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Abstract:



The increasing importance of a significant reduction of CO2 emissions in the atmosphere asks the scientific community to find other solutions than fossil fuels with respect to the air conditioning of indoor environments. Nowadays, a priority is represented by the energy expenses reduction, in which residential buildings report one of the highest energy consumption levels among developed countries. The application of alternative energies in residential buildings is an issue debated in the European Commission for the reduction of greenhouse gas emissions with the objective to obtain 20% of the demand from renewable sources. This paper suggests the application of the solar energy stored in solar ponds to air-condition small residential buildings, through the use of absorption machines. A feasibility analysis was carried out in some places characterized by climates that are suitable to make the solution here suggested sustainable from an energetic point of view. Buildings characterized by different boundary surface/volume ratios were examined and the energy saving, the amount of CO2 that was not emitted in the environment and the return of investments with respect to a more traditional solution were evaluated.
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1. Introduction


Over the past ten years, and with respect to industrialized countries, the living comfort of having an air-conditioning system in indoor environments of residential buildings during the hottest season has been changing from being considered a pleasant luxury to a common exertion, especially in the main rooms of the building [1]. This condition is especially evident in those areas characterized by high outdoor temperatures for long periods of time. The necessities related to air conditioning and dehumidification processes in the systems used in residential buildings are usually performed by compression refrigeration machines that are supplied by electric power converted into useful work provided to the thermodynamic cycle. Given that in developed countries statistics report a high percentage of buildings exerting air-conditioning systems, it can be stated that the overall demand of energy caused by air-conditioners reports remarkable numbers. For example, in the USA, 89% of residential units are characterized by centralized or single user air-conditioning systems [2] affecting 50% of the overall energy consumption of the construction sector [3] and 11.8% of the overall energy consumption of the entire country [4].



In emerging countries, the situation is different [5]. Energy consumptions increase together with economic development, which is changing the habits of people. Thus, air-conditioning systems in environments has become a necessity for a population that is increasing [6]. These countries are usually located in areas characterized by hot climates with a high solar radiation. Hence, those conditions requiring cooling systems in buildings [7,8] because of the presence of solar radiation can find a possible solution in the exertion of the most common renewable source: the Sun. However, nowadays, supplying compression refrigeration systems [9] with the electric energy provided by photovoltaic panels is a solution that implies high installation costs.



An alternative is represented by absorption machines, which require a heat source to function, an energy source which usually presents lower supply costs than electric energy. However, if the goal is to develop in the emerging countries a sustainable model of development, the focus must be on renewable sources. As a matter of fact, the heat could be provided by a solar energy storage system; that is, solar ponds [10,11,12,13]. However, sometimes the temperature they report, even in the hottest climates, is insufficient to supply a basic absorption refrigeration (AR) machine.



One possible solution might be a machine (Figure 1) that is the combination of a refrigeration system and a heat transformer (HT) (both of them of the absorption type). By exploiting these machines, it is possible to increase the temperature of the heat extracted from the solar pond (with negative consequences on the part of the heat whose temperature decreases reporting lower values in a heat well than the one characterizing the environment). Even if the efficiency of the heat converted is not very satisfying, the solution here suggested can be valid since the heat exerted is provided by a natural energy source and it is gratuitous. Moreover, the whole process reports a low environmental impact, being devoid of CO2 emissions [14].


Figure 1. Functional diagram of the system here suggested. One machine characterized being part heat transformer (HT) and part absorption refrigeration (AR) machine.
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2. The System Suggested


This study suggests the system here described. It must be considered a first approach based on theoretical calculations to study how much this system is feasible and advantageous. The system is based on the thermophysical properties of some substances (solute = absorbent, and solvent = refrigerant) and on the possible interaction and thermal exchange among the part forming a HT and the part forming an AR system, which are here present in one system. Figure 1 shows the patterns of the solution through: (i) the components that are a HT; and (ii) the components that are the AR system.



Figure 2 reports the diagram with the energetic flux of the component of the thermal machine suggested.


Figure 2. Functioning conditions (and energetic flux) of each component of the machine suggested (p, T).
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Figure 3 reports the diagram with the energetic flux of the entire system (from the solar pond to the end users).


