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Abstract

:

The shortage of water is a major obstruction to the social and economic development of many countries, including Egypt. Therefore, there is an urgent need to properly manage water resources to achieve optimum water use. One way of saving available water resources is to reduce evaporation that leads to the loss of a large amount of water from reservoirs and open lakes. This paper aims to use a floating photovoltaic system (FPVS) to cover a lake’s water surface to reduce evaporation and also for energy production. This methodology was applied to Lake Nasser as one of the largest lakes in the world where much evaporation happens due to its large area, arid environments, and the shallow depths of some parts of the lake. The estimated evaporation from the lake was 12.0 × 109 m3/year. The results show that covering 25%, 50%, 75%, and 100% of the lake can save about 2.1, 4.2, 6.3, 7.0, and 8.4 × 109 m3/year and produce energy of 2.85 × 109, 5.67 × 109, 8.54 × 109, and 11.38 × 109 MWh/year, respectively. Covering areas of shallow water depth was more efficient and economical. The results show that covering 15% of the lake’s area (depths from 0.0 to 3.0 m) can save 2.66 × 109 m3/year and produce 1.7 MWh/year. Covering 25% of the lake’s area (depths from 0.0 to 7.0) can save 3.5 × 109 m3/year and produce 2.854 MWh/year. Using an FPVS to cover parts of Lake Nasser could help manage water resources and energy production for Egypt to overcome the likely shortage of water resources due to population growth. This system could be applied in different locations of the world which could help in increasing water resources and energy production, especially in arid and semi-arid regions.
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1. Introduction


Water resource management in arid and semi-arid regions has become a crucial issue due to many factors such as population increase, climate change, and regional changes. Therefore, proper management of these resources saves a large amount of water and helps grow the economy and narrow the water shortage gaps. One of the main sources of water losses in these areas is the evaporation from lakes and large water bodies, which leads to billions of cubic meters of freshwater lost due to dry weather and high temperature. Evaporation loss varies from one reservoir to another and changes according to the change in hydro-meteorological data. Studying evaporation will allow a better understanding of the mechanisms and regularities that guide the water circulation in nature and also its associated processes [1,2,3,4].



Several methods were used to estimate evaporation from water bodies, including evaporation pans, water budget methods, the bulk aerodynamic method, and some empirical formulas such as Penman’s equation. Recently, the utilization of images provided by satellite sensor technology and remote sensing (RS) can help in determining evaporation and evapotranspiration with no previous knowledge of soil or crop conditions [5]. Many studies estimated evaporation loss rates around the world using different methods. For example, the evaporation losses estimated from reservoirs in South East Queensland, Australia, were 40% of the total water storage capacity per year [6], while they were 3.1 mm/day from Sparkling Lake, northern Wisconsin, USA [7], 3.6 mm/day from Lake Okeechobee in South Florida [8], and 4.87 mm/day from a tropical African lake in Ethiopia [9]. In Turkey, the total evaporation loss was 6.8 × 109–4.1 × 109 m3/year from reservoirs and 2.7 × 109 m3/year from lakes [10], while in Japan, the mean annual evaporation was 911 mm from Lake Kasumigaura [11].



Evaporation losses in arid and semi-arid regions such as Egypt are generally high. For example, the evaporation from Lake Nasser in Egypt ranges from 12 × 109 to 16 × 109 m3/year [12]. Egypt has already been facing water scarcity, and the construction of the Grand Ethiopian Renaissance Dam will further reduce Egypt’s share of water from the Nile River significantly [13]. Therefore, there is an urgent need to save every drop of water and manage the resources. One of these ways, which we suggest here, is to reduce the water evaporation from Lake Nasser, the second largest manmade lake in the world. The evaporated water loss from the lake ranges between 10 × 109 and 16 × 109 m3 every year, which is equivalent to 20 to 30% of the Egyptian income from Nile water [14].



Hassan [15] estimated an evaporation rate of 6.6 mm/day using the Surface Energy Balance Algorithm for Land (SEBAL). Abdel Wahab et al. [12] estimated the annual evaporation losses from Lake Nasser from 2001 to 2013 and they ranged from 12.3 × 109 to 12.9 × 109 m3. Hamdan and Zaki [16] presented a long-term estimation for the evaporation losses from Aswan High Dam Reservoir (AHDR) using local hydrological and meteorological data collected from nine stations. The bulk aerodynamic method was applied using monthly available hydro-meteorological data with a record of 20 years (1995/1996 to 2014/2015). Annual water losses by evaporation varied from 12 × 109 (in 1995/1996) to 15.53 × 109 m3 (in 2007/2008) with an average of 13.62 × 109 m3/year.



