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Abstract— Sudan is one of the East Africa countries that
have endured considerable economic strain with the loss of
substantial oil following the separation of South Sudan in
July 2011, but it is lucky enough to have an abundant solar
energy potential resources with plenty of water resources
and a large area of lands. River Nile State (RNS) one of
Sudan states characterized by a huge potential of national
resources. The location of RNS is covered by a Direct
Normal Radiation above 1800 kWh/m?/year, the resources
available in the State is quite sufficient to support nexus
between energy, food, water, and land use to offers an
approach for multi-scale, integrated assessment of this
nexus. The analysis and performance of the proposed
parabolic trough power plant are done by using SAM
software created by National Renewable Energy
Laboratory’s (NREL) SAM software. The selected
parabolic trough concentrated power plant system has a
capacity of 100 MW nameplate capacity and 6 hours
thermal Energy storage (TES). The simulation of solar
energy potential contribution (quantity) and convenience
(quality) of concentrated solar power (CSP) as alternative
sources for the production of electricity in River Nile State.
The annual electricity power generated for the 6 localities
of River Nile State is calculated to be 389 GWh Abu
Hamad, 381 GWh Atbra, 385 GWh Barbar, 383 GWh El
Damer, EI Matammah 364 GWh and 382 GWh Shendi
respectively. For sustainability, the results show that fossil
fuel can be the preserve considerably in this state and can
achieve about 76 Million Cubic Meters of CO2 emission-
reducing and 31 Million Cubic Meters Natural gas-saving
with the line of the sustainable development program. For
nexus issues, solar field area (land) is 587 acres with non-
solar field land area with a multiplier of 1.4 which gives a
total plant area of 822 acres (8.22 acres per MW of power
capacity) with Average solar radiation 2,587 Wh/m2/year.
The energy outputs are: 562 GWh thermal annually
(provided by solar radiation); and 389 electricity annually
(produced by the plant) for Abu Hamad locality the higher
solar potential resources, Besides a Total Annual Water
usage is 84,238 m°,
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l. INTRODUCTION

In the recent century, the international and national
concerns is over food, water, and energy security due to the
growing demands placed on land and other natural resources
by global population increase and climate and other
environmental changes present the need of resources
accounting for sustainability by the nexus between Energy,
Food, Water and Land use [1]. For energy demand fossil fuels
(non-renewable) have the main role to supply this energy
requirement among different types of energy sources [2]. The
global increase in the number of population and the scope of
wealth leads to greater energy consumption. As result there is
a lack of resources especially energy and drinking water [3], it
is estimated that the consumption of electrical energy will
double in the next 15 — 20 years [4], while the estimates of the
world primary energy consumption is 80% of the supply
provided by fossil fuel [5]. Renewable energy sources are
considered a valuable alternative source of energy since they
are sustainable, cheap, and environmentally friendly [6]. Solar
energy is rightly seen as a huge opportunity for Africa, both at
utility-scale and off-grid. Deployment is low today, but it is
expanding fast. Recent new utility-scale capacity additions
include the first phases of the 1.6 gigawatts (GW) solar
photovoltaics (PV) park at Benban in Egypt and the 510 MW
Noor solar concentrating solar power development in
Morocco, both of which are among the world largest of their
kind. In East Africa, Kenya commissioned the 310 MW Lake
Turkana Wind Power plant and the 185 MW Olkaria
Geothermal Power Plant, both among Africa’s largest in their
respective  technologies.  Large-scale  projects  have
successfully been confirmed in other countries and many more
are underway in Angola, Ethiopia, South Africa, Senegal,
Uganda , and Zambia, among others. A study undertaken by
the International Renewable Energy Agency (IRENA, 2014)
assessed the theoretical potential of a range of renewable
energy technologies in Africa (Figure 1). It estimated that
Africa’s solar PV theoretical potential could provide the
continent with more than 660 000 TWh of electricity a year,
far above its projected needs. East Africa was identified as
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having the highest theoretical potential (more than 200 000
TWh/year), followed by Southern Africa (more than 160 000
TWh/year) [7]. Sudan is one of the East Africa countries that
has endured considerable economic strain with the loss of
substantial oil following the separation of South Sudan in July
2011, but it lucky enough to have abundant solar energy
potential resources with plenty of water resources and a large
area of lands.

West Africa
Southern Africa
North Africa
Fast Mrica
Central Africa

CsSP

West Africa
2 Southern Aica
& North Africa
3 Fast Africa
Central Africa

50000 100000 150000 200000 250000
TWh

Fast Afiica and Southem Africa contain the highest solar resource pofenfial

Note: CSP = concentrating solar power.
Source: IRENA (2014).