Figure 3. Energetic flux of the system (during the summer) designed for low density residential buildings located in hot climates.
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An absorption machine functions thanks to the different pressures between container E (that functions as an evaporator) and container A (that functions as an absorber). In particular, pressure PE inside the evaporator is higher than PA of the absorber. This is because the pressure of the evaporator is affected by the pressure of the substance used as a refrigerant (which in E is pure), whereas the pressure of the absorber is the sum of the partial pressures of the two components (refrigerant, with a high partial pressure; and absorbent, with a lower partial pressure than the one of the refrigerant) multiplied by the substance fraction with respect to the total (oblique lines of the graph, Figure 2). As a matter of fact, the contribution to the total pressure in the absorber depends on the contribution of the pressure of the refrigerant multiplied by its fraction (a number which is lower that one unit). This explains the pressure difference PE–PA characterizing these two containers.



This difference determines a vapor migration of the refrigerant from container E towards container A. The liquid part of the refrigerant present in the evaporator tends to evaporate to reach an equilibrium with its own vapor. In order to have this evaporation, the fluid needs latent heat of vaporization taken from the same substance that is cooled (QE). This explains the refrigerating effect that starts thanks to the thermochemical properties of the substances present in the solution. The phenomenon is temporary because the vapor migration towards container A (where it condenses thus heating the fluid and the heat will be released, QA) makes the refrigerant fraction present in the absorber tend to the unit, hence determining a value which is similar to the one of the pressure of container E (with the pure refrigerant). This cancels the pressure difference PE–PA, which is necessary to the system to make the refrigerating effect happen. To maintain this pressure difference, the concentration of container A must be kept constant, though there is a constant arrival of vapor of the refrigerant substance of container E. This is why two more containers are required: the generator G and the condenser C. Part of the solution is extracted from the absorber, which is taken to the generator. Some heat must be here provided, QG, from the outside (thermal energy that must be introduced into the system, in this way it can function constantly), thus the boiling solution can split (through a distillation process) into pure refrigerant (in the form of vapor migrating towards container C) and a solution that has more absorbent substance sent to container A in order to maintain the right functioning concentration. The vapor of the refrigerant substance, having migrated to container C, condenses (releasing latent heat QC) and is sent to container E to restore the initial level. The system, to function, requires minimum amounts of work that must be provided to the circulator pumps present to transport the pure refrigerant LPR or the solution LPS between the containers.



These are the different functions performed by each container in the system here suggested, both referring to the HT that the absorption refrigerator. While managing the energy fluxes of the entire system, it is possible to have the cooling the users demand (influenced by the needs of the building) through the exertion of the solar heat stored in the solar ponds (at a low temperature).



The system suggested allows the energy flux to have the following pattern:

	(1)

	
The solar radiation heats the water in the solar pond, which has a high saline level. Thanks to the geometry of the pond (with low depth values and an insulation layer located towards the surrounding ground) and the covering materials of the bottom, presenting a high absorption coefficient of solar radiation, the solar radiation penetrates the water of the solar pond and the heat is entrapped in the deepest layers. This is possible thanks to the high-salinity of the water forming different layers which inhibits the convective exchanges. In fact, the deepest layers of the pond present higher temperatures and the related higher solubility of salts allows an increase of the salinity level, enhancing the phenomenon. What the phenomenon hence avoids is that the heat might dissipate through the first layer of the pond. A pond which is subject to a high solar radiation for long time intervals during the year, if characterized by hot climates with a low temperature range between day and night where the temperature gradient between the pond and the surrounding air is low, allows the deepest layer to have a temperature ranging between 60 °C and 80 °C [15,16,17,18,19,20,21], with steady conditions over the time thanks to balanced energy fluxes entering and exiting the pond. Therefore, a renewable heat source will be obtained.




	(2)

	
The HT (in Figure 1, Figure 2 and Figure 3) is a machine dependent on the chemical-physical properties of some solutions characterized by one absorbent (the solute) and one refrigerant (the solvent). Its functioning is related to the one of a heat pump as the functioning of an AR machine is related to the one of a compression refrigeration machine. The system here suggested has the goal to extract thermal energy from the pond and provide it to its generator “GHT” and evaporator “EHT”, thus having a higher energy quality (hence the temperature) of part of the heat provided by the absorber “AHT” (with negative consequences on the rest of the thermal energy which is degraded during the process and released at lower temperatures in a heat well, to the condenser “CHT”). In this way, part of the heat of the solar pond is dissipated, though it is possible to extract part of it at higher temperatures than 80 °C, and be able to supply an AR machine which otherwise could not function if supplied directly by the solar pond.









