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Abstract 

Sudan is a sunbelt country that has abundant solar resources and large wasteland areas, especially in the northern and western 

portions. Concentrating solar power (CSP) technologies are proven renewable energy (RE) systems to generate electricity in 
neighboring countries from solar radiation and have the potential to become cost-effective in the future. Most of the attention is 
given to solar photovoltaic (PV) systems; no thorough techno-economic study has been carried out to evaluate the potential for 
CSP technologies in Sudan. The main aim of this paper is to encourage Sudan’s authorities to pursue CSP technologies and 
overcome the associated challenges. The study used techno-economic analysis for two of the most mature CSP technologies – solar 
power tower (SPT) and parabolic trough (PT) technology – to produce electricity in Sudan. Two commercial CSP plants, namely 
GEMASOLAR and ANDASOL-1, have been “hypothetically” relocated in six Sudanese zones using the system advisor model 
(SAM). These zones were scrutinized based on a rigorous technical CSP site assessment study. The results indicate that the 
nominated zones outperformed the original Spanish plants in terms of energy outputs, capacity factors (CF), and levelized cost of 

energy (LCOE). The Northern state has two zones near Wadi-Halfa that are most suitable for installing CSP systems, with the SPT 
system offering better outcomes than the PT. This study proposes a 5 MWe SPT pilot plant with optimum specifications, enabling 
decision-makers to take further actions. It also recommends some actions to promote this sector and meet the 2030 and 2050 RE 
targets. 

 

Highlights 

• The CSP site assessment identified six zones for hosting CSP technologies in Sudan. 

• Relocating GEMASOLAR and ANDASOL-1 in Sudan showed better outputs than in Spain. 

• The solar power tower system is the most suitable for Sudan’s environment. 

• The LCOE at zone1 for the 50 MWe solar tower plant is 0.086 USD/kWh. 

• A 5 MWe solar tower pilot plant at zone1 with optimum specifications is proposed. 
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1. Introduction 

     Energy demand is increasing everywhere due to the rapid development of economies and population growth. Power generation 
demand was 8.35 TW in 2020 and is expected to reach 13.7 TW in 2050 [1]. Dependence on fossil fuels to generate power is 
limited by depletion and price volatility. Burning fossil fuels to generate power is facing significant resistance from the public, 
environmentalists, and scientists due to these fuels contribution to pollution and greenhouse gases (GHG) emissions. Alternative 

energy sources to replace fossil fuels and meet energy demands are urgently needed.  

     Sudan is one of Africa’s developing countries that has major energy issues. Its energy sources primarily comprise petroleum oil 
(37%), electricity (9.3%), biofuels/wastes (53.3%), and other renewable energy (RE) sources (less than 0.5%) [2]. The highest 
energy demand in Sudan stemmed from the residential sector due to the large amounts of fuelwood used for basic energy needs 
[2].  Moreover, Sudan's energy consumption has significantly increased from 438.77 PJ in 2008 to reach 539.1 PJ in 2018 [2] and 
it is expected to reach over 545 PJ by 2030, where diesel and gasoline will account for over 70% of energy consumption for 
transport and thermal electricity generation [3]. Consequently, CO2 emissions are expected to reach over 24 million tons of CO2-
equivalent by 2030, a 6-fold increase from the year 2000 levels [4].  

     Sudan is among the countries most vulnerable to the adverse effects of climate change, particularly floods and droughts [5]. 
Water resources, agriculture, and human health are the most vulnerable sectors to climate change in Sudan [3], [6]. The resultant 
climate changes will affect Sudan much more than the industrialized countries, with inevitable impacts on the more than 70% of 
Sudan’s population who depend on agriculture for living [7]–[9].  

     In 2011, Sudan lost three-quarters of its oil production when it split from South Sudan [10]. As a result, the constantly increasing 
energy gap is covered by importation from the international market [2]. Hence, the country’s economy and energy situation are 
worse after South Sudan’s referendum, raising questions about alternatives. One of the most heavily impacted sectors is electricity, 
as discussed in the following paragraphs. 

     The electricity sector in Sudan had grown in terms of installed capacity and generation. Electricity generation had grown at an 

average annual growth rate of 13% (between 2008 – 2018), and the total electricity generated in 2019 had reached 16.3 TWh [11]–
[13]. The total installed capacity is 3500 MWe in 2018, stemming from hydropower (49%), steam (31%), diesel fired engines (5%), 
gas combined-cycle turbines (14%), and gas turbines (1%) [14]–[16]. The electricity demand increased by 70% (between 2013 – 
2017) at an annual average rate of 11.3%, which is higher than many countries in Sub-Saharan Africa [16]. The main reasons for 
this rise in electricity demand are the increased levels of electricity consumption per customer and industrial demand, as well as 
increased grid connectivity due to the increased population. Sudan’s Ministry of Water Resources and Electricity (MWRE) – now 
called the Ministry of Energy and Mining (MEM) – forecast that by 2031, Sudan's electricity demand would increase from 29.72 
TWh in 2021 to 46.14 TWh in 2031 due to the increasing industry sector demands and the rising demand for residential electricity 

[13].  

     Sudan’s population reached 43.8 million in 2020 and the average annual growth rate is 2.2% [17]. About 70% of the population 
is located in rural areas and the electricity access rate stands at 53.8% [15], [18], [19]. The national electricity grid currently covers 
only 32% of the population in urban areas, whereas the majority of the uncovered population lives in agriculturally productive rural 
areas without electricity [16]. They depend on biomass to cover their energy needs [20]. It is worth mentioning that the electricity 
transmission losses are 5.6% while distribution losses are 16.3% [16]. 

     Hydropower contributes 64% of Sudan’s total electricity generation while very little (10 – 19 MWe) is based on solar PV 
systems that are used by telecommunication towers in remote regions [12], [15], [21]. Although Sudan has invested in thermal 

generation and hydropower technology, the country struggles to meet electricity demands for all sectors. Summer is the peak 
electricity demand season and 40% of this demand is subject to load shedding, resulting in significant power outages [22]. The 
only official figure for blackout days was recorded at 19 days in 2011, but that has risen due to seasonal fluctuations, floods, and 
poor maintenance besides the unrest and deprived economic situation in recent years influencing oil importation for thermal power 
plants [22]. Moreover, there is a lack of transboundary collaboration between the neighboring countries i.e., Egypt and Ethiopia, 
vividly illustrated in the disputes about the “Renaissance” dam of Ethiopia that was built near the eastern Sudanese borders. Other 
factors impeding the full exploitation of hydropower in Sudan include environmental and social considerations, financial factors, 
and lead times [23], [24].  

     Sustainable solutions for previously mentioned energy issues require exploiting the abundant indigenous RE sources such as 
solar energy [25]. Fortunately, Sudan is endowed with intense solar radiation due to its location in the sunbelt region, with long 
daylight hours ranging from 7 to 12 hours and direct normal irradiance (DNI) values ranging from 1600 to more than 2500 
kWh/m2/year [26]. 

     Concentrating Solar Power (CSP) technologies are a viable option for meeting the energy demands, closing the electricity 
supply-demand gaps, reducing dependence on oil imports, and avoiding GHG emissions. CSP technologies represent a sustainable 
energy source with huge potential for solar radiation-rich countries such as Sudan [27]. Globally, the CSP capacity has increased 
more than tenfold since 2004, with an average annual growth rate of more than 32% between 2006 and 2014, and stood at 6.4 GW 
in 2020 [28]. 
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     Sudan’s government aims to have 29.3% of the installed electricity capacity from RE and a 13.6% share in the electricity 
generation by 2031, excluding hydropower [13]. The 2031 RE plans have capacity targets as 54 MWe, 68 MWe, 54 MWe, 750 
MWe, 50 MWe, and 680 MWe from solid biomass, biogas, hydropower, solar PV, CSP, and wind, respectively [29]. Based on the 
planned capacity figures, CSP systems have the lowest share (i.e., 50 MWe) which does not reflect the true value of CSP and its 
expected expansion in the future, whereas solar PV had the highest share (i.e., 750 MWe) because of the current lower capital and 

electricity production costs, in addition they are easy to construct in a short time [30]. The major drawback of solar PV is 
intermittency, making it difficult to rely on, especially at peak demands periods. Moreover storing electricity is not practical for 
mega-scale plants [31]. 

     Historically, Sudan submitted the Intended Nationally Determined Contributions (INDCs) report to the United Nations 
Framework Convention on Climate Change (UNFCCC) in 2015 to integrate climate mitigation and adaptation into Sudan's national 
sustainable development process [4]. The INDCs report has listed CSP in Sudan’s roadmap to be integrated as part of RE in the 
power system by 2031, targeting an installed capacity of 100 MWe [32], while the annual REN21 report stated that Sudan will 
target 50 MWe of CSP by 2031 [29]. Although Sudan’s RE strategies are well integrated and prioritized in Sudan’s 1st and 2nd 

national communication to the UNFCCC in 1993 and 2005, respectively, and explicitly spelled out in the National Adaptation 
Programs of Action (NAPA) in 2007 [3] and National Adaptation Plan (NAP) in 2016 [9], the RE share is tiny and more needs to 
be done. Up to now, there is no pilot CSP plant has been demonstrated in the country. Moreover, there is an ambiguity and lack of 
data for planned RE capacities in Sudan’s vision for 2031 with regards to CSP targets.  

