

  energies-16-06924




energies-16-06924







Energies 2023, 16(19), 6924; doi:10.3390/en16196924




Article



Uncertainty Covered Techno-Enviro-Economic Viability Evaluation of a Solar Still Water Desalination Unit Using Monte Carlo Approach



Saba Sedayevatan 1,2, Armida Bahrami 3, Fatemeh Delfani 4 and Ali Sohani 5,*





1



Faculty of Mechanical Engineering-Energy Division, K.N. Toosi University of Technology, No. 15–19, Pardis St., Mollasadra Ave., Vanak Sq., P.O. Box 19395-1999, Tehran 1999 143344, Iran






2



Department of Chemical Engineering, University of Guilan, Rasht P.O. Box 41996 13776, Iran






3



Department of Mechanical Engineering, University of Hawaii at Manoa, Holmes Hall, Honolulu, HI 96822, USA






4



Department of Applied Mathematics, Illinois Institute of Technology, Chicago, IL 60616, USA






5



Department of Enterprise Engineering, University of Rome Tor Vergata, Via Del Politecnico 1, 00133 Rome, Italy









*



Correspondence: ali.sohani@uniroma2.it







Citation: Sedayevatan, S.; Bahrami, A.; Delfani, F.; Sohani, A. Uncertainty Covered Techno-Enviro-Economic Viability Evaluation of a Solar Still Water Desalination Unit Using Monte Carlo Approach. Energies 2023, 16, 6924. https://doi.org/10.3390/en16196924



Academic Editor: Anastassios M. Stamatelos



Received: 21 August 2023 / Revised: 19 September 2023 / Accepted: 21 September 2023 / Published: 2 October 2023



Abstract

:

Due to much lower initial and operating costs, as well as a great environmental and energy performance, there has been a growing tendency towards the application of solar still desalination systems to deal with water scarcity issues. By taking advantage of higher investments and providing incentives to policy makers, the application could be even broader. In order to convince the policy makers and investors, it is important to provide a clear and realistic overview of the technical, economic, and environmental viability of solar stills, and several studies have evaluated them from different viewpoints. Nonetheless, the economic and environmental factors have uncertainties, which have not been taken into account. Therefore, this study uses the Monte Carlo approach to consider the effects of the uncertainty of inflation and discount rates, in addition to emission factors, on the system’s techno-enviro-economic viability. The study is performed by covering cost per liter (CPL) and the annual saving of CO2 (SCO2) as the most important key techno-economic and environmental indicators of the system. The results show that the best probability distribution functions for inflation, discount, and emission factors are normal, log-normal, and their summation, respectively. Furthermore, both SCO2 and CPL are found to have considerable uncertainty. The former has a variation ranging from 317.7 to 427.9 g, while the corresponding values for the latter are 0.0212 to 0.0270 $ · L−1, respectively. With the amounts of 0.1716 and 0.1727, the values of 378.9 g and 0.0245 $ · L−1 are the values with the highest chance of occurrence for SCO2, as well as for CPL, respectively.
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1. Introduction


Water scarcity is a pressing global issue that affects millions of people worldwide [1]. It affects not only health but also the economic and environmental issues [2]. With population growth, climate change, and unsustainable water usage practices, the availability of freshwater resources is dwindling rapidly [3]. As a result, it has become imperative to explore alternative solutions to meet the ever-increasing demand for clean, potable water [4]. One such solution is water desalination, a process that converts seawater or brackish water into fresh water [5].



Among the available desalination technologies, solar stills possess distinct advantages over others, making them an attractive option [6]. In solar stills, water purification takes place through evaporation and condensation [7]. Their simplicity, low maintenance, energy efficiency, environmental friendliness, scalability, resilience, and cost-effectiveness contribute to their viability as a decentralized and reliable source of clean water [8]. As advancements continue to enhance their efficiency and performance, solar stills have the potential to play a significant role in alleviating water scarcity and promoting sustainable water management globally [9].