Fig.1. East and Southern Africa solar resources potential

The objective of this study was to generate an integrated
assessment of the solar energy potential contribution
(quantity) and convenience (quality) of concentrated solar
power (CSP) as alternative sources for the production of
electricity in the River Nile State of Sudan, where the state is
characterized by its water and land resources for agriculture
and food production. The simulation tool that used to simulate
the proposed CSP system, is the System Advisor Model
(SAM), a free techno-economic software model that facilitates
decision-making for people in the renewable energy industry
[8].

A. Electrical Energy Situation in Sudan

In Sudan 2019, the total generated and imported energy from
Ethiopia to the national grid is recorded to be 17,052.996
gigawatt-hours with an increase of 7.2% from the previous
year. The National grid divided into four main network
regions, the consumption of energy in the greater Khartoum
network region is 10,865.7 gigawatt-hours, Al Jazeera
network region consumed 3,711.8 gigawatt-hours, the eastern
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network region consumed 1,548.98 gigawatt-hours, and the
northern network grid (Nile +Northern state) consumed
2,559.42 gigawatt-hours. The percentage of load sharing is
shown in figure 2 below [9]

Northern grid
network
13.830%

Regions Electrical Network
grid Load

Eastern grid
network
8.370%

AN

Greater
Al Jazeera Khartoum
grid network grid network
20.058% 57.742%

Fig.2. Sudan regions grid load

The percentage of thermal generation in 2019 was 38.12%,
from the total energy generated of 16,714.75 gigawatt hours.
The types of fuel used to produce this amount of energy is as
shown in table 1 and Figure 3, below [9].

Table -1 Quantities of Different types of Fuel consumed

Type of Fuel Quantity (Ton)
Gas Oil 34,003.0
Heavy Fuel oil (HFO) 34,004.3
Heavy Coke (HC) 38,785.06
Light Fuel Qil (LFO) 0
Petroleum Coke 75,570.25
Crude Qil 737,657.25

Fuel Consumption 2019 -Quantity (Ton)
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Fig.3. Sudan fuel consumption electric generation

Recently in Sudan 2020 there are shortage and limited supply
of fossil hydrocarbon resources. Due to the shortage of fossil
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fuels supply, Sudan faced with a situation of a week energy
security, this including shortage of electric power supply.
With a considerations to the negative impact of CO2
emissions on the global environment, all these facts
encouraging the tendency and dictating the increasing usage of
renewable energy resources.

CONCENTRATING SOLAR POWER PLANTS
TECHNOLOGY

Concentrated solar power (CSP) is that the presumable
candidate for providing the bulk of this renewable energy
because it's amongst the foremost cost-effective renewable
electricity technologies and since its supply is not restricted if
the energy generated is transported from the world's solar belt
to the population centres Three main technologies as shown in
Figure 4 are identified during the past decades for generating
electricity within the ten kW to several thousand MW ranges
[10].

0 dish/engine technology, which can directly generate
electricity in isolated locations

0 Parabolic and Fresnel trough technology, which
produces high-pressure superheated steam

0 solar tower technology, which produces air above
1000°C or synthesis gas for gas turbine

The NREL’s SAM software (System Advisor Model) usually
familiar with evaluate the plants energetic and economic
performances and presents desirable outputs like as annual
energy output, capacity factor and efficiency. Several types of
research have studied CSP plants for various consideration in
some countries. Abbas et al. [11] had an assessment of a 100
MW plant for electricity generation based on parabolic trough
technology in four typical sites of Algerian climate conditions
by using SAM software. Donaji et al. [12] used SAM to assess
an annual production between the parabolic trough systems
and power tower in Mexico and Spain. Malagueta et al. [13],
simulated four sorts of 100 MW CSP plants with parabolic
troughs (simple plants, plants with hybridization and plants
with thermal energy storage) supported the SAM at two sites:
Bom Jesus da Lapa and Campo Grande. Purohit [14] had a
Techno-commercial feasibility of 4 sorts of CSP plants for 23
locations in India.
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Fig.4. Technologies for concentrating solar radiation: left side
parabolic and linear Fresnel troughs, right side central solar tower
receiver and parabolic dish