     The literature survey indicated that limited studies had explored the solar energy potential in Sudan. To the best of the authors’ 
knowledge, there are no comparative studies on CSP in Sudan to find out the most efficient technology and recommend the best 
locations for techno-economic assessment. Ali [33], simulated, constructed, and tested a solar concentrating dish intended for steam 
and electricity generation in Sudan. Omer [25] broadly assessed Sudan RE potential, especially for biomass, wind, and solar. Omer  

[34] concluded that Sudan is blessed with abundant solar and wind energy resources. Elzubier [35] investigated solar energy in the 
northern state of Sudan, identified the constraints on the large-scale penetration of solar energy into the energy market of the state, 
and drew conclusions and recommendations for increasing the market contribution of solar energy. Ali [36] evaluated the most 
cost-effective solar water pumping system for irrigation in Sudan and showed that the PV pump is the most feasible pathway among 
solar irrigation pumps in Sudan. Fadlallah and Serradj [37] identified the optimal solar PV system and best locations in Sudan and 
analyzed the costs and the pollution that might be avoided if a PV system is used in place of a diesel system. 

     It is worth mentioning that there were three technical reports that estimated the RE potential in Africa where Sudan was included. 
The National Renewable Energy Laboratories (NREL) conducted the first report in 2008 before the secession of Sudan [38]. The 

second report was carried by the International Renewable Energy Agency (IRENA) in 2014, based on a Geographical Information 
System (GIS) approach [39]. The third report is joint research performed by IRENA, the Lawrence Berkeley National Laboratory 
(LBNL), and the University of California at Berkeley (UCB) for the Africa Clean Energy Corridor Initiative in 2016 [40]. Sudan’s 
RE zones were mapped based on multi-criteria analysis. In above-mentioned studies, Sudan has demonstrated the highest potential 
and ranked among top African countries for developing RE projects in general. However, a common drawback is the lack of an in-
depth analysis of CSP technologies; instead, they illustrate their potential on a general scale based on available resources and 
geographic constraints. 

     Many researchers have assessed the potential use of CSP systems around the world, such as the works cited in [41]–[49]. In 
terms of CSP performance simulations and economics, many investigators have conducted studies to simulate CSP systems using 

NREL software, i.e., the System Advisor Model (SAM), such as studies cited in [50]–[58]. However, studies on CSP potential and 
techno-economic investigations for Sudan are not available in the literature as of this writing. 

     This paper provides a glimpse of the state of energy in Sudan, with more emphasis on electricity issues, brief about CSP 
technologies, and their status. Moreover, the study investigates the CSP potential in Sudan based on several technical site 
parameters and  nominates the best zones for hosting CSP plants in the country. Techno-economic analysis of two CSP technologies 
is performed in Sudan based on two reference plants, i.e., GEMASOLAR and ANDASOL-1, demonstrating Solar Power Tower 
(SPT) and Parabolic Troughs (PT) technologies, respectively. The two reference plants are in Spain, but a hypothetical relocation 
is done using SAM software for the nominated Sudanese zones. An optimized CSP pilot plant is proposed as well. 

     The main aims of the present work are to: 

• Shed the light on the significant potential of CSP technology in Sudan. 

• Help authorities in energy mix planning and implementation. 

• Discuss the challenges that hinder CSP deployment. 

• Recommend some actions to promote the CSP sector. 

2. Concentrating solar power generation systems 

     CSP systems utilize hundreds to thousands of mirrors to concentrate sunlight onto a receiver, which collects and transfers the 
solar energy to a heat transfer fluid (HTF) that can be used to supply heat for end-use applications. CSP plants generate electricity 
through conventional steam turbines, but they may be used in industrial heating, water desalination, synthetic fuels production, 
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enhanced oil recovery, and refineries [59]. CSP systems can be integrated with thermal energy storage (TES) to operate in cloudy 
conditions or night times. 

     CSP technology has four main designs classified by how they collect solar energy, as shown conceptually in Fig. 1 [60]. They 
include line focus systems such as a Parabolic Trough (PT) and Fresnel Reflector (FR), and point focus systems such as a Solar 
Power Tower (SPT) and Solar Dish (SD). CSP technologies require high DNI to work and are therefore an interesting option for 

installation in sunbelt regions with reliably clear skies and low aerosol optical depths [61]. 

Table 1 summarizes the operation principles and key performance data for the four CSP technologies. More details about these 
systems are found in [62]. 

 
Fig. 1. Main CSP technologies. Source: Adapted from [60]. 

Table 1 

Representative performance data of different CSP technologies [63]–[66]. 

Parameter PT SPT FR SD 

Typical Capacity (MWe) 1 – 250 1 – 400 1 – 125 0.01 – 10 

Focusing  Line Point Line Point 

Tracking Single-axis Two-axis Single-axis Two-axis 

Concentration ratio 50 – 90  > 1000 50 – 70  >1300 

Maturity of technology 
Commercially 

proven 

Commercially 

proven 
Pilot projects Pilot projects 

Operating temperatures (˚C) 
393 (therminol), 

550 (molten salt) 

250 – 500 

(water), 

550 (molten salt), 

680 (air) 

250 – 400 (water) 
250 – 700 (hydrogen 

or helium) 

Peak solar to electricity efficiency (%) 23 – 27 23 – 27 18 – 22  29 – 32  

Annual solar to electricity efficiency (%) 10 – 16 20 – 35 8 – 12  16 – 29 

Annual CF (%) 

25 – 28 (no 

TES), 

29 – 43 (7h TES) 

55 (10h TES) 22 – 24 25 – 28 

Capital cost (USD/kW) 3972 >4000 – 12,578 

Capital cost (USD/m2) 424 476 234 – 

Operational and Maintenance cost (USD/kWh) 0.012 – 0.02  0.034 – 0.21 

Land use (km2/MWe) 0.025 0.036 0.008 0.011 

Hybridization Yes and direct Yes Yes, direct (steam boiler) Not planned 

Grid stability 

Medium to high 

(TES or 

hybridization) 

High (large TES) 

 
Medium (back-up firing possible) Low 

Cycle 

Superheated 

steam Rankine – 

organic Rankine 

Superheated 

steam Rankine 

steam – Brayton 

Superheated steam Rankine – 

organic Rankine 

Superheated steam 

Rankine – organic 

Rankine – Stiriling 

Steam conditions (˚C /bar) 380 to 540/100 540/100 to 160 260/50 NA 

Maximum slope of solar field (%) <1 – 3 <2 –4 <4 10% or more 

Water requirement (m3/Mwh) 
3 (wet cooling) 

0.3 (dry cooling) 

2 – 3 (wet 

cooling)  

0.25 (dry 

cooling) 

3 (wet cooling)  

0.2 (dry cooling) 

0.05 – 0.1 

(mirror washing only) 

Application type On-grid On-grid On-grid On-grid / off-grid 

Suitability for air cooling Low to good Good Low Best 

Storage with molten salt 
Commercially 

available 

Commercially 

available 
Possible, but not proven 

Possible, but not 

proven 

     The increase in CSP capacity from 1.26 GW in 2010 to 6.4 GW in 2020 had primarily yielded lower global weighted average 

LCOE to fall 68% from 0.34 USD/kWh in 2010 to 0.108 USD/kWh in 2020 due to reductions in total installation costs and higher 
CFs [28],[30]. However, IRENA auction data show that CSP projects commissioned from 2021 onwards could decrease to 0.076 
USD/kWh, given the right conditions as in the case of the Dubai Electricity and Water Authority (DEWA) CSP project [30]. These 
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conditions include a regulatory and institutional framework favorable to renewables; low offtake and country risks; a strong, local 
civil engineering base; favorable taxation regimes; low project development costs; and excellent solar resources.   

     NREL estimated the current, unsubsidized cost of a representative CSP power tower, using solar salt and steam to drop to 0.10 
USD/kWh when near-term advanced heliostats at $93/m² are used [65]. The U.S. Department of Energy (DOE) recently established 
cost targets for 2030 that aims to reach USD 0.05/kWh for CSP-baseload systems for a dispatchable high capacity factor CSP-TES 

plant configuration [67]. 

     The main reason for lower LCOE from CSP has been the shift from areas with insufficient solar resources in its early years 
towards project development in areas with higher DNI [68]. However, learning effects and technology improvements have not yet 
been the main driver of cost reductions, leaving significant cost reduction potentials unlocked [68]. 

