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Abstract

:

The need to meet the world’s growing demand for energy in an environmentally sustainable manner has led to the exploration of various renewable energy (RE) resources for power generation. The objective of this study is to examine the techno-economic potential of concentrated solar power plants (i.e., linear Fresnel reflector (LFR) and central receiver system (CRS) for electricity generation in Eastern African countries with a case study on Ethiopia. The study was conducted using the System Advisor Model (SAM). In order to estimate the economics of the two power plants, the Levelized cost of energy (LCOE) and the net present value (NPV) metrics were used. According to results obtained from the simulations, the LFR produced annual energy of 528 TWh at a capacity factor (CF) of 60.3%. The CRS also produced a total of 540 TWh at a CF of 61.9%. The LCOE (real) for the CRS is found to be 9.44 cent/kWh against 10.35 cent/kWh for the LFR. The NPV for both technologies is found to be positive for inflation rates of 2% and below. An inflation rate above 2% renders the two power plants financially impracticable. A real discount rate above 9% also renders both projects economically unviable. Based on the obtained results, the CRS system is identified as the best technology for electricity generation under the Jijiga climatic condition in Ethiopia.
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1. Introduction


Expanding access to clean and affordable energy remains one of the key policies of governments around the globe, particularly those from emerging economies [1]. Therefore, renewable energy (RE) development worldwide has seen enormous growth in recent periods due to the negative impact of fossil fuel-generated energy on the environment [2,3]. More RE capacity was added globally in 2015, surpassing fossil fuel sources for the first time. The development of RE in developing countries also surpassed that of advanced countries during that same period [4].



Notwithstanding this progress in the RE sector, many developing countries still struggle to meet the demand for electricity by their people; this is even more acute in Sub-Saharan Africa [4,5]. Energy generation from renewable resources is seen as Africa’s future in relation to electricity generation due to its robust and sustainable nature [6]. The African continent is in an exclusive position to benefit from the socio-economic and environmental benefits in relation to the development and use of renewable resources to meet the continent’s increasing demand for energy more sustainably due to its enormous RE resources [7].



Concentrating solar power (CSP) is a type of RE that relies on concentrated solar irradiation to generate high-temperature heat, which is then used in a power block to produce electrical energy [8]. CSP technologies capture the sun’s heat using mirrors to heat, either solids, liquids, or gases, to a temperature between 400 °C and 1000 °C, which produces steam to turn heat turbines to generate electricity [9]. The CSP technology appears not to be a good option for generating distributed energy but rather large-scale systems, unlike the photovoltaic technology. CSP technology can be combined with thermal energy storage (TES) or another power technology (i.e., hybrid system), providing power at a fixed capacity and customized. CSP technologies are appropriate for regions exposed to more solar radiation, particularly the direct normal irradiation (DNI); such areas are North Africa, Southern Europe, South Africa, Middle East, China, sections of India, Australia, and Southern United States [10]. There are presently four types of CSP technologies; these are linear Fresnel reflector system (LFR), parabolic dish or engine system (DE), parabolic trough collector system (PTC), and solar tower, also called central receiver system (CRS). The type of solar tracking, mirrors, and the energy-saving mechanisms of these technologies vary. However, they all function under the same principle, i.e., a steam turbine (heat engine) stimulation to generate electrical power. The PTC is the most commercially advanced system compared to the other forms [10,11].



Renowned researchers have done several studies to ascertain the techno-economic potentials of CSP technologies at various sites worldwide. Rashid et al. [12] analyzed the techno-economic of a CSP plant, which was hybridized with TES and natural gas systems. Their results show that incorporating a TES controls power production by the natural gas and solar energy systems during the day. It also led to the increase in the solar fraction of the hybrid system, while it caused a relatively small reduction in the thermodynamic efficiency. The hybrid plant with thermal energy storage (TES) system had a Levelized cost of energy (LCOE) of 86.32 $/MWh against 74.92 $/MWh for the single natural gas plant. Islam et al. [13] conducted a techno-economic valuation on the potential of CSP technologies for Malaysia’s RE sector. They analyzed three different types of CSP, i.e., PTC, CRS (solar tower), and DE, under varying economic conditions. Their results show that the PTC and the CRS systems are most suitable for East and Peninsular Malaysia sites. However, the PTC system was the best with regard to the simple payback period, net present value (NPV), and internal rate of return (IRR). Aly et al. [14] also investigated the techno-economic of two different CSP technologies (PTC and ST) in Tanzania. The obtained LCOE under debt interest rate according to their study for the ST power plants ranges from 11.6 ¢/kWh to 12.5 ¢/kWh, while that of the PTC ranged from 13.0 ¢/kWh to 14.4 ¢/kWh. Furthermore, Abaza et al. [15] executed a techno-economic investigation on a 10 MW CSP. The study proposed three simple power blocks, namely: Steam Rankine Cycle (SC), Open Gas Cycle (GC), and Organic Rankine Cycle (OC), with the help of the ASPENHYSYS software to optimize the performance parameters. The LCOE obtained for the SC as a power block was 0.0947 $/kWh which is less than the OC and GC by 48.8% and 31.82%, respectively. Agyekum and Velkin [16] also evaluated the technical and economic potential of two different CSP technologies (PTC and ST) for the Ghanaian RE sector. In their study, the ST installed in Tamale recorded an LCOE of 13.67 cent/kWh against 14.73 cent/kWh for that of Navrongo, while the PTC at Navrongo and Tamale had 25.83 cent/kWh and 28.83 cent/kWh. Zayed et al. [17] also experimentally established and thermodynamically modeled a 25 kW Solar Dish/Stirling under the weather conditions of Tianjin in China. Their results indicate that the Solar Dish/Stirling system generated 28.748 MWh of electricity yearly at a net general efficiency of 19.55% and an LCOE of 0.2565 $/kWh. Boukelia et al. [18] also analyzed two PTC power plants integrated with TES and a fuel backup system in Algeria. According to their obtained results, molten salt appears the best technology because of its low investment cost below $360 million and lower LCOE of 8.48 cent/kWh. Tamanrasset was identified as the best site for constructing a parabolic trough solar thermal power plant because the lowest LCOE of 7.55 cent/kWh was recorded at that location. Trabelsi et al. [19] evaluated the performance of PTC power plant in southern Tataouine in Tunisia. Results from their simulation suggest an excellent outcome relative to the dry cooled CSP power plant, an LCOE of 18.28 cent €/kWh was obtained. Belgasim et al. [20] worked on the potentials of CSP technologies, i.e., PTC, for the Libyan electricity sector. An LCOE of 24 $/kWh was obtained for the CSP plant with a total installation cost projected per net capacity of 8.3 thousand dollars per kilowatt at an absolute cost of about 412 million US dollars. Agyekum et al. [21] estimated the effect of different heat transfer fluids i.e., Salt (46.5% LiF 11.5% NaF 42% KF) and Salt (60% NaNO3 40% KNO3) on a CRS in China. Their results indicated that the system with salt (60% NaNO3 40% KNO3) recorded a real LCOE of 0.1668 $/kWh using a Rankine cycle, while the system with salt (46.5% LiF 11.5% NaF 42% KF) recorded the lowest real LCOE of 0.1586 $/kWh using supercritical carbon dioxide (sCO2) cycle.



