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Abstract

:

In February 2016, the Egyptian government introduced Egyptian Vision 2030. An important pillar of this vision is energy. Egyptian Vision 2030 presented renewable energy as the best solution to reduce the emission of greenhouse gases (GHGs) in the energy sector. Egypt’s electricity comes from various power plants; conventional thermal plants generate over 90% in which gas-fired generation accounts for 75% of the total output. Following the increase in natural gas (NG) projects in Egypt, NG is the dominant electricity source. Based on the pillars of the sustainable development strategy of Egypt, the county can increase dependence on renewable energies, and reduce CO2 emissions and bound electricity production from natural gas. We aim to determine future energy generation strategies from various power plant technologies depending on these three principles. To make the picture more clear and complete, we compared the environmental impacts and external costs of fossil, hydro, and nuclear power plants in Egypt. We used two computer codes: the model for energy supply strategy alternatives and their general environmental impacts (MESSAGE) and the simplified approach for estimating environmental impacts of electricity generation (SIMPACTS). The MESSAGE code modeled the energy-supply systems to determine the best energy-supply technology to meet future energy demands. SIMPACTS estimated the environmental impact and damage costs associated with electricity generation. The results indicated that nuclear power plants and gas power plants are long-term electricity supply sources. Nuclear power plants entail low total external-damage costs, in addition to low environmental impact during normal operation. We conclude that nuclear power plants are the best alternative long-term electricity-generation choice for Egypt to meet future electricity demands.
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1. Introduction


Egypt is located in the northeastern part of Africa. It is bounded in the north by the Mediterranean Sea and in the east by the Red Sea, which puts Egypt at the crossroads of Europe, the Middle East, Asia, and Africa. It is the 30th largest country in the world with an area of over 1 million kilometers2. Egypt is the most populated country in North Africa and the Arab region with over 95 million inhabitants [1]. The population of Egypt is rapidly growing; thus, economic development is essential to support this massive population and to improve the existing infrastructure. Therefore, the country must prioritize energy and electricity, which are critical components in the development of any country. The Egyptian Electricity Holding Company stated in its annual report that the total installed capacity in Egypt in the fiscal year 2018–2019 was 58,353 MW, and the total power generation was 199,843 GWh [2]. Because of the increase in natural gas (NG) projects in the nation, NG is likely to stay as a dominant source of electricity [1,3]. According to the Energy information administration (EIA), Egypt’s renewable resources include hydro, solar, and wind energies. Hydropower is the largest source of renewable energy in Egypt, which makes it the third largest energy source following NG and oil. In 2016, Egypt installed a 2.8-GW capacity hydroelectric power plant that generated 13.8 TWh, which accounted for 7.2% of the total power generation in the country. The Aswan High Dam and Aswan Reservoir Dams across the Nile River are major sources of Egypt’s hydroelectricity even though the potential of the Nile River hydropower has been overly exploited. Egypt has only 30 MW of solar-generation capacity according to IHS Markit. The Egyptian renewable-energy sector has become quite important in international enterprises and organizations. Norwegian Scatec Solar has concluded a financial agreement with Egypt for the construction of six solar photovoltaic (PV) plants with a 400 MW combined capacity inside a 1.8 GW solar park that Egypt aims to establish at Benban. Saudi Company Acwa Power also concluded an agreement for three solar PV power facilities in the same site with a total capacity of 120 MW. Egypt has substantial wind-power resources, especially in the Gulf of Suez and the Nile Valley. The wind farms in Zafarana (547 MW), Gebel El-Zeit (200 MW), and Hurghada (5 MW) have a combined wind-energy capacity of 753 MW according to IHS Markit. The government decided to install 14 wind turbines to generate a 7.2-GW capacity electric power in 2020. Egypt intends to add nuclear power to its energy mix, and has signed a preliminary agreement with the Russian state nuclear corporation Rosatom to build a commercial plant in the El Dabaa site. The International Atomic Energy Agency (IAEA) noted that the proposed nuclear power plant at the El Dabaa site will be a four-unit plant where each site generates a gross electric-power capacity of 1200 MWe, producing a total of 4800 MWe of electricity. The reactor type to be constructed is VVER-1200/V-529 [4].



Nuclear energy is used to generate electricity, which results in nuclear waste. Nuclear waste is a major issue throughout the nuclear sector, particularly in nuclear industrial zones. A number of projects are being worked on for the final disposal of radioactive waste in the world; for example, deep disposal of spent nuclear fuel at the Olkiluoto site in Finland, and the planned spent fuel repository at Forsmark in Sweden (at a depth of 500 m in rock bed). Moreover, nuclear power plant technologies have been subsequently improved (generation to generation, e.g., I, II, III and IV) to ensure and maintain the maximum level of safety and considering waste reduction [5]. Nuclear energy has a low operating cost; although the construction cost is huge, once a nuclear power plant is built, the operating and maintenance costs are very low when compared with fossil power plants. Operating costs include operating and maintenance (O&M) and fuel. The fuel cost figure includes used fuel management and final waste disposal. These costs, while usually external for other technologies, are internal for nuclear power plants [6,7]. Currently in Egypt, the government-proposed form of funding such costs in the form of a levy on the electricity price of USD 0.001 per kWh for radioactive waste and spent fuel management, and an additional USD 0.001 per kWh for decommissioning [8].