     In Africa and the Middle East region, the solar resource is enormous [69]; countries such as Algeria, Egypt, Morocco, South 
Africa, Saudi Arabia, United Arab Emirates, and Zambia have deployed CSP technology in the form of PTs and SPTs (see Table 
2 [70]). The current installed CSP capacities in Africa and the Middle East region are over 1.3 GW, and an additional 1.1 GW are 
underway [71].   

Table 2 

CSP plants status across Africa and the Middle East (2021). 

Country Plant / Project Name Technology Nominal Capacity (MWe) Status 

Algeria ISCC Hassi R'mel PT 20 Operational since 2011 

Egypt ISCC Kuraymat  PT 20 Operational since 2011 

Morocco 

Airlight Energy Ait-Baha Pilot Plant PT 3  Operational since 2010 

ISCC Ain Beni Mathar PT 20  Operational since 2011 

eCare Solar Thermal Project FR 1  Operational since 2014 

IRESEN 1 MWe CSP-ORC pilot project FR 1  Under Construction 

NOOR I PT 160  Operational since 2015 

NOOR II PT 200  Operational since 2018 

NOOR III SPT 150  Operational since 2018 

South 

Africa 

Bokpoort PT 55 Operational since 2016 

Ilanga I PT 100 Operational since 2018 

Kathu Solar Park PT 100 Operational since 2019 

KaXu Solar One PT 100 Operational since 2015 

Khi Solar One SPT 50 Operational since 2016 

Redstone SPT 100 Under Construction 

Xina Solar One PT 100 Operational since 2018 

Saudi 

Arabia 

Duba 1 PT 43 Under Construction 

Waad Al Shamal ISCC Plant PT 50 Operational since 2018 

United 

Arabs 

Emirates 

Noor Energy 1- DEWA CSP Tower Project SPT 100 Under Construction 

Noor Energy 1- DEWA CSP Trough Project PT 3x200 Under Construction 

Shams 1 PT 100 Operational since 2013 

Zambia Kalulushi PT 200  Under Development 

3. Site assessment of CSP systems in Sudan  

     The potential for CSP implementation in Sudan hinges on identifying and examining the main site parameters for centralized 
CSP systems. These parameters are identified by Cohen [72] and summarized in Table 3. Other parameters are not much different 
compared with those of the traditional steam power plant, such as economic assessment and waste products.  

     In addition, this paper uses a set of requirements adopted from the study conducted by Wu et al. [40] from the IRENA-LBNL 
GIS study. In their study, they have used a multi-criteria analysis for planning renewable energy zones in Africa. Their study 
followed the same procedures as [72] and [73], with the addition of the multi-criteria analysis. 

Table 3 

Main assessment factors of CSP plant. 

Site Parameter General Requirement This Study Constraints 

Solar resource (DNI) Abundant > (1800 kW h/m2/year) for economical operation [61]  This study applied more than or equal to 6 kWh/m2 day 

(i.e., 2,400 kWh/m2  year) 

Land use 1 km2 is required per 50 MWe of electricity production The selected areas are wastelands 

Land cover Low diversity of biological species, limited agriculture value, flat slope up 

to 3% 

The selected areas are less than 3% slope 

Wind Speed Less than 15 m/s  The maximum wind speed is less than 5 m/s 

Water requirements  Adequate supply, otherwise dry cooling Both surface and ground water are considered 

Infrastructure Proximity to electrical grid 

Proximity to road networks 

Maximum distance is 10 km [58] 

Maximum distance is 10 km [74] 
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3.1 Solar resource assessment 

     Sudan has excellent solar power potential due to extended daylight hours, few cloudy days, low rainfall, and high DNI, i.e., 
more than 2500 kWh/m2/year [34]. It has a climate that consists of 21.9% low-rainfall savannah, 20.7%  semi-desert, 55.2% desert, 
and 2.2% mountain vegetation climate [6].  

     Fig. 2 displays Sudan’s satellite map from the free Global Solar Atlas 2.0 developed by SOLARGIS that provides a primary 
grid resolution of approximately 3 – 7 km [75]. SOLARGIS Atlas provides a long-term yearly average of DNI in kWh/m2, covering 
years between 1994-2018 for Sudan [75]. More details about SOLARGIS models and validation methods can be accessed in [75].  

     Sites with excellent solar radiation can offer more attractive LCOE prices. Moreover, it is generally assumed that CSP systems 
are economical only for DNI locations above 1800 kWh/m2 year (i.e., 5 kWh/m2 day) [61], [76]. It is clear from Fig. 2 that more 
than two-thirds of Sudan’s land satisfies this requirement; but further assessment is needed since DNI is not the only factor to 
determine CSP projects’ feasibility in a specific location.  

 
Fig. 2. Sudan average direct normal irradiance (DNI) map [75]. 
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3.2 Land resource assessment 

     Land resource assessment includes land slope, topography, geology, soil quality, and population density. Studies have shown 
that CSP plants use an area of 1 km2 for every 50 MWe (about 20,235 m2/ MWe) produced for the solar field without TES [72], 
[73]. Plants having TES and higher CFs will require proportionally more land per MWe. In addition to the large land requirement, 
CSP sites' land should consist of wasteland with no value for agricultural, forestry, or residential use and have low biological 
habitat.  

     Areas that have a 3% slope are considered modest compared to the most economical areas with less than 1% slope [41], [72]. 

For comparison, a thermal fired plant requires a land slope of 1–3%. Additional factors that must be considered are flood and 
seismic history, type of soil, non-obstruction conditions for the sun, and dust or other aerosols that may degrade the collector and 
receiver performance.  

     A topographical map of Sudan is shown in Fig. 3. The country has a total land area of 1,886,068 km2 and a vast plain bordered 
by hills and mountains such as the Red Sea and Takka hills in the east and north-eastern corner, Jabal Marrah mountains in the 
west, Didinga hills in the south-eastern quadrant, and the Nuba mountains in the south [77]. Other topographical features include 
the Nubian desert in the north, the Great African Sahara desert in the north-western corner, sand dunes such Qoz Abu-Dulu hills, 
Jabal Moya hills, and the El-Dinder national reserve region in the south-eastern corner of the country [77]. Sudan also has areas 

with disputed land located on the borders of South Sudan and Egypt; these areas are Hala’ib triangle and the Abeye zone. 

     Compared to the massive land areas of Sudan, the population density is low. The current population reached 43.8 million in 
2020 [17], so the density is about 23 persons/km2. Much of the population is clustered in central Sudan and along the Nile River as 
indicated in Fig. 4 [3], [78]. 

     A study conducted by the Food and Agriculture Organization of the United Nations (FAO) [79] estimated that Sudan has 987,523 
km2 of wastelands (about 50.7% of the country’s land), mostly located in the northern and western states of Sudan as depicted in   
Table 4. This indicates that land availability will not become a barrier in the future, even if only the SPT, the technology with the 
higher land area requirement, was used. 

 
Fig. 3. Sudan's topography [80]. 
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Fig. 4. Sudan's demography [81]. 

Table 4 

Land Cover for Northern and Western states of Sudan [79]. 

Land Cover 

Area (Km2) 

Northern Regions Western Regions 

Khartoum 

State 
Northern State 

River Nile 

State 

North Darfur 

State 

South Darfur 

State 

West Darfur 

State 

Agriculture 2,245.23 1,108.58 2,279.37 14,584.02 21,224.92 5,996.74 
Trees 446.18 296.35 224.08 4,699.14 31,574.58 11,202.37 
Shrubs 343.01 1,125.26 721.30 27,336.27 47,223.74 16,902.51 
Herbaceous 2,032.24 1,507.29 5,070.26 88,533.30 40,347.53 19,696.54 
Urban 84,682 551.48 442.45 474.07 489.96 170.16 
Bare Rocks and Soil 15,139.83 359,957.92 121,123.21 180,813.58 104.14 97.71 
Water Bodies 155.78 1,144.88 428.28 1,071.58 662.45 692.58 
Total 21,209.09 36,569,1.77 130,288.95 317,511.97 141,627.32 54758.61 

3.3 Wind and water assessment 

     The solar field represents 40% of CSP plant costs, so the wind intensity determines the collectors' structural design which is 
necessary to minimize the costs [72]. As a reference, the collectors in Solar Electricity Generation Systems (SEGS) PT plants in 
California are built to operate at speeds less than 15 m/s [72]. In Sudan, the maximum “recorded” average annual wind speed is 

6.25 m/s which is less than 15 m/s [34]. Thus the wind speed will not be problematic in location selection. 

     Water is needed for the cooling towers (90%), the steam cycle in the CSP power-block sub-system (8%), and the washing of 
mirrors (2%) [73]. CSP plants using steam cycles require wet or dry cooling to condense exhaust steam from the turbines; the lower 
the efficiency, the higher the cooling needs [59]. In wet cooling, typically 2 – 3 m3 of water per MWh is required [73]. Dry (air) 
cooling towers are more expensive and less efficient than wet towers. They reduce the electricity production by around 7% and 
increase the capital cost by 10%, but need just 10% water compared to wet towers; hence, water is only required for the washing 
of the mirrors, which takes up around 1.4% of the overall water use [42].  