Research has shown that there exists a bi-directional nexus between poverty and access to energy, i.e., the non-availability of clean, cheap, and modern forms of energy leads to an increase in the levels of poverty of an individual or country and retards the development of modern energy sources [22]. Ethiopia is the second-most populous country in Sub-Saharan Africa. Most of the people who live in this country, particularly those in far-flung areas, face the lack of clean and reliable energy supply, leading to the dependence on traditional sources of energy generation for cooking, lighting, and heating. More than 90% of the population of Ethiopia rely on biomass for cooking which has led to the cutting down of trees leading to a drastic reduction in the country’s natural forest cover [23]. The World Health Organization (WHO) has estimated that about 72,400 deaths per annum are recorded in Ethiopia due to indoor air pollution [22]. Ethiopia is among the countries that receive high solar irradiation; the DNI at certain parts of the country is within the acceptable range for CSP power plant development, as shown in Figure 1, which Solargis develop for the World Bank Group [24]. Despite this enormous resource, the country is yet to develop it to benefit the people. Although the country receives the needed DNI capable of supporting CSP development, there is little information on their bankability relative to investments.



In this study, two different CSP technologies, i.e., CRS and LFR, are studied to assess their techno-economic potentials at Jijiga in Ethiopia to fill the research gap. This study is important because these power plants have seen many advancements in technologies, resulting in reduced costs in recent times. Therefore, it is essential to conduct a full study on the performance of such systems for possible integration into the country’s electricity generation setup. Unlike most existing literature which cover just the economics and energy output of such systems, this study goes beyond that to identify critical technical parameters and the optimal financial conditions suitable for the design of the two systems. These parameters are key to the design and development of the two CSP technologies for Ethiopia and other countries in that enclave with similar CSP potentials. This study is the first of such studies for the country, allowing policymakers and investors to compare the techno-economic of two potential power generating systems in just one study. The paper consists of 5 sections; the geographical location and principles of CSP technologies are presented in Section 2, the methodology and materials adopted for the assessment are provided in Section 3, the results and discussion are provided in Section 4, and the conclusion is presented in Section 5.




2. Geographical Location Requirements and Principles of CSP Technologies


CSP technologies mostly thrive well in regions or countries with high DNI, such as those in high altitudes with very little scattering and absorption of sunlight. Research shows that the CSP technology performs well with a minimum DNI range of 1900–2000 kWh/m2/year [16]. Figure 2 shows the types of CSP technologies.



The LFR is a modified form of the PTC, instead of using big troughs for the concentration of the solar flux, the trough is divided into long rows of slightly curved or flat mirrors, which is approximately the parabolic shape of a trough, it concentrates the flux which is comparable to that of a trough. A downward-facing linear fixed trough absorbs the concentrated flux. High operating temperature, direct steam generation, and multistage heating are the main characteristics that support its wide spectrum deployment [25]. LFRs do not have a parabola arrangement for the rows; rather, the primary optics are flat. Another very important point is that LFRs have a fixed receiver, unlike PTCs.



The CRS is made of hundreds to thousands of small reflectors fixed on the ground. These reflectors concentrate the radiations from the sun onto a central receiver fixed on top of a tower. Due to the very high temperatures, molten salts or direct steam generation are normally used as a heat-absorbing medium [16,25].



The beam from the sun’s radiations concentrates on the focus of the parabolic trough. A linear absorber is placed at the focal line to absorb the energy [25].




3. Methodology and Materials


The System Advisor Model (SAM) is employed in this study to simulate two different CSP technologies, i.e., CRS and LFR. The United States Department of Energy’s National Renewable Energy Laboratory developed the SAM software. SAM is a techno-economic software that evaluates a RE power project’s technical output and financial characteristics. It is used by policymakers, project developers, researchers, and equipment manufacturers in assessing the financial, incentives options, and technologies for RE projects. The financial models in the SAM computer software are for power plants that either sell or buy electricity at retail rates (commercial and residential) or sell electricity at a fee determined in a power purchase agreement (PPA). The tool facilitates sensitivity and parametric analyses, studies of weather variability (P50/P90), and Monte Carlo simulation [26]. Several studies on CSP techno-economics have been conducted using this tool, such as that presented in [14,16,27,28].



