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ARTICLE INFO ABSTRACT 8
Article history: This study presents a simulation of electricity generation systems utilizing solar energy, employing TRNSYS and g
Received 00 mmm yyyy EES software to address the energy needs of isolated areas in Algeria. Two solar energy systems were compared: Cﬁ
Received inrevised form 00 mmmmm YYYY  the CSP-ORC and the Photovoltaic, analyzed across three regions: Adrar, Illizi, and El-Bayadh. The CSP-ORC
Accepted 00 mmmm yyyy system was enhanced by incorporating components for optimizing the operation of the pump within the ORC;

as well as integrating a solar photovoltaic system with battery storage at a capacity of 50 kW. The estimate

keyword.: electrical power generated by the studied systems is approximately 1 MW. We compared the technical performance
Thermodynamic analysis of a 1 MW s-ORC system with thermal energy storage against that of a solar photovoltaic system of the sam
concentrating solar power capacity. This analysis underscores the viability of both CSP-ORC and PV systems for electricity generation in
Organic Rankine Cycle Each isolated arid regions of Algeria. However, the superior performance of the PV system, particularly during the Q)
Photovoltaic winter months, suggests that while CSP-ORC systems are promising, they may require further enhancements or =
Algeria integrated solutions (such as hybrid systems) to improve output and reliability across all seasons. The economic

analysis highlights the cost-effectiveness of PV systems, which have lower investment, maintenance costs, and Q)
LCOE than CSP-ORC. The lowest LCOE (0.0311 €/kWh) and fastest payback (3.62 years) were observed in Illizi
for PV, while CSP-ORC had the highest LCOE in El-Bayadh. Environmentally, PV reduces 55.2 tons of CO2
emissions in Illizi, whereas CSP-ORC, generating more electricity, prevents 84 tons. Both systems significantly
cut emissions compared to diesel generators.
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1. Introduction northeastern Greece, the simulated power plant operates on a 234 kW solare

According to IRENAs 2018 annual report, “Global Energy Transfor- parabolic trough collectors and a 5 kW ORC engine.The model is reliable
mation - Roadmap to 2050”, the renewable ener’gy mix is expected to shift because of small deviations. Their work aims to promote the growth of solar
significantly, with solar and wind accounting for more than half of total renewa- thermal energy in Greece, through. the development of a software—base.d model
ble energy generation [1], The share of renewable energy in the energy sector of the PTC power plan't al"“g with ORC. Re{ated o solar applications, He
is expected to increase to 85% in 2050. While renewable energy currently etal. [4] Developed.a simulation model of an integrated thermal solar power
represents less than 60% of total energy consumption, direct use of renewable generatlon system Wlt_h ORC plant a_nd an§lyzed the system performance taking
energy will account for a large proportion of energy use in industry, buil- into acco.unt‘four typical days. [5] mvestlgatf,d the performance‘ of a 250 kW
dings and transportation. Approximately a quarter of this will come from solar control circuit coupled to compound parabolic sensors under design-deformed
thermal energy and the rest will come from geothermal and other renewable conditions due to fluctuations in ambient temperature and heat transfer flui
sources [2]. Extensive research has been carried out in the field of solar thermal (HTF) mass flow rate. B orur}da e.:t al. [_6] presented a Stud)f on a.smal.l CSP
co-generation using the Organic Rankine Cycle (ORC) systems. ORC systems plant coupled to an ORC engine, including a new configuration using directl;
are one of the most common and competitive technologies for efficiently con- usefgl energy to power the ORC engine apd load the TES. Tocci et al. [7
verting solar energy into generated energy, especially small scall power and provlldeq an overview of the state of the art in ORC technology for low Power
isolated areas. Pantelis N. Botsariset al [3], developed a simulation model of applications. The authors conclu@ed that ORC systerr}s fgr the production Of
the current power plant, which uses a solar thermal field with parabolic trough powers b.etween land 10(_) kW still have low absorption in the market. Choi s
collectors in addition to the Organic Rankine Cycle, The model, designed Yun Chai andhyung-(fhu])ung [8] Presented a study ,on a small CSP plant, Q‘
using the TRNSYS v.17 software package, was validated against real opera- a lkWe. solar ORC with a parabolic trough collector (PTC), used in isolate
ting conditions, a power plant located near the village of Zilot in Xanthi, in village in MALAYZIA.
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Nomenclature
AsF

hinler > houl]et

Solar field colleting area (m?)