The equations governing the heat exchanges among the different parts of the machine and its performances are known [12,13]. The heat exchanged from every component of the system depends on the behavior of the liquid that characterizes it. The heat exchanged is the sum of the heat related to the phase-change, the sensible heat and the heat solution due to chemical phenomena that can occur. Work provided by the pumps depends on the energy required for pumping the fluids present in the machine.



The coefficient of performance (COP) of a HT, which is the ratio between the thermal output of the absorber and the overall energy provided to the machine, is:
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(1)




where:
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(2)
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(3)
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(4)
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(5)
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(6)







(3) The production necessary to the air-conditioning system operating in buildings during the summer depends on an absorption refrigerator (AR in Figure 1, Figure 2 and Figure 3). This machine, exploiting the thermophysical properties of an absorbent–refrigerant solution, thus presenting a different configuration of the components with respect to the HT, allows cooling the thermal-vector fluid of the hydronic system of the building. The heat with a high temperature is transferred from the absorber “AHT” of the HT to the generator “GAR” of the refrigerator machine. Thanks to this energy, it is possible to obtain at the evaporator “EAR” cool water at temperatures which are compatible with the cooling of domestic areas, transferring degraded heat at an ambient temperature to the condenser “CAR” and absorber “AAR”.



As in the HT, the COP of an AR machine (EAR), which is the ratio between the thermal output of the evaporator and the overall energy provided to the machine, is:
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(7)




where:
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(8)
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(9)
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(4) A hydronic system supplied by chilled water originated by the evaporator of the refrigerator machine provides “cool air” inside the building, guaranteeing air-conditioning when it is hot.



It can be noticed how Figure 3, representing the functioning conditions (in terms of pressure, temperature and concentration conditions) of every component of the machine, reports an assumed temperature difference of 5 °C for each heat exchanger used between two components in the system suggested.



The system, to function, requires the heat provided by the solar pond and the electric energy necessary to supply the fluid circulation pumps exerted in the parts forming the system.



This type of system can be used where local climates allow a continuous and correct functioning of solar ponds and in urban areas where people live in low-density buildings with outdoor areas allowing the realization of solar ponds. Naturally, a building able to minimize heat flux exchange phenomena with outdoor environments, determines a decrease in the thermal loads and thermal power of systems, while taking into consideration the importance of maintaining the internal conditions of comfort for its occupants, which is a goal that an air-conditioning system must consider [22].



In this study, to make an evaluation of the feasibility of the system here suggested, the focus was on the energy required to cool small one-family buildings located in tropical areas (both of the northern and southern hemisphere) or near the tropics, hence subject to different climatic conditions, though all were characterized by long periods of hot climate during the year. While examining the exertion of these machines in a residential environment, the refrigerant–absorbent couple H2O–LiBr was used, because they are non-toxic substances, hence they did not represent a danger to human health. Even the ranges of the temperatures for the air-conditioning in civil environments are compatible with the physical-chemical characteristics of these substances put into solution.




3. Examined Scenarios


In order to examine the energy behavior in the system here suggested, the research studies real conditions. In particular, a one-family building unit (living room, kitchen, two or three bedrooms, and three bathrooms) of 112 m2 and an air-conditioned volume of about 384 m3 was taken into consideration. The building is isolated from the ground through an aired crawl space and it presents a tiled solar plexus functioning as a terrace. The surfaces delimiting the house are characterized by a thermal transmittance (for what concerns the transmittance values the current Italian regulation was taken into consideration) of: (i) 0.23 W·m−2·K−1 for the vertical walls; (ii) 0.22 W·m−2·K−1 for the horizontal floors towards the outside; (iii) 0.27 W·m−2·K−1 for the floors towards the soil; and (iv) 1.40 W·m−2·K−1 for the glass surfaces [23]. The characteristics of the building envelope assumed for the boundary surfaces of the building imply a low energy demand. The external surface was assumed to have a light color with a high reflectance value of the solar radiation and placed in an isolated context. Moreover, the building was assumed to stand on the ground with a crawl space. The glass surfaces present dimensions that are limited and low emission double-glazed glasses (with a krypton camera).