3.1. Technical Analysis


Accurate hourly DNI estimation for a particular location is needed for CSP simulation. This study used data from the European Commission’s Photovoltaic Geographical Information System (PVGIS) [29] for the simulation to get an accurate DNI for the studied location. The data was downloaded in the Typical Metrological Year (TMY) format. The location for the simulation is geographically located on latitude 9.4° N and longitude 42.8° E at an elevation of 1706 m. Jijiga was selected for this feasibility study because the DNI of this area is very high. The average temperature and wind speed for Jijiga are 19.4 °C and 3.7 m/s, respectively, according to data from the Photovoltaic Geographical Information System (PVGIS). Scattering of solar radiation between the surface and atmosphere of the earth plays a major role when calculating the geometrical and spectral distribution of sky radiance paths [30,31]. The irradiance from solar is non-stationary, so this process depends on the day and time of the year. The monthly DNI figures for the study area are illustrated in Figure 3. The solar radiation can be estimated using the zenith angle      θ z      which is deterministic; hence, the earth’s position around the sun can be computed using Equation (1) [30].


  c o s  θ z  = s i n φ   s i n δ + c o s φ   c o s δ   c o s ω  



(1)




where  δ  represents the declination angle,  ω  denotes the hour angle, which is zero at solar noon, negative and positive in the afternoon and morning(s), respectively, and  φ  is the latitude.



The declination and sunset hour angle can be calculated using the following equations. Equations (2)–(7) were obtained from Ref [30].


  δ = 23.45   s i n       360   365       284 + n      



(2)




where  n  is the day of the year which starts from the first of January.


  ω = c o  s  − 1     − t a n φ   t a n δ    



(3)







The monthly average global radiation  H  and the sunshine hours  S  daily based on the regression of first order.


   H   H o    = a + b  S   S o     



(4)




where,    S o    represents the maximum number of sunshine hours or length of the day which is computed using Equation (5).    H o    denotes monthly average day-to-day extraterrestrial radiation,  a  and  b  represent empirical coefficients.


   S o  =  2  15   c o  s  − 1     − t a n φ · t a n δ    



(5)







In the case of CSP, the DNI directly impacts electricity generation, which can be calculated using Equation (6).


  I =  K c     I  c s    



(6)




where,    K c    and    I  c s     represent the clearness index and clear sky DNI, respectively. The clear sky DNI is usually calculated using the Beer-Lambert law in the radiative transfer model.


   I  c s   =  I o     e  − m τ    



(7)




where  τ  and  m  are the depth of the atmosphere and the relative air mass, respectively.    I o    denote the total solar irradiance.



The rainy season in Ethiopia generally starts in April and ends in September; however, each part of the country has its own rainfall pattern. The rainy period for the selected site starts in March to April for the short season, while the long rainy season commences from July to September. The driest months are November and February [32]. This accounts for the drop in DNI in the rainy months due to the formation of clouds and the relatively high DNI for the dry months due to clear skies. The area records a DNI (beam) of 7.18 kWh/m2/day, diffuse horizontal of 1.79 kWh/m2/day, and a global horizontal of 6.82 kWh/ m2/day.



The technical data used for the simulation of the various power plants in this study are presented in Table 1. These parameters were adopted from the SAM software, except a citation is provided. A 0.2% degradation rate per annum was used for both systems, which is acceptable in CSP technologies [16,33].



Solar multiple (SM) can be described as the area of the field aperture expressed as a multiple of the area of the aperture needed to run the power cycle at its design capacity. It can be mathematically calculated using Equation (8) [37].


  S M =   P o w e r   c y c l e   c a p a c i t y   S o l a r   f i e l d   c a p a c i t y    



(8)







The output for a solar field design (SFD) is the delivered thermal energy by the solar field under design conditions for a particular SM. The output of SFD can be computed at the interface of the power block and receiver as a function of the SM mathematically using Equation (9) [37].


   Q  s f , d e s   =    W  p b . d e s      η  d e s       S M  



(9)




where,    Q  s f , d e s     represents the SFD heat output,    W  p b . d e s     is the design work out from the power block,    η  d e s     denotes the design efficiency.




3.2. Economic Analysis


This section describes the mathematical models used to calculate each system’s economics and life cycle analysis. The technical inputs and assumptions for the study are also provided in this section. To evaluate the economics of the two power plants, the LCOE and the NPV metrics were used.



The LCOE is the ratio of the complete cost accrued in the lifetime of the project to the unit of electricity produced during that same period [16,38]. The SAM program computes both the nominal LCOE and real LCOE for the project. The real LCOE is the constant dollar value, whereas the nominal LCOE is defined as the current dollar value. The real LCOE was used in the analysis in this study since it accounts for the inflation that may occur over the project’s lifetime, making it the optimum metric for long-term analysis of such projects [16]. The LCOE can be computed using Equations (10) and (11) [14,16,39].


  L C O  E   r    =   −  C o  −     ∑   n = 1  N   C n        1 −  d n     n          ∑   n = 1  N   Q n        1 −  d r     n       



(10)






  L C O  E   n    =   −  C o  −     ∑   n = 1  N   C n        1 −  d n     n          ∑   n = 1  N   Q n        1 −  d n     n       



(11)




where   L C O  E   r      represent the real LCOE,   L C O  E   n      is the nominal LCOE,    Q n    is the electricity produced by the power plants in   N   years,    C o    denote the equity investment of the project,  N  represents the analysis period,    C n    is the annual cost of the project in number of years,    d n    is the nominal discount rate,    d r    is the real discount rate.



Another indicator used in comparing the economics of power plant projects is the NPV. The NPV and the LCOE are used to compare different power plants with varying installed capacities, capacity factors, and investment structures. The NPV is calculated by shifting back all the costs and revenues to the beginning of the project by means of a discount rate. The NPV considers both revenues and costs; this is estimated using Equation (12) [14,36]. A positive NPV shows that the intended project is financially viable, whereas a negative value indicates otherwise [14,16,21].