M fluid

Ry Series resistance (Q).

Acronyms

IRENA International Renewable Energy Agency
s —ORC Solar Organic Rankine Cycle

CSP Concentrating solar power

DNI Direct normal irradiance

PTC Parabolic trough collector

PP Payback period

ORC Organic Rankine Cycle

AEL Annual electricity production (MWh/year)

Per ORC net electrical power (MW)

Tomb Ambient temperature (C°)

Aoptique The optical aperture area of the solar field (mz)

Noptique The global optical efficiency.

Nihermigue ~ The thermal efficiency of the solar field.

Norc The thermal-to-mechanical conversion efficiency of the ORC.
Tsource The temperature of the thermal fluid exiting the solar receivers (C°).
Teond The condensation temperature of the ORC working fluid (C°).
Plec The net electrical power output (W)

Esolaire The total solar energy incident on the system (W).

Posses Represents thermal losses in the system (W).

p The pressure (Pa).

% The specific volume (m®/Kg).

Y Gamma is the adiabatic index.

1 The mass flow rate of the working fluid (Kg/s).

The enthalpies at the turbine’s inlet and outlet (J/Kg).
The mass flow rate of the heat transfer fluid (Kg/s).

Crivia
Tr1uia
A exposed

Ul osses
\%4

Cov

EES
TES
HTF
PV
SF
LCOE
PCU

Specific heat capacity of the fluid J/(kgC®).

The temperature of the fluid (C°).

The exposed surface area for heat losses.
The heat transfer coeflicient.

The voltage (V).

Current (A).

The power output (W).

Thermal capacitance of the PV cell (J/C°).
Electrical efficiency of the PV cell.
Surface area of the PV panel (m?).

Heat transfer coefficient W /(m*C®).
Reverse saturation current,

Elementary charge.

Ideality factor of the diode.

Thermal capacitance of the PV cell (J/C°).
Boltzmann constant.

Temperature of the PV cell (C°).
Photocurrent.

Diode current.

Voltage across the PV cell (V).

Engineering Equation Solver
Thermal energy storage
Heat Transfer Fluid
Photovoltaic

Solar field

Levelized cost of electricity
Power conditioning unit

t...Accepted Manuscript

This study compares the implementation of solar energy systems in three regi-
ons of Algeria: Adrar, Illizi, and El Bayadh, focusing on the use of CSP-ORC
and PV technologies for pumping applications. The selected regions Adrar,
Illizi, and El Bayadh each have distinct climatic conditions and solar resources,

making them ideal for evaluating the effectiveness of solar technologies. The
study aims to assess how CSP-ORC and PV systems can be tailored to enhance
water management and support agricultural activities in these areas.

Table 1. CSP-ORC power plants with a power output in the range SOkW-5MW, [3,9-15].
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Collector Collecting Operating Power TES type
Plant (date) Country type area, ni? HTF temperature, C° ORC system (Backup) output (capacity)
Saguaro power (2006) USA-AZ  PTC 10340 Xceégz)erm 300/248 Ormat (solar only) 1.00 None
Lafayette (2012) USA-LA PTC 01051 Water 121/93 ElectraTherm (solar only) 0.05 Buffer
Airlight energy Baha 2014 | Morocco ~ PTC 06160 Air 5701270 El‘;r:t’;’izzsg HR (solar+ 200  Packed-bed of rochs ()
Rend-CSP (2014) Ttaly LFC 09780  Mineral Oil 280 N.A (Solar-Biomass) 1.00 None o
Tampa (2014) USA-FL PTC 01021 Glycol 116/77 ElectraTherm (Solar only)  0.05 PCM o
Archimed (2015) Ttaly PTC 08000  Thermal Oil 305/204 ggirlb;‘;;le“ 12 HRS (Gas 1.00 Direct (1h) <
Stillwater Ge-Solar (2015) |USA-NV ~ PTC 24778 Water N.A. Isobutane units 20f35 None °
(Solar-geothemal) °
. [ ]
Aalborg CSP-Bronderslev [Denmmark ~ PTC 26929 N.A. 312/252 Turboden 40 CHPRS split ) ¢, None =
(Solar-biomass)
- _ Turboden 6HR Special , Q
Ottana solar facility (2017) Ttaly LFC 08592 Thermal oil 275/165 1.00 Direct (4.92h) -
(solar-only) $—1
IRESEN (under condution) | Morocco LFC 11400 Mineral oil 300/180 Exergy Organic EPS 150 1.00 Buffer (20 min)
(solar only) O
Care Solar Thermal Morocco LFC 10000 Water 280/160 N.A. 1.00 Steam Drum (2h) N
NOOR ORC Demo 2023 |Morocco ~ PTC 10000 Thermal ol 300200 ~ lurboden GHR Special 0.80 None )
(solar-only)
Indo-Solar Biomass Hybrid | -y ;. PTC 10000  Thermal oil 350/210 Solar-biomass 1.00 None %