9 
 

     Sudan has abundant water sources represented in the surface water and groundwater covering most of the country’s land [82]. 
The country has around 10,000 km2 of surface water, the most important of which is a 2,000 km long stretch of the Nile and its 
tributaries as shown in Fig. 5 [83].  

     Groundwater is found in many parts of the country. At least 80% of the population depends almost entirely on groundwater 
[83]. Groundwater is found generally in formations of considerable depth, ranging from 40 to 140 m as shown in Fig. 6 [82]. The 

total water availability in Sudan is 20.5 billion m3 from the Nile, while other rivers provide 7 billion m3 with an additional 4 billion 
m3 from groundwater [83], [84].  

 
Fig. 5. Major surface water features of Sudan [85]. 

  
Fig. 6. Groundwater atlas hydrogeology map for Sudan [86]. 
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3.4 Infrastructure assessment 

     Sudan’s infrastructure is a pivotal factor in the assessment process, which includes electrical grid and road networks. As 
transmission line costs to connect into the grid are high, the proximity of the a CSP project to a planned or existing grid is essential 
in the overall calculation. It is estimated that transmission line costs in the United States can range from USD 35,000 to USD 
112,000 per kilometer for a 100 MWe capacity line, depending on voltage level and line length [72], [73]. Moreover, costs will 
vary depending on the need for substations, transformers, and the region’s slope. Thus, the proposed CSP plants must be close 
enough to the transmission lines to minimize costs. 

     Sudan’s interconnected power grid network consists of different types of power generation stations (hydropower and thermal 
power plants), power substations, and transmission lines, mainly of the 220 kV and 500 kV lines, as shown in Fig. 7 [13]. Currently, 
Sudan has three grid regions. The North grid connects Halfa, Dongola, Merowe, Atbara, Port Sudan, and Khartoum via 220 kV 
and 500 kV lines. From Khartoum, electricity is distributed via two 220 kV interconnected electrical grids; the Blue Nile and the 
White Nile grid. Blue Nile grid covers the east and southeast Sudan, including Medani, Sinnar, Damazin, Kassala, and Gadaref. 
Simultaneously, the White Nile grid covers west and south Sudan, including cities such as Kosti, Rabak, Obeid, and Alfola. 
Transmission and distribution losses in Sudan’s grid are estimated at 21.9% of output, which are considered high [16]. 

     As of 2015, the total length of existing lines is 10,010 km covering the regions mentioned above [13]. In comparison, the planned 

transmission lines will add another 4,676 km and 4,445 km from 500 kV and 220 kV lines, respectively, between 2016 – 2031, as 
shown in Table 5. 

     Overall, Sudan’s power grid extends to most major cities and throughout Sudan, but interconnections between grids are not 
complete, especially in the western states. The road networks in Sudan consist of nearly 4000 km of single-track railroad with a 
feeder line (supplemented with limited river steamers), along with 1930 km of paved and gravel road—primarily in greater 
Khartoum and Port-Sudan as shown in Fig. 8 [22]. 

 
Fig. 7. Sudan electricity transmission network [13]. 
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Fig. 8. Major Transport map in Sudan [22]. 

      

Table 5 

Sudan's existing/planned transmission lines (2015) [13]. 

Voltage (KV) Length (km) Status 

500 965.5 Existing (North grid) 
500 4,676 Planned (2016 – 2031) 
220 7,692.9 Existing (East and West grids) 
220 4,445 Planned (2016 – 2031) 
220 1,990 Planned (2016 – 2020) 
110 1,128.7 Existing (East grid) 
66 233 Existing (East and West grids) 
Total 10,010.1  

3.5 Nominated zones for CSP plants 

     The current study assumes the DNI values to be greater or equal to 2400 kWh/m2/year (i.e., 6.5 kWh/m2/day) for optimum CSP 
efficiency and lower LCOE, so a classified DNI solar map was developed using the ArcGIS software and a collection of solar 
resource GIS data for Sudan where adopted from the Global Solar Atlas 2.0 database [75]. Consequently, considering the other 
assessment factors discussed previously, there were 6 zones that stood out as candidates for hosting CSP plants as highlighted in 

Fig. 9. The candidate zones’ meteorological conditions and characteristics are provided in Table 6. The specific zones’ 
meteorological data such as daily average DNI, wind speed at 2 meters, and average ambient temperature were obtained from the 
National Aeronautics and Space Administration (NASA) Prediction of Worldwide Energy Resources (POWER) database using the 
Data Access Viewer web tool [87].  
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     For all zones, the distance to electricity transmission lines is less than 10 km based on the existing/proposed network for northern 
and western states as shown in Fig. 7. In addition, the distance to roads is less than 10 km based on the transportation map in Fig. 
8. The land cover is mainly bare rocks and soil. The Nile River and the Nubian sandstone aquifer (covering most of the Nile basin) 
could be the primary source of surface/ground water for proposed CSP plants built within 100 km of the river in Northern states. 
The “100 km” value is an assumption to represent the extreme case, therefore a rigorous analysis is needed to determine the most 

cost-effective water source (surface or ground water). While groundwater and non-perennial streams could be used for proposed 
CSP plants in Western states. 

     Moreover, the IRENA-LBNL GIS study cited in [40] confirmed the criteria of the above nominated 6 zones. The study applied 
certain constraints to exclude areas with elevations greater than 1500 m, slope > 5%, population > 100 persons/km2, DNI < 250 
W/m2, rivers and water bodies, protected areas, cities, and urban areas. Fig. 10 shows the applied constraints based on the IRENA 
LBNL GIS study. 

 
Fig. 9. Classified Solar Direct Normal Insolation for Sudan in kW/m2 year (DNI) with potential CSP zones. 
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Fig. 10. CSP site parameters applied on Sudan based on IRENA-LBNL study [88]. 

Table 6 

Characteristics of the candidate zones. 

Location State Lat. 

(°N) 

Long. 

(°E) 

Elevation 

(m) 

DNI 

(kWh/m2/day) 

Wind Speed 

at 2 Meters 

(m/s) 

Ambient  

Temperature 

(°C) 

Daylight 

Hours (hour) 

Water Source Population 

(persons/km2) 

Zone1 Northern 21.95 30.9 304 7.89 3.51 24.86 12.024 Surface/ground water 

L
es

s 
th

an
 1

0
0
 

 

Zone2 Northern 21.86 31.74 341 7.81 3.3 25.38 12.024 Surface/ground water 

Zone3 North Darfur 15.7 26.09 884 7.62 3.24 25.62 12.0175 Groundwater 

Zone4 North Darfur 15.35 26.67 856 7.52 4.49 26.88 12.0175 Groundwater 

Zone5 North Darfur 15.25 25.44 952 7.64 4.23 24.05 12.014 Groundwater 

Zone6 South Darfur 13.25 26.25 802.7 7.45 3.34 25.62 12.014 Groundwater 

Note: all values for DNI, wind speed, ambient temperature, and daylight hours are daily average. 

     For performance simulation, Typical Meteorological Year (TMY) data in the form of EnergyPlus Weather (EPW) files for the 
six nominated zones were generated by the PVGIS © European Communities database. These TMY data represent the 
measurements of weather data that would typically characterize the weather pattern of a given location during the year. They were 
produced by choosing for each month the most "typical" month out of 10 years of data between 2007 – 2016 [89]. They contain 
calculated annual average values of global horizontal irradiance (GHI), DNI, diffuse horizontal irradiance (DHI), average wind 
speed, and wind direction, in addition to the average temperature and elevation [90]. The PVGIS is a powerful web tool that allows 
users to obtain EPW data at any point on the earth [90]. More information about PVGIS TMY data resources and calculation 
methods can be found in [89].  
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     DNI is the most crucial parameter affecting the performance and efficiency of a CSP plant. Fig. 11 presents the monthly variation 
of average daily DNI data for one year of the proposed zones which were plotted from the PVGIS EPW files. In addition, ambient 
temperatures and wind speeds are other meteorological parameters that must be considered in investigating the best CSP sites due 
to their influence on heat losses and overall plant efficiency. In Sudan, the average monthly ambient temperature ranges between 
18°C and 35°C depending on the season [91], [92]. 

 
Fig. 11. Direct normal irradiance (DNI) of the identified Sudanese zones. 

4. Techno-economic analysis 

     The main objective of the techno-economic analysis in the study is to investigate the feasibility and profitability of proposed 
CSP systems under Sudan’s conditions regardless of the financing mechanism. This helps the policy and decision-makers to have 
an inclusive picture of the constraints and possibilities of these systems so they can rigorously plan for future deployment and 
expansion with minimum risks. Four parameters were applied in this study to scrutinize the proposed CSP systems as explained in 
the following paragraphs. 

