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Abstract

:

The energy transition, originating in the limitation of fossil resources and greenhouse gas (GHG) emission reduction, is the basis of many studies on renewable energies in different industrial applications. The diffusion absorption refrigeration machines are very promising insofar as they allow the use of renewable resources (solar, geothermal, waste gas, etc.). This technology is often considered an alternative to vapor compression systems in cooling and refrigeration applications. This paper aims to overview the thermal mechanisms related to modeling system energy sources and highlight the primary methodologies and techniques used. We study and analyze the technology’s current challenges and future directions and, finally, identify the gaps in the existing models to pave the way for future research. The paper also gives a classification of absorption refrigeration systems (ARS) to position and limit the scope of the study. The paper will help researchers who approach the various aspects to have a global synthetic analysis of the mechanisms characterizing the modeling of energy sources of absorption refrigeration machines.
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Highlights


	
Analytical models of the diffusion or/and absorption of refrigerator energy sources are presented.



	
Designs and technologies of generators and bubble pumps are discussed.



	
Different optimization strategies for the energy performance of refrigeration machines are presented and discussed.







1. Introduction


Due to many countries’ fossil fuel depletion and energy-saving policies, absorption chillers are increasingly considered an alternative to compression chillers. Absorption chillers can operate on relatively low energy sources, such as solar heat, geothermal energy, and waste gas heat from industrial processes. The trend of absorption refrigeration machines is explained by the reserve reduction of fossil fuel and non-renewable resources that increase purchase costs. Data from the International Institute of Refrigeration (IIF) show that 17% of the world’s electricity production is consumed to meet thermal comfort needs such as cooling and heating. Conventional air-conditioning and refrigeration systems mostly use energy from non-renewable sources such as coal, oil, and natural gas [1].



Today, the concept of the energy transition, a policy to promote the use of green energies (considered less polluting), strongly encourages the refrigeration sector in its march towards the full use of sustainable systems (absorption refrigeration machines). According to Asfand and Bourouis [2], the world is facing an energy shortage problem. It is expected that the interest in absorption refrigeration systems will increase in the future because they can use renewable energy sources and environmentally friendly refrigerants that do not contribute to the depletion of the ozone layer. Many absorption refrigeration machine designs have been developed and installed in different countries. Much research is being carried out to realize economic and efficient thermal systems. It is a question of being able to choose and dimension in an optimal way the various constituent elements of the system (absorber, generator (or boiler), energy source, condenser, evaporator, heat exchanger (possibly), pump (possibly), etc.), or to be able to combine various technologies (combination of compression and absorption machines) or to combine several energy sources. It is essential to underline that absorption machines’ development is becoming increasingly important for air conditioning and conservation applications [3,4,5,6,7].



Thus, this paper aims to provide a comprehensive overview of the different thermal mechanisms related to modeling system energy sources, bubble generator/pump designs and technologies, methodologies, and techniques. It also aims to study and analyze the current challenges and future technology directions and, finally, to identify the shortcomings of existing models to mark out the road towards a mastered technology.



Several works in the literature explore diffusion absorption refrigeration machines using different energy sources [2,3,4,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42]. For example, Dhindsa [43] discussed the different energy sources, including flat plate collectors, heat storage mediums, motor waste heat, phase change materials, and thermochemical absorption solar hybrid refrigeration systems.



In addition to the actual refrigeration machines, there are absorption chillers, which are the focus of the present research. Generally, water/NH3 and LiBr/water are refrigerants often used for absorption chillers. However, nowadays, many researchers use other fluid mixtures (LiNO3/NH3, LiBr + ZnBr2/CH3OH, LiNO3 + KNO3 + NaNO3/water, LiCl/water, Glycerol/water) to increase the system performance. Therefore, several authors have researched absorption chillers, including Medrano et al. [44]. They performed a refrigeration machine performance study, making mixtures of organic fluids trifluoroethanol (TFE)-tetraethylene glycol dimethyl ether (TEGDME or E181) and methanol-TEGDME. Alcântara et al. [45] focused on developing a mathematical model capable of simulating the quasi-dynamic behavior of absorption chillers using NH3/LiNO3 as the working fluid. Srikhirin et al. [13] stated that when a volatile absorbent such as water/NH3 is used, the system requires an additional component called a “rectifier,” which will purify the refrigerant before entering the condenser. Since the absorbent (water) is very volatile, it evaporates with ammonia (refrigerant). Without the rectifier, this water will condense and accumulate inside the evaporator, resulting in reduced performance.



The originality of the present article is that it gives a global overview of the thermal mechanisms involved in diffusion absorption refrigeration machines, emphasizing the choice of energy sources and existing generator technology.




2. A Brief Classification of Absorption Refrigeration Machines


The main thermal mechanisms involved in diffusion absorption refrigeration (DAR) systems are summarized as follows [32,33,34,35,36,37,38,39,40,41,42]:




	-

	
The cooling capacity of such a machine depends on the diffusion rate of ammonia in the neutral gas, most commonly hydrogen;




	-

	
The use of inert gas to regulate the pressure in the circuit (to keep the pressure constant). As such, the DAR machine operates at a single pressure level;




	-

	
The heat exchangers allow the heating of the ammonia solution (used generally) sent to the generator. This exchange is possible thanks to the weak solution that enters the absorber. The other exchanger allows lowering the temperature of the solution coming from the condenser to reach the lowest possible temperature at the evaporator.









The main differences between the diffusion absorption refrigeration system and the traditional absorption refrigeration system are summarized [32,33,34,35,36,37,38,39,40,41,42]:






	Diffusion–Absorption Refrigeration Systems



	
	-

	
Ternary mixture: refrigerant, absorbent, and inert gas;




	-

	
The use of two pairs of heat exchangers;




	-

	
No pump or expansion valve;




	-

	
These machines, using the water–ammonia couple, are used mostly for household applications;




	-

	
The DAR is a single-pressure system;




	-

	
The presence of inert gas, often hydrogen;




	-

	
The coefficient of performance rarely exceeds 1.









	Traditional Absorption Refrigeration Systems



	
	-

	
Binary mixture;




	-

	
Existence of a single heat exchanger;




	-

	
Existence of 2 pressure levels: high-pressure (HP) and low-pressure (LP) (bi-pressure);




	-

	
Use a pump and a regulator because of the two pressure levels.














2.1. Diffusion–Absorption Refrigeration (DAR) Cycle


According to several sources [12,27,31,33,46], Von-Platen and Munters patented diffusion–absorption refrigeration (DAR), as a single-pressure refrigeration cycle, in the 1920s.



To illustrate the principle of DAR, Figure 1 below takes up the work of Harraz et al. [27], which shows the key processes of a DAR system with the application of ammonia–water and hydrogen as gas auxiliaries. Thus, the working principle of the diagram in Figure 1 is as follows [27]: a refrigerant-rich solution (1) is heated in the generator with (      Q  ˙    g e n    ) and it boils (2). Then, the refrigerant bubbles are rising and lift the solution through the bubble-pump’s inner tube. When exiting this tube, there is a separation between the vapour refrigerant (4) and the refrigerant-weak solution (3). When using water or a similar relatively volatile absorbent, before entering the condenser, the ascending vapour refrigerant should pass through a rectifier. In the rectifier, the vapour refrigerant is purified and is emitting heat (      Q  ˙    r e c    ) to the ambient. Then, in the condenser, the near-pure vapour refrigerant (6) rejects heat (      Q  ˙    c o n d    ) and exits in a liquid state. The refrigerant-weak solution (3) and reflux liquid (5) flow down the bubble-pump shell. In the next stage, the near-pure refrigerant goes into the evaporator, where is subcooled through a gas heat exchanger and evaporates into the auxiliary gas taking in heat (      Q  ˙    e v a p    ) from the cold space.



To maintain a single operating pressure, the DAR cycle uses a working fluid composed of a refrigerant, an absorbent, and an auxiliary gas [27,31]. The auxiliary gas is used to maintain a uniform pressure throughout the system and eliminate the use of a compressor [27].




2.2. Dual-Pressure Absorption–Refrigeration (DPAR or ARS) Systems


Dual pressure absorption–refrigeration cycles typically use a binary mixture of working fluids (a refrigerant and an absorbent). According to Salmi et al. [47], the absorption refrigeration system is based on the physical phenomenon of the different boiling points of pure fluids and a mixture of compounds. For Watanabe [48] and Salmi et al. [47], absorption refrigeration systems use regenerative cycles to maintain the evaporator’s pressure difference and cooling effect (Figure 2).



Figure 2 summarizes the principle of a single-effect water-LiBr cycle. The cycle has an absorber, a device in which pure water vapor is absorbed into a solution. When heat is removed from the absorber, the thermodynamic equilibrium is disturbed, and pure water vapor flows out of the evaporator. The latent heat added to the evaporator is absorbed into the solution in the absorber. The weak water-LiBr solution in an absorber is cooled to maintain the process. A portion of the solution is pumped to the generator, where high-temperature heat is added to the solution to separate the pure water from the solution. The water evaporates in the generator and is led to the condenser. The strong water-LiBr solution generated in the generator is returned to the absorber (via an expansion valve) to maintain a constant LiBr concentration. The water evaporated in the generator is condensed to a liquid state in the condenser, and the condensation heat is released. After the condenser, the liquid water flows through the expansion valve to the evaporator, where low-temperature heat is added to evaporate the water (the refrigeration effect). In this case, the water is the refrigerant, and LiBr is absorbent. A recuperative heat exchanger is added between the generator and the absorber to improve the system’s performance [47].



Another configuration of ARS is in Figure 3, whose description is [49]: ABR uses a refrigerant and an absorbent as working fluids. First, the mixture is heated in the generator (QG), separating refrigerant vapor from a remaining absorbent/refrigerant liquid mixture. Then, the refrigerant vapor enters a condenser at high pressure and rejects heat (QC). A rectifier is necessary to complete separation for some working fluid combinations (NH3/H2O or organics). Then, the refrigerant expands in a throttling valve and goes into the evaporator. There, it is cooled by removing heat (QE) from the medium that needs cooling. Then, the heat (QA) is rejected in the absorber. There, it is mixed with the pure refrigerant from the evaporator, and the resulting liquid mixture is pumped back to the generator to complete the cycle.