In order to improve the quality of life of Egyptian citizens, the Egyptian government launched a new national agenda in February 2016 under the name Egyptian Vision 2030. This vision will be adopted by Egyptian organizations. Caring for environment is a pillar on which the vision is based. This vision aims to decrease greenhouse gases (GHGs) emission from the energy sector 5% by 2020 and 10% by 2030, and to reduce dependency on oil and gas as fuel for electricity production from 91% to 27% by 2030, and increase dependency on renewable energies such as solar, wind and nuclear from 1% for solar and wind to 16% solar, 14% wind and 9% nuclear [9].



Previous studies that employed the model for energy supply strategy alternatives and their general environmental impacts (MESSAGE) code to develop long-term energy plans for optimization have been conducted in different countries. Syria used the MESSAGE tool to devise the best long-term energy supply strategy. Syria’s future energy and electricity demand was projected based on a variety of scenarios that reflected its future socioeconomic and technological development trends over the next 30 years [10]. The results from that study revealed that primary energy will increase at an average annual rate of 4.8% to 68 Mtoe by 2030, and the total installed capacity will optimally increase from 6885 to 19,500 MW by 2030. The study further predicted that the future national energy system will mainly depend on oil and NG with limited renewable energy and nuclear power contributions at the end of the research period to guarantee supply availability. The adoption of nuclear power was determined to be the best long-term electric-power strategy for Saudi Arabia [11]. The study confirmed that Iran, the United Arab Emirates, Egypt, and Jordan were likely to adopt nuclear technology but categorized Saudi Arabia as a “nuclear-power state” and did not directly mention specific nuclear-power development plans. Using the MESSAGE code, the authors predicted that Saudi Arabia will be expected to experience power shortages by 2025, and these shortages will last up to 2035 when the existing power plants will be restored. The model projected that renewable and nuclear power technologies will be the most competitive future strategies for Saudi Arabia’s power supply by 2050. An analysis of the long-term energy plan for Korea using MESSAGE for energy optimization was conducted to compare three scenarios: the current existing scenario, strengthening the low-carbon power mix, and expanding renewable-energy sources to assess long-term energy plans. The results indicated that nuclear and coal power generations were reliable energy sources, and they were the primary energy sources in the three scenarios. However, coal power plants may not be ideal as potential energy sources because of the recent policy changes around the world that promote low-carbon and environment-friendly energy sources [12].



External cost refers to the economic concept of uncompensated social or environmental effects. For example, when individuals buy fuel for a car, they pay for the generation of the fuel (an internal cost) but not for the pollution because of this fuel. The simplified approach for estimating environmental impacts of electricity generation (SIMPACTS) evaluates the damage cost produced by electrical power plants. A study on the environmental effect of conventional power plants under normal and accidental conditions was conducted in Egypt. That work dealt with meteorological parameters, simulated the dispersion of pollutants from season to season, and calculated the concentration of pollutants emitted from two stacks from the Damanhur power plant in Egypt [13]. AIRPACKTS predicted the seasonal dispersion of pollutants from two stacks in the Damanhur power plant in Alexandria, Egypt. This factory mainly uses NG as fuel, and the most potent pollutants emitted from the power-plant stack were nitrogen oxides, carbon monoxide, sulfides, and particulate matter. Another study assessed the externalities from electric power plants in the Mexico City metropolitan area. An original method was developed to use the impact-pathway analysis of SIMPACTS to estimate the damage costs in this case. The estimate showed that the total annual cost was 71 million USD. A similar study on the damage costs of Syrian electricity generation was conducted using the impact-pathway analysis. The results indicated that the environmental effects can add considerable external costs to the typical generation cost in which the externalities varied between USD 2.5 and 0.07 per generated kilowatt-hour. A study was conducted in Korea to assess the effects on human health from nuclear power plants. The methodology used to assess the externalities of the selected fuel was the SIMPACTS computer code. The study focused on all nuclear power plants in Korea for the last 6 years (2001–2006). With respect to nuclear power, the impact analysis only focused on power generation. However, the front- and back-end nuclear fuel cycles, namely, uranium mining, conversion, enrichment, reprocessing, and conditioning, were not included because these facilities did not exist in Korea [14]. The analysis results showed that, in general, nuclear power entailed low external costs. The maximum damage costs from nuclear power plants across the four Korean sites were estimated to be USD 3.9 Millions/MWh, which were approximately 1/20th of the result from a similar case study conducted in the United Kingdom using the ExternE project. This disparity was mostly attributed to the inclusion of a significant number of radionuclides in that study and the amount of released radioactive emissions based on the current information in Korea. The sensitivities of the primary parameters of nuclear power plants were also investigated in that study. The analysis indicated an approximately ±3% damage-cost variation to a ±15% change in the reference population density and a ±1% damage-cost variation to a 1–30 m change in the effective release height. When the reference costs were compared, these sensitivity calculations revealed a small variation only. The objective of this study is to evaluate the best choice of technology that can be used to generate electricity in Egypt based on some scenarios: the basic scenario which represents the current energy policy of Egypt without considering any new vision, the second scenario which reduces the CO2 emission in regards to Egyptian Vision 2030, and the third scenario which bounds electricity production from natural gas. A sensitivity analysis was performed to see the effect of increasing the discount rate and decreasing the investment cost of renewable energy. MESSAGE was used to model the future energy mix from various types of power plants and to apply the constraints in scenarios. To complete the whole picture of Egypt’s future electricity plan, the SIMPACTS code was used to estimate the environmental impacts and external cost of hydro and fossil power plants and to compare this effect with that of a nuclear power plant.