Some methods were used to reduce evaporation from Lake Nasser. For example, Hassan et al. (2007) estimated an average evaporation rate of 6.3 mm/day and an annual water loss by evaporation of 12.5 × 109 m3. They used pontoon framework and circular foam sheets and found that 0.500 km2 must be covered to save one million cubic meters annually. Ebaid and Ismail [17] studied the reduction in evaporation from Lake Nasser by disconnecting some of its secondary channels (khors). The results showed that the evaporation rate ranged from 2.73 in the middle of the lake to 9.58 mm/day at the edge. The evaporated water loss throughout the entire lake was about 0.86 billion m3/month in March. The study showed that disconnecting two khors could approximately save an evaporation loss of 2.4 × 109 m3/year. Elba et al. [18] investigated the impact of lowering the lakebed by removing sediments from the High Aswan Dam Reservoir (HADR), emphasizing evaporation losses. A digital elevation model for the HADR was developed to describe the hydrological characteristics and to assess the consequences of removing sediment deposits. The results showed that the removal of sediments would reduce evaporation losses by 1.1 km3 of the lake projected for 2100, which represents 6.5% of the total projected evaporation losses.



One of the promising methods that may be used to reduce evaporation from open water surfaces is the floating photovoltaic system (FPVS). It has many advantages compared to overland installed solar panels, including fewer obstacles that block sunlight, convenience, energy efficiency, and higher power generation efficiency owing to its lower temperature underneath the panels. Additionally, the aquatic environment profits from the solar installation because the shading of the plant prevents excessive water evaporation, limits algae growth, and potentially improves water quality [19]. A number of studies have been conducted on FPVSs, which assessed them from different points of view. Ranjbaran et al. [20] presented an analytical analysis and updated review that studied different aspects of FPV systems as a power generation system.



There has been little work conducted on using FPVSs in reducing evaporation. Abid et al. [21] presented a review study to assess the prospects and highlight the importance of floating solar panel technology. They discussed multiple opportunities of FPVSs in different regions of the world and highlighted the importance of such technologies in already water-scarce areas. The FPVS is a novel idea in renewable energy production without putting an additional burden on water and land resources. Since the FPVS is a relatively new concept, only a few demonstrator projects have been deployed worldwide [22]. Figure 1 shows a 40 MW FPVS at Huainan, China [23].



A typical overland photovoltaic (PV) module, depending on the type of solar cells and climatic conditions, converts 4–18% of the incident solar energy into electricity. For the rest of the incident, solar radiation is converted into heat, which significantly increases the temperature of the PV [24,25,26,27,28]. Being installed on water, an FPVS has a significantly lower ambient temperature in virtue due to water’s cooling effect. Consequently, the efficiency of floating-type solar panels is 11% higher than ground-installed solar panels [29,30,31,32,33]. The first pilot floating PV plant was built in California in 2008. By the end of 2014, a total of 22 photovoltaic power plants were built in different areas of the world with an installed capacity from 0.5 to 1157 kW [34]. At present, the developments on marine floating PV systems are in the pipeline to examine the effects of corrosion of seawater on unit and PV configuration and the link with energy production efficacy [35].



The main purpose of the present work is to investigate the use of the floating photovoltaic system to reduce the water evaporation loss from Lake Nasser in Egypt and produce clean energy. In this work, evaporation was estimated based on meteorological data for the period from 2009 to 2020. Different scenarios of covering the lake’s surface with an FPVS were studied and discussed. Further, the effect of covering shallow depths is studied. This study is significant, given the fact that Egypt is a water-stressed country and further shortage in water supply from the Nile River is expected due to the construction of the Grand Ethiopian Renaissance Dam.




2. Materials and Methods


2.1. Study Area


Egypt constructed the High Aswan Dam (HAD) to manage the Nile River water and rescue the Nile Delta from flooding. Lake Nasser was formed at the upstream side of the dam. The lake is located between 23°58 and 20°27′N and 30°07′E and 33°15′E, and its length is 500 km, 350 km in the Egypt border and 150 km in the Sudanese border, as shown in Figure 2. The lake’s average width is 13 km, the area of the water surface is about 6500 km2 at the level 182 above Mean Sea Level (MSL), and the total capacity is about 162 billion m3 [36].




2.2. Climate Data


Estimating water losses from climate data was conducted based on data from world weather online during the period from 2009 to 2020. Monthly evaporation from Lake Nasser during the period from 2009 to 2020 was calculated using monthly data for temperature, relative humidity, and wind speed, which are available at (https://www.worldweatheronline.com/ (accessed on 1 January 2021)).



2.2.1. Temperature


The minimum and maximum monthly temperatures at Lake Nasser from 2009 to 2020 were used to calculate the average monthly temperature, as shown in Table 1. The average monthly temperature was calculated from 2009 to 2020, as shown in Figure 3a. The highest and lowest average temperatures were recorded in August (34.4 °C) and January (15.5 °C).