Figure 3 illustrates the main features of a single-effect ABR process, the most basic cycle configuration. The process uses a mixture of working fluids, including a refrigerant and an absorbent. The heat source supplies heat (      Q  ˙    G     to the mixture in the generator, where the refrigerant vapor is separated from a remaining liquid absorbent/refrigerant mixture and flows into a high-pressure condenser, where the heat (      Q  ˙    C    ) is rejected. Separations are performed with a reboiler for some fluids, such as NH3/H2O or organics. The refrigerant is then expanded through a throttle valve and passed to the evaporator, which cools the fluid by removing heat (      Q  ˙    E    ). The mixture of refrigerant and absorbent that exits the other side of the generator is directed to the absorber, where the heat (      Q  ˙    A    ) is rejected. There it is mixed with the pure re-coolant from the evaporator, and the resulting liquid mixture is then pumped back into the generator to complete the cycle. Widespread modifications to the basic single-acting ABR arrangement include the addition of a solution (SHX) and a condenser-evaporator heat exchanger (CEHX) because they increase the efficiency of the cycle through internal heat recovery. A significant advantage of ABR over vapor compression refrigeration is that liquid pumping requires only a small fraction of the energy required by compression. Another significant advantage is the possibility of producing cooling from low-temperature heat sources [49].



Garousi Farshi et al. [50], in their work on the analysis of crystallization risk in double-effect absorption refrigeration systems, asserted that absorption–refrigeration systems are an alternative to vapor-compression ones in cooling and refrigeration applications. Maryami and Dehghan [51] have attested that the performance of absorption–refrigeration systems strongly depends on the properties of the pair of active substances and that ammonia–water and water–lithium bromide couples are the pairs of active substances commonly used in heat transfer. Asfand and Bourouis [2] attest that the absorption–refrigeration system (ARS) is a technology capable of utilizing heat directly for cooling purposes and has been considered one of the most widely used technologies for refrigeration and cooling applications since the early stages of refrigeration technology. According to Modi et al. [34], in the last decades, an impressive number of studies have been carried out by many researchers to explore different aspects of the absorption–refrigeration system (ARS). Concerning the fluids used, specific undesirable properties of ammonia (such as toxicity, volatility, and flammability) and lithium bromide (such as corrosion or crystallization of lithium bromide at high temperatures or high condensation) have prompted many researchers to search for new couples of active substances to improve the performance of absorption systems [2]. ARS is becoming more critical because it can be fuelled by renewable energy (like waste heat rejected by the industry, solar, geothermal, biomass, etc.) other than electricity [34].



In general, the ARS has the same structure. However, they differ by adding heat exchangers between the absorber and the generator and/or between the condenser and the evaporator. These additions only aim to increase the system’s performance, as the heat is easily recovered internally [49].




2.3. Hybrid ARS/DAR: Absorption–Compression Refrigeration (ACR) Systems


Currently, several projects use the hybrid (absorption–compression) system. This system generally operates at three pressure levels; the first pressure level concerns the refrigerant vapor leaving the evaporator. The intermediate pressure occurs after the isentropic compression of the refrigerant vapor. The fluid has the same pressure in the absorber. The condenser and generator operate at the third pressure level, the condensing pressure [32].



Figure 4 illustrates the general principle of a compression–absorption cascade refrigeration cycle. Cimsit et al. [52] distinguished two regions, the first is for vapor compression, where R-134a is used as the fluid, and the second is for absorption, which uses LiBr-H2O as the fluid. The cycle description in Figure 4 below is given in [52,53].



Figure 4 represents the general scheme of a cascade compression–absorption cycle, subdivided into two sections: vapor compression, which uses R-134a, and absorption, which uses LiBr-H2O as a refrigerant. In this cycle, a pump draws the weak LiBr solution from the absorber and forces it through a solution heat exchanger. Then, the high-pressure cooled mixture exits the exchanger and flows through the generator. After absorbing the heat applied to the generator, the water in the solution is driven out. Later, the strong LiBr solution exiting the generator undergoes a pressure drop as it passes through a valve. Then, the solution passes to the absorber. To improve the performance of the cycle by increasing the temperature in the state (6) and decreasing the temperature in the state (9), internal heating of the exchanger is used to recover the energy from the strong solution to the weak solution. After condensation by heat rejection into the ambient air, the cooling medium (water) leaves the condenser as a saturated liquid. The pressure of this flow is then reduced by the expansion valve and directed to the evaporator, which absorbs the heat rejected in the condenser from the vapor compression section and evaporates. This vapor then passes through the absorber and is absorbed by a hot solution.



On the other hand, the compressor increases the pressure of the refrigerant in the vapor compression section, and the refrigerant is sent to the condenser. After condensation, the pressure of the refrigerant drops as it passes through the de-tenser. Then the refrigerant is directed to the evaporator. Additionally, the cycle starts again [52].



He et al. [54] sought to make the conventional solar absorption–compression cascade refrigeration (SA-CCR) system efficient by an integrated air-cooled vapor compression refrigeration (ACR) cycle. The ACR cycle comprises two subsystems, a solar-powered single-effect absorption refrigeration (SSAR) and an electrically-powered dual-source vapor compression refrigeration (EDCR). The authors claim significant improvements. The efficiency and time of use of solar energy are dramatically improved and extended, respectively. The cooling/heating demand is always met by coupling an ACR cycle to the EDCR subsystem.



Peng et al. [55] proposed a hybrid absorption–compression cooling system with parallel subcooling and cooling to solve the system’s small-scale heat source versus large heat consumption. Chen et al. [56] proposed an absorption/absorption–compression refrigeration system with a wide operating range, aiming to improve the absorption–refrigeration system’s thermal energy utilization performance. They state that the absorption/absorption–compression refrigeration system offers a promising way to effectively utilize heat sources with a significant temperature change or multiple heat sources with different temperatures. Asensio-Delgado et al. [22], in their analysis of hybrid compression absorption refrigeration using low-GWP, HFC, or HFO/ionic liquid working pairs, showed that CA-ARS performs better even at lower generator temperatures.




2.4. Ejector–Absorption Refrigeration (EAR) Cycle and Other Hybrid Cycles


The advantage of the absorption system is that it can produce cold with a low-temperature energy source. In contrast, using an ejector system increases the performance of the refrigeration machine. In the literature, there are works on refrigerating machines equipped with an ejector. Vereda et al. [57] presented a numerical model of an ejector-absorption refrigerator operating in a steady state. They evaluate the influence of ejector geometry on cycle performance and determine the heat source’s temperature range in which a practical ejector should be used in the absorption cycle. In a cycle equipped with an ejector (see Figure 5), the role of the ejector is to entrain the refrigerant vapor from the evaporator to increase the pressure of the absorber without any additional energy consumption [57]. Dennis et Garzoli [58] use a variable geometry ejector with the cold store to achieve a high solar fraction for solar cooling. They reported that using an ejector increases system efficiency while avoiding the investment cost of acquisition of a large surface area of solar collector. Van Nguyen et al. [59] examined the influence of a variable geometry ejector on a small-scale solar air conditioning system’s performance, aiming to improve the operation of the fixed ejector. Figure 5a shows an arrangement of the conventional single-effect absorption refrigeration cycle, and Figure 5b depicts an arrangement of the ejector–absorption refrigeration cycle. The difference between the diagrams in Figure 5a,b is that a liquid/vapor ejector is located at the inlet of the absorber, replacing the solution expander (9–10). In Figure 5b, the ejector draws the refrigerant vapor from the evaporator (4), entraining it and mixing with it and consequently increasing the pressure of the absorber compared to the pressure of the evaporator thanks to a two-phase diffuser located at its outlet. The details of the cycle of Figure 5 are given in [57].



Fitó et al. [60] conducted a simulation study on the floor-coupled absorption refrigeration system coupled to a thermochemical process by sharing the same condenser, evaporator, and refrigerant. It was found that the COP of the system increased when the two pairs of solutions, namely the NH3/LiNO3 and NH3/BaCl2 pairs, were combined.




2.5. Comparison between DAR, DPAR or ARS, ACR, and EAR


This section gives a brief comparison between the different cycles above (see Table 1).



It is essential to point out that although ARS can operate at low heat source temperatures, they still suffer from temperature limitations, a significant obstacle to obtaining optimal COPs. Hence the importance of optimizing ARS technology (see [62]).





3. Models for Estimating Useful Energy for the System


There are studies in the literature based on clean energy (solar, geothermal, etc.) use and others that combine several clean and/or residual energy sources [63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94]. This section addresses and discusses only solar, geothermal, and waste gas heat sources.



3.1. ARS/DAR Using Solar Energy Sources


3.1.1. Background


According to Siddiqui and Said [14], solar energy is a natural, available, and environmentally friendly source and presents a substantial potential renewable energy source. Solar energy can either be used directly, from the collector to the generator, passed through a water storage tank equipped with phase change materials, or even converted into electrical energy before use. Wang [10] studied the operating characteristics of an absorption–diffusion refrigerating machine using solar energy as the energy source. The solar water heater is an internal concentrator solar collector with a hot water tank. LiNO3-NH3-He was used as the working fluid, and an adiabatic sputter absorber with a plate solution cooler improved mass and heat transfer. An evaporation temperature of −13 °C, a cooling capacity of 1.9 W, and a COP of 1.156 were found. The solar energy source provided a temperature of 92.7 °C. Al-Hamed and Dincer [95] developed and evaluated the performance of a thermodynamic model of a combined ejector–absorption refrigeration cycle powered by a solar concentrator and a geothermal well. This work led to a COP value of 1.164 for a generator temperature of 98.7 °C. Dhindsa [43] discussed solar steam refrigeration systems and various techniques to improve their performance (see Figure 6).



Karamangil et al. [4] simulated a solar absorption refrigeration system and studied the effects of various system parameters, such as temperature and solution efficiency. This work showed that increased operating temperature increased the generator and evaporator performances. Zeiny et al. [96] used solar evaporation via nanofluids to significantly improve the photo-thermal conversion efficiency of direct absorption solar collectors. They concluded that the system’s efficiency increases when the nanofluid concentration is increased in the collection tubes exposed to direct sunlight. Finally, the study on solar absorption refrigeration systems working all day with a heat pump system proposed by Li et al. [97] highlighted the advantage of using a solar collector equipped with a heat storage system using phase change materials (PCM) and a heat pump. This system allowed for a cooling capacity of 9 kW throughout the day.