2. Materials and Methods


The methods used in the current study were based on two criteria. The first criterion was to achieve an optimal energy mix to meet the future electricity demand. This criterion was carried out through the MESSAGE code. The second criterion was the environmental effect of the optimal energy mix. This criterion was achieved through the SIMPACTS computer code.



2.1. MESSAGE Modeling


MESSAGE is a system-engineering optimization model used for medium- to long-term energy-system planning and energy-policy analysis. Professors Wolf Häfele and Alan S. Manne created MESSAGE for a global energy project that they were working on at the International Institute for Applied Systems Analysis (IIASA) in the 1970s. Subsequently, IAEA purchased the MESSAGE program from IIASA and introduced some improvements, including the addition of a user interface. The mathematical model of MESSAGE is based on linear optimization, which optimizes a linear objective function under certain constraints or linear equality and inequality according to the decision variables. Objective function is defined as the objective used for making decisions. In MESSAGE, the objective function can be the cost (to be minimized) or the profit (to be maximized). The method also allows the use of several optimization criteria in which case one looks for an efficient solution. The objective function is obtained from the system cost. For each period denoted as t, the following are recorded:




	
Variable operating and maintenance costs;



	
Fixed operating and maintenance costs;



	
Investment costs: penalty costs/taxes imposed by regulation.


  T o t a l   s y s t e m   c o s t =   ∑   t = 1  T  β ×   ∑   i = 1  n   C  i t   ×  X  i t    



(1)




where      ∑   i = 1  n    C  i t   ×  X  i t     is the sum of the costs incurred in period t and   β =  1  1 + r    , where r is the discount rate.








The constraints are the restrictions or limitations on the decision variables. These constraints usually limit the value of the decision variables. In MESSAGE, the constraints reflect various limits on the expansion and use of technologies and resources, including emissions limits due to environmental regulations. An important constraint in the model of an energy-supply system is satisfaction of the demand. Depending on the model, the energy demand can be expressed at the level of the final energy forms (demands for gas and electricity) or at the useful energy level (demands for transportation by cars, residential heat, and industrial heat). The constraint is that the supply must be at least equal to the demand in each period t.


    ∑   i = 1   i = n    S  i j   ×  X  i t     ≥  D  j t    



(2)




where    D  j t     represents the demand for energy form j at period t,    X  i t     represents the activity of technology i in period t, and    S  i j     is the rate in which technology i is generating energy form j.



Figure 1 shows the energy chain in Egypt, which consists of four levels. The first level comprises the resources where Egypt extracts NG and crude oil. In addition to its extracted resources, Egypt will import nuclear fuel to satisfy its energy demand for a nuclear power plant. The second energy level consists of the primary form of energy, which involves the preparation and treatment of the extracted energy form for conversion to another form before using it in various technologies. The third level refers to the secondary form of energy, which represents the pre-final form of energy before sending it to the recipients for consumption. The fourth and final level is the final demand energy. The energy chain in Figure 1 shows that gas, oil and, electricity represent the final electricity-form demand in Egypt.



The first information introduced into MESSAGE is the time frame of the model. The first and last model years determine the study period (or planning horizon). The study period is divided into time steps. Table 1 summarizes the time frame input data to MESSAGE.



The second type of information entered into MESSAGE defines the energy levels and the information at each level of the energy forms that is considered by the system which is illustrated in Figure 1.