Solar still technologies have been investigated in recent years in several research works in order to find better economic, energy, and environmental performances. For instance, the research of Shoeibi et al. [10] focused on optimizing solar stills for efficient fresh water production from salty water. It highlighted the significance of economic, environmental, and carbon credit analyses in solar desalination studies. Various techniques and designs were reviewed, compared for fabrication cost, exergo-economic analysis, CO2 reduction, and enviro-economic impact. The reported water production costs ranged from USD 0.0014 to USD 0.29 per liter, with substantial CO2 mitigation (up to 1129.53 tons) in systems combining solar stills, photovoltaic/thermal technology, and solar collectors. The study aided researchers in identifying cost-effective and eco-friendly solar still designs. Additionally, the study of Ref. [11] investigated the altitude impact and compared active/passive types at different elevations for the Tochal region over 7 days in July 2018. Similar geometry was used, with active systems incorporating thermoelectric modules and a photovoltaic panel. Higher altitude correlated with enhanced exergy efficiency and evaporative exergy in active systems. The heat transfer coefficients varied significantly. Economically, the water costs differed. Energy matrices favored Tehran’s passive system for shorter payback times. Active systems excelled in CO2 mitigation. Enviro-economic and exergo-economic parameters favored Tehran due to the extended yearly operation.



As another example, Tuly et al. [12] aimed at modifying a double solar still using different methods, including nano-PCM (nanoparticle mixed PCM), PCM (phase change material), HCF (hollow circular fin), and ISR (internal sidewall reflector). An active still and a passive still were compared. The results revealed a 51.8% productivity increase with ISR, HCF, and PCM, further increasing by 21.5% when nano-PCM was introduced. Nano-PCM notably improved energy and exergy efficiencies by 20.1% and 25%. It also reduced the costs per unit of water and mitigated 3.65 tons of CO2 emissions. The exergetic sustainability indicators were assessed, showing improvements across the cases. Shatar et al. [13] improved passive solar stills with coated condensation covers and thermoelectric cooling. In an investigation of changing thermoelectric power (36 and 12 W) against a reference in tropical Malaysia, they analyzed the fresh water yield, energy, exergy, and environmental and economic aspects. A 126% increase in fresh water production with 36 W cooling and a 44% energy efficiency boost were observed. However, exergy efficiency dropped by 25%. Coated glass solar stills showed 6.55-year payback time, mitigated 2.97 tonnes of CO2, and achieved a 0.036 USD/liter cost with 36 W cooling. The exergo-economic and enviro-economic values were 4.64 kWh/USD and USD 83.21, respectively.



Sonawane et al. [14] investigated enhancing solar still productivity through varied design parameters. They employed computational fluid dynamics (CFD) and COMSOL® Multiphysics to study the effects of different absorber materials on a single-slope solar desalination unit. Effective emissivity factored in water absorption. Economic, exergo-economic, and CO2 mitigation aspects were considered. The study highlighted black toner-coated solar stills, showing notable improvements in productivity, exergy, and evaporative heat transfer. The CO2 mitigation reached 31.4 tons, with an enviro-economic parameter of USD 455.3. The minimum CPL was USD 0.0066 per L. Hassan et al. [15] also studied single-slope solar still performance across saline mediums, analyzing productivity, energy, exergy, economics, and enviro-economics. The modified solar still with forced-water cooling and sand in the basin (MSS + FW + SD) achieved 26 and 36% increases in daily yield in winter and summer, respectively, in comparison to the conventional type. The economic results showed that MSS + U had the highest cost (0.053 USD/L), while MSS + FW + SD had the lowest (0.032 USD/L).



Moreover, Bait et al. [16] proposed a solar still with a collector (tubular type) for water desalting. They conducted enviro-economic, exergy, and economic analyses, while comparing the results to those of a conventional solar still. The findings showed that the modified system had an estimated annual yield of ~550 kg/m² compared to the ~400 kg/m² of the traditional system. The exergy efficiencies for the passive and active systems were ~7%/~30% and ~11%/~41%, respectively. Economic analysis revealed the distilled water cost and payback periods, favoring the modified still. The enhanced solar unit proved feasible due to increased water production and space efficiency. Another investigation was carried out by Sharshir et al. [17]; they enhanced a conventional solar still performance using environmentally friendly materials: floating coal, cotton fabrics, and carbon black nanoparticles. These additives improved heat localization, capillarity, and thermal conductivity. Three modified cases were evaluated in comparison to a reference system. The improved system showed the maximum enhancements in fresh water production, as well as exergy and efficiencies. Additionally, it reduced production cost by ~25% and increased CO2 pollutant mitigation by around ~128%, demonstrating feasible and eco-friendly outcomes. In addition, in the work conducted by Dhivagar et al. [18], a solar still with one slope utilizing disc magnets (DMSS) and block magnets (BMSS) was analyzed in terms of productivity and economic and enviro-economic aspects in Coimbatore city, India. Magnet integration in the basin notably improved daily productivity, with the BMSS outperforming the DMSS. The BMSS had ~6 and 14% more hourly productivity in comparison to the DMSS and the conventional solar still (CSS), respectively. Economic analysis also indicated that the BMSS and DMSS had shorter estimated payback periods (3.6 and 3.5 months) than the CSS (4.5 months). The CO2 emissions were higher for the BMSS and DMSS compared to the CSS, demonstrating the significant enhancement in solar still performance through saline water magnetization.