3.1.2. Models Proposed in the Literature


Several authors have worked on absorption refrigeration machines, focusing on the energy source [47,52,52,55,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114]. Thus, to calculate the energy source, several configurations are possible: the use of solar collectors, the use of engine exhaust gases, etc. Furthermore, some authors have proposed methods and techniques to calculate the power to be transferred to the generator of solar refrigeration machines, in particular Li et al. [97]. The latter proposed the following (in two configurations): the solar collector and the energy storage system. The energy collected in the solar collector is modeled as follows:


        Q  ˙    u c       A   c o l     =   I   s   ×   η   s c s    



(1)




where       Q  ˙    u c     is the effective output power of the collector (W),     A   c o l     the illuminated surface of the collector (m2),     I   s     the solar intensity or irradiation (W/m2) and     η   s c s     the efficiency of the collector.


    η   s c s   = M − N     t   1 s c s   −   t   a       I   s      



(2)







With     t   a     the ambient temperature (°C),     t   1 s c s     the inlet water temperature to the collector (°C),   M   and   N   are inherent characteristics of the collector. As an order of magnitude, M = 0.74 and N = 5.0 [97].



As for the energy storage system, Li et al. [97] model it by the following relations:


          Q  ˙    i n   =     Q  ˙    u c             Q  ˙    o u t   =     Q  ˙    g e n           ∫       Q  ˙    i n     ≥   ∫       Q  ˙    o u t          



(3)




where       Q  ˙    i n     is the amount of heat entering the energy storage system (W),       Q  ˙    o u t     the amount of heat leaving the energy storage system (W) and       Q  ˙    g e n     is the power transferred to the generator (W).



Pilatowsky et al. [115] modeled the storage tank using an average storage tank temperature (    T   S T    ), according to the following energy equation:


  m   C p   f     d   T   S T     d t   =       Q  ˙    i n   +     Q  ˙    S   +     Q  ˙    E N V      



(4)




where       Q  ˙    i n     is the rate of energy input to the storage tank from the hot fluid flow (W),       Q  ˙    S     is the rate at which sensible energy is withdrawn from the tank to feed the load (W) and       Q  ˙    E N V     is the rate of energy loss from the tank to the environment (W). Their expressions are given below:


          Q  ˙    i n   =     m  ˙    h f     C   h f       T   i n   −   T   S T               Q  ˙    S   =     m  ˙    L O     C   h f       T   S T   −   T   a               Q  ˙    E N V   =   U   L     A   S T       T   S T   −   T   a          



(5)







With       m  ˙    h f     the mass flow rate of the hot fluid (kg/s),       m  ˙    L O     the mass flow rate of the fluid feeding the load (kg/s),     U   L     the overall heat transfer loss coefficient (W/m2/°C),     C   h f     the heat capacity of the hot fluid (J/kg/°C) and     A   S T     the exchange surface between the tank and the environment (m2).



The work of Pilatowsky et al. [115] established the following relationship:


      Q  ˙    g e n   = m   C p   f     d   T   S T     d t    



(6)







Boopathi Raja and Shanmugam [116] presented the relationships to calculate the instantaneous values of the solar thermal plant during the day as:


          Q  ˙    t   =   A   c o l   × G t           Q  ˙    c o l   =     m  ˙    f c o l     C p   f c o l       t   0 c o l   −   t   i c o l               Q  ˙    i t a n k   =   m  ˙  × C p     t   0 t a n k   −   t   i t a n k          



(7)







The collector efficiency and the heat transfer rate of the generator given by Boopathi Raja and Shanmugam [116] are as follows:


    η   c o l   =       Q  ˙    c o l    /      Q  ˙    t      



(8)






      Q  ˙    g e n   =   m  ˙  × C p     t   i g   −   t   o g      



(9)




where     A   c o l     is the illuminated area of the collector (m2),   G t   solar intensity or irradiation (W/m2),     t   0 t a n k     the storage tank outlet temperature (°C) and     t   i t a n k     the inlet temperature of the storage tank (°C).



Al-Hamed and Dincer [95] and Wageiallah Mohammed and Yanling [117] calculated the heat source’s power by the installation’s heat balance. Nikbakhti et al. [118] have modeled the energy balance of the solar collector by the following relationship:


  m   C p   s c     d   T   s c     d t   =   η   s c     A   s c     I   s   +     m  ˙    s c     C p   h w       T   s c , i n   −   T   s c , o u t      



(10)




where the left-hand side represents the solar collector’s internal energy change, the right-hand side’s first term indicates the amount of energy received from solar radiation, and the second term represents the heat gained by the heat transfer fluid.



The hot water outlet temperature of the solar collector and the thermal efficiency of the solar collector are estimated by the following relationships, respectively:


    T   s c , o u t   =   T   s c   +     T   s c , i n   −   T   s c     e x p   −     U   s c     A   s c         m  ˙    s c     C p   h w        



(11)






    η   s c   =       Q  ˙    u t i l e         Q  ˙    s o l a i r e     =       m  ˙    s c     C p   h w       T   s c , o u t   −   T   s c , i n         A   s c     I   s      



(12)







As for the temperature of the hot water in the generator, Nikbakhti et al. [118] have modeled it by the following expression:


    T   h w , o u t , g e n   =   T   g e n   +     T   h w , i n   −   T   g e n     e x p   −     U   g e n     A   g e n         m  ˙    h w     C p   h w        



(13)




where   U   is the overall heat transfer coefficient (W/m2/K),   A   the section (m2), and the index   h w   symbolizes hot water.



He et al. [54] modeled the solar part similarly to Li et al. [97], but they opted for different values of N and M (M = 0.80 and N = 3.50).



Among the models above, the models presented by Li et al. [97], Pilatowsky et al. [115], Boopathi Raja and Shanmugam [116], and He et al. [54] are global and complete. They consider energy collection at the collector, its storage, and its use at the generator level. At the same time, authors give correlations that only consider the energy collected and its use or stored energy and its use. Although both solar electric and solar thermal systems can produce refrigeration, solar thermal absorption systems are found to be comparatively more efficient. Therefore, such systems are more suitable for applications in remote areas where conventional power sources are unavailable or expensive. They are also more suitable due to using environmentally friendly working fluids as refrigerants instead of chlorofluorocarbons [14].





3.2. ARS/DAR Using Waste Gas or Waste Heat as Energy Sources


3.2.1. Background


The heat contained in residual gases is increasingly used in industry. Many studies on absorption machines use energy from industrial waste gases or internal combustion engines. Adjibade et al. [3] experimentally studied H2O-NH3-H2 diffusion absorption refrigeration under two energy sources: electrical energy and internal combustion engine (ICE) exhaust gas. To evaluate the behavior of the system’s components for each energy source, the authors resort to the dynamic method, which reveals that the system using the exhaust gases of the ICE presented better performances compared to the case of electric energy. Manzela et al. [119] asserted that internal combustion engines were potential energy sources for absorption refrigeration systems. Kaewpradub et al. [120] have developed a single-effect absorption refrigeration system that uses LiBr-H2O as the solution and engine exhaust as the energy source. Several parameters were considered to evaluate the performance of the machine: the rotational speed of the engine, the opening position of the expansion valve (both at the separating outlet and the condenser outlet), the temperature of the refrigerant at the outlet of the condenser, and the flow rate of LiBr-water solution. Jianbo et al. [121] proposed a cascade absorption–compression refrigeration machine that utilizes waste heat from the internal combustion engine of vehicles, where the exhaust gases and the engine coolants heat the working fluids of the high-pressure generator and the low-pressure generator. Novella et al. [98] proposed a thermodynamic model to analyze an absorption refrigeration cycle used to cool the intake air temperature in an internal combustion engine, using engine exhaust gases as a heat source. They showed that it is possible to lower the intake airflow temperature to less than 5 °C by using the residual thermal energy in the exhaust gases.



Aly et al. [99] work on the thermal performance of a diffusion absorption refrigerator powered by the diesel engine exhaust waste heat as an energy source, concluding that excessive heat harms the overall system performance. Yuan et al. [122] presented theoretical and experimental studies of a marine engine exhaust heat recovery system based on refrigeration and freezing before desalination. While the first system is dedicated to refrigeration, the desalination system uses seawater as a phase change energy storage material. A value of 16% was found as the coefficient of performance. Meanwhile, the system’s total cooling capacity varied from 6.1 kW to 9.9 kW.



Ziapour and Tavakoli [100] developed a thermodynamic model of a diffusion absorption refrigeration heat pipe cycle using a thermosiphon as the energy source. The authors carried out the exergy analysis of the cycles based on the second law of thermodynamics, intending to calculate the exergy destruction in the process. As a result, high COP values were achieved with low thermosyphon temperatures, low weak solution (lean mix) concentrations, and high evaporator temperatures.



Nikbakhti et al. [118] developed an adsorption-absorption integrated refrigeration system powered by low-quality heat sources. As such, they solve the problems encountered by single-effect absorption systems (drop in performance when the heat source temperature drops below 85 °C) and single-effect double-lift absorption system problems (crystallization and corrosion). This experiment gave the following results: a heat source temperature of 60 °C, a cooling capacity of 13.7 kW, and a COP of 0.4.



Soliman et al. [123] designed an absorption cycle using phase change materials (PCM) fueled by automotive exhaust gases. This cycle features a counter plate generator with rectangular ribs and split cells, filled with multiple MCPs to store exhaust gas energy throughout the charging process in the diesel engine to run the cycle absorption. The authors claim that the exhaust energy was not high enough to run the system, hence the use of PCMs, which provide additional energy to run the cycle up to the melting temperature of the MCP type. They found COP values of 0.767 to 0.778 for engine speeds ranging from 1500 to 2000 rpm.



Mbikan and Al-Shemmeri [124] developed a computer model of a water-ammonia absorption refrigeration system powered by energy produced by burning biomass.