Energy-demand projections drive the energy system. It is the most important parameter in the optimization process. In this study, data on the electricity demand from 1980 to 2015 (base year) are collected and statically analyzed by two models to select the most conservative model as an input. The first model is the average annual growth rate (AAGR) of 6.2453% for the electricity demand. The value of AAGR was considered depending on the normal distribution of the annual growth rate from 1980 to 2015 [16]. Figure 2a summarizes the statistical analysis of the annual growth rate for electricity consumption. The average value is 0.062453, and median value is 0.060406. Figure 2b shows the fluctuation of the annual growth rate from 1980 to 2015, and the average value of annual growth rate. From a literary review, we obtained the value of the average annual growth rate of 4.46%. This value was calculated by applying the computable general equilibrium model. This model was developed by the international food policy research institute to use in the analysis of agriculture plans. However, the model can be used to determine electricity demand [17]. The second model used was the polynomial regression analysis. We used the previous data collected to generate three regression models. The first model was a linear regression model with R2 = 96.4%, the second model was a quadratic regression model with R2 = 98.7% and the final model was a cubic regression model with R2 = 99.0%.



Figure 3 shows the predication of the future electricity demand for the five models according to the data collected from 1980 to 2015. The average annual growth rate (AAGR) of 6.2453% is highest curve and more conservative than others. Therefore, the constant growth rate was used in MESSAGE to identify the future electricity demand.



Based on Egyptian Vision 2030, we developed five energy mix scenarios. The first scenario is reference case. It represents the current situation without considering any new policies to protect the environment or secure energy, and answers the question “what is the future of energy in Egypt if we continue with the current situation?” The second scenario imposed a limit on CO2 emission from only gas power plants and no constraints on CO2 emission from oil power plants. The third scenario imposed a limit on CO2 emission from both oil and gas power plants. The upper limit of CO2 emission is 205 Mton. This value represents 10% less than the value of the base year (2015) [9]. The fourth scenario imposed a limit on CO2 emission and constraint on electricity production from natural gas. The upper limit of electricity generation by natural gas is 27% of the maximum electricity generated in the first scenario [9]. The fifth scenario is separated into two parts: wind energy and solar energy. In this scenario, we assumed a case where Egypt will not include nuclear technology in its future energy mix, but instead rely on renewable sources of energy in addition to fossil fuels.



In this study, we used different technologies to generate and transform energy from the resource level to the final demand level that can be used by the population, as shown in Figure 1. The input data to the technology are illustrated in Table 2. The parameters identified for each technology are efficiency, capacity factor, retired time, investment cost, fixed cost and historical capacity of this technology.



After generating electricity (whatever the source of generation; hydro, solar, wind, Nuclear…), this electricity will be distributed by transmission lines. The efficiency of distribution and transmission was calculated from the collected data from 1980 to 2018. The average distribution loss is 12.55% from electricity generation. In Table 2, we mention the efficiency of electricity transmission and distribution (Elec-TD) is 0.874.



The export and import electricity are neglected in this study according to the historical data collected. Figure 4 illustrates the net exports of electricity. The net export is electricity export minus electricity import. As we can see, the average net electricity export is 0.652 billion kWh which represents 0.5% from electricity generated in Egypt and 0.6% from the country’s electricity consumption.



In this study, some parameters were used as constant values because the future values are unavailable. A sensitivity analysis was performed on two parameters to explain the uncertainty in the output of a mathematical model; the first one is increasing the discount rate from 8.75% to 21.5%. This value is the highest value of discount rate from 1991 to 2020 [15]. Figure 5 shows the cases used in the sensitivity analysis. The simulation was performed on two planning horizons without any constraint on the CO2 emission or electricity generated by natural gas and with constraint. The second parameter is decreasing the investment cost of renewable energy by 25% of the value used in the simulation. The second parameter was applied without any constraint and with constraint.




2.2. SIMPACTS Modeling


The SIMPACTS model was developed by IAEA as an application for developing countries. The model is based on the EcoSense methodology applied in the ExternE study of the European Union. SIMPACTS consists of separate modules to assess the consequences to human health, agricultural crops, and buildings from exposure to atmospheric emissions of routine or steady-state processes such as power plants. It covers fossil-fired, nuclear, and hydro power plants. It first estimates the physical effects and health damages and then provides a monetary valuation of these damages. Translation of the physical effects results in damage costs or social burdens. When the damages are not accounted for in the market price of a particular product, they are called external costs [19]. For airborne pollution, whether from fossil-fired or nuclear power plants, the model utilizes a simplified version of the impact pathway analysis (IPA), also known as the damage function approach. The first IPA step identifies the emission source and prepares an inventory of the airborne releases. The second step estimates the changes in ambient concentrations of various pollutants (emission rate), radioactive emissions, or deposits using atmospheric dispersion models. SIMPACTS uses separate atmospheric dispersion models to calculate the dispersion of pollutants in air. It uses the Gaussian plume model to estimate the pollutant concentrations.



A local model (5 km × 5 km) was used in which the dispersion of primary pollutants (species emitted at the source) was influenced by stack parameters and weather data. On the other hand, a regional model (50 km × 50 km) was used in which chemical transformation, dry deposition, and precipitation deplete the pollutant from the air. The regional concentrations can be predicted using the Eulerian or Lagrangian transport models such as the wind rose. The dispersion model can provide information on the transportation of pollution and methods of exposure and can calculate the risk.