I1l.  RIVERNILE STATE (SUDAN) TOPOGRAPHY

AND ITS SOLARPOTENTIAL

River Nile State is located between Latitudes 16-22 north and
Longitudes 32-35 south. From the North, it’s bordered by the
Arab Republic of Egypt from the East Kassala and the Red
Sea States and on the South Khartoum State and from West
the Northern State as shown in Figure 6. The River Nile
traverses the lands of the State on its way Northwards towards
its Mouth, where it joined by Atbara River. The State’s area is
122.1 thousand square Kilometers and estimated population of
1,027,534 [15]. The River Nile State depends on its economy
on traditional and modern agriculture. The most important
agricultural products include Egyptian beans, which are grown
in Berber, the third city in the state after Atbara and Damer. Its
agricultural products also include vegetables and fruits, and it
is considered the first state in Sudan in the production of
horticultural crops and fodder. There are more than 30
agricultural projects in it, including food security projects
(Atbara, Al Damer, Berber) Al-Zaidab Al-Zaid project.
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Fig.6. Sudan River Nile State
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The River Nile State is famous for its cement industry,
which is a flourishing industry in the state, and it has many
untapped minerals, such as mica. The state is very rich in this
important mineral, and there are also some other minerals, such
as gold that the people extract randomly [16]. The River Nile
State composed of 6 famous localities Shendi, EI Matammah,
Atbra, El Damer, Barbar and Abu Hamad. The Solar radiation
as illustrated in Figure 5, fall between 6.67KWh/m2/day and
7.09 KWh/m2/day), (2,434.55 — 2,587.8 KWh/m2/year) which
is quite sufficient to encourage investment in SPV and CSP.
Simulation Study For solar energy potential and CSP
assessments all River Nile State Localities will be studied Abu
Hamad, Barbar, EI Damer, Atbara, Shendi and EI Matammah.
SAM software is used to simulate the implementation of CSP
Parabolic Troughs 100 MWe with Thermal Energy Storage 6
hours of storage at design point without considering the
Financial Model in the simulation and Results.

A. Simulation Study

For solar energy potential and CSP assessments, all River Nile
State Localities will be studied Abu Hamad, Barbar, El
Damer, Atbara, Shendi and EI Matammah. SAM software is
used to simulate the implementation of CSP Parabolic
Troughs 100 MWe with Thermal Energy Storage 6 hours of
storage at design point without considering the Financial
Model in the simulation and Results.
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Fig. 7. Schematic view of parabolic trough power plant [3]
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IV. SIMULATION RESULTS

A. Solar energy potential assessment

Implementing of a Solar Photovoltaic (SPV) Power Plant or
Concentrated Solar Power (CSP) Plant requires a pre-
feasibility study that includes solar energy resource, cost and
water supply analysis. The first step in pre-feasibility of SPV
and CSP plants is solar energy potential assessment, Total
solar horizontal energy, GHI, consists of two terms; Beam
Horizontal Irradiation (BHI) and Diffuse Horizontal
Irradiation [2]. It is generally assumed that solar concentrating
systems only is considered as economically visible for
locations with direct incidence radiation (DNR) above 1800
kWh m-2 year—1 [10].

Table -2 Annual Average Calculated from Weather File (SAM)

Localit Lat/ GH DNR DH Avg. Avg.
y Name Long (KWh | (KWh Tempa Wind
/m2/d | /m2/d ture C° speed
ay) ay)
Shendi | 16.6743° | 6.78 6.87 | 201 29.6 4.7
N,
33.4496°
E
El 16.7132° | 6.67 6.66 | 2.06 29.7 4.7
Matam N,
mah 33.3626°
E
Atbra | 17.7015° | 6.75 6.87 | 203 29.8 4.7
N
34.0084°
E
El 17.59898 6.78 6.9 2.02 30.2 4.7
Damer )
33.97205
Barbar | 18.0295° | 6.76 6.95 1.99 29.9 4.7
N,
33.9917°
E
Abu 195356° | 6.79 | 7.09 | 196 | 29.4 4.8
Hamad N,
33.3206°
E

The above table shows that all localities the mean Global
Horizontal Irradiation (GHI) is more than 1800 kWh/m2 and
are suitable for both Solar Photovoltaic Power Plants and
Concentrated Solar Power Plants (CSP). the yearly DNR
(KWh/m2/year) obtained gives the priority of selection by
ranking to the Localities as follows: Abu Hamad (1), Barbar
(2), EI Damer (3) Atbara and Shendi (4) and the last is El
Matammah (5). Figure 7 and Figure 8 represented the daily
average Global and Direct Normal Radiation over the River
Nile State.