     The first parameter to evaluate the CSP plant performance is the annual electrical energy output, which is calculated as the 
summation of hourly energy delivered in a year; it is measured in GWh. The second parameter is the CSP plant capacity factor, 
which is defined as the percentage of the total hours of electrical energy production for a CSP plant if it operated at its nameplate 
capacity for a year. The third parameter is the annual water usage in m3 since water is critical in operating the power-block (wet 
cooling) and cleaning the solar fields.  

     The fourth parameter, which is the most critical parameter that determines the CSP technology economic feasibility, is LCOE 
because it is frequently used as an indicator when comparing RE projects. It is a measure of the power plant’s average costs (i.e., 
direct/indirect costs) over its life span, expressed in dollars or cents per kilowatt-hour (USD/kWh) of electricity generated by the 

system over its life [93]. Since this analysis is long-term based, real LCOE will be more suitable using a fixed value of dollars and 
considering the inflation rate [93]. The LCOE is related to the total plant’s generated energy which, relies on the DNI levels [94]. 
As a reference, using Spain's typical DNI of 2,100 kWh/m2/year, the estimated LCOE of a CSP plant is expected to decrease by 
4.5% for every 100 kWh/m2/year increase [49].  

     Another parameter is the annual average CSP plant efficiency (%), as computed by Equation 1. This parameter is useful to 
evaluate the overall solar-to-electric efficiency of the proposed pilot plant, which coincides with the LCOE values in terms of 
economics. 

𝜂𝑦𝑒𝑎𝑟_𝑎𝑣𝑔 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 (

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
)

𝐷𝑁𝐼 (
𝑘𝑊ℎ

𝑚2𝑦𝑒𝑎𝑟
) × 𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑟𝑒𝑎 (𝑚2)

                                                                  (1) 

Where the total reflective area represents the total product of the heliostat number, the heliostat width and height, and the ratio of 

reflective area to heliostat profile. 
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4.1 Modelling and simulations 

     The software SAM was used to conduct the techno-economic analysis and mimic the typical behavior of the proposed CSP 
plants in Sudan. SAM calculates the hourly energy production and economic metrics of RE systems, which helps to determine the 
LCOE of a given RE project. SAM was invented in 2004. Since then it has been widely used in the performance and financial 
modeling of RE systems and actively improved by NREL, Sandia National Laboratory, and the U.S. DOE. A more detailed 
description of SAM can be found in [95]. 

     Spain is one of the pioneer countries to develop CSP technologies with an installed capacity of 2,304 MWe, accounting for 35% 

of the global installed capacity in 2020 [28]; a substantial amount of reliable data about its CSP commercial experience (i.e., cost, 
design features, operation, and financial outcomes) are available online. For the above reason, two Spanish commercial CSP plants 
have been chosen to perform a “hypothetical” relocation in Sudan using SAM. The plants are GEMASOLAR (based on SPT 
technology) and ANDASOL-1 (based on PT technology). 

     The GEMASOLAR plant is about 80 km east of Seville. It was the first commercial-scale SPT plant in the world to apply molten 
salt heat storage technology in 2011. More information about GEMASOLAR is available in [96]. The ANDASOL-1 plant is about 
40 km east of Granada. It was the first PT plant built in the world to incorporate TES in 2008. More details about ANDASOL-1 
are available in [97]. 

     The two plant models were developed and validated as case studies by the NREL team [98]–[100]. It was reported that, even 
with performance data scarcity, NREL was able to get within 2.4 – 4.1% of the reported annual output for the metrics shown in 
Table 7. It is worth noting that NREL’s SAM model outputs were replicated for validation as part of the results for comparing the 
original plants’ locations (i.e., Seville and Granada) with the Sudanese ones. 

Table 7  

Key SAM metrics for GEMASOLAR and ANDASOL-1 [98], [99]. 

Metric GEMASOLAR ANDASOL-1 

SAM value Reported Value Difference (%) SAM value Reported Value Difference (%) 

Annual Energy (GWh) 107.35 110 2.4 174.5 179.10 2.6 

CF (%) 70.4 74 3.6 40.20 41.50 1.3 

PPA price (USD/kWh) 0.17  - - 0.366  0.370  1.0 

Total Land Area (acres) 438.18  457.00 4.1 476.80 481.85  1.0 

Total Installed Cost (USD) 209,003,198 - - 418,440,431  411,690,000 1.6 

     Before setting up the parameters in the CSP plant models, all related technical specifications and financial data were primarily 
sourced from GEMASOLAR [96] and ANDASOL-1 [97] CSP Plant NREL/ Solar PACES websites, and SAM default values [101]. 

     The performed simulations are sorted into four scenarios as described in Table 8.  

Table 8  

Main techno-economic scenarios performed in SAM. 

Scenario  Description 

Scenario 1 – solar and fossil back-up 

(Hybridization) simulation 

This scenario serves two purposes; firstly, to validate the NREL’s CSP models, and secondly, to compare the 

actual plants outputs in Spain with the Sudanese zones. GEMASOLAR and ANDASOL-1 use 12% and 15% fossil 

fuel back-up, respectively, from auxiliary heaters which increase the plant’s availability and CF by ensuring 

continuous generation during cloudy conditions or at night. To achieve the 12% and 15% fossil backups in SAM, 

the fossil fill fractions (FFF) were set to 0.27 and 0.15 for GEMASOLAR and ANDASOL-1 models, respectively. 

These FFF values were set by NREL in their models as part of the validation process. For this scenario, the 

technical, cost, and financial data remain the same as the original plants’ data (i.e., costs are backdated to the years 

2011 and 2008 for GEMASOAR and ANDASOL-1, respectively).  

Scenario 2 – solar-only simulation 

This scenario is like the first one except it consists of solar-only power plant where FFF values were set to zero. It 

represents an “imaginary” scenario to compare the plants outputs in Sudanese zones against Spanish locations 

without any hybridization option. In this scenario, the technical and financial data remain the same as for scenario 

1. The recent costs were updated according to NREL’s CSP costs for the year 2021. Moreover, old costs were kept 

for comparison. 

Scenario 3 – 50 MW SPT and PT plants 

simulation 

In this “imaginary” scenario the capacity of the two CSP plants is set to 50 MWe with SM=3.5 and TES hours 

=15. Optimum SM evaluation was carried out to match the CSP plants scaled-up capacities for the Sudanese zones. 

Optimum SM should give a higher CF and lower LCOE. The importance of this scenario lies in evaluating which 

CSP technology offers the best option in Sudan considering similar plant capacities, SM, and TES hours. Since 

ANDASOL-1 has a nameplate capacity of 50 MWe, the GEMASOLAR nameplate capacity was increased from 

17.4 MWe to 50 MWe, considering the necessary changes for solar field, receiver, power-block, and tower height 

based on SAM optimization. On the other hand, the only two changes to ANDASOL-1 plant are raising the TES 

hours from 7.5 to 15 hours and SM from 1.7 to 3.5. For this scenario, the technical, cost, and financial data remain 

the same as for scenario 2 (i.e., recent CSP costs). 

Scenario 4 – a “downsized” CSP plant 

optimization 

This scenario determines the required specifications for 1, 3, and 5 MW CSP pilot plants. The type of CSP 

technology for optimization will be selected based on scenario 3 according to which CSP option offers best outputs 

for Sudan. From the 6 zones, the zone which shows the highest energy yield will be opted for this optimization 

campaign. The SAM optimization tool is used to find the best combination of technical specifications that yield 

highest plant’s efficiency. 
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4.2 Input data and assumptions 

     This study assumes that the operating conditions (i.e., solar field, receiver, HTF, power-block, and TES) are similar for all 
locations, whereas the meteorological conditions (i.e., DNI, ambient temperature, wind speed, visibility, and cloud cover) are 
variables according to the location. 

     Table 9 and Table 10 show the main design features of GEMASOLAR and ANDASOL-1, respectively. These technical 
parameters were used as inputs in SAM. 

Table 9  

Key design features of GEMASOLAR CSP plant [96] [100]. 

Sub-system Technical Parameter GEMASOLAR 

Location 

Latitude (°N) 37.42 

Longitude (°E) -5.9 

DNI (kWh/m2/year) 2089.7 

Annual average ambient temperature (°C) 18.3 

Solar Field 

Heliostat width (m) 10.9 

Heliostat height (m) 10.9 

Max heliostat distance to tower (m) 8 

Solar field land area multiplier 1.4 

Number of Heliostats 2,650 

Total reflective area (m2) 304,750 

Tower and Receiver 

Receiver height (m) 14.22 

Receiver diameter (m) 8.89 

Number of panels 16 

Required HTF outlet temp. (ºC) 565 

Receiver thermal rating (MWth) 120 

SM 2.5 

Tower height (m) 140 

HTF Molten Salt - 60% sodium nitrate and 40% potassium nitrate 

Power Block 

Design turbine gross output (MWe) 19.9 

Estimated gross to net conv. 0.875 (e.g., nameplate capacity=17.4 MWe) 

Turbine model Siemens SST-600 

Design HTF inlet temperature (ºC) 565 

Aux heater outlet set temp. (ºC) 570 

Min turbine operation 0.20 

Condenser type Evaporative 

Ambient temp at design (ºC) 20 

Thermal Storage 

Thermal storage capacity (hr) 15 

Technology Molten Salt - 60% sodium nitrate and 40% potassium nitrate 

Initial hot HTF temp. (ºC) 565 

Current dispatch schedule Uniform dispatch 

Fossil back-up 15% 

Table 10 

Key design features of ANDASOL-1 CSP plant [97] [100]. 