The quantification of physical effects is called exposure response functions (ERFs). ERF is used to relate the change in pollutant concentration to a physical effect on the relevant receptors (e.g., number of asthma attacks). ERF can be estimated using two conditions, as expressed in Equation (3).


  E R  F  x y    {      0.007 ×    (   C  x y   B G    )   2  − 0.259 ×  C  x y   B G     ,        C  x y   B G   ≤ 39   μ g /  m 3        0.241 ×  C  x y   B G                 ,                            C  x y   B G   >   39 μ g    m 3           



(3)




where    C  x y   B G     is the background concentration of SO2 within exposure area Axy. The damage cost is calculated by multiplying the number of cases or the effects by the unit costs. Equation (4) expresses the external cost (ECY) due to the health effect, and Equation (5) represents the external cost due to the agricultural effect.


  E C  Y  i k   =  I  i k   ×  U k   



(4)




where    I  i k     is the health effect of type k and species i (cases per year) and    U k    is the unit cost of health effect k (dollar per case).


  E C  Y r  =   ∑   x = 1  n    ∑   y = 1  n   I  r x y   ×  U r   



(5)




where    I  r x y     is the annual crop-yield reduction (tons per year) of receptor type r within exposure area Axy and    U r    is the unit cost of receptor type r (dollar per ton).



In this study, three power-plant types were simulated to investigate the environmental effect of each plant. The first power plant is the Burullus gas-fired combined-cycle power plant (CCPP). It is located at the right side of the coastal international regional highway near the Mediterranean Sea. The overall generation capacity is 4800 MWe because it consists of four modules. Each module is composed of two gas-turbine units with 400-MWe capacity and a steam turbine unit with 400-MWe capacity [20]. Burullus City is an aquaculture area owing to the Burullus Lake. The Burullus Lake provides a wide variety of important services, including providing fish for local population through capture fisheries, employment of local fishermen, provision of medical plants, fodder for cattle, and reed for thatching houses [21]. Table 3 lists the emission and dispersion input data required to simulate the fossil power plant in SIMPACTS, in addition to the health and agriculture effects.



The Aswan High Dam in Egypt represents the hydropower plant type in this study. It is simulated using SIMPACTS to estimate the environmental effect. The Aswan High Dam is located in southern Egypt and dams the Nile into Nasser Lake, which is the second largest reservoir in the world with a length of more than 500 km. The power plant in the Aswan High Dam has a nominal capacity of 2100 MW and is thus the largest power plant in Egypt [25]. In 2019, the dam generated 6.6% of the Egyptian electricity supply [2]. Table 4 lists a summary of the input information used to simulate the Aswan High Dam hydropower plant.



Egypt plans to construct a nuclear power plant in the El Dabaa site. El Dabaa lies 296 km from Cairo on the north coast and is served by the El Alamain International Airport. According to the agreement between Egypt and Rosatom, four units of VVER-1200 will be constructed. The nuclear waste, engineering, procurement and construction contract includes the provision of on-site facilities for processing and storing low- and intermediate-level waste (LILW). After an on-site storage period of 10 years, the LILW will be transferred to the Egyptian Atomic Energy Authority (EAEA). Spent nuclear fuel will first be kept in spent fuel pools at the reactor site for a maximum of 10 years. After wet storage, the spent fuel will be transferred to a dry storage facility. This facility will be within the NPP site [8]. In the present study, a similar unit is simulated using the SIMPACTS software. The SIMPACTS software can estimate the environmental effect of radioactive releases from nuclear power plants deposited on the ground and in vegetation during routine operation. These radioactive releases affect human health via external and internal exposure through inhalation and ingestion of radionuclides in the air and food, respectively. Table 5 lists a summary of the input data used to simulate the El Dabaa nuclear power plant by SIMPACTS to assess the environmental impact.





3. Results and Discussion


Because the approach used in this study is based on two criteria, the results are classified into two categories. The first category is concerned with optimizing the energy mix in order to meet future electricity demand. The second kind is concerned with the environmental impact of three distinct types of power plants.



3.1. Energy Optimization


Figure 6 shows the electricity production of the first scenario. There is no limitation on CO2 emission and no constraint on electricity production from fossil fuel. It shows that gas power plants, gas power plants with steam turbine, and gas power plant combine cycle are predominantly used to generate electricity to meet the final electricity demand in the system. Over 45 years, the average contribution of gas power plants and wind energy is projected to be 76% and 19%, respectively. In 2060 the contribution of gas power plant is projected to decrease by 61% and the oil increase to 38.5%. Whereas there is projected to be no contribution of nuclear power plants and a slight annual contribution from hydropower plants of approximately a 2.6% average.



Figure 7 shows the electricity production of the second scenario. In this scenario, we assumed constraint on the CO2 emission from gas power plant. The average contribution of gas power plants will reduce to 30%, while the average contribution of oil power plants will increase to 48.6% by 2060. The contribution of wind, solar, and hydropower plants towards electricity generation remains unchanged.