Concerning the study of the dynamic thermal behavior of the building, a simulation model implemented through the software TRNSYS (TRaNsient SYstems Simulation Program) [24] was realized. This simulation model allowed making an evaluation of the transitory thermal loads during a sample year [25], with respect to outdoor climatic conditions (where the building was located).



The thermal loads were also evaluated by taking into consideration the changing morphological features of the building, usable areas being equal (ratio: dispersant surface/air-conditioned volume (S/V)).



The three morphological solutions examined are reported in Figure 4.


Figure 4. Planimetries assumed for the house examined: (a) solutions on two communicating levels through an interior stair; (b) solution with rectangular plan on one level; and (c) solution with an “L” plan on one level.
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Table 1 reports the geometric characteristics of the three building solutions in function of the ratio S/V.



Table 1. Geometric characteristics of the three building solutions examined.







	
Building Parameter

	
Building (A)

	
Building (B)

	
Building (C)






	
S/V (m2/m3)

	
0.82

	
0.98

	
1.02




	
Exposure

	
Aopaque (m2)

	
Aglass (m2)

	
Aglass/Aopaque (%)

	
Aopaque (m2)

	
Aglass (m2)

	
Aglass/Aopaque (%)

	
Aopaque (m2)

	
Aglass (m2)

	
Aglass/Aopaque (%)




	
North

	
48

	
4.32

	
9.9

	
23.28

	
0.72

	
3.1

	
39.00

	
0.00

	
0.0




	
East

	
43.68

	
0.00

	
0.0

	
42.96

	
5.04

	
11.7

	
34.68

	
3.60

	
10.2




	
South

	
46.56

	
4.32

	
9.9

	
23.28

	
0.725

	
3.1

	
36.12

	
2.88

	
8.0




	
West

	
43.68

	
1.44

	
3.1

	
42.96

	
5.04

	
11.7

	
35.40

	
4.32

	
12.5










To perform the simulations and quantify the heat flux exchanged between the building and the outdoor environment and dimension the systems of the three building solutions here suggested in the most demanding conditions (during the hottest day of the year), the city of Rio de Janeiro was studied. During the planning phase, to cool the different areas, the indoor temperature was set to 26 °C with the presence of four occupants.



Table 2 reports briefly the power required to cool the buildings with respect to the ratio S/V.



Table 2. Maximum thermal power (kW) necessary for the cooling process (related to the sensible load and the latent load of the air in the environment) keeping into consideration the ratio (S/V) of the building.







	
Building Parameter

	
Building (A)

	
Building (B)

	
Building (C)




	
S/V (m2/m3)

	
0.82

	
0.98

	
1.02




	
Maximum Thermal Power (kW)

	
Building (A)

	
Building (B)

	
Building (C)




	
Rio de Janeiro

	
2.12

	
2.09

	
1.77










The maximum chilling power required by the system in the most demanding conditions, according to the variation in the ratio S/V and in the assumed geometric disposition, is the one related to the ratio S/V of 0.82 m2/m3 varying with a difference of 1.4% between Buildings (A) and (B) and of 16.5% between Buildings (A) and (C). For the dimensioning of the components of the system and the solar pond, according to the geographic location, the decision was to examine the configuration of Building (A), being the most demanding. The sample building was hence defined, which was useful to have the performances of the building envelope without taking into consideration its position.



To understand the energy behavior in buildings characterized by different climatic conditions, and examine the maximum dimensioning of the system suggested, the simulation of the heat exchanges phenomenon between the building and the outdoor environment in the following cities was studied (Figure 5):

	−

	
Casablanca (Morocco, Africa);




	−

	
Dakar (Senegal, Africa);




	−

	
Abu Dhabi (United Arab Emirates, Asia);




	−

	
Yichang (China, Asia);




	−

	
Manila (Philippines, Asia);




	−

	
Havana (Cuba, America);




	−

	
Rio de Janeiro (Brazil, America).