  N P V =   ∑   n = 0  N   C      1 + D    n     



(12)




where  C  is the after-tax returns of the project,  N  is the analysis period in years, and  D  denotes the nominal discount rate.



The LCOE has no restrictions in terms of the scale of the project; it is therefore considered a superior metric for the economic assessment of projects with considerable differences in their scale. This is because large-scale projects generally come with a corresponding large NPV compared to small-scale projects; hence the NPV is not an appropriate metric for assessing the pros and cons of such projects [16,40]. The specific financial parameters adopted for this study are presented in Table 2.



The economic parameters used in simulating the various CSP technologies are also presented in Table 3. The input parameters with respect to the cost of the various categories of the two different CSP systems in this study can be classified into three, i.e., direct capital cost, indirect capital cost, and operations and maintenance costs. The SAM program has default cost inputs for the various CSP options, reflecting the best estimates of the systems in the perspective of the National Renewable Energy Laboratory (NREL) in the United States at the time of the release of the SAM version [14,43]. This study used the current version, SAM 2020.2.29 released recently for the analysis; for that reason, the input parameters used in the simulation are therefore acceptable.



Normally, a power purchase agreement (PPA) is a contract that exists between a private utility company and a government. The private entity or company produces electricity through an agreement for an agency of government over an agreed period of time. Such agreements usually last between 15 and 25 years [45]. The PPA model is the best financial model for large-scale power projects such as the one modeled in this study. Commercial PPA and utility projects are presumed to sell the generated electricity through a PPA at a fixed price with optional yearly escalation and time-of-delivery factors [21,46]. This study used the PPA Single Owner financing structure for the simulation and analysis.





4. Results and Discussion


This section covers the results and discussion. It is divided into economic, technical, and sensitivity analysis parts.



4.1. Economic Analysis


The CRS recorded the least real LCOE. However, both two systems will not be economically viable under the current financial assumptions for the study; this is because of the negative NPV recorded by both technologies. A summary of the simulated results for the base case parameters for the two technologies are presented in Table 4.



In September 2019, the cost of electricity in Ethiopia was 0.010 $/kWh and 0.018 $/kWh for households and businesses, respectively. It includes all aspects of the electricity bill to the consumer, such as taxes, cost of power, and distribution. For the purposes of comparison, the global average price of electricity during that same period was 0.14 $/kWh for households and 0.12 $/kWh for businesses [47]. It, therefore, means that electricity generation from both CSP technologies will be much expensive in the Ethiopian electricity market for consumers, but both technologies will be relatively cheaper in the global context. Moreover, comparing the obtained results to the International Renewable Energy Agency’s (IRENA) 2020 report on CSP’s, the results from both technologies in this study will be relatively less than the global weighted average, which is 0.185 $/kWh for both systems in 2018 [16,48]. Weighted average price for CSP technologies is however expected to be about 0.076 $/kWh by 2021 [48].




4.2. Technical Analysis for Both Systems


The LFR recorded annual energy (year 1) of 528 TWh at a capacity factor (CF) of 60.3%. The CRS also produced a total of 540 TWh energy in year one at a CF of 61.9%. The highest energy is generated in the dry seasons. CF is the ratio of the generated output electricity in a year to the maximum output generated from the power plant for a given period [21]. The CF of CSP technologies has been increasing over the years due to advancements in technologies and larger TES capacities. The obtained CF for both technologies are slightly less than the 64% published by the IRENA report for CSPs with TES above 10 h [48]. The highest cycle electrical power output for the two systems occurred in the months of December and January when DNI was high. Figure 4 and Figure 5 represent the monthly system power generated by the two power plants.



The SM is a key factor during the design stages of CSP systems; it helps determine the solar field area as a multiple of the power block’s capacity. An increase in SM normally lead to an increase in the system’s output, but overly increasing it can lead to high investment and maintenance costs [16,39]. Therefore, it is imperative to identify the optimum SM for such power plants to inform decision-making during design stages. It is observed from the analysis that the LCOE for both power plants reduces with increasing SM, which can be attributed to the increase in the produced energy due to the high quantity of flux reflected on the receiver, but it can only be up to a certain SM. Figure 6 shows the optimization analysis for the LFR system under varying TES periods. The results from the analysis indicate that the optimum solar multiple depends on the TES period as expected. The SM for all TES scenarios in this study for the LFR is dependent on the TES period.



The optimum SM for the different TES periods of the CRS are represented in Figure 7. The results show that the optimum SM for a 12-h storage period should be 2, where the least LCOE of 9.13 ¢/kWh is recorded. The optimal SM for the entire system generally ranges between 1.5 and 2.0. In the case of the CRS, increasing the TES period beyond 8 h has a comparatively inconsequential effect on the LCOE; it suggests that the TES for such a power plant can be left at 8 h. This information is critical during the design stages, and it is expected to help in any future project in that regard.




4.3. Sensitivity Analysis


It is evident that several technical and economic factors can either positively or negatively affect the viability of power plant projects. Therefore, it is very important to assess the effect of certain parameters on the techno-economic performance of both systems to ascertain their impact on the bankability of the projects. In the case of economics, some financial parameters such as discount rate and inflation rate were varied to assess their impact on the LCOE and the NPV of both projects. Some technical parameters were also varied to evaluate their effect on the economic and technical performance of the power plants.