Figure 8 shows the electricity production of the third scenario. We imposed a limit of CO2 emission from oil and gas power plants. The average contribution of gas power plants is projected to be 46.1% while the average contribution of nuclear power plant is projected to be 35% over a period of years. The contribution of electricity from other technologies remains constant. Gas power plants reach 89% in 2033, then this contribution decreases and its replaced with a nuclear power plant in 2034. In 2060, the contribution of nuclear power plant is shown to reach 81%, whereas the contribution of gas power plant is 17%. It is clearly shown that by that time fossil fuel has been replaced by nuclear energy.



Figure 9 shows the electricity production of the fourth scenario. Not only was a limit on the CO2 emission considered but also electricity generated by natural gas was bounded. Oil and gas power plants are shown to contribute an average of 12.3% and 33.7%, respectively. Because of the limited electricity production from natural gas, the oil contribution is projected to increase to 12.3% on average, with nuclear power plants contributing 32%. In 2041, the electricity generated by oil is projected to be 28.5%, gas power plants are projected to produce 29.7%, and nuclear power plants to contribute 40.2%. Due to the fact that there is a limit on CO2 emission and electricity generated by natural gas, the nuclear energy will have a higher contribution to electricity production up to 81% in 2060, whereas oil power plant will contribute 9% and gas will contribute 9.4%.



The energy mix for the fifth scenario is portrayed in Figure 10. In this scenario, we neglected nuclear energy and then assumed a case where the Egyptian government relies entirely on renewable energy sources. Wind energy is the first case in this scenario. Because the investment cost of wind energy is lower than that of solar energy, and due to the constraints of power production from oil and gas, wind technology prevails over other technologies. Wind technology is projected to contribute 51.38% on average for a period of 45 years whereas oil and gas power plants are projected to contribute an average of 27.6% and 17.3%, respectively.



Figure 11 presents the second case of the fifth scenario, in which solar energy dominates. To accomplish this conclusion, we assumed that the investment cost of solar technology is cut in half from the initial cost as shown in Table 2. Over 45 years, the average contribution of solar technology is projected to increase to 29.6% while wind technology is projected to contribute 22.7%.



According to Figure 10 and Figure 11, wind and solar technology are projected to contribute 79% by 2060, while oil and gas power plants will contribute 7.7% and 12.5%, respectively. It is apparent that at that time, wind and solar energy will have largely replaced fossil fuels. Hydropower technology’s contribution is constantly 2.6% in all scenarios. Egypt has only one high dam on the Nile River, the only river in the country. Figure 12 shows the average contribution of each technology in each scenario over a 45-year period.




3.2. Sensitivity Analysis


In the first scenario, where the discount rate is 21.5% and there are no constraints on CO2 emission, the contribution of oil power plants increased from 27.67% to 38.46% while the contribution of gas power plant decreased from 71.84% to 61.02% with a slight change in the hydropower plant and 0.0% of nuclear power plant. In the second scenario where the discount rate is 21.5% and there is a constraint on CO2 emission, the contribution of oil decreased to 18.4% and the contribution of nuclear power plants increased to 81.1%. In the third and fourth scenarios where the investment cost of renewable energy decreased by 25%, the contribution of renewable energy remained low except that of nuclear energy. This is due to the fact that, despite reducing the investment cost of renewable energies by 25%, it is still high compared with the investment cost of fossil fuel.




3.3. Environmental Effect during Normal Operation


Figure 13 shows the total damage cost due to the electricity-generation technologies from the Burullus fossil fuel, Aswan High Dam hydro, and El Dabaa nuclear power plants during normal operation. Furthermore, the total damage cost of the fossil fuel is represented by the sum of the damage costs of health and agriculture effects. The total damage cost of the nuclear power plant is equal to the sum of fatal cancer, non-fatal cancer, and specific hereditary disease costs, whereas that of the hydropower plant is equal to the sum of the losses in farmland and agricultural/livestock production as well as the emission damage cost. Additionally, the damage cost is directly related to the environmental effect with respect to the exposure risk factor where higher or severe exposure results in higher risk or effects. Figure 13 illustrates that the hydropower plant yields the highest damage cost because of the large area inundated by water. The damage cost considers the losses in the agricultural and livestock production in this large area. The agriculture loss incurs the highest value, which explains the reason why hydropower plants have the highest total damage cost. The nuclear power plant exhibits the lowest damage cost during normal operation; however, the cost of a power-plant accident is not considered in our calculation. Therefore, the nuclear power plant can be considered to be the best alternative choice for electricity-generation technology from the perspective of environmental effect.





