNO3; or NHsz /H,O.

Figures 17 and 18 present box-whiskers plots of the presented scenario for the absorp-
tion chillers, using different working fluids and different technologies. Those figures help
to summarize the results from the present research. As presented in Figure 17, the best
COP is found for the NHj3/H,0 chiller with advanced technology at the cost of a higher
driving temperature (Figure 18), but it is still suitable for practical applications.

For the NH3/LiNOj pair, the best COP was found for double- and triple-effect, but
also at the cost of a higher driving temperature, which, in this case, limits the application
of the technology. The NH3/LiNO3 + H,O pair obtained lower COP compared to the
previous cases.

9. Conclusions

A critical survey of the state-of-the-art of absorption refrigeration systems that use
ammonia and absorbents (H,O, LiNOj3, and LiNOs + H,O) was studied exhaustively. The
main aspects considered in this work are the thermodynamic properties of the mixtures,
numerical correlations, improvement heat and mass transfer processes in the thermal
compressor, energetic and exergetic studies, active and passive applications using solar
energy, and available prototypes and alternative equipment.

Considered in this work were the following: active and passive applications using
solar energy as input, detailing of prototypes and alternative equipment made around the
world, among us. The following conclusions can be drawn from this review study:

e  The thermophysical properties accuracy and their uncertainties could lead to unrealis-
tic results and, therefore, to nonalternative and efficient systems for the production of
chilled water with low activation temperatures, as was perceived in open literature;

e Due to disadvantages of the commercial mixtures LiBr/H,O and NH3/H,O such
as corrosion, crystallization problems, low-pressure operation, toxicity problem, the
working fluids discussed, NH3/LiNO3 and NH3/(LiNO3; + H,O), showed better
results, especially when considering the use of solar energy as a driving source for the
system;

e The addition of water as an absorbent in the mixture with NHj3 allowed a better
performance in the absorption and desorption process. Even better when these
processes are performed in plate heat exchangers, due to the size, lower cost, ease of
installation;

e Animportant fact found in this critical survey of the state-of-the-art of ARS of ammo-
nia/absorbents was the use of hot sources low temperatures, aiming at the use of solar
energy to drive them for different applications, like food preservation, ice production,
air conditioning;

e  The intensification in the heat and mass transfer process led to an increase in the
absorption process, hence, increasing the thermal performance of the absorption
chillers, so the uses of plate exchangers as a basic component in heat and mass transfer
was highlighted since those led to reduce the cost and size of the absorption chiller;
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The alternative addition of water to the absorbent (LiN3) in the NH3/LiNO3 mix-
ture improved the absorption chiller’s overall performance compared to ARS using
NHs;/H>O, since the high viscosity of the mixture still represented an energy limita-
tion. Another important aspect on the heat and mass transfer is the use of ionic fluids
in the solution since it helps to increase the efficiency of the heat and mass transfer
process in absorbers and generators of absorption refrigeration systems;

The solar energy as an activation source represents one of the main goals in absorption
refrigeration systems that use these alternative working fluids (NH3z/LiNO3; and
NHj3/LiNO; + HO). Among the advantages, it has been established that the use of
solar energy led to a reduction in the electrical consumption and, therefore, a decrease
in fossil resources and the expansion of the energy matrix with renewable energy; the
disadvantages of this energy were linked to technical specificities in the regions, and
climatic conditions since the source could be only used directly during the day and
also depending on the intensity of solar radiation, which makes mandatory the use of
storage systems and collection systems with better efficiency;

The integration of advanced technology and multiple-effect absorption chillers, such
as double- and triple-effect, can overcome the negative point of the solar source. Alter-
natives configuration systems, such as the integration of mechanical and absorption
refrigeration systems (double- and triple-effect with higher COP), and also and ejector
components, have been demonstrated by many authors improve the thermal and
power efficiency;

The thermodynamic studies” importance has been leading to the search for alterna-
tive working fluids, and mostly, for more efficient, compact and flexible absorption
refrigeration, to achieve the thermal demands for different sectors, such as residential
and industrial. This has brought better design, construction, and testing of absorption
refrigeration prototypes capable of attending, partially or completely, the limitations
that have been found in commercial type absorption chillers, over the years;

The COP values of the advanced modified absorption chiller have been coherent
with the conventional COP values of the single effect absorption chiller, (around
0.6-0.7), but the most important fact is that those values were obtained with driving
temperatures (60-90 °C), which suits the use of solar energy as an input source on
the uses these alternatives working fluids. The COP values for the double-effect
absorption chillers proposed in the literature are similar to the conventional ARS
(LiBr/H,0 and NH3/H;0) but lower driving temperatures. This information is an
excellent indicator to take these mixtures and ACH technology as an alternative to
attend the residential sector’s thermal demand by using just solar energy. For some
triple-effect ARS systems, COP values were notably lower, around 0.9, which is not
suitable for this configuration. It has one of the highest values of COP for the three
configurations of NH3/LiNOj chillers. The triple-effect absorption chiller requires the
highest generator temperatures, and that equipment is very complex, restricting their
application to air conditioning processes.

Based on the current state-of-the-art of the absorption refrigeration systems, it can be

seen that there is still more research to be done to understand how to build more efficient
absorbers and generators to increase the intensification of the heat and mass transfer and to
allow a better absorption process, and reduction in energy consumption and, hence, better
COP. In this context, the recommendations for the absorption refrigeration systems future
are as follows:

v

Reducing the cost and size of the absorption refrigeration chillers, by developing a
better configuration of heat exchangers, especially, absorber and generators for the
thermal compressor;

Development of alternative ionic fluids to increase the heat and mass transfer and
reduce the amount of the solution carried for the ARS, aiming to reduce the size and
space, hence, the cost. Another direction is to build more efficient heat exchanger
components to use lower heat source drive;
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v/ Investigation and development of new alternative working fluids operating with
lower temperatures using sustainable sources, such as solar. These systems should
produce cooling capacities to attend the needs of thermal comfort for the residential
sector and small and medium capacities buildings.
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Nomenclature
Bo Boiler Number [-]
Cp Specific Heat [k] kg*1 K1
cor Coefficient of Performance [-1
d diameter [m]
h Convective heat transfer coefficient [kWm~2K™1]
H,O Water [-]
k Thermal Conductivity [kWm~1 K]
L Length [m]
LiNO;3 Lithium Nitrate [-]
NH3 Ammonia [-]
P Pressure [kPa]
q Heat Flow [kW m~2]
T Temperature [°Cor K]
UA Overall heat transfer coefficients per unit of area [kW K~1]
X1, X3 Concentration of component LiNO3 and H,O [%]
Dimensionless Numbers
X Lockhart-Martinelli parameter [-]
S S S1 expressed the function of X, Bo and We, and S2 the [
1722 function of Re and d
Pr Prandtl
Re Reynolds
Sh Sherwood
Sc solution Schmidt ]
Nu Nusselt
We Weber Numbers
Greek Letters
0 Density [kg m~3]

H Dynamic Viscosity [kgm~'s71]
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Subscripts

cs Concentrated solution
Driven Driven

Electric Electric

evaporate evaporate

eff Effective

Film film

i internal

m mean

nb, cv Nucleate, convective

s solution

tp Two-phase

Thermal Thermal

1, vap, sat Liquid, vapor, saturation phase
w Water
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