2.2.2. Wind Speed


The average monthly wind speed was calculated at Lake Nasser during the period from 2009 to 2020, and the results are shown in Table 2. The average monthly temperature is shown in Figure 3b during the period from 2009 to 2020.




2.2.3. Relative Humidity


The relative humidity is shown in Figure 3c for the period from 2009 to 2020. The relative humidity was calculated based on the minimum and maximum records for the same period, as shown in Table 3.





2.3. Estimation of Evaporation Losses


As noted above, several methods can be used to compute evaporation losses. The current work was based on atmospheric and hydro-meteorological data and used the bulk aerodynamic method. The bulk aerodynamic method is the most widely used for estimating evaporation losses from large lakes and reservoirs. This method uses the Harbeck equation. The following equations and parameters can be used for calculations [37].


  E =   NU  2   (   e s  −  e a   )   



(1)




where:



E is the evaporation losses (mm/day);



N is the Lake Nasser coefficient; in this work, this value was assumed as 0.0525 [36];



U2 is the wind speed (m/sec);



es is the saturated vapor pressure (kpa) at water surface temperature.



The following equation can be used for calculating saturated vapor pressure [38]:


   e s  = 0.611   e x p  (    17.27 T   T + 237.3    )   



(2)




where ea is the actual vapor pressure of the air (kpa). The following equation can be used for calculation of actual vapor pressure:


   e a    =      R H   100       e s   



(3)







RH is the relative humidity;



T is the temperature (°C).



Equations (1)–(3) were used for estimating the evaporation from Lake Nasser using hydro-meteorological data from Table 1, Table 2 and Table 3.




2.4. Estimation of the Water Volume Lost by Evaporation from Lake Nasser


The annual volume of the water lost by evaporation was calculated based on the total yearly average of the evaporation rate, which is based on the monthly average. The annual volume of the water lost was calculated from the following equation [38]:


  V = EA   365     10  6     



(4)




where:



V: the annual volume of water loss (billion m3/year);



E: evaporation rate (mm/day);



A: surface area of Lake Nasser (km2).




2.5. The Relation between Evaporation and Water Depth


Wong et al. [39] determined a power relationship between lake depth and evaporation. The evaporation rate increases exponentially at lower depth as follows:


   Log     (   Water   loss   )  =  B 0  +  B 1   × d  + ε  



(5)






   E V  =   10    (  0.02 − 0.48 d − 1  )     



(6)




where:



Water loss (E/V): Evaporation (m3)/Volume of the lake (m3);



d: water depth (m);



B0: constant (0.02);



B1: the marginal effect (−0.48);



ε: error term.



Equation (6) was used to draw a relationship between the water depth and lake (evaporation/volume) ratio (see Figure 4). From the figure, it is clear that the evaporation decreases with increasing water depth up to 5.0 m, after which the depth does not affect evaporation. At a water depth of 1.0 m, the evaporation is 3.5 times the evaporation at 5.0 m. Figure 5a,b show the bed level and water level of Lake Nasser that were used to determine the water depth along Lake Nasser, as shown in Figure 5c. Arc GIS was used to determine the areas between water depths of the lake that are listed in Table 6.




2.6. Reduction in Evaporation


A number of techniques can be used to decrease the amount of water lost by evaporation from open water surfaces. In the current study, covering using an FPVS was used. In this work, four different covering ratios (25%, 50%, 75%, and 100%) of the lake’s surface were studied. The surface area of the lake calculated by GIS was about 5775 km2. Water savings due to FPVS installation can be calculated using the following equation [19]:


Annual water saving = Annual evaporation × Percentage of insulated area × 0.70



(7)








2.7. Energy Production


Lake Nasser is located at Aswan, where the available solar power for PV is in the range from 200 to 250 W/m2, which indicates the appropriateness of this area for efficient energy exploitation almost all year. The available solar power data were obtained from the “Solar Atlas of Egypt” [33]. Based on these data, the sums of the monthly mean solar energy potential values at Aswan have energy potential for PV exploitation of 2450 KWh/m2. The energy density of the study area was taken as 225 W/m2 or 225 MW/km2. The energy potential of Lake Nasser can be calculated using the following equation [40]:


Potential energy production= Area (km2) × Energy density (MW/Km2) × (24 × 365)



(8)









3. Results


The results here will present the reduction in evaporation losses in Lake Nasser using an FPVS. The benefits of an FPVS in terms of both water conservation and energy generation are also shown.