Global Horizontal Radiation (KWh/m2/day)

Shendi El Matammah Atbra
River Nile State Localties

KWh/m2/day
[<al
o

o
€
@

El Damer  Barbar AbuHamad

® GH (KWh/m2/day)

Fig.7. Global Horizontal Radiation River Nile State

B. CSP plant performance assessment

The analysis of the parabolic trough Concentrated Solar Power
Plant performance is applied by using National Renewable
Energy Laboratory’s (NREL) SAM software. SAM provides
the modelling capability for several technologies including the
parabolic trough technologies [17]. SAM combines an hourly
simulation model with performance, cost and finance models
to calculate energy output, energy costs and cash flows. The
chosen parabolic trough Concentrated power station system
features a capacity of 100 MW nameplate capacity and 6
hours thermal Energy storage (TES).

The annual electricity generated by the parabolic trough plant
in River Nile localities is illustrated in table 3 below.

Table -3 Annual performance parameters

Selected Localities Annual Energy Capacity Factor
Output (GWh)

Abu- Hamad 389.45 0.45
Atbra 381.76 0.44
Barbar 385.02 0.44

El Damer 383.58 0.44

El Matammah 363.14 041

Shendi 383.25 0.44
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The annual electricity generated by the CSP plant is 389 GWh
Abu Hamad, 381 GWh Atbra, 385 GWh Barbar, 383 GWh El
Damer, EI Matammah 364 GWh and 382 GWh Shendi as
shown in table 3 above.

C. Comparison of Results

An assessment of the electricity generated by CSP solar
parabolic trough power plant in the 6 localities of River Nile
State in Sudan is done. A comparison of DNI and electricity
generation of CSP plant in the 6 selected localities of River
Nile State in Sudan is shown in Figure 8 and Figure 9. These
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figures shows that Abu Hamad and Barber have the highest
solar potential due to their higher received solar radiation and
better weather conditions with comparison to EI Matammah
locality, the lowest solar potential among the selected
localities.

Direct Normal Radiation(KWh/m2/day)

71
7
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Fig.8. Direct Normal Incident Radiation River Nile State

Annual Energy Output (GWh)

Atbra El Damer El

Matammah

Abu- Hamad Barbar Shendi

Fig.9. Annual Energy Output River Nile State

D. Mitigation of Carbon Emissions and Fuel Preservation

Coal and petroleum are also called fossil fuels or non-
renewable energy resources. One way of fuel conservation is
to avoid their wastage by switching to alternative sources such
as solar energy. Concentrated Solar Power plants (CSP) help
to preserve fossil fuels and result in CO2 reduction. An
amount of 0.285 m3 natural gas is needed to generate 1 kWh
electricity accounted for 34% efficiency [18] and 1 kWh
electricity generation for Sudan is equivalent to 0.615 kg CO2
(1 m3 natural gas = 1,9 kg CO2 ) [19][20]. Table 4 shows the
amount of reducing CO2 emission and natural gas
preservation for the considered plant in the selected cities.
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Table -4 the amount of yearly fuel preservation and CO2
mitigation results from using CSP in the selected Localities
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The National resources available in River Nile State is quite
sufficient to support nexus between energy, food, water and
land use to offers an approach for multi-scale, integrated
assessment of this nexus. The assessment of the solar energy
potential contribution (quantity) and convenience (quality) of
concentrated solar power (CSP) as alternative sources for the
production of electricity in River Nile State concluded that:

1. The site of Abu Hamad locality has the highest solar
potential to generate electricity followed by Barbar,
El Damer, Atbara, and Shendi and finally El
Matammah has the lowest potential among them.

From the sites analysed all state localities have areas
with plenty of water and therefore no restrictions on
using parabolic trough technique.

3. Fossil fuel can be preserved considerably in these
areas and can obtain about 76 Million Cubic Meters
of CO2 emission-reducing and about 31 Million
Cubic Meters Natural gas-saving with the line of the
sustainable development program.

I For Abu Hamad locality, CSP the size
assumption for power plant of 100MW vyield
a result of Energy, Land and Water nexus as
flows: The solar field area is 587 acres with
non-solar field land area multiplier 1.4
which gives a total plant area of 822 acres
(8.22 acres per MW of power capacity).
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Il. Average solar radiation 2,587 Wh/m2/year.
The outputs are 562 GWh thermal annually
(provided by solar radiation); and 389
electricity annually (produced by the plant).

I Total Annual Water usage is 84,238 m3
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