Project 2024

2. Systems description and methodology

We provide details of the configurations of two systems considered in this
work, the solar Organic Rankine Cycle (s-ORC) system consists of an ORC
power block coupled to a field of solar collectors as shown in Fig. 1. The
collectors are of the parabolic trough type, which concentrate solar direct
normal irradiation (DNI). The solar field collects thermal energy using HTF,
which is transferred to the power block through a heat exchanger (boiler), In
this study, we analyze the s-ORC system. The auxiliary energy consumpti-

QUES

Since 2008

on of cycle equipment is based on a PV system with batteries providing thez
necessary energy. On the other hand, we analyze the s-ORC system withou
considering the auxiliary energy consumption of cycle equipment powered bm
a PV system. Finally, we compare the s-ORC with power plant photovoltaic
output IMW under the climatic conditions of three regions (Adrar, El-bayadh Jessd
and Ilizi) in Algeria.The simulation software is from TRNSYS (a program

used to simulate solar energy applications; it has been marketed since 1975)
[16,17], and it is a complete and extensible software for simulating transient

L
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systems [18, 19]. It was therefore selected by the authors of the document to
develop the simulation model for the installed pilot system. Additionally, the
ESS program was integrated with TRNSYS to simulate the Organic Rankine
Cycle. Regarding DNI, the Meteonorm program was used.

Table 2. ORC performances at reference conditions [20].

Gross electrical power 1.20 MW
Gross electrical efficiency 25.00 %
Net electrical efficiency 24.00 %
Thermal power input 4.82 MW
Thermal oil inlet / outlet temperature 305 /206
Auxiliary power consumption 0.05 MW
Cooling water inlet / outlet temperature 25735

Ambient temperature 15.00 C°

2.1 Configuration 1 CSP_ORC
2.1.1 Organic Rankine cycle ORC
The growing demand for efficient and sustainable energy solutions has led
to the increased adoption of advanced energy systems such as the Organic
Rankine Cycle (ORC). Among these technologies, the Turboden 6HRS special
is designed to produce a net electric power of 1.16 MW with a net efficiency of

Battery
Storage

Figure 1. Schematic layout of the PV power plant.

Egolar = /DNI(t)'Aaptique~naptique~dt (N

Where Ao prigue the optical aperture area of the solar field (m?), and Noptique 18
the global optical efficiency, accounting for losses due to reflection, absorption,
misalignment, and other optical factors.

3.2 Thermal efficiency of the solar field
3.2.1 Thermal power absorbed
The thermal energy collected by the solar field is calculated as Eq. 2, [22].

ch = DN]([) .Anptique-T’optique-nthermique (2)

Where Nshermique i the thermal efficiency of the solar field, which is influenced
by thermal losses in the receiver tubes.

3.2.2 Differential equations of the Heat transfer

The heat transfer to the working fluid (HTF) in the solar collectors can be mode-
led using an energy balance that includes the dynamics of the fluid temperature
[23].
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25% under nominal conditions. Table 2 shows the performance of the ORC unit
under reference conditions, but the ORC often operates outside from nominal
condition as confirmed by the first experimental results [26].