3.1. Water Losses from Lake Nasser


Figure 6 shows the average monthly evaporation for the period from 2009 to 2020, and details of the parameters used in calculations are provided in Table 4. As expected, the lake’s highest evaporation rate occurs in the summertime with a peak of about 1.74 billion m3/month during August and the lowest of about 0.3 billion m3/month during the wintertime in January. The total annual water loss from the lake was about 12.0 billion m3/year. Those calculations agree with Hamdan and Zaki [16], who estimated average annual evaporation losses of 13.62 billion m3, with Abdel Wahab et al., whose estimations ranged from 12.3 to 12.9 billion m3, and with Hassan et al. [41], who estimated annual water loss by evaporation of 12.5 billion m3.



The evaporation rate from January to June nonlinearly increased and was doubled over five times during this period. From June to August, the evaporation rate still increased but at a much lower rate than before June. This means that covering the lake’s surface in the summertime, where the temperature is high, with an FPVS is importantly needed. It will serve two purposes: first, it will reduce the maximum amount of water evaporation for better water resource management, and second, it will generate green solar energy. This latter objective is environmentally friendly and is a step forward towards the adaptation for climate change and reduction in CO2 and other pollution emissions.




3.2. Water Saving


Different scenarios of the lake’s covered area were studied, including 25%, 50%, 75%, and 100% covered areas, as shown in Table 5. The surface area of the lake was 5775 km2, and annual evaporation of 12.00 billion m3 was adopted to estimate the yearly water saving using Equation (7). The monthly water saving using an FPVS at the lake is presented in Figure 7. Covering 25%, 50%, 75%, and 100% of the lake surface can, respectively, save about 2.1, 4.2, 6.3, and 8.4 billion m3 annually. As expected, this is just a linear relationship as per Equation (7). Figure 8 shows the relation between the area covered and both water losses and water saving at Lake Nasser.




3.3. Energy Production


According to the data obtained from the Solar Atlas of Egypt, the available solar power for PV technologies in the study area is 225 W/m2. The total surface area of the lake is 5775 km2. The energy potential production of the lake was calculated using Equation (8) for the four scenarios (25%, 50%, 75%, and 100% coverage). For the 25%, 50%, 75%, and 100% covered areas, the potential energy production was 2.85, 5.7, 8.55, and 11.40 × 109 MWh/year. Figure 9 shows the relation between the area covered and energy production from Lake Nasser.




3.4. Cost Estimation


An FPVS is not much more expensive than land-based photovoltaics. The system consists of a floating platform upon which traditional photovoltaic panels can be mounted. Land costs may also be an advantage of an FPVS, and since the installation of an FPVS provides benefits including improved water quality and decreased evaporation, it is reasonable that leasing costs for the field would be small or non-existent. Recently, the cost of an FPVS has continued to rapidly decline. To estimate the cost of an FPVS installed in Lake Nasser, we used the median price for non-residential solar installations (USD 0.5–2.8 per watt installed) [42].




3.5. Effect of Water Depth on Evaporation from the Lake


Ebaid and Ismail [17] studied the reduction in evaporation from Lake Nasser by disconnecting some of its secondary channels (khors). The results showed that the evaporation depth ranging from 2.73 at the middle of the lake to 9.58 mm/day at the edge indicates that evaporation from the edge (shallow water) is 3.5 times the evaporation from the middle of the lake. This is consistent with the results presented in Figure 4, where the evaporation at a water depth of 1.0 m is 3.5 times the evaporation at deep water at a depth of 5.0 m or more. However, the evaporation decreased nonlinearly with the water depth, as was shown in Figure 4. The results were based on Wong et al. [39], who determined a power relationship between lake depth and evaporation, where the evaporation rate increased exponentially at lower water depths. Arc GIS was used to determine the areas between water depth contours of the lake, and results are provided in Table 6. The table shows that 15% of the lake’s total area lies between depths of 0.0 and 3.0 m, and 10% of the lake area lies between 3.0 and 7.0 m. Hence, the depths from 0.0 to 7.0 m cover about 25% of the total lake area.



Since the evaporation is significantly greater in shallow water where the depth is smaller than 5.0 m, this means that covering this shallow area of the lake will have a marked reduction in the evaporation from Lake Nasser. Using the FPVS will even double the benefit by generating a green power supply. As per Table 6, the depth from 0.0 to 1.0 m represents 6.5% of the lake’s area. The results show that covering this shallow area with depths up to 1.0 m can annually save 1.9 billion m3 of water. Extension of the covered area to include water depths of 1.0–2.00 m, which represent 5% of the lake’s surface area, can provide an additional annual water saving of 500 million m3. A further water area covering for depths 2.0 to 3.0 m, which represent 3.5% of the lake’s area, can save an additional 260 million m3 of water (see Figure 10).