3.2.2. Models Proposed in the Literature


As for calculating the generator’s power output, in the case of absorption chillers using exhaust gas as an energy source, the literature gives a list of models, some of which are close. For example, Aly et al. [99], Adjibade et al. [3], and Manzela et al. [119] have modeled the instantaneous power of the heat source by the following relationship:


      Q  ˙    g e n   =     m  ˙    e x h       h   e x h , i n   −   h   e x h , o u t     −     Q  ˙    i n s    



(14)




where       m  ˙    e x h     is the engine exhaust gas mass flow rate (kg/s),     h   e x h , i n     the specific enthalpy of the engine exhaust gas at the inlet to the steam generator (J/kg),     h   e x h , o u t     the specific enthalpy of the engine exhaust gas at the outlet of the steam generator, and       Q  ˙    i n s     the heat transfer from the engine exhaust gases to the environment through the insulated wall of the steam generator (W).



The following expression gives the engine exhaust gas mass flow rate:


      m  ˙    e x h   =   ρ   F       γ  ˙    F     1 −   A  /  F      



(15)







With     ρ   F     the density of the fuel (kg/m3),       γ  ˙    F     the volume flow rate of the fuel (m3/s),   A   the airflow (kg/s), and   F   fuel flow (kg/s). The report     A  /  F     is nothing more than the air/fuel ratio.



Aly et al. [99] modeled the engine exhaust mass flow as follows:


      m  ˙    e x h   =   ρ   e x h       γ  ˙    e x h    



(16)




where     ρ   e x h     the density of the exhaust gases (kg/m3) and       γ  ˙    e x h     the exhaust gas volume flow (m3/s).



Manzela et al. [119] calculated the enthalpy change of the exhaust gases by the following expression:


    h   i n   −   h   o u t   =   ∑  i = 1   j      y   i         h   i n   −   h   o u t       i      



(17)




where     y   i    ,     h   i n     and     h   o u t     are the mass fraction, the input enthalpy (kJ/kg) and the output enthalpy (kJ/kg) respectively of the exhaust gas components CO, CO2, HC, H2O, O2 and N2.



To solve the above equations, Manzela et al. [119] measured the concentration of the exhaust gas components experimentally, and the enthalpy values were taken from thermodynamic tables based on the exhaust gas temperature.



Novella et al. [98], Jianbo et al. [121], Agostini et al. [125], Karamangil et al. [4], Ersöz [126], Taieb et al. [127], Yuan et al. [122], Ziapour and Tavakoli [100], and Ouadha and El-Gotni [128] calculated the power of the heat source by the heat balance of the installation. Yildiz [102] gave the following equation:


          Q  ˙    g e n   =       W  ˙    e l e c t       η   e l e c t               Q  ˙    g e n   =     m   F   H u     η   c b F   t        



(18)




where       W  ˙    e l e c t     is the power consumption (W),     η   e l e c t     electrical efficiency (assumed to be 0.99),     m   F     fuel consumption (kg), t is the duration of the test (s), Hu is the net calorific value (J/kg) and     η   c b F     the combustion efficiency of the fuel (assumed to be 0.90).



Mansouri et al. [129] proposed to calculate       Q  ˙    g e n     directly from the coefficient of performance relationship, indirectly deducing the cooling capacity from the measured temperatures and appropriate heat transfer models in a multi-step procedure. Salmi et al. [47] modeled the heat recovery process using the diagram in Figure 7, which translates mathematically into the following expression:


      Q  ˙    g   =     Q  ˙    g e n   =   ∑  i = 1   j        n  ˙    g a s       h   i n   −   h   o u t        



(19)




where       n  ˙    g a s     is the molar flow (mole/kg) for each substance in the exhaust gas. The enthalpies     h   i n     and     h   o u t     (J/mole) are for each flue gas species at the inlet temperature (taken from the data) and at the outlet temperature (167 °C).





3.3. ARS/DAR Using Geothermal Resources as Energy Sources


There is very little work in the literature on absorption chillers using geothermal energy as an energy source, which gives the methods used to calculate the useful power of the generator. Wu et al. [130] developed a model to evaluate and optimize the performance of a new combined geothermal cooling and power system integrating an organic flash cycle with an ammonia–water absorption refrigeration cycle. They calculated the power supplied to the generator using the heat balance of the system. Salhi et al. [104] studied the possibility of using geothermal energy (whose temperature is between 60 and 94 °C) as an energy source that can power the combined compression–absorption refrigeration system. The COP values found were between 0.184 and 0.595. Salhi et al. [104] estimated the heat supplied to the generator in the absorption system, derived from a geothermal water source, by the following relationship:


      Q  ˙    g e n   =     m  ˙    f   ×   C p   f       T   w   −     T   g   − Δ   T   p n        



(20)




where   Δ   T   p n     is the temperature difference between the generator and the evaporator pinch-off temperature and is set at 5 K,       m  ˙    f     the flow rate of the geothermal water (kg/s),     C p   f     the specific heat of the geothermal water flow (J/kg/K),     T   w     the temperature of the geothermal well (K) and     T   g     the generator temperature (K).



Tetemke et al. [131] analyzed a geothermal-powered vapor absorption refrigeration system and modeled the power supplied to the generator by the following relationship:


      Q  ˙    g e n   =       T   H   −   T   a t m      /      1     h   i     A   i     +   l n       r   0    /    r   i         2 π k   L   C     +   1     h   0     A   0          



(21)




where     T   H     is the hot water temperature (K),     L   C     the length of the cylindrical tube (m),     r   0     and     r   i     outer and inner radii of the tube, respectively (m),     h   0     and     h   i     external and internal convection coefficients of the tube, respectively (W/m2) and   k   the thermal conductivity of the pipe material (W/m/K). To solve the above equation, it is necessary to know the total length of the tube     L   C     or calculate it, the tube’s material properties, and the tube’s diameter.



Yilmaz and Kaska [132] studied the performance and optimization of a geothermal absorption-assisted hydrogen liquefaction system pre-cooling refrigeration cycle. They estimated the power transferred to the generator by the following expression:


      Q  ˙    g e n   =     m  ˙    g e o       h   g e o , i n   −   h   g e o , o u t      



(22)




where       m  ˙    g e o     flow rate of the geothermal fluid (kg/s),     h   g e o , i n     and     h   g e o , o u t     are, respectively, specific input and output enthalpies of the geothermal fluid (J/kg).



The different models mentioned above, as well as other models, are summarised in Table 2.



Considering the work covered in the literature, it would be important to incorporate an energy storage system between the geothermal source and the generator to make the energy supply sustainable during fluctuations.



Equations (1)–(22) and those described in Table 2 are derived from different configurations of energy sources, allowing the operation of diffusion absorption refrigeration machines. In addition, these equations allow the calculation of the heat       Q  ˙    g e n     required to operate the generator, which produces steam through the heat received from a heat source external to the circuit.



In this article, several sources of heat       Q  ˙    g e n     are presented as solar, geothermal, and hot waste gases from thermal engines or industrial processes.





4. Recent Developments and Advancements


4.1. Design and Technology of Bubble Pumps and/or Generators


The generator is the primary part where the system is supplied with energy. Its location and/or structure are of particular interest because the efficiency of the refrigerating machine depends on it. Several types and designs of generators have been developed in recent years, which differ in how they exchange energy with the strong (or weak) solution. Some generators are coupled to the bubble pump, thus forming a single piece. In this case, we discuss integrating the bubble pump into the generator. Bubble pumps have been used in VARS (Vapour Absorption Refrigeration System) for an ammonia-water working fluid since the 1920s, using the Platen et Munters cycle [46], known as the diffusion absorption refrigeration cycle (DAR) or Einstein cycle (1928) [142].



Generally, the bubble pump aims to pump the solution from the lower to the system’s upper level [12]. Thus, in the literature, several models and designs have been developed. Jianbo et al. [121] used a multi-wire coil tube heat exchanger with a separator as a high-pressure generator to connect the exhaust and absorption refrigeration systems. Aly et al. [99] presented the configuration of Figure 8, a heat exchanger used to transfer heat between the exhaust gases coming from the engine and the strong solution entering the generator. It is designed as a shell and shell heat exchanger with a 50 cm length and 8 cm diameter, while the shell is made of 1 mm thick low carbon steel. Adjibade et al. [3] proposed an exchange similar to that of Aly et al. [99] (see Figure 9).



Figure 8 illustrates the heat supply to the generator through a heat exchanger. The heat exchanger transfers heat between the exhaust gases from the engine and the strong solution entering the generator. This heat exchanger is designed as a shell and tube heat exchanger with a shell length of 50 cm and a diameter of 8 cm. The shell is made of 1 mm thick low-carbon steel. Thermocouples measure the temperatures of the exhaust gases entering and leaving the heat exchanger and several points inside the refrigerator [99].



Figure 9 represents the connection diagram of the refrigerator with the energy source, the exhaust pipe. The hot gases entering the generator heat the H2O-NH3-H2 mixture before being returned to the condenser via the bubble pump. The outlet of the gases used to heat the mixture is also shown.



Rodríguez-Muñoz and Belman-Flores [143] presented and discussed some types of bubble pump (Figure 10 and Figure 11). Figure 10 shows a multi-tube bubble pump used in the work of Vicatos and Bannett [144]. The advantage of this type of pump is that it does not limit the fluid flow speed and allows an increased cooling capacity by up to 13% of its lower activation temperature compared to a pump with a single tube.



The authors presented the three generator/bubble pump configurations: in the first configuration (Figure 11a), the generator and the bubble pump are completely separated, the heat is directly supplied to the rich solution without heat transfer to the poor solution, the two tubes are insulated to avoid losses. In the second configuration (Figure 11b), heat is supplied to the scope solution by heat transfer from the bubble pump to the outer tube. The outer tube is isolated from its environment. In the third configuration, the two tubes are fully attached (Figure 11c), and heat is supplied to the rich solution by the lean solution. It also separates the refrigerant from the lean solution, which flows from the lower part of the pump (configuration used in commercial equipment) [143].