Sub-system Technical Parameter ANDASOL-1 

Location 

Latitude (°N) 37.18 

Longitude (°E) -3.78 

DNI (kWh/m2/year) 2089 

Annual average ambient temperature (°C) 14.9 

Solar Field 

Field aperture (m2) 510,120  

Irradiation at design (W/m2) 700  

Design loop outlet temp (ºC) 393 

Number of SCA per loop 4 

Collector  Number of Mirrors 200,000 

Receiver 

Number of tubes 22,4654 

Model Schott PTR-70 and Solel UVAC 

HTF Dowtherm A 

SM 1.76 

Power Block 

Design turbine gross output (MWe) 55  
Estimated gross to net conv. 0.9 (e,g., nameplate capacity=50 MWe) 

Turbine model Siemens SST-700 

Nominal electrical power  50 

Condenser type Evaporative 

Aux heater outlet set temp (ºC) 393 

Thermal Storage 

Thermal storage capacity (hr) 7.5  

Tank height (m) 14 

Technology Molten Salt - 60% sodium nitrate and 40% potassium nitrate 

Fossil back-up 12% 
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     LCOE calculations require up-to-date cost data from the market which it’s very difficult to obtain due to confidentiality and 
rapid industry changes, making the prediction even more difficult for countries with unstable economies such as Sudan. For this 
reason, the costs and financing parameters were sourced from the original plants’ data that were published online and SAM default 
values [96] [97]. However, these economic values are representatives rather than typical. A similar approach had been observed in 
[54], [55]. 

     The plant installation costs include direct and indirect costs. Direct costs are the main sub-systems costs which include costs of 
site improvement, the heliostat field, tower/receiver, balance of plant, power-block, TES, and contingencies. Indirect costs are 
engineering procurement construction (EPC) and land area. The indirect costs in SAM are calculated as a percentage of direct costs.  

     Table 11 summarizes the input costs and financial data for GEMASOLAR and ANDASOL-1 plants. The reported plants’ costs 
are backdated to the years 2011 and 2008 for GEMASOAR and ANDASOL-1, respectively. However, in scenarios 2 and 3, the 
up-to-date costs were utilized to highlight the true CSP costs reduction. These costs were sourced from the NREL’s CSP costs 
database for the year 2021 [101], [102]. 

Table 11 

SAM cost and financial inputs for GEMASOLAR and ANDASOL-1 plants [96], [97], [100]. 

Parameters Variable GEMASOLAR ANDASOL-1 

Cost 
Total Installation Cost  USD 209,003,197.52 [98] USD 418,440,430.69 [99] 

Total Installation Cost per Net Capacity 12,003.06 USD/kW [98] 8,453.34 USD/kW [99] 

IRR Target 
Minimum Required IRR 15% 12% 

PPA Escalation Rate 1% 0% 

PPA Price 
PPA Price 0.15 $/kWh 0.15 $/kWh 

PPA Escalation Rate 1% 0% 

Loan Parameters 

Loan Rate 8% per year 7% per year 

Loan Term 20 years 20 years 

Debt Fraction 50% - 

Analysis Parameters 

Inflation Rate 2.5% per year 2.5% per year 

Real Discount Rate 8.2% per year 8.0% per year 

Nominal Discount Rate 10.9% per year 10.7% per year 

Analysis Period  25 years 25 years 

4.3 Simulation results and discussion 

     In all above scenarios, SAM software computes the hourly electrical output considering the system availability factor; hence 
the availability factor of 96% was set in SAM to contemplate outages due to unexpected downtimes and planned maintenance 
tasks. On the other hand, a 100% plant availability is not feasible because it does not take planned/unplanned shutdowns into 
account. 

4.3.1 Hybridization and Solar-only (scenario 1 and scenario 2) 

     Scenario 1 for Seville and Granada locations serves as a validation of the NREL’s model . The techno-economic outputs in the 
first row (i.e., 15% & 12% Hybridization) of Table 12 and Table 13 precisely match the NREL’s data shown in Table 7. The 

GEMASOLAR and ANDASOL-1 plants outputs generated by SAM for scenario 1 and scenario 2 are presented in Table 12 and 
Table 13, respectively. The analysis was conducted for a period of one year in the selected zones in Sudan and the original plants 
in Spain.  

Table 12  

Performance results of GEMASOLAR plant in Sudan compared with the original plant in Seville (scenario1+scenario2). 

Location 

Annual Energy (GWh) CF (%) LCOE (real) (USD/kWh) Annual Water Usage (m3) 

15% 

Hybridization 

Solar-

Only 

15% 

Hybridization 

Solar-

Only 

15% Hybridization 

(2011 costs) 

Solar-Only 

(2011 costs) 

Solar-Only 

(2021 costs) 

15% 

Hybridization 

Solar-

Only 

Seville 107 91.7 70.3825 60.14 0.149339 0.17399 0.15528 368,346 314,661 

zone1 146 140 95.84 91.948 0.110827 0.115392 0.102957 473,133 461,087 

zone2 146 140 95.8564 91.8245 0.110875 0.115542 0.10309 471,159 459,042 

zone3 140 132 91.7779 86.3926 0.115598 0.122517 0.109318 449,808 427,852 

zone4 134 125 88.1731 81.7773 0.120136 0.129171 0.115261 429,927 402,257 

zone5 137 127 89.4944 83.5173 0.11843 0.126576 0.112943 444,280 417,515 

zone6 130 119 85.2842 78.3187 0.124049 0.134673 0.120172 433,470 395,700 

 

Table 13 

Performance results of ANDASOL-1 in Sudan compared with the original plant in Granada (scenario1+scenario2). 

Location Annual Energy (GWh) CF (%) LCOE (real) (USD/kWh) Annual Water Usage (m3) 

12 % 

Hybridization 

Solar-

Only 

12% 

Hybridization 

Solar-Only 12% Hybridization 

(2008 costs) 

Solar-Only 

(2008 costs) 

Solar-Only 

(2021 costs) 

12% 

Hybridization 

Solar-

Only 

Granada 175 154 40.2451 35.5974 0.297234 0.326103 0.243624 644,556 578,058 

zone1 257 255 59.3394 58.7892 0.197651 0.19865 0.148796 935,916 926,343 

zone2 259 257 59.7707 59.2883 0.196234 0.197006 0.147572 938,035 928,716 

zone3 251 250 57.8181 57.6696 0.202348 0.202444 0.151623 893,401 888,829 

zone4 240 237 55.3091 54.7545 0.211859 0.21305 0.159521 842,925 832,964 
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zone5 244 243 56.2982 55.953 0.207912 0.208555 0.156174 875,798 868,540 

zone6 231 229 53.2974 52.7389 0.219729 0.221074 0.165494 837,055 826,579 

      From Table 12, in both scenarios, it is observed that the GEMSOLAR has higher values of annual energy output at the Sudanese 
zones compared to the original plant in Seville. For the hybridization scenario, the highest annual energy output is 146 GWh at 

zone1 and zone2, whereas the annual electrical energy output for the original plant in Seville is 107 GWh which is same as the 
value given by NREL in Table 7. A similar trend is observed for the solar-only scenario, where the GEMSOLAR plant has the 
highest values of annual energy output at zone1 and zone2 i.e., 140 GWh, whereas the solar-only GEMSOLAR plant in Seville 
produced the lowest energy output of 91.7 GWh. The DNI has the greatest influence on the energy outputs. For example, zone1 
and zone2 have an average daily DNI of 2,879.85 kWh/m2/year and 2,850.65 kWh/m2/year, respectively, compared to Seville, 
which has a DNI of 2,089.7 kWh/m2/year.  

     Table 13 indicates that the annual energy output for ANDASOL-1 is higher at the Sudanese zones for both scenarios compared 
to the original plant in Granada. As validated, in the hybridization scenario the annual electrical energy is 174.5 GWh at Granada, 

which is the lowest value, while zone1 and zone2 have the highest energy outputs of 257 GWh and 259 GWh, respectively. The 
solar-only scenario for the ANDASOL-1 plant case shows a similar trend, where the Sudanese zones have yielded higher energy 
outputs compared to Spain. The reason is again attributed mainly to the DNI influence since the nominated Sudanese zones have 
better DNI values than the 2,089 kWh/m2/year at Granada. 