The above results suggest that covering the area with water depths from 1.0 to 3.0 m, which represent 15% of the lake’s surface area, will provide an annual water saving of about 2.66 billion m3. This water saving represents 31.67% of the water saving for the case when all the lake is covered. Most of this water saving comes from covering the very shallow depths up to 1.0 m, which represent only 6.5% of the lake’s surface area, and at the same time, it saves 1.9 billion m3 of water, which represents about 23% of the water saved by covering the whole surface area. These results are of particular importance as they provide guidance to the decision-makers about the crucial parts of the lake that need to be covered and the significant water saving and clean energy generation associated with this process.



Since Egypt is already a water-stressed country with more water shortages expected in the future due to climate change and the inevitable impact of the Great Renaissance Dam in Ethiopia, it may also be worth considering the depths from 3.0 to 7.0 m of the lake to be covered by an FPVS. Although the water saving is not as great as covering the shallower parts of the lake, saving every drop of water in an arid country such as Egypt is a big gain and is worth considering. The depths from 3.0 to 7.0 m represent 10% of the lake’s area and can further save about 850 million m3 every year.



Covering the lake surface with an FPVC will not only save water but also produce energy. Covering depths from 0.0 to 3.0 m (15%) can produce 1.71 × 109 MWh/year. With the extension of the lake surface covering depths up to 7.0 m (25%), this can produce 2.85109 MWh/year. The relations between water depth and water saving and energy production are shown in Figure 10. Covering all of the lake can produce 11.38 × 109 MWh/year.





4. Discussion


Evaporation from open water surfaces is a great challenge in arid and semi-arid regions. Therefore, there is an urgent need to reduce evaporation in these areas, which will help manage the reduction in evaporation and could be very useful in these areas to manage the water resources more efficiently. Lake Nasser is considered one of the largest lakes in the world exposed to a very high rate of evaporation.



This study suggested using an FPVS to cover parts of the lake to reduce water losses due to evaporation. Different ratios of the coverage area were suggested, ranging from 25% to 100%. Although these different scenarios of covering the water surface were analyzed for Lake Nasser, the large area of 5775 km2 of the lake makes it unlikely that the decision-makers in Egypt will go for covering 100% of the lake or even 50%. This has motivated the authors to look for more practical solutions that can be practically visible and may be implemented by decision-makers. One of the optimum covering scenarios that can be followed for Lake Nasser is to cover only the shallow areas of the lake. For example, covering the water depths of 1.0–3.0 m, which only represent 15% of the total area, will provide an annual water saving of about 2.66 million m3. This water saving represents about one third of the total water saving should an FPVS cover the entire water surface in the lake.



Not far from the lake, and specifically near Aswan, Egypt has recently built Benban, the largest solar park in Africa, which is constructed over an area of 37 square kilometers. According to the European Bank, this solar park will generate 1.5 GW, enough to provide renewable energy to more than 1,000,000 homes [43]. Lake Nasser has similar weather to this site, and sunshine is there most of the year with very high temperatures normally above 40 °C in summer, which means the use of an FPVS is a proper choice to cover the lake, especially areas with water depths below 1.0 m [31]. In addition to saving 1.9 billion m3 of water, enough renewable energy can be generated to fill the consumption of millions of homes in Egypt.




5. Conclusions


Evaporation is a complex phenomenon with many factors and various methodologies to measure. Factors influencing evaporation include wind, temperature, vapor pressure, and exposed surface area. The reduction in evaporation in arid and semi-arid regions is a vital issue due to water shortages in such areas. In this study, we investigated different scenarios to reduce evaporation from Lake Nasser, one of the main sources of water in Egypt that store the excess water from the Nile. We used meteorological data including temperature, relative humidity, and wind speed from 2009 to 2020, and then the bulk aerodynamic method was adopted to determine the annual evaporation from the lake. The results showed that the average amount of water lost annually due to evaporation from Lake Nasser is about 12.00 BCM/year, representing approximately 22% of Egypt’s current share from the Nile River, which is 55.5 billion m3 of water per year. This share will very likely be reduced because of the construction of the Great Renaissance Dam in Ethiopia. This study suggests using an FPVS to cover parts of the lake to reduce water losses due to evaporation. Although covering 100% of the lake can save up to 8.4 billion m3 of water every year, this is not a practical solution due to the large area of the lake that reaches 5775 km2. Therefore, we investigated the water saved by only covering the shallow parts of the lake for water depths up to 3.0 m. We did that at different stages by first covering the water depths from 0.0 to 1.0 m (6.5% of the lake’s area), then from 1.0 to 2.0 m (5% of the lake’s area), and finally from 2.0 to 3.0 m (3.5% of the lake’s area). The results suggested that covering the very shallow parts of 0.0 to 1.0 m will provide the highest water saving of the lake, which reaches 1.9 billion m3 of water. Extension of the covered area to depths of 1.0–2.00 m added an annual water saving of 500 million m3. A further water area covering for depths of 2.0 to 3.0 m, which represent 3.5% of the lake’s area, can save an additional 260 million m3 of water. Another benefit of the use of an FPVS to cover parts of Lake Nasser is renewable energy generation. The estimated annual energy generated will be 740 × 106, 570 × 106, and 400 × 106 MWh. Since the average annual household energy consumption in Egypt is 3130 kWh (World Bank, 2014), the energy generated from covering the depths up to 1.0 m can fill the consumption of 238 homes. A further benefit coming from this is that it helps Egypt meet climate change targets by producing more renewable energy.
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Figure 1. Floating solar power plant (Source: Brandon, 2017 [23]). 
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Figure 2. Location map of Lake Nasser. 
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Figure 3. Meteorological data of Lake Nasser from 2009 to 2020: (a) average monthly temperature (°C), (b) average monthly wind speed (m/sec), (c) average monthly relative humidity (%). 