Figure 5. Geographic position of the cities examined for the feasibility study.
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Table 3 reports briefly the climate of the listed cities.



Table 3. Climatic characteristics of the cities studied.







	
Site

	
Annual Tmax (°C)

	
Annual Taverage (°C)

	
N° of Annual Hours of Cooling (h)






	
Casablanca

	
30.0

	
26.9

	
1502




	
Dakar

	
34.3

	
28.2

	
6437




	
Abu Dhabi

	
45.7

	
32.5

	
7027




	
Yichang

	
37.9

	
29.1

	
2388




	
Manila

	
35.6

	
28.8

	
8036




	
Havana

	
34.3

	
28.5

	
5158




	
Rio de Janeiro

	
34.2

	
28.0

	
4557










Figure 6 reports the maximum power required for the cooling of the building (ratio: (S/V) of 0.82 m2/m3) in the cities taken into consideration. Concerning Abu Dhabi, which occasionally reported air temperatures values that were higher than those expected for the functioning of the components of the absorption machines transferring heat to the environment, the solution was to exploit the heat exchanged with the soil through geothermal probes [26,27,28]. This solution must also be examined in terms of financial feasibility.


Figure 6. Maximum thermal power (kW) necessary to cool the building in every examined city (with S/V = 0.82).
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4. Dimensioning of the Components of the System and the Area of the Solar Pond


Through the maximum thermal power required by the building, during the planning phase, it was possible to perform the system dimensioning. In particular, it was possible to set the maximum amounts of power exchanged between the components forming the HT and the AR machine. Table 4 and Table 5 report briefly the planning specifications of HT and AR, respectively. The assessment of these quantities is based on the equations previously reported (Equations (2)–(4), (8) and (9)).



Table 4. Planning phase. Thermal power of the components of the HT.







	
Component

	
HT (kW)




	
Casablanca

	
Dakar

	
Abu Dhabi

	
Yichang

	
Manila

	
Havana

	
Rio de Janeiro






	
GHT (Equation (3))

	
1.79

	
2.53

	
4.14

	
2.90

	
2.73

	
2.46

	
2.41




	
EHT (Equation (4))

	
1.72

	
2.43

	
3.98

	
2.80

	
2.63

	
2.37

	
2.32




	
AHT (Equation (2))

	
1.76

	
2.48

	
4.06

	
2.85

	
2.68

	
2.41

	
2.37










Table 5. Planning phase. Thermal power of the components of the AR machine.







	
Component

	
AR Machine (kW)




	
Casablanca

	
Dakar

	
Abu Dhabi

	
Yichang

	
Manila

	
Havana

	
Rio de Janeiro






	
GAR (Equation (9))

	
1.76

	
2.48

	
4.06

	
2.85

	
2.68

	
2.41

	
2.37




	
EAR (Equation (8))

	
1.57

	
2.22

	
3.63

	
2.55

	
2.40

	
2.16

	
2.12










Assuming that the energy extracted from the solar pond is 20 W·m−2, 30 W·m−2, or 40 W·m−2, it was possible to determine the area necessary to supply the system. It must be specified that, according to the data reported in the literature, extracting 20 W·m−2 is the most precautionary amount in all climatic conditions and guarantees the possibility to keep constant the temperature supply of the system. These values concerning the thermal power that can be extracted from the solar pond without having a negative influence on its functioning (especially the superior limit value) were verified experimentally in previous works [15,16,17,18,19,20,21] and used in this article. The proper dimensions of the solar pond reported on the plan (for each city) are shown in Figure 7.


Figure 7. Solar pond area necessary to cool the buildings during the summer in each city examined.
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5. Energy Analysis of the System According to Different Climatic Conditions


Besides the maximum amounts of power required for the dimensioning of the system during the planning phase (kW), thanks to the annual simulations performed while the system was operating (h/year), it was possible to quantify the energy (kWh/year) necessary to cool the buildings [29] in the cities examined. Table 6 reports the values of the thermal energy required by the building over the year and the energy extracted by the pond (from now on, Solution C). Finally, assuming that the building had been cooled through a compression chiller system (from now on, Solution A), the electric power consumed by the machine was determined considering a variable COP and affected by the operating temperatures of the air-cooled condenser.