4. Conclusions


In conclusion, two computer codes, namely, MESSAGE and SIMPACTS, were employed in this study. The MESSAGE code was used to model the optimization of the energy-supply systems in Egypt to determine the best energy-supply technology to meet the future energy demand based on various energy technologies. The power plants investigated were fossil fuel, hydro, and nuclear power plants. The SIMPACTS computer code was used to estimate the environmental effects and damage costs associated with the normal operation of electricity-generation technologies. The electricity-generation technologies considered in SIMPACTS were fossil fuel, hydro, and nuclear power plants. Furthermore, constraints were considered, such as the limitation of carbon dioxide (CO2) emission into the atmosphere and the bound electricity generated by natural gas that can result in reduced electricity-generation capacity of fossil fuel. Therefore, every electricity-generation technology was associated to its investment costs, including operating and maintenance costs as well as fixed and variable costs. Therefore, a particular country must consider its choice with respect to its economic status to select what is the best technology for trade-off. However, the results from MESSAGE indicated that nuclear and gas power-plant technologies will be long-term sources of electricity supply in Egypt. Currently, wind and solar technologies provide the least contribution to the Egypt energy mix; whereas hydropower and oil slightly contribute to Egypt’s electricity capacity. Gas technology is the most predominant source of electricity in the country. In the long-term, gas and nuclear technologies will be the optimum electricity-generation technologies that contribute to Egypt’s energy mix with gas technology remaining dominant. The sensitivity analysis shows that constraint on CO2 emission should be imposed in fossil power plants and the electricity generated by natural gas should be bound in order to increase the contribution of renewable energy in the energy field. The SIMPACTS computer code results showed that nuclear power plants incurred the lowest total damage costs, and fossil fuel power plants yielded the highest total damage costs.



Results of scenario 3 and scenario 4 indicated that nuclear power plants are an environmentally beneficial electricity-generation technology when operating normally, but fossil fuel technologies have a large environmental impact. Based on these findings, nuclear power is determined to be the optimum choice of electricity-generation technology for meeting Egypt’s future electricity demand while reducing CO2 emissions. It provides dependable electricity at a cheap operating cost. It has a long lifetime and a consistent base load power. However, we must consider the disadvantages of nuclear energy, just as we discussed the benefits of nuclear energy. Nuclear disasters are the most serious threats to nuclear technology. Many radioactive elements are released into the environment during a nuclear accident. These radioactive elements have long-term consequences for individuals and the environment. Another downside of nuclear energy is the generation of radioactive waste. Nuclear waste is a significant concern for the nuclear industry because there is no technique for the final disposal of spent fuel. Scenario five, on the other hand, suggests that wind and solar can replace fossil fuels. They provide clean energy and are free from the drawbacks of nuclear technology. They are, however, unreliable sources of energy. Conclusively, it is difficult to find acceptable technologies that can meet future demand while reducing CO2 emissions. There may be some issues that must be balanced against the economic benefits. Such issues include concerns regarding affordability, energy security, supply reliability, or the environment. Therefore, selecting an optimal source of electricity generating technology depends on a particular country’s energy policy and available resources.
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Figure 1. Energy chain in Egypt. 
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Figure 2. Analysis of annual growth rate for electricity consumption. (a) Shows the results of Anderson-Darling normality test and summarize the statistical parameter for annual growth rate from 1980–2018. (b) Shows the fluctuation of annual growth rate and red dot line presents the average value that used in the simulation. 
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Figure 3. Comparison between five models used for Egyptian future electricity demand. 
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Figure 4. Historical data for net export of electricity for Egypt. 
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Figure 5. Scenarios used in sensitivity analysis. 
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Figure 6. Balance of electricity production of all power plants for first scenario. 
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Figure 7. Balance of electricity production of all power plants for second scenario. 
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Figure 8. Balance of electricity production of all power plants for Third scenario. 
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Figure 9. Balance of electricity production of all power plants for fourth scenario. 






Figure 9. Balance of electricity production of all power plants for fourth scenario.



[image: Applsci 11 08788 g009]







[image: Applsci 11 08788 g010 550] 





Figure 10. Balance of electricity production of all power plants for fifth scenario, wind case. 






Figure 10. Balance of electricity production of all power plants for fifth scenario, wind case.



[image: Applsci 11 08788 g010]







[image: Applsci 11 08788 g011 550] 





Figure 11. Balance of electricity production of all power plants for fifth scenario, solar case. 
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Figure 12. Summarizes the average contribution of each technology in every scenario. 
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Figure 13. Total damage cost of electric power-plant generation. 
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Table 1. Input parameters of the general tab in MESSAGE.
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	Parameters
	Input Values





	Base Year
	2015



	Modelling Period
	2015 to 2060



	Time Step
	One year



	Discount Rate Used
	8.75% [15]



	Resources Used
	Oil, Gas, Nuclear, Hydro, Solar and Wind
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Table 2. Input parameters of the technologies in MESSAGE.
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	Technology Name
	Efficiency
	Plant Capacity Factor
	Investment Cost (USD/kW) [17]
	Fixed Cost (US$/kW/yr) [17]
	Retired Time (Year) [18]
	Historical Capacity (MW)





	Electricity distribution

(Elec-TD)
	0.874
	N/A
	N/A
	N/A
	50
	Using historical data from 1991 to 2015



	Oil steam turbine power plant

(Oil-PP-ST)
	0.4 [17]
	0.47
	825
	18
	49
	Using historical data from 1991 to 2015