Figure 3. Meteorological data of Lake Nasser from 2009 to 2020: (a) average monthly temperature (°C), (b) average monthly wind speed (m/sec), (c) average monthly relative humidity (%).



[image: Water 13 00769 g003]







[image: Water 13 00769 g004 550] 





Figure 4. Relation between evaporation and water depth. 
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Figure 5. Bed level and water level and depth in Lake Nasser (2020): (a) bed level, (b) water level, (c) water depth. 
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Figure 6. Average monthly evaporation (m3/month) from 2009 to 2020. 
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Figure 7. Monthly water losses after using an FPVS at Lake Nasser. 
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Figure 8. Relation between area covered and water saving at Lake Nasser. 
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Figure 9. Relation between area covered and energy production at Lake Nasser. 
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Figure 10. Relations between water depth and water saving and energy production at Lake Nasser: (a) water saving, (b) energy production. 
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Table 1. Monthly temperature (°C) at Lake Nasser during the period from 2009 to 2020.
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	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December
	Av





	2009
	14
	16
	18
	26
	27
	31
	32
	31
	29
	25
	19
	14
	23.50



	2010
	16
	18
	21
	25
	28
	31
	32
	33
	30
	28
	23
	16
	25.08



	2011
	14
	17
	19
	23
	29
	32
	33
	32
	29
	26
	17
	25
	24.67



	2012
	12
	18
	19
	27
	31
	33
	34
	33
	30
	28
	23
	16
	25.33



	2013
	17
	18
	23
	25
	31
	32
	32
	32
	30
	25
	21
	16
	25.17



	2014
	16
	18
	23
	31
	33
	33
	33
	34
	31
	26
	20
	18
	26.33



	2015
	14
	18
	23
	24
	30
	31
	32
	36
	33
	29
	21
	15
	25.50



	2016
	14
	18
	24
	28
	30
	34
	33
	33
	31
	28
	23
	15
	25.92



	2017
	15
	15
	20
	27
	31
	33
	35
	37
	34
	28
	23
	12
	25.83



	2018
	17
	23
	28
	29
	35
	36
	36
	36
	35
	34
	26
	20
	29.58



	2019
	20
	22
	25
	31
	38
	39
	39
	38
	35
	33
	26
	20
	30.50



	2020
	17
	21
	27
	30
	35
	39
	39
	38
	35
	33
	26
	20
	30.00



	Av
	15.5
	18.5
	22.5
	27.2
	31.5
	33.7
	34.2
	34.4
	31.8
	28.6
	22.3
	17.3
	26.5
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Table 2. Monthly wind speed (km/h) at Lake Nasser during the period from 2009 to 2020.
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	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December
	Av





	2009
	6.30
	6.40
	6.90
	6.90
	6.90
	6.80
	6.70
	6.60
	6.50
	5.70
	6.20
	5.40
	6.42



	2010
	5.70
	5.60
	6.50
	6.90
	6.80
	6.90
	7.00
	6.90
	6.50
	6.50
	6.30
	6.40
	6.50



	2011
	6.50
	6.30
	7.60
	6.60
	13.50
	16.70
	16.00
	16.00
	12.20
	15.20
	13.50
	13.80
	11.74



	2012
	12.60
	15.30
	15.70
	14.50
	15.10
	15.40
	14.20
	15.00
	12.70
	12.40
	12.20
	12.20
	13.94



	2013
	13.20
	14.30
	13.00
	14.50
	14.30
	15.30
	17.50
	14.20
	15.50
	13.10
	10.80
	13.80
	14.13



	2014
	11.50
	14.40
	12.90
	14.20
	16.20
	15.90
	15.10
	14.80
	16.00
	13.80
	12.70
	12.30
	14.15