Sharon et al. [19] introduced and assessed a compact hybrid solar still in India. Integrating basin and vertical diffusion stills, they explored factors like area ratios, the diffusion gap, and the impact of shading on performance. The optimal flow rate of the feed water, the depth of the basin, the diffusion gap, and the absorber area ratio were determined. Exergetic destruction and efficiency and the potential for enhancement were reported for each component. The hybrid system excelled in winter, with max productivity and thermal and exergy efficiency at ~14 kg/d, ~56%, and ~7%. The price of water varied from 1.10 to 3.83 INR/L. The unit exhibited promising practical potential due to balanced condensate yield, affordability, and environmental benefits. Furthermore, Nazari and Daghigh [20] developed a solar still with a concentrator box (parabolic dish) with a thermoelectric duct of condensation, omitting the glass cover. The vapor generated in the basin was pulled by a fan into the condensing duct with thermoelectric modules. They assessed the system’s parameters, reporting an enhanced distilled water yield and the energy and exergy efficiencies in the optimal setup with an active fan operation. The price of fresh water and the payback period were 0.0056 USD/kg/m2 and 114 days. The system demonstrated positive financial and environmental outcomes and produced safe drinking water.



The literature survey indicated that in all the reviewed studies certain (specified) values for the economic and environmental indicators have been reported. It made the point clear that, to the best of authors’ knowledge, there has been the following gap in the literature:




	
All the conducted analyses, including the economic and environmental assessments, have been conducted by considering a constant value for the input effective factors, such as inflation and discount rates, as well as the emission factor in the future. Nonetheless, there is no complete certainty about the value of these parameters since the economic condition may be different from the predictions due to the unexpected issues. This is the same for the emission factor because newer technologies were developed with better or worse performances than the imposed vision.








The indicated gap is addressed in this study, where the novelty is as follows:




	
The uncertainty of discount and inflation rates, as well as the emission factor, was taken into account. The Monte Carlo method, as an advanced methodology to consider the uncertainty, was employed. It leads to the obtaining of the probability profiles of the performance indicators instead of a constant value for them. The cost per liter (CPL) and the annual saving of CO2 (SCO2) are the investigated performance indicators. They are the two main performance criteria of a solar still.








In fact, the proposed approach of this study could be used to perform calculations for the installation of a solar still in the future, i.e., when the process is in the design stage, or when asking for support from the government or investors (such as when the system is going to be installed in 6 months, 1 year, or another time from now). Because the future values for the inflation and discount rates, as well as the CO2 emission factor, are not known with certainty, their uncertainty could be modeled using the Monte Carlo method. As indicated in the paper, the Monte Carlo approach finds the uncertainty by fitting the best probability function to the real historical data. Then, by following the indicated stages, it introduces a probability distribution for each performance indicator, and in that way, it considers the uncertainty of inflation and the discount rates, as well as CO2 emission factor at the time of the installation of a solar still in the future. The main novelty of this paper is the use of the Monte Carlo approach to consider the uncertainty of the three fundamental parameters and to superimpose them to determine the uncertainty of CPL and the annual SCO2. Based on the conducted literature survey, none of the previous studies, apart from this work, took into account the uncertainty of the three fundamental parameters when they performed calculations for the installation of a solar still in the future. Nonetheless, the current study does take these parameters into account, and for that reason, it uses the Monte Carlo approach to consider the uncertainty of the three indicated fundamental parameters in the calculation of CPL and the annual SCO2; this is the contribution of this investigation.



An emerging solar still technology with sun tracking and side mirrors, which have much higher efficiency compared to the conventional types of solar still, has been selected, and the investigation was conducted using the available experimental data the authors obtained in their previous research work for the city of Tehran, Iran. The methodology is described in Section 2. The results of the application of the discussed methodology are provided in Section 3. The conclusions are given in Section 4.