	Gas steam turbine power plant

(Gas-PP-ST)
	0.42 [17]
	0.47
	676
	30
	47
	Using historical data from 1990 to 2015



	Gas Combine cycle power plant

(Gas-PP-CC)
	0.56 [17]
	0.47
	917
	18.3
	26
	Using historical data from 1990 to 2015



	Solar power plant

(Solar-PP)
	-
	0.36
	4800
	60
	25
	Using historical data from 2000 to 2015



	Hydro power plant (Hydro)
	-
	0.47
	2640
	60
	70
	Using historical data from 1991 to 2015



	Wind power plant
	-
	0.33
	2000
	60
	20
	Using historical data from 2000 to 2015



	Nuclear power plant (Nuc-PP)
	-
	0.9
	4800
	121
	60
	N/A
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Table 3. Input data of the fossil fuel of Burullus CCPP.
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Domain Data






	
Domain Name

	
Burullus Power Plant




	
Time Frame

	
Full year




	
Cell Size

	
50 x50 km




	
Latitude

	
31.53258




	
Longitude

	
−30.8107




	
Emission and Dispersion




	
Base Elevation

	
8.5 m




	
Stack Height [22]

	
60 m




	
Stack Diameter [23]

	
5.5 m




	
Exit Temperature

	
360 K




	
Exit Velocity [23]

	
21 m/s




	
SO2 Emissions [23]

	
128 kg/h




	
NOx Emissions [23]

	
1520 kg/h




	
PM10 Emissions

	
PM10 emission is very small when NG use as fuel for FPP




	
Month

	
Ozone (O3) Concentration

	
Ammonia (NH3) Concentration




	
All year

	
80 ppb

	
10 ppb




	
Health Impacts




	
Burullus

	
Ar-Riyād




	
Population = 251,190 [24]

	
Population = 197,351 [24]




	
Area = 481.0 km2

	
Area = 437.6 km2




	
Population Density = 522.2/km2

	
Population Density = 451.0/km2
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Table 4. Input data of the Aswan High Dam hydropower plant to SIMPACTS.
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Site Location and Cost Data






	
Economic defaults from

	
Egypt




	
GDP per Capita

	
3019.21 USD per capita




	
Hydro Power Plant Data




	
Plant Capacity

	
2100 MW




	
Capacity Factor

	
50%




	
Lifetime

	
50 years




	
Dam Data [26]




	
Reservoir inundated area

	
6000.32 km2




	
Average dam failure rate

	
0.0001 fraction




	
Average accident warning time

	
1.5 h




	
Population Data




	
Population displaced

	
128,410 persons




	
Share of population resettled/compensated

	
20%




	
Population at risk in the event of accident

	
692,296 persons




	
Value of statistical life

	
USD 591,049.4




	
Land Use Data (Type)




	
Region type

	
Tropical




	
Type of Terrain

	
Canyons




	
Land Use Data (Shares)




	
Forest

	
0%




	
Farmland

	
1.5%




	
Other

	
98.5%




	
Land Use Data (Cost)




	
Forest

	
0 USD per hectare




	
Farmland

	
366 USD per hectare




	
Other

	
154,262.5 USD per hectare




	
Fraction of land costs internalized

	
0.5 fraction




	
Emission Factors (during Operation) [27]




	

	
Low

	
Mean

	
High




	
CO2 (tons/km2/year)

	
150

	
1450

	
4000




	
CH4 (tons/km2/year)

	
1.5

	
18

	
40




	
Global warming potential for CH4

	
21
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Table 5. Summary of data required to evaluate the environmental effects and associated health-damage costs due to radionuclide emission from a nuclear power plant.
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Domain Data






	
Domain Name

	
El Dabaa NPP




	
Time Frame

	
Full year




	
Cell Size

	
50 × 50 km




	
Latitude

	
31.04375124




	
Longitude

	
−28.49788242




	
Emission and Dispersion [28]




	
Base Elevation

	
20 m




	
Stack Height [29]

	
100 m




	
Stack Diameter

	
3 m




	
Exit Temperature

	
450 K




	
Exit Velocity

	
15 m/s




	
Emission Cycle

	
constant




	
Emission Rate Unit

	
GBq/year




	
3H emissions [30]

	
185 GBq/year




	
14C emissions [30]

	
4329000 GBq/year




	
131I emissions [30]

	
0.8 GBq/year




	
133Xe emissions [30]

	
18666.7 GBq/year




	
Pop. Density [24]




	
Population = 56,851

Area = 2012 km2

Population Density = 28.26/km2




	
Impact

	
Specific Risk Factors

(Cases per Man Sv)

	
Specific Economic Values

(USD)




	
Fatal Cancer

	
0.05

	
1001.29




	
Non-fatal Cancer

	
0.12

	
1090.01




	
Specific hereditary Effect

	
0.01

	
32772.71
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