4.3.1. Technical Sensitivity Analysis


A sensitivity analysis was conducted using the macros tool in the SAM program to estimate the effect of certain parameters on the technical performance of the simulated power plants using an uncertainty of ±10%. A negative correlation signifies that a lower parameter value results in a higher value for the LCOE, while a positive correlation denotes a higher value for the input parameter results in higher LCOE values. The annual energy production, capacity factor, electricity source—power cycle gross output, and gross to net conversion factors were evaluated and presented in Figure 8 and Figure 9. As can be seen from the two figures, increasing/decreasing an SM increases/decreases the capacity factor, annual energy production, gross to net conversion factor, and the electricity source—power cycle gross output for both power plants. This can be attributed to the fact that a lower/higher solar field area leads to either a lower or higher SM, which significantly affects energy production. Hence, uncertainties in SM will have a corresponding impact on the performance of both systems.




4.3.2. Economic Sensitivity Analysis


The discount rate is a critical input parameter that plays a role in determining the bankability of power plants. It considers the time value of the money invested and the risks of the investment. This study used a discount rate of 10% for both systems. To evaluate the impact of this factor on the bankability of both projects, a sensitivity analysis was done using discount values that range from 1% to 15%. Figure 10 shows the impact of the real discount rate on both technologies’ cost-effectiveness. As expected, the LCOE increases with increasing the real discount rate for both systems. However, the viability of the two different projects is significantly affected by the discount rate. A real discount rate above 9% renders both projects economically ineffective since the NPV for the two projects turns negative. Therefore, it suggests that the enormous DNI resource available at the selected site alone is not enough to make the projects bankable; the terms and conditions for financing the projects will have to be critically looked at and fashioned to support its development.



The effect of heliostat field cost, power cycle cost, TES cost, solar field cost, and HTF system cost on the LCOE for the two systems are presented in Figure 11. Data from the figure suggests that uncertainties in the heliostat and solar field cost significantly affect the LCOE. This is because the solar and heliostat fields form the most expensive components of the CSP technology [39,49]. Therefore, any uncertainty in their cost will affect the LCOE.



The increase in prices of goods and services within a particular time frame is defined as inflation. It is used to assess the level of loss in the value of money over a certain period [5]. The effect of the inflation rate on the two simulated projects is presented in Figure 12. As expected, the LCOE decreases with increasing inflation rate; however, the NPV can only be positive with a maximum inflation rate of 2%. An inflation rate above 2% renders the two systems economically impracticable to invest in since the NPV obtained is negative for both power plants.



Comparing the results obtained from the simulations, the CRS technology produced the highest monthly energy at the highest CF. The LFR generated less monthly energy at lower CF with higher LCOE. The relative differences in performance parameters between the two technologies (i.e., CRS and LFR) can be associated with the low concentration ratio and lower efficiency of the LFR technology, while the reverse can be applied to the CRS. The simulation suggests that the CRS system will be the best technological option for electricity generation at the selected site. Comparing the results obtained from the simulation to results of other literatures reviewed in Section 1, it can be observed that the results in this study fall within other obtained results and also close to the global weighted average of 0.108 $/kWh reported by IRENA in Reference [48] for the year 2020.






5. Conclusions


Ethiopia is located in the Eastern part of Africa with enormous solar energy potential, which is yet to be fully developed on a large scale to generate electricity to support the country’s electricity needs. This study investigated the technical and economic potential of two different technologies of CSP (i.e., LFR and CRS) for the Ethiopian electricity market. The two systems were modeled at a location known as Jijiga, one of the country’s places with high annual DNI. The study identified some important technical and financial information for developing the two systems through an optimization analysis. The SM for all TES scenarios in this study for the LFR is dependent on the TES period, while that of the CRS generally ranges between 1.5 and 2.0. The results also indicate that increasing/decreasing an SM increases/decreases the capacity factor, annual energy production, gross to net conversion factor, and the electricity source—power cycle gross output for both power plants. The LFR recorded annual energy of 528 TWh at a CF of 60.3%. The CRS also produced 540 TWh energy in year one at a CF of 61.9%. The maximum energy is generated in the dry seasons. Data from the figure suggests that uncertainties in the heliostat and solar field cost significantly affect the LCOE.



Moreover, it had been found that a discount and inflation rate above 9% and 2%, respectively, makes both technologies economically unviable. Therefore, the Ethiopian government and other governments in East Africa with similar CSP potentials must create an enabling financial environment to make such projects bankable. This can be in the form of tax waivers, incentives, and the reduction of interest rates on loans acquired by the private sector for such investments.
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Abbreviations