     The CFs presented in Table 12 and Table 13 for both scenarios show that the Sudanese zones achieved the highest values, and 
this agrees with the annual energy output results discussed previously. Both zone1 and zone2 have the highest CFs among the other 
Sudanese zones. This implies, if the plants have fully operated in solar-only mode, then GEMASOLAR in zone1 will produce 
8,054 hours per year as opposed to 5,378 hours in Seville, while the ANDASOL-1 plant will produce 5,149 hours per year in zone1 

as opposed to 3,118 hours in Granada.  

     In Table 12, the LCOE (real) values for the GEMASOLAR plant in Seville are the highest compared to Sudanese zones in both 
scenarios. Zone1 and zone2 achieved the lowest LCOEs among all Sudanese zones. Considering old GEMASOLAR’s cost, the 
LCOE has increased by 4.11% when shifting from scenario1 to scenario2 for both zone1 and zone2, whereas the Seville’s LCOE 
has increased by 16.5% when solar-only option is chosen. This result shows the significant impact of DNI on the LCOE, where the 
surplus stored energy eliminates the fuel costs used during no-sun operations. In addition, the SPT cost reduction (i.e., between 
2011 and 2021) contributed to further reduce the LCOE as observed in scenario2 (2021 costs) which is about 10.8% for both zone1 
and zone2. Similarly, for ANDASOL-1 the LCOE (real) values in Granada are the highest for both scenarios as indicated in Table 
13. Zone1 and zone2 achieved the lowest LCOE among all Sudanese zones. The PT cost reduction contributed about 25.1% in 

reducing the LCOE for both zone1 and zone2. 

     The quantity of water consumption for plant operation depends mainly on the condenser type and the amount of energy 
generated, assuming a fixed number of mirror-washing cycles per year for all zones; however, this factor is dynamic due to the 
dusty conditions. Since wet cooling is adopted in all cases, that the annual consumed water at Sudanese zones is higher, especially 
at zone1 and zone2, due to their higher energy output.  

     From these results, we can infer that the Sudanese zones would outperform the original plants in Spain. Zone1 and zone2 
achieved the lowest LCOE among all Sudanese zones. For a fair and decisive comparison between the two CSP technologies, the 
plant capacities and storage hours should be similar as implemented in scenario 3. 

4.3.2 50 MWe SPT and PT plants (scenario 3) 

     Scaling up the two CSP plants in the Sudanese zones requires increasing the SM; therefore, an optimization using SAM 
parametric analysis was conducted to evaluate the trend of CF and LCOE when increasing SM and TES hours for zone1 50 MWe 
SPT (i.e., GEMASOLAR-like) and PT (i.e., ANDASOL-like) plants as shown in Fig. 12 and Fig. 13, respectively. 
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Fig. 12. The effects of SM and TES hours on CF and LCOE for the 50 MWe SPT (GEMASOLAR-like) plant in zone1. 

 
Fig. 13. The effects of SM and TES hours on CF and LCOE for the 50 MWe PT (ANDASOL-like) plant in zone1. 

     Based on the performed parametric analyses, the optimum SM (i.e., the best combination for yielding the highest CF with lowest 
LCOE) for both CSP plants occurs at SM=3.5 with TES hours=15. In fact, Fig. 12 shows that the optimum SM for the 50 MWe 
GEMASOLAR-like plant is 3.5 with TES hours=17.5; however, for a fair comparison, the TES hours are kept as 15 in both CSP 

plants for further analysis as presented in Table 14. For all examined TES hours in both 50 MWe CSP plants, the SM=1 and SM=2 
didn’t exceed the CF of 26% and 54%, respectively, and the LCOEs are relatively higher; because of the added TESs which are 
not fully utilized, therefore extra costs with less energy production.  

     Table 14 shows the two 50 MWe CSP plants techno-economic outputs for scenario 3 with solar-only, SM=3.5, and TES 
hours=15 as simulated in SAM for the proposed Sudanese zones.  

Table 14 

Performance results of 50 MWe SPT and PT plants in Sudan (solar-only, SM=3.5, and TES hours=15). 

Location 
Annual Energy (GWh) CF (%) LCOE Real (USD/kWh) Annual Water Usage (m3) 

SPT PT SPT PT SPT PT SPT PT 

zone1 416.6 372.8 95.342 85.970 0.0862 0.1475 1,323,090 1,315,820 

zone2 414.9 375.3 94.964 86.546 0.0865 0.1465 1,314,260 1,317940 
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zone3 392.7 368.6 89.888 84.994 0.0912 0.1491 1,232,410 1,273,260 

zone4 371.7 349.9 85.069 80.693 0.0962 0.1569 1,158,880 1,198,770 

zone5 381.2 358.9 87.245 82.776 0.0938 0.1530 1,207,130 1,252,120 

zone6 355.9 337.0 81.448 77.707 0.1003 0.1628 1,138,930 1,192,140 

     Like scenario 2, scenario 3 does not represent the original GEMASOLAR and ANDASOL-1 plants because the capacities, SM, 
TES hours, and operation mode are different, while other assumptions and features of these plants hold. Based on the optimization 
tool in SAM, considering the “zone1” location, the 50 MWe SPT plant would have 7,996 heliostats covering an area of 921,504 
m2 with a tower height of 161.1 m. On the other hand, the 50 MWe PT plant would have an aperture area of 739,020 m2 and 226 
loops. 

     From Table 14, zone1 and zone2 have the best outputs for both SPT and PT plants in Sudan. However, under the same plant 
capacity, SM, and TES hours, the SPT system outperformed the PT system. For example, in zone1, the CF for the SPT is 10% 
higher than its PT counterpart. In the same fashion, the LCOE for SPT plants is much lower than the PT plants in each zone. To 

highlight this difference, the LCOE for the SPT in zone1 is 41.5% lower than the PT in the same zone. The reason for this superb 
SPT performance (compared with PT) in the Sudanese zones is because of the higher efficiencies inherent in the SPT working 
principles, especially when robust optimization is done to fully take advantage of the high DNI values in the Sudanese zones. 

     Considering scenario 3 results, SPT technology is the best option, and it is further pursed in  scenario 4. Both zone1 and zone2 
have the best outputs among all other proposed Sudanese zones. 

4.3.3 A “downsized” CSP plant (scenario 4) 

     The main purpose of scenario 4 is to determine the geometrical specifications of three SPT pilot plants with capacities of 1, 3, 
and 5 MWe that will yield the highest CSP plant efficiency. Zone1 was selected for the SPT plant demonstration with TES 
hours=15, and the SAM parametric optimization tool was used to evaluate the plants’ efficiencies when increasing the SM and 

heliostat area (i.e., single heliostat area). The suggested “GEMASOLAR-like” pilot plant would have the same heliostat 
height/width aspect ratio (i.e., 5/6) and specifications as the original GEMASOLAR in terms of the optical and thermal properties 
of the main plant sub-systems. The LCOE was not used as a main indicator in this scenario to avoid the costs uncertainties in the 
case of Sudan. Multiple runs have been performed to evaluate the three plants’ efficiencies according to Equation 1. Results of the 
90 runs for scenario 4 are plotted in Fig. 14. 

 
Fig. 14. GEMASOLAR-like pilot plants efficiencies. 

     Fig. 14 demonstrates the relationship between the SPT plant capacity and annual efficiency for different SM and heliostat area 

combinations. Increasing the nominal plant capacity would increase the efficiency; this result is supported by [103]. Based on the 
performed optimization, the highest annual efficiency is 16.81% for the 5 MWe plant, corresponding to an optimum heliostat area 
of 20 m2 at SM=3, while the 3 MWe plant has an optimum heliostat area of 30 m2 that yields an efficiency of 15.56% at SM=3. 
The 1 MWe SPT plant has its highest efficiency at 14.77% at SM=2.5, corresponding to an optimum heliostat area of 20 m2. 
Heliostat sizes greater than 10 m2 are feasible to manufacture since the heliostat size enlargement decreases its manufacturing cost, 
considering the 40% contribution of heliostat fields to the overall cost of SPT plants [104]. 

     The efficiency for the 3 and 1 MWe plants drops significantly after reaching the optimum heliostat area; this occurs because 
varying the heliostat and receiver dimensions in each run affect the optical field efficiency, including shading, blocking, and spillage 

losses, and subsequently influencing the overall plant efficiency. Annual average SPT plant efficiency ranges between 7 and 20% 
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(e.g., GEMASOLAR has 14% overall efficiency) [64], hence the 5 MWe capacity with SM=3 is recommended because it has 
achieved the highest efficiency.  

5. Challenges and the wayforward 

     Sudan’s government has committed to increasing its RE share to 100% in 2050 as established by the Climate Vulnerable Forum 
[29]. This ambitious and long-term vision would not be possible with the current progress and the proposed CSP share (i.e., 50 

MWe). Thus, the following paragraphs elaborate on exploiting the inherent differences between solar PV and CSP for integration 
instead of competition to increase the electricity generation in the country and achieve the ambitious plans with minimal costs and 
risks. 