2. Methodology


This section shares the details about the employed methodology. First, the system is introduced in Section 2.1. Then, the method for calculating the performance indicators is discussed in Section 2.2. In Section 2.3, the way that the Monte Carlo approach is employed for modeling uncertainty in the studied system is explained.



2.1. Description of System


The investigated solar still is shown in Figure 1. The design is furnished with wheels (indicated by number 1 in Figure 1) and a solar collector (introduced by number 2 in Figure 1). Water from the basin (introduced by number 3 in Figure 1) is directed to the solar collector through a pumping mechanism (consisting of pipes and a pump, which are shown by numbers 4 and 5 in Figure 1, respectively), which elevates its temperature. Subsequently, the heated water is circulated into the solar collector parts, including the tank (shown by number 6 in Figure 1), and returned to the basin, which is exposed to direct solar radiation and reflection from the side mirrors (shown by number 7 in Figure 1). This exposure facilitates the evaporation of a portion of the basin’s water. The inclusion of wheels allows the dynamic positioning of the still to optimize solar radiation absorption at each time step.



The evaporated water then reaches the sloped glass surface, where it condenses back into its liquid state. However, it is important to note that the water in the basin is currently neither salty nor brackish. The resulting fresh water is accumulated and suitable for drinking or other designated applications. The original design was introduced by the research team, as documented in Ref. [21]; its superiority is highlighted from both technical and economic standpoints.



Tehran was chosen as the location of this case study. This city is one of the biggest cities in the world, with a population exceeding 14 million people, according to Ref. [22]. The city suffers from severe water scarcity issues, while some economic issues put significant constraints on the development of conventional water treatment technologies [23]. Therefore, the application of high-efficiency solar stills, like that of the proposed design of Ref. [21], is thought to be a practical economic solution to deal with the issue.



The final point is that the fresh water production of a solar still is lower than that of its rivals. Nonetheless, the cost of the still is much lower than that of the rivals, and for that reason, it is the best solution to be employed for domestic applications in the rural or remote areas which do not have access to pipeline or fresh water, especially in the developing countries. For that reason, they have drawn attention in recent years, and many studies have been conducted to investigate them, including the cited references in the literature review. Another advantage of solar stills is that they are more environmentally friendly in comparison with most of the commercialized products, which are either fossil fuel- or electrical energy-driven technologies [24].




2.2. Performance Indicators


2.2.1. Fresh Water Production


The amount of produced power by a solar still is experimentally available from the previous study of the research team, i.e., Ref. [21], for city of Tehran, which is also used for this investigation. The monthly profile is reported in Figure 2. More information about the details of the experiments, including the specifications of the measuring devices, are also found in Ref. [21].




2.2.2. Cost per Liter (CPL)


Cost per liter, which is known by the abbreviation CPL, expresses how much the production of each liter of fresh water by a solar still costs. As checking the literature has shown, the cost per liter (CPL) has been the most common economic indicator of a solar still and other desalination systems, and other studies also conduct economic analyses at the same level. CPL clearly indicates the economic status of the system, and for that reason, it has been employed not only in science but also in commercial applications (as the literature review has proven). A similar concept could be seen in the electricity production applications, where the levelized cost of electricity (LCOE) is used. The mathematical formula to calculate CPL is:


  C P L =    C  T O T     F W  P  a n n u a l      



(1)




where CTOT and FWPannual indicate the total cost and annual fresh water production, respectively. The latter is determined using the recorded experimental data, which are found in Figure 1, while the former is computed based on Equation (2):


   C  T O T   =  C  I P P   +  C  O P M A   −  C  S A L    



(2)







The first term is CIPP, which is the initial purchase price of the system. Based on Ref [24], the initial purchase price of the solar still, which has an area of 1.4 m2, is USD 374.66. COPMA and CSAL denote operating and maintenance and salvage costs. Both are estimated as a fraction of the initial purchase price: the first is 15%, and the second is 20% of that.



The economic calculations are conducted by taking the time value of the money into consideration, i.e., Equation (3):


  P W ( C , i , j , t ) = C     ( 1 + i )   t − 1       ( 1 + j )  t     



(3)







According to Equation (3), the present worth of money C, which is either paid or gained at the time t from the time origin, could be determined as a function of C and t, in addition to the inflation and discount rates, which are indicated by i and j, respectively. t starts from the time of the installation of the system.