	CF
	Capacity Factor



	CRS
	Central Receiver System



	CSP
	Concentrated Solar Power



	RE
	Renewable Energy



	PTC
	Parabolic Trough Collector



	LCOE
	Levelized Cost of Energy



	OC
	Organic Rankine Cycle



	GC
	Open Gas Cycle



	DNI
	Direct Normal Irradiance



	SAM
	System Advisor Model



	SC
	Steam Rankine Cycle



	sCO2
	Supercritical Carbon Dioxide



	HTF
	Heat Transfer Fluid



	NPV
	Net Present Value



	SFD
	Solar Field Design



	SM
	Solar Multiple



	TMY
	Typical Metrological Year



	MW
	Megawatt



	PPA
	Public Purchase Agreement



	WHO
	World Health Organization



	c€/kWh
	cent Euro per kilowhat hour



	¢/kWh
	Cent per kilowatt hour



	  δ  
	Declination Angle



	  ω  
	Hour Angle



	  φ  
	Latitude



	  n  
	Day of the year starting from the first of January



	  H  
	Monthly Average Global Radiation



	  S  
	Sunshine Hours



	    S o    
	Maximum Number of Sunshine Hours



	 a  and  b 
	Empirical Coefficients



	    H o    
	Monthly Average day-to-day Extraterrestrial Radiation



	    K c    
	Clearness Index



	    I  c s     
	Clear Sky DNI



	    I o    
	Total Solar Irradiance



	  m  
	Depth of the Atmosphere



	  τ  
	Relative Air Mass



	    Q  s f , d e s     
	SFD Heat Output



	    W  p b . d e s     
	Design work out from the power block



	    η  d e s     
	Design Efficiency



	    C n    
	Annual Cost of the Project in Number of Years



	    Q n    
	Electricity Produced by the Power Plants in   N   years



	    d r    
	Real Discount Rate



	  N  
	Analysis Period



	  C  
	After-tax Returns of the Project



	  D  
	Nominal Discount Rate
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Figure 1. DNI map of Ethiopia. Reproduced from [24]. 
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Figure 2. Types of CSP technologies (a) DE, (b) PTC, (c) CRS, and (d) LFR [13] (Permission to reproduce granted by Elsevier). 
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Figure 3. Monthly beam DNI profile for the studied site. 
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Figure 4. Monthly electricity generated for the LFR. 
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Figure 5. Monthly electricity generated for the CRS. 
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Figure 6. LCOE of LFR under different TES periods. 
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Figure 7. LCOE of CRS under different TES periods. 
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Figure 8. Effect of uncertainties of SM on some performance parameters of LFR. 
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Figure 9. Effect of uncertainties of SM on some performance parameters on CRS. 
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Figure 10. Sensitivity analysis on the discount rate (a) LCOE (b) NPV. 
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Figure 11. The effect of uncertainties in some input parameters on the LCOE. 
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Figure 12. Sensitivity analysis (a) LCOE and (b) NPV on inflation rate. 






Figure 12. Sensitivity analysis (a) LCOE and (b) NPV on inflation rate.



[image: Sustainability 14 01677 g012]







[image: Table] 





Table 1. Technical specifications for the simulation.
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Linear Fresnel Reflector (LFR)

	
Solar Tower




	
Description

	
Features

	
Value

	
Description

	
Features

	
Value






	
Solar field

	
Solar multiple

	
3

	
System design

	
Solar multiple

	
3




	

	
Field aperture

	
850,000 m2

	

	
HTF hot temperature

	
574 °C




	

	
Number of collector modules in a loop

	
16

	

	
HTF cold temperature

	
290 °C




	

	
Number of subfield headers

	
2

	

	
Full load hours of storage

	
12 h




	

	
HTF pump efficiency

	
0.85

	

	
Design turbine gross output

	
111 MWe




	

	
Stow angle

	
170° [34]

	

	
Estimated net output at design (nameplate)

	
100 MWe




	

	
Field HTF

	
Hitec Solar Salt

	

	
Cycle thermal power

	
269 MWt




	

	
Field HTF min operating temp.

	
238 °C

	
Heliostat field

	
Heliostat width

	
12.2 m [35]




	

	
Field HTF max operating temp.

	
593 °C

	

	
Heliostat height

	
12.2 m [35]




	

	
Design loop inlet temp.

	
293 °C

	

	
The ratio of the reflective area to profile

	
0.97




	

	
Target loop outlet temp.

	
391 °C

	

	
Single heliostat area

	
144.375 m2




	

	
Single loop aperture

	
7524.8 m2

	

	
Total land area

	
1892 acres




	

	
Loop optical efficiency

	
0.61

	

	
Base land area

	
1847.04 acres




	

	
Solar field area

	
405.35 acres

	
Tower and Receiver

	
Receiver thermal power

	
808.3 MWt




	

	
Total land area

	
648.57 acres

	

	
Coating emittance

	
0.88




	

	
Loop thermal efficiency

	
0.98

	

	
Receiver height

	
21.60 m [36]




	
Collector and Receiver

	
Reflective aperture area of the collector

	
470.3 m2

	

	
Receiver diameter

	
17.65 m




	

	
The length of the collector module

	
44.8 m

	

	
Number of panels

	
20




	

	
Length of crossover piping in a loop

	
15 m

	

	
HTF type

	
Salt (60% NaNO3 40% KNO3)




	

	
Absorber tube inner diameter

	
0.066 m

	
Power cycle

	
Power block startup time

	
0.5 h




	

	
Absorber tube outer diameter

	
0.07 m

	
Rankine cycle

	
Boiler operating pressure

	
100 Bar




	
Power cycle

	
Reference output electric power at design condition

	
111 MWe

	

	
Steam cycle blowdown fraction

	
0.02




	

	
Estimated net output at design (nameplate)

	
100 MWe

	

	
Condenser type

	
Evaporative




	

	
Rated cycle conversion efficiency

	
0.36

	
Thermal storage

	
Storage type

	
Two tanks




	

	
Cycle design HTF mass flow rate

	
2118.5 kg/s

	

	
TES thermal capacity

	
3233 MWt-hr




	
Rankine cycle

	
Boiling operating pressure

	
100 Bar

	

	
Available HTF volume

	
7453 m3




	

	
Condenser type

	
Evaporative

	

	
Initial hot HTF percentage

	
30%




	
Thermal storage

	
TES hours

	
12 h

	

	
Tank height

	
12 m




	

	
Total tank volume

	
18,819 m3

	

	
Tank diameter

	
41.7 m




	

	
TES thermal capacity

	
3358.52 MWht

	

	
Storage tank volume

	
16,408 m3




	

	
Min Fluid volume

	
940 m3

	

	
Cold tank heater capacity

	
15 MWe




	

	
Tank diameter

	
34.61 m

	

	
HTF density

	
1808.48 kg/m3
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Table 2. Specific parameters used in the simulation.
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	Description
	Value
	Reference





	Analysis period
	25 years
	[16]



	Income tax rate
	30% per annum
	[41]



	Insurance rate (annual)
	0.5% of installed cost
	[33]



	Real discount rate
	10% per annum
	[16]



	Nominal discount rate
	12.75%
	



	Inflation rate
	2.5%
	[36,42]



	Tenor
	18 years
	[16]



	Sales tax
	15% of total direct cost
	[41]