Jianbo et al. [121] presented two generators (see Figure 12): low-pressure and high-pressure. In the first configuration (low-pressure generator), the water from the internal combustion engine jacket enters the heat exchanger and heats the solution. The higher concentration of the NH3-H2O mixture is sprayed on the outer surface of the coiled tube and heated by the jacket water. Thus, we obtain the refrigerant vapor on the outer surface of the coiled tube. This part represents the multi-wire serpentine tube heat exchanger with a separator intended to connect the exhaust and absorption refrigeration systems and is used as a high-pressure generator.



In the second configuration (high pressure), the generator is a tubular multiwire coil exchanger with a separator. Its operation principle is as follows: the exhaust gases will heat the fluids flowing inside the coiled tubes. As a result, the strong solution of the NH3-H2O mixture changes from a single-phase to a two-phase (vapor-liquid) state, and the vapor flows into the separator with the riser tubes, effectively decreasing the superheat of the vapor and lowering the thermal load of the generator (high pressure) and the condenser. After the vapor-liquid two-phase fluids are heated, they flow into a separator, where vapor and solution are separated. According to Jianbo et al. [121], the exchanger has the advantage of direct heat exchange between the working fluids and the exhaust gases. Moreover, it does not need a second heat exchange system. Figure 13 shows a system equipped with a bubble pump, operating as a thermally driven pump, containing a vertical lift tube connected to the generator and the separator [142].



Figure 13 also shows how the heat input from the generator is used to vaporize and separate the refrigerant from the liquid mixture and pump the solution through the bubble pump. Heat is supplied to the generator in this configuration, and vapors are formed in the liquid. The presence of a bubble pump above the generator allows creating the vapor bubbles by evaporation. This increases the buoyancy of the liquid and makes the liquid rise through the lifting tube in two-phase flow conditions [142]. The temperature of the weak solution leaving the generator is the highest temperature of the working fluid. In the SHX, the hot weak solution leaving the generator gives energy to the rich solution in the absorber, which has a lower temperature. The weak solution (return path) absorbs the refrigerant vapors from the generator into the absorber.



The boiler-bubble pump design of Figure 11c, presented by Ben Ezzine et al. [12], has similarities with Rodríguez-Muñoz and Belman-Flores [143].



The machine in Figure 14 consists of an absorber, an evaporator, a gas and solution heat exchanger, a rectifier, a condenser, and a generator combining the boiler and the bubble pump. It relies on a bubble pump to pump the solution from the lower to the upper level. The rich solution exiting the absorber flows to the heated generator, causing the evaporation of a part of the refrigerant (R124). The resulting vapor bubbles rise in the tube. Due to the small diameter of the pump tube, each bubble acts like a gas piston and lifts a small plug of liquid upwards. The weak solution flows back down to the absorber via an SHX solution heat exchanger. The vapor leaving the generator contains a residual absorbent (DMAC) that is removed by condensation in the rectifier. The R124 vapor (1) is then condensed in the air-cooled condenser, and the liquid refrigerant is introduced into the evaporator. As this evaporator is charged with hydrogen, the partial pressure of the R124 liquid decreases rapidly and, as a result, it starts to evaporate at low temperatures producing useful cold. The resulting heavy R124/hydrogen vapor mixture flows from the evaporator and falls into the air-cooled absorber. The weak solution absorbs the refrigerant from the vapor phase forming an R124-rich solution. The residual hydrogen-R124 gas mixture flows back to the evaporator, and the rich solution flows down to the generator via the solution heat exchanger, where it is preheated. The DAR is a self-circulating system. The circulation is solely due to the differences in gravity and density of the working fluid [12].



Belman-Flores et al. [145] presented an analytical model of the bubble pump in a commercial diffusion/absorption refrigerator, in which the refrigeration system’s cooling capacity and the coefficient of performance are evaluated. They depend on geometric and operational parameters such as heat contribution, diameter ratio, and the bubble tube. In the technologies proposed by Srikhirin [13] and Belman-Flores et al. [145], the weak solution enters through the absorber without being in contact with the mixture passing through the generator. Therefore, they are similar to Rodríguez-Muñoz and Belman-Flores [143] configuration of Figure 11a.



Figure 15 shows a schematic diagram of this system. An auxiliary gas is charged into the evaporator and absorber. Therefore, this system has no pressure differential, and the bubble pump can be used. The cooling effect is achieved based on the partial pressure principle. Since the auxiliary gas is charged into the evaporator and absorber, the partial pressure of ammonia in the evaporator and absorber is kept low enough to correspond to the required temperature inside the evaporator. The auxiliary gas must be non-condensable such as hydrogen or helium [13].



In general, the DAR system uses hydrogen as an auxiliary gas, although hydrogen can be dangerous in the event of a leak. In this configuration, helium is an alternative auxiliary gas introduced to replace hydrogen.



The main feature of a bubble pump is its ability to change the fluid’s flow phase. When a bubble pump is used in VARS, the refrigeration cycle is almost a single-pressure system because there is a minimal pressure difference between the condenser and the evaporator due to flow friction and gravity [142]. It is different in the case of hybrid machines, particularly those equipped with an ejector, which increases the pressure from the evaporator to the absorber. It is also different from hybrid machines equipped with a compressor. Belman-Flores et al. [145] reported that the main advantage of DAR is that it does not require a mechanical/electrical pump or compressor to generate the pressure increase as in the case of conventional refrigeration cycles. Given the abovementioned considerations, it is clear that trade-offs must be made between energy performance, pressure level, energy consumption, and investment cost.




4.2. Influence of Energy Source on System Parameters


The energy source of a diffusion absorption refrigeration machine greatly influences the system parameters (temperature, pressure, etc.). Adjibade et al. [3] stated that the temperature of the generator greatly influences that of the evaporator and the ammonia vaporization. The authors reveal that the temperature of the evaporator negatively correlates with the temperature of the generator. In contrast, one of the condenser/absorber has a positive correlation with the temperature of the generator. According to Kaewpradub et al. [120], decreasing refrigerant temperature at the condenser outlet increases the cooling load and the COP. They also asserted that the LiBr-water solution’s temperature at the generator outlet increases with the engine speed. Additionally, the cooling load and the COP decrease with the temperature of the coolant at the outlet of the condenser.



The work presented by Manzela et al. [119] showed that the wider the valve opening, the lower the average steady-state temperature reached inside the refrigerator (between 5 and 13 °C), and the lower the COP. This led them to think of a system to control the mass flow of the exhaust gases, which makes it possible to optimize the operation of the absorption refrigeration system. According to Aly et al. [99], excessive exhaust gas temperatures make it difficult for water vapor to condense in the separator and directly impact the refrigeration capacity and the cycle COP. On the other hand, the authors state that optimizing the system component design makes sense since the evaporator and generator dimensions greatly influence the COP. As for Yuan et al. [122], the increase in the generation temperature also implies an increase in the COP. Li et al. [97] asserted that the collector inlet temperature is directly determined by the phase transition temperature (PTT) of the PCM in the heat storage system (HSS) and influences the performance of the solar collector system (SCS) and heat pump system (HPS).



Table 3 shows the key parameters of different models of absorption refrigeration machines found in the literature.




4.3. Current Status, Challenges, and the Future Direction of Technology


This section discusses the different models and designs for modeling the power source of absorption machines power source. Current techniques include the addition of new heat exchangers and designing generators integrating both the boiler and the bubble pump. The diffusion and/or absorption refrigeration machines (ARS, DAR, etc.) are used in many industrial and building sector (tertiary) applications. The scarcity and depletion of fossil fuels (which encourages the use of alternative energies), the management and storage of energy, and the intermittency of renewable resources (solar, for example) are real challenges facing diffusion and/or absorption refrigeration machines. The issue of energy management and storage remains a significant issue that encompasses both the choice of energy sources and the availability of energy at all times. Other challenges faced by absorption machine generators are, among others, energy optimization (recovery, storage, and valorization of waste heat internally, optimization of process control laws, etc.), limitation of the temperature of the heat source used, and the control, the automatic and optimal control of the generator by taking into account all the operating parameters of the process.



4.3.1. Energy Management and Storage—Intermittency of Renewable Resources


Energy management is today one of the main issues directly related to global energy resources. Absorption machines generally use intermittent renewable energy sources, some of which need storage. Thermal energy storage can be an excellent option to mitigate the intermittency of renewables. Hence the need to store them to ensure the long-term operation of absorption machines. There are several types of energy storage. The commonly encountered classification is as follows:




	
Sensible heat storage systems. In these systems, we use the thermal power from the solar collector and raise the temperature of a liquid or a solid (water, thermal oil, molten salt, rock, sand, etc.). Its low cost and low toxicity of materials make this technology widely spread [136,147];



	
Latent heat storage systems. These systems are based on a phase transition of the storage material. A high energy storage density characterizes by using a Phase Change Material (PCM) at a nearly constant temperature [138,148,149,150,151];



	
Thermochemical storage systems. These systems use reversible exothermic/endothermic chemical reactions. They are more complex and expensive but have a high storage density and are compact and efficient [136,152].








Rosiek and Batlles [153] investigated how to find the optimal conditions and operating parameters of the solar system using energy storage tanks. The results show that using two water storage tanks is crucial to maintain the system’s operation with irregular solar radiation. Finally, Luján et al. [136] worked on the influence of different thermal storage capacities and thermal energy consumption strategies in a solar air conditioning system. In this work, the intermittency of solar energy was not problematic because the refrigeration needs were almost synchronized with the hours of sunshine. The main novelty of this article is the introduction of a systematic approach to determine the optimal sizing of a hot thermal storage tank according to the nominal thermal power demands in an adjustable jet-ejector refrigeration system.



Khan et al. [154] have proposed using phase change materials (PCM) as an energy storage system in food preservation and space cooling applications. They claim that the high heat of fusion thermal energy storage (TES) system is efficient and well suited for such applications. Zhu et al. [155] affirmed that the absorption refrigeration system with PCM could produce cooling rationally compared with the traditional system. For Li [156], the latent form stores and removes latent heat from phase change materials (PCM) at the narrow phase transition temperature range, for which a more compact storage unit can be realized.