	2015
	12.90
	13.40
	14.30
	15.40
	15.70
	17.80
	16.70
	16.20
	13.00
	11.90
	12.40
	13.70
	14.20



	2016
	12.70
	14.10
	14.30
	11.80
	14.10
	14.50
	15.20
	16.60
	15.00
	11.40
	12.20
	14.10
	13.75



	2017
	12.70
	13.60
	12.50
	15.50
	13.10
	16.40
	17.00
	19.80
	16.80
	16.20
	14.50
	15.30
	15.12



	2018
	14.90
	13.00
	12.60
	13.90
	15.70
	18.60
	17.10
	16.60
	19.90
	15.10
	12.70
	13.80
	15.24



	2019
	12.50
	16.30
	15.90
	16.50
	14.40
	16.10
	17.50
	19.10
	18.90
	15.30
	14.30
	15.30
	15.99



	2020
	16.70
	16.90
	16.90
	17.30
	18.40
	16.10
	17.50
	19.10
	18.90
	15.30
	14.30
	15.30
	16.88



	Av
	11.52
	12.47
	12.43
	12.83
	13.68
	14.71
	14.79
	15.08
	14.33
	12.66
	11.84
	12.62
	13.17
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Table 3. Monthly relative humidity (%) at Lake Nasser during the period from 2009 to 2020.
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	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December
	Av





	2009
	38.0
	30.0
	26.0
	17.0
	18.0
	15.0
	19.0
	21.0
	24.0
	30.0
	45.0
	52.0
	27.9



	2010
	47.0
	36.0
	30.0
	21.0
	17.0
	17.0
	21.0
	19.0
	23.0
	26.0
	42.0
	45.0
	28.7



	2011
	50.0
	36.0
	27.0
	22.0
	17.0
	18.0
	16.0
	20.0
	24.0
	30.0
	41.0
	45.0
	28.8



	2012
	45.0
	30.0
	26.0
	15.0
	16.0
	16.0
	19.0
	19.0
	24.0
	26.0
	42.0
	45.0
	26.9



	2013
	42.0
	32.0
	22.0
	18.0
	15.0
	16.0
	21.0
	20.0
	24.0
	29.0
	42.0
	49.0
	27.5



	2014
	44.0
	37.0
	26.0
	17.0
	16.0
	16.0
	18.0
	19.0
	24.0
	29.0
	44.0
	53.0
	28.6



	2015
	45.0
	31.0
	22.0
	17.0
	15.0
	18.0
	17.0
	18.0
	19.0
	29.0
	43.0
	49.0
	26.9



	2016
	41.0
	33.0
	23.0
	16.0
	16.0
	14.0
	18.0
	19.0
	22.0
	28.0
	36.0
	38.0
	25.3



	2017
	33.0
	33.0
	23.0
	17.0
	15.0
	15.0
	15.0
	16.0
	17.0
	22.0
	29.0
	38.0
	22.8



	2018
	36.0
	22.0
	14.0
	14.0
	13.0
	13.0
	15.0
	18.0
	19.0
	23.0
	32.0
	38.0
	21.4



	2019
	25.0
	27.0
	19.0
	15.0
	11.0
	16.0
	17.0
	19.0
	22.0
	26.0
	34.0
	38.0
	22.4



	2020
	42.0
	34.0
	26.0
	21.0
	18.0
	16.0
	17.0
	19.0
	22.0
	26.0
	34.0
	38.0
	26.1



	Av
	40.7
	31.8
	23.7
	17.5
	15.6
	15.8
	17.8
	18.9
	22.0
	27.0
	38.7
	44.0
	26.1
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Table 4. Monthly average evaporation (BCM/month) at Lake Nasser during the period from 2009 to 2020.
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Month

	
Av Temp

	
Av Wind Speed

	
Relative Humidity

	
es

	
ea

	
E

	
V






	

	
C

	
U2 (m/sec)

	
RH%

	
mb

	
mb

	
mm/day

	
m3/month




	
Jan

	
15.50

	
3.20

	
40.70

	
1.76

	
0.72

	
1.75

	
314,184,563




	
Feb

	
18.50

	
3.46

	
31.80

	
2.13

	
0.68

	
2.64

	
442,024,295




	
Mar

	
22.50

	
3.45

	
23.70

	
2.73

	
0.65

	
3.77

	
674,557,455




	
Apr

	
27.20

	
3.56

	
17.50

	
3.61

	
0.63

	
5.56

	
963,987,867




	
May

	
31.50

	
3.80

	
15.60

	
4.62

	
0.72

	
7.79

	
1,393,726,720




	
Jun

	
33.70

	
4.09

	
15.80

	
5.23

	
0.83

	
9.46

	
1,639,075,747




	
Jul

	
34.20

	
4.11

	
17.80

	
5.38

	
0.96

	
9.54

	
1,708,490,965




	
Aug

	
34.40

	
4.19

	
18.90

	
5.44

	
1.03

	
9.71

	
1,737,638,590




	
Sep

	
31.80

	
3.98

	
22.00

	
4.70

	
1.03

	
7.66

	
1,327,915,547




	
Oct

	
28.60

	
3.52

	
27.00

	
3.92

	
1.06

	
5.28

	
945,589,289




	
Total evaporation (m3/year)