	Annual interest rate
	10%
	[33]
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Table 3. Input financial parameters for the various systems [44].
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	Category
	Description
	LFR
	CRS





	Direct capital costs
	Site improvements
	20 $/m2
	16 $/m2



	
	Solar/Heliostat field
	150 $/m2
	140 $/m2



	
	HTF system
	47 $/m2
	



	
	Storage
	32 $/kWht
	22 $/kWht



	
	Power plant
	1100 $/kWe
	



	
	Tower cost fixed
	-
	3,000,000 $



	
	Receiver reference cost
	-
	103,000,000 $



	Indirect capital costs
	EPC and owner cost
	11%
	13%



	
	Sales tax of direct cost
	80%
	80%



	
	Land cost per acre
	800 $
	800 $



	Operation and Maintenance costs
	Fixed cost by capacity
	66/kW-yr
	66/kW-yr



	
	Variable cost by generation
	4 $/MWh
	3.5 $/MWh
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Table 4. Results from the simulation using the assumed financial parameters for the study.
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	Metric
	LFR
	CRS





	PPA price (year 1), ¢/kWh
	10.54
	9.78



	Levelized PPA price (nominal), ¢/kWh
	12.57
	11.47



	Levelized PPA price (real), ¢/kWh
	10.34
	9.44



	LCOE (nominal), ¢/kWh
	12.58
	11.48



	LCOE (real), ¢/kWh
	10.35
	9.44



	NPV, $
	−170,654
	−289,498



	Internal rate of return (IRR), %
	11
	11



	Year IRR is achieved, years
	20
	20



	IRR at end of project, %
	12.73
	12.72



	Net capital cost, $
	853,748,096
	793,734,464



	Equity, $
	357,093,248
	332,979,712



	Size of debt, $
	496,654,880
	450,754,752
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
& >

2

LCOE (cent/kWh)

10

15

2:0 215
Solar multiple

3.0

35





media/file4.png
Direct Solar
Radiation Stirling Motor &
Generator

Tracking

:j

'

Solar field Thermal Power block

E 3

Steam Storage System
@ at .
Condensator

0.06 bar, 50°C






media/file18.png
Tornado Chan

Tomado Chan

Solar multiple‘_ Solar multiple
3 (+/-10%) 3(+/-10%) |
L i i i A i A ] 1 1 " ' g 1 2 1 2 1 o 1 2 1 1 1
61.2 614 61.6 618 62 622 624 62.6 628 536e+08 538e-+08 S54e+08 542e+08 544e+08 546e+08 548e+08  55e-(
Capacity factor (%) Annual total electric power to gnd (kWhe)
B W9 W) W+
Tomado Chart Tornado Chart
Solarmultiple !
Solar mulu'pie‘_ 3 (+/-10%)
3 (+/-10%)
l@ l& l@ I@ l@ l@ 0.@ l@ l@ l@ l@ ‘Qs - Ll -
| B 2 1 PRSI Y | | o | L M CU - SRP - S | ISR | = qﬂ- qﬁ < ’b" 4,,0 o A\G é« 60 \G r"ﬁ 5,@
908 90.85 90.9 90.95 9 91.05 91.1 o 9 @ o ‘:f’ o ofpt o o s‘# © © o
Gross to net conversion factor (%) Electrical source - power cycle gross output (kWhe)
[ [F [C) M) W+






media/file21.jpg
[r— som s compern 2|
P oot e
ey e
et gt cn s s conprma )
Teron ey






media/file3.jpg





media/file22.png
Tomado Chart

Heliostat field cost ($/m?)
140 (+/-10%)

Power cycle cost ($/kWe) 1

1040 (+/-10%)

Thermal energy storage cost ($/kWht) i

22 (+/-10%)

M) W(++)

alaoaalay

alaasalas 1

935949

459

9.55 96 9.

65 9.7

9759

898599

Levelized cost (real) (cents/kWh)

Solar Field Cost per m2 ($/m2) )

150 (+/-10%)

Power Plant Cost per kWe ($/kWe) i

1100 (+/-10%)

HTF System Cost Per m2 ($/m2) |

47 (+/-10%)

M) W+

Tomado Chart

A

184 186 188

18 18.2
Levelized cost (real) (cents/kWh)






media/file19.jpg
NPV ($)

9

a —=—CRS
[—e—LFR|

LCOE (cent/kWh)
3

N~ @ o

6 8 10 12 14
Discount rate (%)

2.0E+08
15es08 b —s=—LFR
1.0E+08 —*—CRS
5.0E407

0.0E+00
5.0E+07

4 6 8 0 12 14

Discount rate (%)






media/file7.jpg
==
si7i?i
R (]

A Ll






media/file10.png
System power generated (kW)

100000 |

50000

January

M L. P
0 10 20
May
100000 |
50000 -
0L
. o P L.
0 10 20
September
100000 |
50000 |-
ol
’ o P PR S
0 10 20

February
100000 |
50000 |
0
N P L.
0 10 20
June
100000 |
50000 -
0
L
. M P P
0 10 20
October
100000 |-
50000 -
ok
’ o s 8 . . . . 1 .
0 10 20

100000 |

March

2 s 0 . . . . 1
0 10 20
July
100000 |
50000 |-
L
. o , 1 ., ., A
0 10 20
November

Time of day (hours)

10 20

April
100000 |-
50000 |
ok
M L. | -
0 10 20
August
100000 |-
50000 |-
ok
. 2 P PR -
0 10 20
December
100000 [>
50000 |-
ok
o PO P
0 10 20






media/file14.png
16

LCOE (cent/kWh)
o N o ~ o
| ] | | |

—
o
]

(e
]

A\

\
-

| |
—#— TES=0 hrs
—@— TES =2 hrs
—&A— TES =4 hrs
—¥— TES =6 hrs
—&—TES =8 hrs
—4—TES =10 hrs
—p»— TES =12 hrs