     From the investors’ point of view, they prefer PV over CSP due to their reduced costs and this will continue if PV energy costs 
remain cheaper. However, CSP plants with TES (CSP-TES) have the added value of storing energy in the form of heat, making it 
dispatchable as opposed to intermittent RE technologies such as PV and wind. This advantage of CSP results in surplus energy 
production during periods of highest demand, offsetting the most costly (and often highest emissions) fossil generators [65]. 
Comparatively, CSP technology is less affected by the rise in ambient temperatures. Several studies reported that, in CSP 

technology, the average power-block efficiency reduction with temperature is 0.01%/°C, while PV modules reported power 
reduction in the range of 0.2 – 0.4%/°C [105]–[107]. Conversely, PV offers a low-cost electricity supply during daylight hours. 
Therefore, instead of choosing between CSP and PV,  several studies have addressed the potential of integrating CSP and PV solar 
systems (hybrid CSP + PV) to increase the CFs and reduce electricity costs, which seems to be the future trend due to the promising 
outcomes [108]–[110]. 

     If CSP aims to compete with natural gas and wins the race, that would be more attractive than competing with PV. CSP is 
comparable to natural gas because they are both thermal and dispatchable. Unfortunately, natural gas is favored due to its current 
lower price, but it imposes high risks including its harmfulness to the environment and habitats in addition to its price volatility. 
Conversely, CSP is safer and environmentally benign.  

     Although the SPT and PT technologies are proven and mature, large-scale deployment significantly depends on the specific 
country's economic, political drive, and financial drive. In the case of Sudan, technology and financing of solar energy projects are 
still the two big barriers to solar energy development in general. Other barriers include [111]: 

• High economic risk of CSP technologies and lack of public/private investment. 

• High market concentration impeding new stakeholder entry.  

• Lack of financial systems and governmental incentives to cherish and promote solar energy technologies. 

• Lack of awareness among both consumers and decision-makers about the potential benefits of CSP technologies. 

• Poor coordination between institutions and gaps in stakeholders’ awareness of the specific technology.  

• lack of monitoring and improper evaluation for the previous disseminates of solar energy technologies to assess their impact 

and identify the barriers. 

• Lack of adequate technical services and inadequacy of training, including the difficulty of maintenance and spare parts' 

unavailability 

• Legal and cultural barriers.  

     Finance is a vital key factor to consider for making solar power competitive across Sudan, especially for CSP technology. An 
attractive solution to this issue would be reducing the risk of investment and cost of finance via dedicated de-risking policies such 
as long-term Power Purchase Agreements (PPA), concessional loans, and loan guarantees. This solution aligns with the suggestion 
by Labordena et al. in [112].  

     The PPA could cover the investment, financing cost, insurance, personnel, and operational cost of the CSP plants while allowing 
for a reasonable return for investors. Such a PPA would have be guaranteed by the state as well as a robust international insurance 
entity. In light of IRENA and Trieb et al. recommendations [113], the easiest way to reduce the LCOE of CSP is to enhance security 
and reliability from PPAs and international guarantees as well as lowering interest rates for investors and banks. A huge advantage 
can be achieved if most of the plant equipment is manufactured locally, including spare parts, to lower the capital and maintenance 
costs [45], [114]. 

     Despite the large areas and high annual solar insolation, especially in the northern and western regions of the country, CSP 
technologies will not be developed unless the economic barriers are tackled. Several CSP plants have been successfully 

demonstrated in similar countries such as Morocco, Tunisia, South Africa, Jordan, Egypt, and Chile, mainly in and near desert 
regions where DNI is generally high, and land use is minimal [115]. However, direct comparison between project PPAs or LCOEs 
is difficult, given variations in the country specific situation, solar resources, technology type, size of storage, financing, and other 
factors.  

     Authorities in Sudan must take serious actions to implement the forecasted short and long-term plans and fulfill its 100% RE 
share, where solar energy is required. In light of IRENA recommendations, here are some of the actions that apply to Sudan’s case 
[116]: 

• Improve local financing availability.  

• Increase solar energy awareness among local commercial banks and financial intermediaries. 
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• Attract foreign and local investments by eliminating the perceived risks. 

• Attract private sector participation and financing by initiating public-private partnerships for risk and cost-sharing. 

• Incentivize the private sector via devoted policy that fosters innovation in business and financing models. 

• Focus on developing a long-term sustainable market instead of a project-based approach. 

• Establish an institutional framework that enhances dialogue and coordination between different stakeholders involved to 

improve clarity and define roles and responsibilities. 

     Sudan has successfully set clear targets for RE, but there are no clear actions or specific policies and measures to attract investors. 
Promotion measures for RE are especially important. There are various recommended promotional strategies that include [117]: 

1- Regulatory Instruments: Feed-in Tariffs (FIT) – Feed-in Premiums (FIP) – Quotas (renewable portfolio standards) – Net 

Metering – Mandate and Registry. 

2- Fiscal Incentives: Value Added Tax (VAT)/fuel tax/ income tax exemption – Import/export fiscal benefit – National exemption 

of local taxes – Carbon tax – Accelerated depreciation. 

6. Concluding remarks 

     Currently, the energy supply-demand gap in Sudan is widely increasing and electricity is the most affected sector. The main 
reasons behind this degradation are the political uprisings and bad economic situation that interrupted the upgrading plans for 

electricity, along with the steady growth of the population and shortcomings in hydropower and thermal power generation. Sudan 
is looking forward to overcoming the energy issues, implementing its RE roadmap, and achieving its targets for sustainable 
development and satisfaction using its indigenous RE sources to reach a 100% RE share in 2050.  

     CSP technologies are promising options to contribute to achieving the 2050 ambitious RE plan and guaranteeing an appropriate 
energy mix and energy security in Sudan. To help achieve this goal, the CSP site study set forth in this paper has identified 6 
potential zones to host such CSP systems. These zones are:  

• Zone1 and zone2 (near Wadi Halfa) in the Northern state. 

• Zone3, zone4, and zone5 (near Melit and Kutum) in North Darfur state. 

• Zone6 (north of Nyala) in South Darfur state.   

     The assessment showed that the above zones have the best qualities for developing mega-scale CSP plants due to their high 
DNI, vast empty landscapes, low population density, water (i.e., surface/ground water) availability, and proximity to roads and 
high voltage transmission lines (existing or planned). Opting for these zones will not only benefit these regions in terms of 
sustainability and development, but the large capital investment involved in deploying the proposed CSP systems will also have 

socio-economic benefits towards the UNDPs’ sustainable development goals (SDGs). 

     The CSP techno-economic analysis proved that Sudan outperformed Spain for hosting GEMASOLAR and ANDASOL-1; in 
addition, zone1 and zone2 showed the best outputs with the highest produced energy and lowest LCOE. Installing GEMASOLAR 
at zone1 and zone2 produced 36.4% and 36.4% more energy than Seville, respectively, while ANDASOL-1 at zone1 and zone2 
produced 46.85% and 48% more energy than Granada, respectively. 

     One of the strengths of this study is the comparison between two solar-only 50 MWe SPT and PT plants at the six Sudanese 
zones. The SPT technology showed excellent results compared to the PT technology. Hence this study proposes an SPT pilot plant 
that has features similar to the GEMASOLAR plant. Increasing the plant capacity increases the plant efficiency and decreases the 
LCOE; thus among three examined capacities (i.e., 1, 3, and 5 MWe), the 5 MWe SPT pilot plant has been selected for zone1 with 

optimum specifications as follows: a single heliostat area of 20 m2, SM=3, receiver diameter of 3.74 m, receiver height of 7.22 m, 
tower height of 62 m, and solar field area of 95,752.2 m2. 

     Sudan’s financial situation and CSP technology status are the most apparent barriers that hinder CSP deployment in the country. 
Therefore, the local government and stakeholders must put forth more effort, specially to improve institutional capacity and enhance 
multinational cooperation, reduce financial risks, and improve technology transfer and domestic logistic infrastructure.  

     For the sake of reducing risks and attracting investors, more attention should be given to promotion. One suggestion could be 
to create a special dedicated body with specific functions as follows: identify CSP type related feasibility studies, allocate and 
acquire land for projects, provide technical support and training, identify business partners, and propose attractive incentives 

schemes.   

     Harvesting solar energy using CSP technologies in Sudan will not only increase the electricity generation capacity but also 
guarantees energy security and sustainability through creating and implementing energy mix plans in line with the UNDPs’ SDGs 
for 2030. 

     It would be beneficial to highlight some of the study limitations that must be addressed in future works. These limitations 
include: 

• The assumptions for cost and financing parameters must be typical values from the Sudanese market and central bank of Sudan, 

so that the final analysis will be more accurate instead of primarily indicative. 
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• Optimization of solar multiple and hours of storage for the SPT pilot plant would be useful to determine the best values for 

increasing plant efficiency. 
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