	
12,005,213,803
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Table 5. Monthly water saving using a floating photovoltaic system (FPVS) at Lake Nasser.
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Month

	
V (m3)




	

	
Covering 0% of the Area

	
Covering 25% of the Area

	
Covering 50% of the Area

	
Covering 75% of Area

	
Covering 100% of the Area






	
Jan

	
314,184,562.69

	
54,982,298.47

	
109,964,596.94

	
164,946,895.41

	
219,929,193.88




	
Feb

	
442,024,294.53

	
77,354,251.54

	
154,708,503.09

	
232,062,754.63

	
309,417,006.17




	
Mar

	
674,557,455.24

	
118,047,554.67

	
236,095,109.33

	
354,142,664.00

	
472,190,218.67




	
Apr

	
963,987,866.91

	
168,697,876.71

	
337,395,753.42

	
506,093,630.13

	
674,791,506.84




	
May

	
1,393,726,720.15

	
243,902,176.03

	
487,804,352.05

	
731,706,528.08

	
975,608,704.11




	
Jun

	
1,639,075,747.18

	
286,838,255.76

	
573,676,511.51

	
860,514,767.27

	
1,147,353,023.03




	
Jul

	
1,708,490,964.67

	
298,985,918.82

	
597,971,837.64

	
896,957,756.45

	
1,195,943,675.27




	
Aug

	
1,737,638,589.87

	
304,086,753.23

	
608,173,506.45

	
912,260,259.68

	
1,216,347,012.91




	
Sep

	
1,327,915,547.14

	
232,385,220.75

	
464,770,441.50

	
697,155,662.25

	
929,540,883.00




	
Oct

	
945,589,289.41

	
165,478,125.65

	
330,956,251.29

	
496,434,376.94

	
661,912,502.59




	
Nov

	
494,098,293.83

	
86,467,201.42

	
172,934,402.84

	
259,401,604.26

	
345,868,805.68




	
Dec

	
363,924,471.31

	
63,686,782.48

	
127,373,564.96

	
191,060,347.44

	
254,747,129.92




	
Saving

	
0.00

	
2,100,912,415.51

	
4,201,824,831.03

	
6,302,737,246.54

	
8,403,649,662.05




	
Losses

	
12,005,213,802.93

	
9,904,301,387.42

	
7,803,388,971.91

	
5,702,476,556.39

	
3,601,564,140.88
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Table 6. The areas covered by different water depths.
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No.

	
Contour

	
Area between Contours (m2)

	
Area (%) of the Total Area




	
Minimum

	
Maximum






	
1

	
0

	
1

	
375,382,123.77

	
6.500




	
2

	
1

	
2

	
288,755,479.83

	
5.000




	
3

	
2

	
3

	
202,128,835.88

	
3.500




	
4

	
3

	
4

	
173,253,287.90

	
3.000




	
5

	
4

	
5

	
155,927,959.11

	
2.700




	
6

	
5

	
6

	
132,827,520.72

	
2.300




	
7

	
6

	
7

	
115,502,191.93

	
2.000




	
8

	
7

	
10

	
288,755,479.83

	
5.000




	
9

	
12

	
15

	
288,755,479.83

	
5.000




	
10

	
17

	
20

	
311,855,918.21

	
5.400




	
11

	
22

	
25

	
294,530,589.42

	
5.100




	
12

	
27

	
30

	
254,104,822.25

	
4.400




	
13

	
32

	
35

	
202,128,835.88

	
3.500




	
14

	
37

	
40

	
132,827,520.72

	
2.300




	
15

	
42

	
45

	
138,602,630.32

	
2.400




	
16

	
47

	
50

	
173,253,287.90

	
3.000




	
17

	
52

	
55

	
213,679,055.07

	
3.700




	
18

	
57

	
60

	
179,028,397.49

	
3.100




	
19

	
62

	
65

	
410,032,781.35

	
7.100




	
20

	
67

	
70

	
294,530,589.42

	
5.100




	
21

	
72

	
75

	
231,004,383.86

	
4.000




	
22

	
77

	
80

	
196,353,726.28

	
3.400




	
23

	
82

	
85

	
358,056,794.98

	
6.200




	
24

	
87

	
92.16

	
363,889,655.68

	
6.301




	
sum

	
5,775,109,596

	
100.00
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