—

1.0

1.5

| ' |
2.0 2.5

Solar multiple

3.0

3.5






media/file11.jpg
LCOE (cent/kWh)

N
N

N
3

»

>

=

N

3

—=—TES=0 hrs
—e—TES=2hrs
—4—TES =4 hrs
—¥—TES =6 hrs
¢ TES=8 hrs
—<—TES =10 hrs|
|—>— TES = 12 hrs|

T U
1.0 15 20 25 3.0 35
Solar multiple





media/file6.png
IIIIIrI | B

=
o
©
—
O
—
=
O
I






media/file15.jpg





nav.xhtml


  sustainability-14-01677


  
    		
      sustainability-14-01677
    


  




  





media/file16.png
Tornado Chart Tomado Chart

Solar multiple Solar multiple H
3(+/-10%) | 3 (+/-10%)

A aa | a2l 4 aa B a x4 aa -2 g s [N P | PR | PO U A [ | 4 1 24 L, W | Foare L 2 S hel A 1 a | A - vt | g L. P | o 1 . VTR | "
54 55 56 57 58 59 60 61 62 63 64 65 66 47e+08 48e+08 49¢+08 S5e+08 5.1e+08 5.2e+08 5.3e+08 54e+08 5.5¢+08 5.6e+08 5.7e+08 5.8e+08
Capacity factor (%) Annual Energy (KWh)
W) HW++ | [COR S0
Tomado Chart Tornado Chart

Solar multiple L Solarmultiple|
3 (+/-10%) 3(+/-10%) |

9627 9628 9629 963 9631 9632 9633 9634 9635 9636 9637 9638 5.1¢+085.2€+08 53¢ +0854€+085.5¢+ 08 5,66+ 085.7¢ +085.8¢+08 5.9¢ +08 6€+08 6.16+086.2¢+086.3¢+08
Gross to Net Conversion Factor (%) Electrical source - Power cycle gross output (kWh)

M) W+ W) W(++)





media/file2.png
SOLAR RESOURCE MAP
DIRECT NORMAL IRRADIATION
ETHIOPIA ESMAP

35°E L 40° 75 A5°E
15°N - e o e . ) : o - 15°N-

@} WORLD BANKGROUP

© 2019 The World Bank
Source: Global Solar Atlas 2.0
Solar resource data: Solargis

Long term average of DNI, period 1994-2018 ' L
Daily totals: o2 3.6 4.0 44 4.8 5.2 5.6 6.0 6.4
KWh/m?
Yearly totals: 1168 1314 1461 1607 1753 1899 2045 2191 2337

This map is published by the World Bank Group, funded by ESMAP, and prepared by Solargis. For more information and terms of use, please visit http://globalsolaratlas.info.





media/file20.png
NPV ($)

— — —
N N
|

LCOE (cent/kWh)

N o0 O O
i ]

2.0E+08

| ' |

8 10

Discount rate (%)
| L | L

12 14

16

1 5E+08 -
1.0E+08 -
5.0E+07 -
0.0E+00 -
-5.0E+07 -

—#— LFR
—&— CRS

6 8

Discount rate (%)

10

12 14

16





media/file23.jpg
Z 10 = CRS
=105 * LFR
£ 100 .
< 95 Teeea
2 a0 -, e .
g 85 e &
804
0 4 6 8 10
Inflation rate (%)
2E+07 = CRS|
1E+07 o LFR.
25
Z 26407 h—
Z 3E+07 —p.
-4E+07 &
5E+07 *
0 4 6 8 10

Inflation rate (%)





media/file5.jpg





media/file24.png
11.5 o
11.0 1
10.5
10.0 -
L 95+
9.0
8.5 -
8.0 -

cent/kWh)

LCO

d —=— CRS
—®LFR

2E+07 -
1E+07
& OE+00 -
— -1E+07
= -2E+07 -
Z. -3E+07 -
-4E+07 -
-5E+07 -

: : :
2 4 6 8 10
Inflation rate (%)

b —#— CRS
~—e LFR

0

Inflation rate (%)





media/file1.jpg
SOLAR RESOURCE MAP. @ wonowmonon
DIRECT NORMAL IRRADIATION
ETHIOPIA ESMAP

Velytotss: 168 B WGl 607 7S3 999 2045 291 2337

IS ———— SR E————





media/file12.png
LCOE (cent/kWh)

22 - —8— TES=0 hrs
—o— TES =2 hrs
20 - +TES:4hI'S
—v— TES =6 hrs
18 —&o— TES = & hrs
—<4—TES =10 hrs
—>»—TES =12 hrs
16 -
14 -
\
10 - —
8 | | ' | ' | ' | ' |
1.0 1.5 2.0 2.5 3.0 3.5

Solar multiple





media/file9.jpg
ki

Time of day (hours)





media/file0.png





media/file8.png
System power generated (kW)

January

100000 |
50000 [
ok

0 5 10 15 20

May

100000 |-
50000 [
ok

0 5 10 15 20

September
100000 |-
50000 |-
ok
M | 1 1 1
0 5 10 15 20

February March
100000 | 100000 -
50000 [ 50000
0F 0F
0 10 15 20 0 5 10 15 20
June July
100000 |- 100000 |-
50000 |- 50000
0F 0
M 1 1 1 M 1 1 1 1
0 10 15 20 0 5 10 15 20
October November
100000 | 100000 |-
50000 50000
(U5 0k
M 1 1 1 . M 1 1 1 1
0 10 15 20 0 5 10 15 20

Time of day (hours)

April

100000

50000

5 10 15 20
December
100000 +
50000
ok
. M 1 1 1 1
0 5 10 15 20






media/file17.jpg
———
—
e

e e
o i o

- g e Vi