4.3.2. Energy Optimization—Automatic Control and Piloting of the Generator


The energy optimization of absorption refrigeration machines is a hot topic. Facing resource limitations and the intermittency of renewable sources, optimizing the energy consumption of absorption refrigeration machines is essential. According to Asfand et Bourouis [2], traditional ARS generally suffer from large sizes due to unsatisfactory heat and mass transfer efficiencies in absorbers, limiting their small capacity applications. Energy optimization can be done in several ways while considering a certain number of constraints: internal energy recovery, installing heat exchangers, and seeking to increase the temperature of the solution at the generator input so that the energy consumed at this level is as low as possible. As for the problem of intermittency, the most effective solution seems to be storage tanks and the hybrid use of energy sources.



Luján et al. [136] talked about trade-offs between key performance indicators, mainly cooling capacity, thermal coefficient of performance, and the ability of the system to operate appropriately by ensuring an adequate thermal level in the storage tank. Considerable efforts have been made to overcome the low thermal efficiency of absorption refrigeration machines (especially ARS and DAR). Jiang et al. [61] mentioned nanofluids to improve the performance of ARS, in particular, the efficiency of heat and mass transfer.



In the case of a hybrid energy system, the control and automatic control of the generator must be done optimally so that the refrigerating machine covers the need for refrigeration in any period of demand.




4.3.3. The Future Direction of Technology


The future trend in generator technology of absorption chillers may focus on using hybrid power sources, generators equipped with a two-stage heat exchanger, and ejectors or ejector jets. A hybrid energy installation is attractive in the case of intermittent energy supply. Furthermore, using generators equipped with a two-stage exchanger is a promising technology, making it possible to increase the system’s performance.



As for the ejectors of absorption refrigeration machines, they are now increasingly used, although the technology has not yet reached maturity. Nevertheless, these latest techniques are very promising solutions. They consist of installing the ejectors between the evaporator and the absorber to increase the pressure of the absorber without any additional energy consumption [57].



Figure 16 represents the re-adjustable solar jet ejector refrigeration system (ARS), which uses the solar energy captured by the collector to evaporate a high-pressure refrigerant. The system has a parabolic trough collector, a solar concentrator, and a thermal storage system (TSS). The TSS of the ARS serves as a heat reservoir, and its purpose is to drive the ARS in the absence of solar irradiance [136]. According to Luján et al. [136], the ARS incorporates a sensible heat storage tank, the most commonly used storage device in thermal drive cooling applications. For Toghyani et al. [157], the utilization of the ejector facilitates the increase of pressure without causing any complication or increase of mechanical energy consumption in the system. They also said that the use of the ejector-absorption cooling system includes simplicity in installation, design, and operation.



Other future solutions are also mentioned in the literature. Jiang et al. [61] expressed their intention to propose approaches for future study on the type and corresponding concentration of nanofluid that would improve the performance of each part of the system. Luján et al. [136] have taken up the recommendations on the adoption of advanced strategies such as thermal storage systems [58,59,158,159], jet ejectors with adjustable geometry [59,160,161], multi-ejector systems [162,163] or a combination of these technical solutions to increase flexibility and price competitiveness of refrigeration system.






5. Conclusions


This article critically reviews the different thermal mechanisms related to modeling energy sources of absorption refrigeration machines, the main methodologies and techniques used, and the designs of generators and/or bubble pumps. We analyzed in detail the aspects related to the methodology and concepts of different models for evaluating the energy required for the diffusion and/or absorption refrigeration system. We present the characteristics of the different refrigerants used, the cycles of absorption refrigerating machines, and the influence of the energy source on system parameters. The methods and techniques for modeling the energy source, leading to the challenges and future direction of absorption chiller technology, were discussed at length.



The literature review shows a great extent in the conceptual formulation of energy evaluation models in the generator. This considers the type of energy sources, refrigerants used, and the final need. This state-of-the-art study has also enabled it to master the trends in developing absorption and/or diffusion refrigeration machines. Today, this trend goes more to adding devices such as ejectors and heat exchangers to recover the heat that could be lost internally. Water storage and phase change material reservoirs are also increasingly used and hold a promising future in solving the intermittency of renewable sources. Controversial and divergent assumptions are clarified, and a global, coherent, and consistent approach is proposed. The study will allow researchers interested in this subject to push back the current frontiers and limits in modeling the energy source of absorption refrigeration machines.



The significant challenges facing diffusion absorption refrigeration systems are:




	-

	
low coefficient of performance (COP);




	-

	
domestic use (refrigerators, home freezers);




	-

	
are limited by the refrigerants used;




	-

	
the toxicity of the refrigerant used.









Future work on the development of diffusion absorption refrigeration machines should investigate using other less expensive refrigerants capable of operating such machines and try adding new components to improve the performance (COP).
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Abbreviations




	
Symbol

	
Signification

	
Unit




	
   A   

	
section

	
m2




	
   C p   

	
thermal capacity

	
J/kg/K




	
   G t   

	
solar intensity or irradiation

	
W/m2




	
     I   s     

	
solar intensity or irradiation

	
W/m2




	
   m   

	
mass

	
kg




	
     m  ˙    

	
mass flow rate

	
kg/s




	
       Q  ˙    c o n d     

	
heat rejecting heat by condenser

	
W




	
       Q  ˙    e v a p     

	
heat of evaporator

	
W




	
     Q   e x     

	
exhaust heat exchange

	
W




	
       Q  ˙    g e n     

	
power transferred to the generator

	
W




	
       Q  ˙    i n     

	
amount of heat entering the energy storage system

	
W




	
       Q  ˙    o u t     

	
amount of heat leaving the energy storage system

	
W




	
       Q  ˙    r e c     

	
rectified emitting heat to the ambient

	
W




	
       Q  ˙    u c     

	
effective output power of the collector

	
W




	
   T   

	
temperature

	
K




	
     t   a     

	
ambient temperature

	
°C




	
     t   1 s c s     

	
inlet water temperature to the collector

	
°C




	
     t   0 t a n k     

	
storage tank outlet temperature

	
°C




	
     t   i t a n k     

	
inlet temperature of the storage tank

	
°C




	
   U   

	
overall heat transfer coefficient

	
W/m2/K




	
       γ  ˙    e x h     

	
exhaust gas volume flow

	
m3/s




	
   ρ   

	
bulk density

	
kg/m3




	
     η   s c s     

	
efficiency of the collector

	
%




	
   c o l   

	
collector




	
   e x h   

	
exhaust gas




	
   g e n   

	
generator




	
   g e o   

	
geothermal




	
   h w   

	
hot water.




	
   t h   

	
thermal




	
ABR

	
Absorption Refrigeration




	
ACR

	
Air-cooled vapor compression refrigeration




	
ARS

	
Absorption refrigeration systems




	
COP

	
Coefficient of performance




	
DAR

	
Diffusion-absorption refrigeration




	
DPAR

	
Dual-pressure absorption-refrigeration




	
EAR

	
Ejector-absorption refrigeration




	
EDCR

	
Electrically-powered dual-source vapor compression refrigeration




	
GHG

	
greenhouse gas




	
GWP

	
Global Warming Potential




	
HFC

	
Hydrofluorocarbon refrigerants




	
HFO

	
Hydrofluoroolefin refrigerants




	
HPS

	
Heat pump system




	
HSS

	
Heat storage system




	
ICE

	
Internal combustion engine




	
IIF

	
International Institute of Refrigeration




	
PCM

	
Phase change materials




	
PTT

	
Phase transition temperature




	
SA-CCR

	
Solar absorption-compression cascade refrigeration




	
SCS

	
Solar collector system




	
SSAR

	
Solar-powered single-effect absorption refrigeration




	
TEGDME

	
Tetraethylene glycol dimethyl ether




	
TFE

	
Trifluoroethanol




	
TES

	
Thermal energy storage




	
VARS

	
Vapour Absorption Refrigeration System
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Figure 1. A simple block diagram of a DAR system [27]. 
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Figure 2. A schematic of a single-effect water-LiBr absorption refrigeration cycle [47]. 
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Figure 3. Single effect ABR cycle [49]. 
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Figure 4. Flow diagram of the LiBr/H2O-R134a, the single effect compression–absorption cascade refrigeration cycle [52]. 






Figure 4. Flow diagram of the LiBr/H2O-R134a, the single effect compression–absorption cascade refrigeration cycle [52].



[image: Energies 16 03610 g004]







[image: Energies 16 03610 g005 550] 





Figure 5. (a) Conventional absorption refrigeration cycle and (b) ejector–absorption refrigeration cycle [57]. 
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Figure 6. Schematic illustration of solar absorption refrigeration system [43]. 






Figure 6. Schematic illustration of solar absorption refrigeration system [43].



[image: Energies 16 03610 g006]







[image: Energies 16 03610 g007 550] 





Figure 7. The generator heating process using exhaust gases [47]. 
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Figure 8. Exhaust gas heat exchanger—strong solution [99]. 
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Figure 9. Type of generator offered by Adjibade et al. [3]. 
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Figure 10. Bubble pump configuration with several tubes [143]. 
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Figure 11. Different bubble pump configurations [143]. 
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Figure 12. Generator structure: low pressure (above) and high pressure (below) [121]. 
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Figure 13. Bubble Pump in Vapor Absorption Refrigeration System [142]. 
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Figure 14. Simplified diagram of the DAR [12]. 
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Figure 15. A diffusion absorption refrigerator; DAR, a schematic diagram is proposed [13]. 
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Figure 16. Solar-driven jet-ejector refrigeration system with storage tank [136]. 
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Table 1. Comparison of different absorption machines.
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	Types of Refrigeration
	Pressure Level
	Advantages
	Disadvantages





	DAR
	Level 1
	
	-

	
Passive operation [27].




	-

	
Silent Operation [27,31].




	-

	
Reliable system [31].




	-

	
No vibration.




	-

	
Long life and low maintenance.




	-

	
Low investment cost.




	-

	
System can be powered by different energy sources: electricity, sun, LPG, and waste heat [31].






	
	-

	
Low cooling capacity of the DAR system (The cooling capacity of the DAR system is low, not only because the presence of the auxiliary gas inside the evaporator reduces the mass flow of the refrigerator in the system but also because the heat loss to the ambient in the rectifier cannot be negligible [31])









	DPAR or ARS
	Level 2
	
	-

	
Requires a small amount of energy to pump the liquid [49].




	-

	
Ability to produce cooling from low-temperature heat sources [49].




	-

	
Cold production does not require high power at the input shaft [50].