Table 6. Annual thermal energy required by the building; annual thermal energy extracted by the pond; and annual electric energy consumed by a compression chiller system.







	
Site

	
Ebuilding (MWh/year)

	
Epond (MWh/year)

	
Eelectric (MWh/year)






	
Casablanca

	
2365

	
5315

	
622




	
Dakar

	
14,306

	
32,145

	
4471




	
Abu Dhabi

	
25,543

	
57,395

	
10,217




	
Yichang

	
6099

	
13,705

	
2259




	
Manila

	
19,287

	
43,337

	
6650




	
Havana

	
11,152

	
25,058

	
3717




	
Rio de Janeiro

	
4557

	
21,679

	
2838










The emission coefficients (expressed in CO2 for each electric kWh generated by the national energy mix) are reported in Figure 8 [27,28,29,30,31,32]. Thanks to these coefficients, it was possible to estimate (Figure 8) the amount of carbon dioxide (a climate-change gas, able to damage the environment) that, thanks to the exertion of the system suggested, is not annually emitted into the atmosphere (i.e., if the installation of a traditional vapor compression refrigeration system supplied by electric energy were avoided).


Figure 8. Specific emission factors for grid electricity and annual CO2 non-emitted in the environment in the case study.
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6. Economic Feasibility: Installation and Energy Costs


The evaluation of the economic feasibility of the system suggested is related to the price that cooling machines supplied by solar ponds will have in industrial market. It must be specified that the overall cost also includes the realization of the pond.



The solution suggested can be an advantage if it presents costs comparable to those characterizing more traditional solutions or which already exist on the market.



In order to quantify the maximum cost of the system suggested, a financial comparison according to the payback periods of the following “Solutions” was carried out:

	(A)

	
Compression chiller system supplied by electrical energy from the main (basic solution). The average seasonal COP of the system is equal to about 3.1.




	(B)

	
Realization of Solution (A), but, in this configuration, it was supplied by stand-alone photovoltaic panels with batteries for the energy storage (solar energy).




	(C)

	
Realization of the solution here suggested. The goodness of fit, from the energetic point of view, of the system (defined as the ratio between the cooling obtained and the thermal energy introduced) has an annual average of about 0.41. This value might seem low, but the system uses solar energy, a free and sustainable source. The electrical consumptions related to the circulation pumps of the system (Figure 1) are much lower than the thermal energy required for their operation. In this paper, the electricity consumed by Solution (C) is assumed negligible, since it is <1% compared to the thermal needs (collected for free from solar source).









To perform the economic analysis, the considered costs were those concerning the purchasing of low-voltage electricity (€/kWh) according to the national markets of the cities examined [33,34,35] (Figure 9) and costs of the equipment and labor in observance of the official regional price list [36]. The following were assumed: (i) a 1.80% annual inflation rate for the economic calculations; and (ii) a 2.50% annual interest rate for the capital. Cool-air distribution costs were excluded.


Figure 9. Prices of the electricity in the cities examined.
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Solution (A) reports the exertion of an autonomous multisplit air-conditioning unit characterized by a highly efficient rotary hermetic compressor, a heat exchange battery and a helicoidal fan. The cost of the operating system is of 4,400.00 €. Solution (A) presents minimum installation costs, but it requires electricity from the grid.



The costs of Solution (B) were evaluated by dimensioning the photovoltaic panels, electronic supply and the capacities of the batteries to store electricity (assuming 24 h of autonomy without the contribution of solar radiation); the evaluation was performed when the highest amount of energy was extracted and when there was the peak of thermal power which had to be managed to guarantee the cooling of the building.



Solution (B) was dimensioned while taking into consideration the input data (maximum power required and day of the year with the highest amount of electricity demand) reported in Table 7. Considering simultaneously the thermal conversion efficiency of the equipment, Table 7 reports the results useful for the system dimensioning: the power of the photovoltaic panels, the capacity of the batteries to store electricity (with an input voltage range VCC = 12 V), and the power of the inverter. Finally, realization costs were estimated [36]. The difference between Emax (energy that must be provided to the users) and Eeff (energy generated) is determined by the energy consumed by the electronics that the system uses to function.