2.2.3. CO2 Saving


When a solar still is employed, fuel is saved due to its not being consumed in a conventional water desalination unit. This means that fuel and, consequently, CO2 are saved due to the application of the solar still. The amount, indicated by SCO2, could be obtained based on Equation (4):


  S C  O 2  = F W P ×  f  d e s , c o n v   ×  u  C  O  2 , N G      



(4)







FWP is the fresh water production, while    f  d e s , c o n v     and    u  C  O  2 , N G       are the required energy for water desalination by a conventional system and CO2 emission per unit of fuel, i.e., the natural gas.    f  d e s , c o n v     is considered to be 1.075 kWh·m−3 [25], while for    u  C  O  2 , N G       a distribution is assumed for the Monte Carlo calculations, as discussed in the next part. One more point to mention is that based on the discussion conducted in Ref. [24], the embodied CO2 emissions of a solar still are much lower than the annual CO2 saving of the still. Consequently, this could be neglected.





2.3. Monte Carlo Approach


In this study, the uncertainty of the inflation and discount rates, as well as    u  C  O  2 , N G      , is considered using the Monte Carlo approach. The process flow chart of the employed Monte Carlo approach, which was mentioned in this part, is provided in Figure 3. Performing calculations with the Monte Carlo approach includes six steps:




	1.

	
First, the historical data for these three parameters are found. For economic indicators, Ref. [26] is used. On the other hand, the information found in Ref. [27] is utilized for    u  C  O  2 , N G      .




	2.

	
Then, the historical data are used to find the best distribution functions for the three indicated parameters, which are plotted in Figure 4 (in the next part). The processes of finding the adjusting parameters for each distribution and the related error analyses took place on the MATLAB interface.




	3.

	
In the next stage, the number of iterations is determined. Here, the value of 2000 is considered for the number of iterations.




	4.

	
For each iteration, three random numbers are generated. Each random number is between 0 and 1. Then, each of these three random numbers is made equal to the cumulative distribution function (CDF) for one of the parameters with the uncertainty. By solving the equation, the corresponding value of the parameter with the uncertainty is obtained.




	5.

	
Next, the obtained values derived from solving the equations in stage 4 are used as the values of inflation, the discount rate, and the CO2 emission factor, and the calculations are made using them to find the corresponding values of both SCO2 and CPL. The SCO2 and CPL values are stored for each iteration.




	6.

	
Finally, using the stored data in stage 5, the distribution plots of the performance criteria, which are SCO2 and CPL, are drawn as the output.









As mentioned, the calculations were made using the developed codes in the MATLAB software program. The reason for choosing MATLAB is that this software program contains robust toolboxes and pre-defined functions for different purposes, including statistical analysis.



In order to obtain the exact result, the accurate economic and environmental effect is critical. Therefore, the well-known economic and environmental models for conducting the calculations are employed while the input data for the modeling are from the reliable data sources. The economic indicators are from the data available on the website of the Central Bank of Iran (CBI) [28], while for the environmental parameters, the information found on the website of the Iranian Department of Environment (IDOE) [29] is utilized.





3. Results


The extracted historical data, in addition to the best found fit for each of the three investigated variables, i.e., inflation and discount rates, as well as    u  C  O  2 , N G      , are presented in Figure 4. Figure 4a indicates that the normal distribution is the best fit for the inflation rate, where a mean value of around 10% and a standard deviation of around 2.5% are observed. The highest and lowest probabilities also belong to the ranges with the centers of 10.0 and 4.0%, with the values of 0.167 and 0.035, respectively.



However, the distribution for the discount rate is not normal, and it follows a log-normal shape, as Figure 4b shows. The log-normal distribution for the discount rate tends more towards the lower values, where the peak probability is seen for the discount of 6%, with a value of 0.177. The values of 1, 2, 3, and 4% further to the right side, i.e., with discount values of 7, 8, 9, and 10%, have the probability values of 0.131, 0.085, 0.070, and 0.045, respectively. The corresponding values for the shift left from the center are 0.162, 0.123, 0.108, and 0.077, respectively. This means the ratios of 1.24, 1.45, 1.54, and 1.71 between discount rates of 5 and 7%, 4 and 8%, 3 and 9%, and 2 and 10%, respectively.