	-

	
Possibility of using low-quality heat (solar thermal, fuel cells, waste heat, geothermal energy, etc.) [50].






	
	-

	
Low yield [50,61].




	-

	
Limitation of the temperature of the heat source used [50].




	-

	
Limitation of small capacity applications [2].









	ACR
	Level 3
	
	-

	
Acceptable energy efficiency [50,54,55,56].






	
	-

	
Pumping liquid requires a large fraction of energy [49].









	EAR
	Level 3
	
	-

	
Increased pressure at the absorber [57].






	-
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Table 2. Summary of different energy source calculation models for absorption refrigeration machines.
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Energy Source: Solar




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application






	
Chen and Xie [133], Tian et al. [134]

	
Li et al. [97]

	
         Q  ˙    u c       A   c o l     =   I   s   ×   η   s c s     

	
Solar Collector

	
Analysis of an all-day operating solar absorption refrigeration system with a heat pump system




	
       Q  ˙    i n   =     Q  ˙    u c     

       Q  ˙    o u t   =     Q  ˙    g e n     

     ∫       Q  ˙    i n     ≥   ∫       Q  ˙    o u t       

	
Energy storage tank




	
-

	
Pilatowsky et al. [115]

	
   m   C p   f     d   T   S T     d t   =       Q  ˙    i n   +     Q  ˙    S   +     Q  ˙    E N V       

       Q  ˙    i n   =     m  ˙    h f     C   h f       T   i n   −   T   S T       

       Q  ˙    S   =     m  ˙    L O     C   h f       T   S T   −   T   a       

       Q  ˙    E N V   =   U   L     A   S T       T   S T   −   T   a       

	
Energy storage tank

	
Performance evaluation of mono methylamine–water solar absorption refrigeration system for milk cooling purposes




	
       Q  ˙    g e n   = m   C p   f     d   T   S T     d t     

	
Energy in the generator




	
-

	
Boopathi Raja and Shanmugam [116]

	
       Q  ˙    t   =   A   c o l   × G t   

       Q  ˙    c o l   =     m  ˙    f c o l     C p   f c o l       t   0 c o l   −   t   i c o l       

	
Solar Collector

	
A review and new approach to minimize the cost of solar-assisted absorption cooling system, Renew




	
       Q  ˙    i t a n k   =   m  ˙  × C p     t   0 t a n k   −   t   i t a n k       

	
Energy storage tank




	
       Q  ˙    g e n   =   m  ˙  × C p     t   i g   −   t   o g       

	
Energy in the generator




	
-

	
Nikbakhti et al. [118]

	
   m   C p   s c     d   T   s c     d t   =   η   s c     A   s c     I   s   +     m  ˙    s c     C p   h w       T   s c , i n   −   T   s c , o u t       

	
Solar Collector

	
Performance analysis of an integrated adsorption and absorption refrigeration system




	
     T   h w , o u t , g e n   =   T   g e n   +     T   h w , i n   −   T   g e n     e x p   −     U   g e n     A   g e n         m  ˙    h w     C p   h w         

	
Hot water temperature at the generator




	
-

	
Li et al. [135]

	
       Q  ˙    g e n   +     m  ˙    r   f   h   h x , d   =     m  ˙    r     h   d , c   +     m  ˙    r     f − 1     h   d , h x     

	
Energy in the generator

	
A working pair of CaCl2–LiBr–LiNO3/H2O and its application in a single-stage solar-driven absorption refrigeration cycle




	
-

	
Luján et al. [136]

	
       Q  ˙    g e n   =     m  ˙    p f       h   o u t , g e n   −   t   i n , g e n       

	
Nominal thermal power extracted from the thermal storage system

	
Optimization of the thermal storage system in a solar-driven refrigeration system equipped with an adjustable jet-ejector




	
-

	
Bellos et al. [137]

	
       Q  ˙    g e n   =     m  ˙    h   C p     t   h , i n   −   t   h , o u t       

	
Energy in the generator

	
Energetic, Exergetic, Economic, and Environmental (4E) analysis of a solar-assisted refrigeration system for various operating scenarios




	
-

	
Bellos et al. [101]

	
       Q  ˙    g e n   =     m  ˙    h   C p     t   h , i n   −   t   h , o u t       

	
The generator heat input

	
Yearly investigation of a solar-driven absorption refrigeration system with ammonia-water absorption pair




	
-

	
Mousavi et al. [26]

	
       Q  ˙    g e n   =   N   P S C   ·   A   a p   .   F   R   · S   

	
Energy in the generator

	
Development and life cycle assessment of a novel solar-based cogeneration configuration comprised of diffusion-absorption refrigeration and organic Rankine cycle in remote areas




	
Energy Source: Exhaust Gases or Heat




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application




	
-

	
Aly et al. [99], Adjibade et al. [3] Manzela et al. [119]

	
       Q  ˙    g e n   =     m  ˙    e x h       h   e x h , i n   −   h   e x h , o u t     −     Q  ˙    i n s     

	
Energy in the generator

	

	-

	
Experimental analysis of diffusion absorption refrigerator driven by an electrical heater and engine exhaust gas [3];




	-

	
Using engine exhaust gas as an energy source for an absorption refrigeration system [119]




	-

	
Thermal performance of a diffusion absorption refrigeration system driven by waste heat from diesel engine exhaust gases [99]










	
-

	
Yildiz [102]

	
       Q  ˙    g e n   =       W  ˙    e l e c t       η   e l e c t       

       Q  ˙    g e n   =     m   F   H u     η   c b F   t     

	
Energy in the generator

	
Thermoeconomic analysis of diffusion absorption refrigeration systems




	
-

	
Du et al. [138]

	
     Q   e x   =   ρ   e x     V   e x     C p   e x       T   e x , i n   −   T   e x , o u t       

   C O P =     Q   e       Q   e x       

	
The exhaust heat exchange (generator)

	
Development and experimental study of an ammonia water absorption refrigeration prototype driven by diesel engine exhaust heat




	
-

	
Chen et al. [56]

	
       Q  ˙    g e n   =       Q  ˙    c   − W ·   C O P   C R S       m   e x h       

	
Energy in the generator

	
Analysis of an absorption/absorption–compression refrigeration system for heat sources with large temperature change




	
Energy Source: Geothermal




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application




	
-

	
Salhi et al. [104]

	
       Q  ˙    g e n   =     m  ˙    f   ×   C p   f       T   w   −     T   g   − Δ   T   p n         

	
Energy in the generator

	
Thermodynamic and thermo-economic analysis of compression–absorption cascade refrigeration system using low-GWP HFO refrigerant powered by geothermal energy




	
-

	
Tetemke et al. [131]

	
       Q  ˙    g e n   =       T   H   −   T   a t m      /      1     h   i     A   i     +   l n       r   0    /    r   i         2 π k   L   C     +   1     h   0     A   0           

	
Energy in the generator

	
Analyzed vapor absorption refrigeration systems powered by geothermal energy




	
-

	
Yilmaz and Kaska [132]

	
       Q  ˙    g e n   =     m  ˙    g e o       h   g e o , i n   −   h   g e o , o u t       

	
Energy in the generator

	
Performance analysis and optimization of a hydrogen liquefaction system assisted by geothermal absorption pre-cooling cycle




	
Energy Source: Electrical




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application




	
-

	
Asensio-Delgado et al. [22], Karamangil et al. [4], Lu et al. [139]

	
       Q  ˙    g e n   +     m  ˙    r   f   h   h x , d   =     m  ˙    r     h   d , c   +     m  ˙    r     f − 1     h   d , h x     

     C O P   t h   =       Q  ˙    e v a p         Q  ˙    g e n       

	
Energy in the generator

	
Analysis of hybrid compression absorption refrigeration using low-GWP HFC or HFO/ionic liquid working pairs [22].

	-

	
A simulation study of performance evaluation of a single-stage absorption refrigeration system using conventional working fluids and alternatives [4].




	-

	
A techno-economic case study using heat-driven absorption refrigeration technology in UK industry [139]










	
-

	
Yıldız and Ersöz [33]

	
       m  ˙    1 a     h   1 a   +     Q  ˙    g e n   =     m  ˙    3     h   3   +     m  ˙    2 c     h   2 c     

	
Energy in the generator

	
Energy and exergy analyses of the diffusion absorption refrigeration system




	
Energy Source: Ocean Thermal Energy




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application




	
-

	
Hu et al. [140]

	
       Q  ˙    g e n   =   1 −   η   h l         Q  ˙    S W S     

	
Energy in the generator

	
Compression-assisted absorption refrigeration using ocean thermal energy




	
Energy Sources: Hybrid Biomass-Solar-Wind Energies




	
Origin Authors

	
User Authors

	
Equations

	
Entity

	
Application




	
-

	
Gado et al. [141]

	
     M   h o t   ·   C p   h o t       d T   t     t     d t   =   Q   t h     t   − U   A   t       T   t     t   −   T   a     t       

	
Thermal storage tank

	
Energy management of standalone cascaded adsorption-compression refrigeration system using hybrid biomass-solar-wind energies











[image: Table] 





Table 3. Summary of studies in the literature.
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	Authors
	Fluids/Solution
	Source of Energy Used
	t° Heat Source
	t° Generation
	t° Evaporation
	Cooling Capacity
	COP





	Jianbo et al. [121]
	LiBr-H2O
	-
	-
	-
	
	
	-



	Manzela et al. [119]
	-
	Engine exhaust gases
	-
	-
	4–13 °C
	14.9–18.4 W
	-



	Nikbakhti et al. [118]
	LiBr-H2O
	Solar energy
	60 °C
	-
	-
	13.7 kW
	0.4



	Aly et al. [99]
	NH3-H2O
	Engine exhaust gases
	210 and 220 °C
	
	10 at 14.5 °C
	15.6–19.5 W
	0.10



	Novella et al. [98]
	NH3-H2O
	Engine exhaust gases
	-
	165 °C.
	−10° C
	-
	-



	Kaewpradub et al. [120]
	LiBr-H2O
	Engine exhaust gases
	-
	105 °C
	
	700 W
	0.275



	Yuan et al. [122]
	NH3-H2O
	Exhaust gases from marine engines
	250 °C at 350 °C
	125 °C at 145 °C
	About −21 °C
	6.1 kW at 9.9 kW
	0.16