Table 7. Dimensioning of the generation and electrical energy storage system in Solution (B).







	
Type of Data

	
Data Used for the System Dimensioning

	
Casablanca

	
Dakar

	
Abu Dhabi

	
Yichang

	
Manila

	
Havana

	
Rio de Janeiro






	
Input

	
Pmax (kW)

	
0.41

	
0.69

	
1.45

	
0.95

	
0.83

	
0.72

	
0.62




	
Emax (kWh)

	
4.63

	
9.18

	
24.05

	
14.19

	
12.36

	
9.48

	
8.35




	
Output

	
Eeff (kWh)

	
5.45

	
10.80

	
28.29

	
16.69

	
14.54

	
11.15

	
9.82




	
PVp (kWp)

	
0.91

	
1.80

	
4.72

	
2.78

	
1.90

	
1.86

	
1.64




	
Vbattery (V)

	
12

	
12

	
12

	
12

	
12

	
12

	
12




	
Abattery (kAh)

	
0.71

	
1.41

	
3.70

	
2.19

	
1.90

	
1.46

	
1.29




	
Pinverter (kW)

	
0.57

	
0.97

	
2.03

	
1.33

	
1.16

	
1.01

	
0.87




	
Costs (k€)

	
5.51

	
9.11

	
21.79

	
13.47

	
12.06

	
9.42

	
8.78










Solution (C) reported the costs for the realization of the solar pond according to the variation in the amount of the thermal power extracted for each m2 (1: extraction of 20 W·m−2; 2: extraction of 30 W·m−2; and 3: extraction of 40 W·m−2). Establishing that the solution could not exceed the costs of Solution (B), an extraction of 30 W·m−2 (setting both dimensions and costs of the pond) was assumed, thus setting the maximum cost concerning the heat machines necessary to the system according to the different operating conditions of each city. Hence, the maximum values of installation costs of the heat machine [36] for each country are reported in Table 8.



Table 8. Maximum cost of the heat machine used in Solution (C).







	
Site

	
Country

	
Heat Machine Cost (€)






	
Casablanca

	
Morocco

	
3,090.00




	
Dakar

	
Senegal

	
3,880.00




	
Abu Dhabi

	
United Arab Emirates

	
6,580.00




	
Yichang

	
China

	
6,790.00




	
Manila

	
Philippines

	
6,050.00




	
Havana

	
Cuba

	
4,450.00




	
Rio de Janeiro

	
Brazil

	
4,000.00




	
Average

	
-

	
4,980.00










The realization of the solar pond presented an estimated cost of 77 €/m2. In Abu Dhabi, the cost also included the expenses determined by the exchange with geothermal probe: 70 m of depth with a cost of 55 €/m.



Figure 10 shows the payback periods of Solutions (B) (photovoltaic panels) and (C) with respect to Solution (A) (supplied by electrical energy). Where installation costs of Solutions (B) and (C) intersected with the line of the costs of Solution (A), the payback period of the maximum initial investment was determined.


Figure 10. Payback periods of the investments in Solutions (B) and (C) with respect to Solution (A).



[image: Energies 09 00821 g010]






Solutions reporting a payback period that exceed 20 years are not feasible, hence (C-1), with an extraction of 20 W·m−2, is not feasible.



Through the graphs in Figure 10, it can be noticed how in some cities (Casablanca and Yichang) it was not possible to have an amortization of Solution (B), hence also Solution (C), due to the low cost of the energy and due to the energy consumed by the building for the air-conditioning. These cities cannot be examined with respect to the system here suggested. In Manila, Rio de Janeiro and Havana, Solutions (B) and (C-2) report payback periods that are barely acceptable. It could be interesting, financially speaking, if in these countries it were possible to extract permanently a thermal power of 40 W·m−2 from the pond. Abu Dhabi reports periods that are too long (due to low electrical energy cost and additional costs caused by the geothermal probes) for any solution. Solution (C) becomes interesting in Dakar, with periods in (C-1), (C-2) and (C-3) of about 7, 9 and 15 years, respectively.