Based on Figure 4c,    u  C  O  2 , N G       is something in between, for which the summation of a normal and log-normal distribution brings the best condition. The value around 0.179 kg · (kWh)−1 could be introduced as the mean value. The range is also from 0.140 to 0.210 kg · (kWh)−1, while the maximum and minimum probabilities are found for the mean value, i.e., 0.179 kg · (kWh)−1, and both extreme sides, i.e., 0.140 and 0.210 kg · (kWh)−1. The values for them are 0.157 and 0.047, respectively.



It was found that variables like inflation and discount rates, as well as    u  C  O  2 , N G      , have considerable uncertainty. Likewise, taking the uncertainty for the economic and energy indicators of a solar still is also of great importance, as Figure 5 and Figure 6 show. Figure 5 and Figure 6 provide the distribution of CPL and the annual SCO2, respectively.



Based on Figure 5, CPL has an almost normal distribution, with the average of 0.0241 $ · L−1, and a standard deviation of 0.0019 $ · L−1. Bearing in mind that among the indicators, inflation has a normal distribution, while discount is closer to the log-normal shape, it was found that inflation makes a greater contribution to the uncertainty of CPL. The uncertainty of CPL is also 0.0058 $ · L−1, which comes from the point at which it varies from 0.0212 to 0.0270 $ · L−1. The obtained value for the uncertainty of CPL indicates a considerable variation range.



For SCO2, like CPL, the uncertainty is considerable, which can be observed in Figure 6. Therefore, as with some other renewable energy-driven systems whose uncertainties have been studied in the past (like renewable energy electrification systems with storage units [30], microgrid renewable energy power connected systems [31], and wind turbines [32]), uncertainties are significant, and they should not be neglected. Figure 6 indicates that there is an uncertainty of 110.2 g for SCO2, where the lower and upper limits are 317.7 and 427.9 g. The ranges with centers of 378.9, 366.7, and 354.4 g have the top, second, and third highest levels of probability, with the values of 0.1716, 0.1618, and 0.1418, respectively. The lowest levels of probability are also seen for the values close to the upper limit. The ranges with the centers of 415.6 and 427.9 g have the probabilities of 0.0448 and 0.0149, respectively. For this case, the shape is similar to that of    u  C  O  2 , N G       since it has the strongest impact among the three investigated criteria.




4. Conclusions


High levels of uncertainty were observed for the economic indicators, namely inflation and the discount rate, as well as the CO2 emissions of natural gas. This is similar to what has been seen for other energy systems, such as renewable energy electrification systems with storage units [30], microgrid renewable energy power connected systems [31], and wind turbines [32]. According to the results for the investigated case, in which a solar still was used in Tehran, Iran, a range from 4.0 to 14.8% for inflation and a range from 2.0 to 11.0% for the discount rate were found. The CO2 emissions of natural gas also had a variation range of 0.140 to 0.210 kg · (kWh)−1. Such uncertainty in the effective input variables was also accompanied by a considerable uncertainty in cost per liter (CPL) and the annual CO2 saving (SCO2). CPL had a variation range between 0.0212 and 0.0270 $ · L−1, while the corresponding value for the annual SCO2 was from 317.7 to 427.9 g. The highest probabilities for these two performance indicators were also 0.1727 and 0.1716, which were seen for CPL and the annual SCO2 at 0.0245 $ · L−1 and 378.9 g, respectively. Therefore, when considering uncertainty (distribution) instead of an exact value for the input variables (like inflation and the CO2 emission factor of natural gas) and, consequently, the performance indicators (such as CPL and annual SCO2), it was found necessary to obtain realistic results. One of the suggested avenues for future research involved conducting studies in other countries and comparing the results. Another potential topic for the future studies is the comparison of the employed technology in this work (single slope) with other technologies (e.g., double slope).
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Figure 1. The solar still design investigated here [21]. 
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Figure 2. Fresh water production of the studied solar still, experimentally measured. 






Figure 2. Fresh water production of the studied solar still, experimentally measured.



[image: Energies 16 06924 g002]







[image: Energies 16 06924 g003] 





Figure 3. Flow chart of the employed Monte Carlo methodology in this study. 
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Figure 4. The found distributions for the indicated parameters: (a) inflation; (b) discount; (c)    u  C  O  2 , N G      . The economic and environmental data are from Ref. [28] and Ref. [29], respectively. 
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Figure 5. Distribution of CPL obtained by the employed Monte Carlo approach. 
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Figure 6. Distribution of SCO2 obtained by the employed Monte Carlo approach. 
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