	Ziapour et Tavakoli [100]
	NH3-H2O-He
	Thermosiphon
	90 °C
	90 °C
	5 °C
	5–7 W
	0.18–0.20



	Wang [10]
	LiNO3-NH3-He
	Solar energy
	92.7
	87.0 °K
	−13.0 °C
	1.9 kW
	0.156



	Soliman et al. [123]
	H2O-LiBr
	Engine exhaust gases—Phase change materials (PCM)
	
	-
	-
	-
	0.767 and 0.778



	Salhi et al. [104]
	LiBr-H2O and LiCl-H2O
	Geothermal energy
	60–94 °C
	-
	-
	-
	0.432 and 0.659



	Al-Hamed et Dincer [95]
	NH3-H2O
	Solar and geothermal energy
	
	98.7 °C
	-
	-
	1.164



	Li et al. [97]
	LiBr-H2O
	Solar energy—PCM—Heat pump
	65 °C
	65 °C
	-
	9 kW
	-



	Fitó et al. [60]
	NH3/LiNO3 and NH3/BaCl2
	Solar energy
	80 °C
	80 °C
	−10 °C
	-
	0.58



	Ezzine et al. [12]
	R124-DMAC mixture
	Solar energy
	90–180 °C
	
	
	1 kW
	0.267–0.54



	Canan Cimsit et al. [52]
	LiBr/H2O-R134a
	-
	378 K
	358 K
	263 K
	-
	0.33



	Bellos et al. [101]
	NH3/water
	Solar energy
	160 °C
	-
	−20 °C
	-
	0.255



	Elsayed et al. [146]
	NH2/H2O/H2
	
	190.5 °C
	
	−5 °C
	8.531 W
	0.235
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
) 1 T mh 0 r—— ‘
Qe -‘ Condenser z Generator - Qy
A
q 3 ‘!flw ‘ 4m s
Heat exchanger
9
10

Evaporator






media/file30.png
-

Condenser

F

-

-
1






media/file18.png
Bubble
pump

Exhaust gas inlet





media/file21.jpg
Reservoir

Separation

Bubble

Interndl Bubble External [ § Bubble

pump tube pump. tube. Py
Strong Strong Strong.
solution Solution solution

weak Generator

solution

I

Weak
solution

]

Generator

Heat Heat

SHE SHE

SHE





media/file26.png
Open hole
’_T_‘ Vapor
|
|

Middle N

concentration | _ . H—")Vapor-

solution <t % H_ || i ; { /hsolution

ALl | I
U et b N
Exhaust tusl:::nsmn i ' Exhaust
gas outlet I iy || gas inlet
Coiled tube\

L+—‘Strong

solution





media/file27.jpg
Condenser Water vapor

aturated
water
Throttle
Yt [Separator
(e 8
—vaporater]
strong &
solution £
Water vapor 48
of&
)
v N E
AL T 2
<
strong ‘v;'cu_k L
solution solution |
Y £
( Solution HEX ek 3 Quubbic pomp
solution

Generator





media/file3.jpg
m
0. 4| Condenser L R crererrre -og
e

i, o
8 a :

Heat exchanger






media/file22.png
Reservoir

Strong
solution

weak
solution

N

— .J Separation

X

Bubble
pump

Generator

E Heat

Internal
tube

Strong
solution

Weak
solution

Bubble
pump

Generator

E Heat

External
tube

Strong
solution

Weak

!

SHE

solution

4§ Bubble
y Bl pump

Lt Generator

'r E Heat






media/file19.jpg
Vapor

Separator T |=|-

e Liquid
Multiple L
Lift tubes l Reservoir
H v
I“
Generator ) hI
T H= Lenght

h= Initial head
a= Bubble depth boiler





media/file7.jpg





media/file28.png
Condenser

Water vapor

Saturated
water

! Throttle
J s Valve Separator
- ' ™
—Evaporater| | -
K | - ./ strong
L | e
solution =
Water vapor 9=
o | -
] =
y -\" ]
Ahsorber —=
o ==
Q
strong 1.11.-4:?1{ ©
solution SOl "
-
\ -~

. Y
\ Y
Q Solution HEX )T’ (— QBubble Pump

solution

Generator





media/file10.png
e Mg
Ta | | Teo : T | hes
Mr
Condenser = Generator
8 lr?‘na . 7
2w
Solution Heat
Exchanger
X
9 ; 6
3 »
10 + @st 5
Evaporator _ Absorber
4
Tai ‘ |Tnu Tai 1 |TED
o o
Me Ma

(a)

Me
Tei *

Condenser

{3

g

Ty |T9u
Generator

8 ] e e 7
Solution Haat
Exchanger

(b)






media/file33.jpg
tass cover

st transfer uid (HTF)

“Ganerator
ot <t

Liauid pump é

Parabolc Trough
Callector (PTC)

Sto layer
woollayer

‘Gondenser

Expansion vessel

Evaporator
ouet

Rofrigoration cycle
side.

Gooling toad side
Amblent sido
Solar field side





media/file32.png
J_.fl'j,f;

L]

”""f:rf

:Lﬁ r\C f separator
evaporator
A
absorber

—

slorage HX generalor

tank tndl
— ,|C |

condenser
i I 1'






media/file14.png
ﬁ' as n’ as
A‘gpl Generator ] I 4 >
208-177°C 167 *(






media/file11.jpg
\\‘T\“ Conter

Sol
Colectog

Ausiliary Heater

Condenser

Storage
“Tank

Heat
Exchanger

Exaporator






media/file6.png
l"

[ Condenser J: [ Rectifier [ Generator ]

& %
LY S F Y
L a S

Qc * Qr *

l y

= (=

rF

b
%

Qp *

[ Evaporator ] :[ Absorber }

=

QA s






media/file15.jpg
=
£
E El
B £l
= 2
Weak &
solution 1
— 21 mm ¢
-, Generator
i
[] 4111 S8 b Exhaustou
I o .
&
} T I [}
500 mm BN 80 mm
i I‘] ElL L
Lt
L |
=7 |
Solution heat exchanger =
€~ Exhaust in

Exhaust
Heat Exchanger





nav.xhtml


  energies-16-03610


  
    		
      energies-16-03610
    


  




  





media/file24.jpg
Open hole
% Vapor

Middle x
concentration | =) Vapor-
solution C E solution
Ascension
Exhaust Exhaust
tube H .
gas outlet gas inlet
e i —11 &
Coiled tub
Strong.

solution





media/file16.png
h S
I e
L L )
B E S
Weak - - c}}:
solution\‘ /
> T,’ 21 mm¢
I— Generator
A LI I
: : 11 *® — Exhaust out
I1 g
I 1
T ¢
500 mm - h: 1 [0 M
1
I :TI I
/J I
i /)
v -

L 1
|'T
5

Solution heat exchanger _
«4— Exhaustin

Exhaust
Heat Exchanger





media/file2.png
=

-Auxiliary Gas Mixture

Refrigerant

QHIF fﬂmd f@rﬂ:
(10) | Evaporator (7 1 (6)
el " - Ees e Condenser Rectifier <—
‘ Near-pure 1)
‘ Refrigerant l
g, (®)
a
RO |88 (3) 1 Bubble
z &) £
- i ﬁj \"h Pump
QIHI E (2]
Absorber E T
& 5 Qgen
" S % Generator *ﬂ
ﬂ.
4 E__ i
. Reservoir Solutlonw™ f 1)
_ !‘!gar!:ichmuer
(11)

Refrigerant-Strong

Solution





media/file20.png
/ Reservoir

Liquid

y

4

Separator
Multiple
Lift tubes

A 4

4

o e oI D e Je S > | :.A_a.,
N A

e LoD oo e = | (-

Bubble depth boiler

Initial head

H= Lenght
h
a

Generator

p





media/file23.jpg
Jacket water outlet

Strong solution nlet

Vapor outlet

Solution outlet

i






media/file5.jpg
Qg

Q6

J—{
Condenser o—{ Rectifier

Generator
3 S =
Qc* Qr
CEHX SHX
Evaporator t———————————— Absorber






media/file29.jpg





media/file1.jpg
¥ o 4o fam

(10y [ Evaporator @
" - = Condonsor [ secuner
£ car-pure
& Refrigerant — 1 :Im
E g
] s ®
& 0
I @ Bubble
b + ) O Pump
i H
3 Absorber 2% @
: : H .
5 5% Generator "
£ H
L]
e Reservoir Sotugon (&
Hoar Exchanger
L__a ___ F

Refrigerant-Strong.
‘Solution





media/file31.jpg
storage fa~___~
tank

condenser

separator

generator

@






media/file12.png
Auxiliary Heater

Generator

Y

' ]
I Condenser I
J ;

Storage
Tank

-

Absorber

4 I—
Evaporator I

y






media/file9.jpg
£
la
8 [ +1
2
S
ey
v d
s
o g #s
By . Homorer
preveined T
] ™= A i
LS ks

(a)





media/file0.png





media/file8.png
r

Evaporator 2

= = = - - -

Condenser|

-

Crenerator g

1T 16

solution
Heat Exchanger

5% 88
Exval m
OEEE:

Fos v

Evaporator]
b

4

G [ &

» Absorber g T

GO





media/file25.png
Jacket water outlet

—
Vapor outlet

Solution outlet

o <

II Jacket water inlet






media/file34.png
m Glass cover

Heat transfer fluid (HTF)

1
]
1
1
]
: - Absorber
:
1
]
|
1

Thermal
Storage
System (TSS),
1

Parabolic Trough
Collector (PTC)

Heat transfer fluid (HTF)

— — — — — — —

® out,ev = sf

in, ev [ ]

Evaporator

® out,cl in, cl ¢

A

/\/\/\/\ -----------------------
in, ge
Generator
® out, ge = pf Liquid pump
Jet-ejector Amblant T

& I

: | in,co = mf NN N out, co
_P | L 2

I

i | Condenser

Expansion vessel

Expansion valve
side

Cooling load

[
|

Steel layer

Mineral wool layer

Steel layer

Refrigeration cycle

Cooling load side
Ambient side

Solar field side





media/file17.jpg
Exhaust gas inlet