Solutions (B) and (C), though with higher installation costs than Solution (A), while operating do not have any further energy costs (both exploit solar energy), they do not depend on the national power grid and are zero-carbon-emission solutions. Hence, the amortization period of the investment costs in Solutions (B) and (C) with respect to Solution (A) were determined. This period, which was equally set for Solutions (B) and (C-2), was longer in Solution (C-1) and shorter in Solution (C-3) because Solution (C-1), with a wider solar pond area, will be the most expensive, whereas Solution (C-3), with smaller solar ponds (extraction 40 W·m−2), will be the most advantageous financially speaking.




7. Conclusions


The importance of having air-conditioning systems in environments with hot climates can be satisfied with unconvential solutions in order to realize a living comfort without consuming high quantities of depletable energy resources with a resulting higher environmental respect [37,38,39]. A possible solution, exploiting solar energy in countries that have high solar radiations for long periods during the year, can exert absorption heat machines. Absorption machines exploit absorbent–refrigerant solutions (H2O and LiBr, respectively) to produce cool air (AR machines) or ennoble part of the thermal energy provided (HTs). This study suggests a machine that combines these characteristics exploits the solar heat stored in solar ponds to air-condition low-density residential buildings.



It was demonstrated that it was possible to supply properly, through solar ponds (thanks to the climatic conditions of the tropical areas of the world) these heat machines to air-condition buildings taken as samples. Besides, the analysis of the thermal powers used to fulfill the cool-air peak demand, the annual energy demand in different cities (Casablanca, Dakar, Abu Dhabi, Yichang, Manila, Havana, and Rio de Janeiro) was examined. The data provided, besides measuring the amount of non-emitted carbon dioxide thanks to the solution system here suggested, allowed a financial comparison with respect to other traditional system. The solution here suggested was compared to (in terms of installation costs and payback periods for their realization) both a traditional solution with a compressor refrigeration machine supplied by the national power grid and an stand-alone solution formed by the same compressor machine supplied by the energy provided by photovoltaic panels and equipped with a storage battery (providing cool air even in a temporary absence of the Sun).



If the solution here suggested assumed lower installation costs than the solution characterized by photovoltaic panels, it can be noticed that the highest cost was the realization of a solar pond with dimensions that can satisfy the energy demand of a building. To minimize the area of the solar pond, hence its costs, it is possible to vary the amount of thermal power extracted per unit of area. The conclusion is that the solution here suggested, if it is feasible from a technical point of view, can be financially advantageous if, in the city where it is realized, there are the following conditions: (i) a thermal power of 40 W·m−2 can be extracted without causing an excessive heat impoverishment in the solar pond (which must be provided by the solar source daily); (ii) the air temperature must not reach values that do not permit the heat machine to exploit the air as a heat well; and (iii) the price of electricity must not be too advantageous. In this study, such conditions can be found in Dakar, Senegal. If in future scenarios the realization costs of the components of the system are lower and the electricity costs are higher, this solution would be more interesting in more cases. It must be specified that this is a zero greenhouse gas emissions system, hence it observes the recent international climate agreements. In addition, in developed Countries (where skilled labor is not always available), the simplicity of these plant solutions could ensure easier and cheaper maintenance compared to systems based on more complicated electronics (such as the Solution (B) in this article).



The issue of having proper maintenance, which should be sustainable from an economic point of view and able to guarantee the reliability of the system [40,41] (especially if the systems are not traditional [42] or if the goal is to simplify the system by using the most reliable regulation system [43]), might be the subject of a future study (the present work can be considered a first approach to this type of problem). Further developments might concern the realization of a prototype that can provide experimental data about the functioning with reference to different meteorological conditions.
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Nomenclature




	A
	Absorber



	AR
	Absorption refrigerator



	C
	Condenser



	COP
	Coefficient of performance



	E
	Evaporator



	G
	Generator



	HT
	Heat transformer



	l
	Liquid



	m
	Mass flow rate



	P
	Pump



	Q
	Exchanged heat



	r
	Latent heat



	R
	Refrigerator fluid (H2O)



	S
	Solution = refrigerator fluid (H2O) + absorbent salt (LiBr)



	TA
	Temperature absorber



	TC
	Temperature condenser



	TE
	Temperature evaporator



	TG
	Temperature generator



	v
	Vapor



	x
	Concentration of fluid



	α
	Exchanger efficiency



	γ
	Density
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