2.2 Configuration 2 PV system

The nominal power of the photovoltaic system plant is set at 1 MW.It con-
sists of a field of unmonitored monocrystalline silicon PV modules, a power
conditioning unit (PCU), and a battery storage unit. The PCU functions a:
an interface between the solar field, battery storage, and AC charging.The
photovoltaic system, is a small circuit designed to cover the auxiliary powe
of the ORC and, on the other hand, for comparison purposes with CSP-OR
The solar photovoltaic field generates continuous electrical energy. The photo
voltaic system’s batteries store the excess energy provided by the solar field in
electrochemical form.

anuscrip
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3. Solar energy incidence and efficiency

3.1 Calculation of solar energy incident
3.1.1 Global solar irradiance (DNI)

DNI(t) (Direct Normal Irradiance) represents the direct component of solar
energy available per unit area perpendicular to the sun’s rays. The total sol:
energy captured over agiven time period is calculated as Eq. 1, [21]:

cecepte
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Inverter I

3.2.3 Energy balance for the heat transfer fluid

t...Accepted Manuscript...A

The energy entering the fluid from the solar collectors is given by Eq. 3:

Q:m, Corpi deluid
dt fluid & fluid - dt

—~
5]
e

anuscrip

Where m fy,,i4 is the mass flow rate of the heat transfer fluid, C,q4is the specific
heat capacity of the fluid, and Tf,4 the temperature of the fluid.

3.2.4 Differential equation for fluid temperature

The temperature change of the fluid in the collectors can be described by the
following differential equation Eq. 4, [23]:

ATt 1ia _
dt

M

M fiyid ~Cfluid‘ Qsolar - Plosses

Where P,.s represents thermal losses in the system (due to conduction, con-
vection, radiation). These losses can be modeled by Eq. 5.

ed

~—
Plosses = Ulosses'Aexposed-(Tfluid - Tamb) (S) Q
where Ay posea is the exposed surface area for heat losses, Ty, is the ambient Q)
temperature, and Uj,gss is the heat transfer coefficient.

Acc




004

A. TOUIL ET AL. / AL-QADISIYAH JOURNALFOR ENGINEERING SCIENCES 19 (2026) 001 — 012

ORC power block

Solar power block |

Expander - generator

Erfatis
JeuIatL Y,

L

WAV

- )

A\

]

—
—

Solar Collector Field

Figure 2. Schematic layout of Configuration 1 for the CSP-ORC plant.
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Figure 3. Schematic layout of Configuration 2 for the CSP-ORC plantt.

4. Mechanical power of the ORC

4.1 Heat-to-work conversion
The heat energy collected is converted into mechanical power in the Organic

Rankine Cycle (ORC) system as Eq. 6, [22,24,25].

Prec = Oih- Norc (6)

Where Nogc is the thermal-to-mechanical conversion efficiency of the ORC.
It depends on the high and low operating temperatures and is approximately
given by the Carnot efficiency Eq. 7.

Tcond

Norc =1— 7

source

Where Tyource is the temperature of the thermal fluid exiting the solar receivers,
T ona is the condensation temperature of the ORC working fluid.

4.2 Energy balance for the turbine

The turbine converts thermal energy into mechanical work. The work produced
by the turbine is the change in enthalpy of the working fluid between the inlet
and the outlet, Eq. 8 [26].

®)

Where m is the mass flow rate of the working fluid and 7, and hgyee are
the enthalpies at the turbine’s inlet and outlet. The enthalpy of the working

u/turhine = m-(hinlet - houtlet)

QUES

Since 2004,

Battery storage

PV

fluid depends on temperature and pressure. If the turbine operates at constant
pressure, the change in enthalpy can be modeled as Eq. 9.

t...Accepted Manuscript...Accepted Manuscript

dg _ . dn
dt " dt

—~
o
~

The enthalpy change is typically related to temperature and pressure using.

equations of state for the working fluid.

4.3 Energy balance for the condenser

The condenser cools and condenses the working fluid. The process can be
modeled as an adiabatic or isothermal compression, resulting in a pressure
and temperature increase of the working fluid. The equation for the energy in
the compressor is Eq. 10 [26].

anuscrip

Qo .
e 1. (Rinter — Mourter) (o

d M

In the case of adiabatic compression, this process can be modeled using the firs
law of thermodynamics. The differential equation for the adiabatic compression o

process is Eq. 11.
g5

Q
Q

<

pVY=c"

Where p is a pressure, V is a specific volume, and ¥ is an adiabatic index.
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4.4 Overall Efficiency of the System
4.4.1 Global efficiency

The overall system efficiency, which combines the efficiencies of all subsys-
tems, is expressed as Eq. 12 [27].

P, elec
Esolar

12)

Nglobal =

Where P, is the net electrical power output, accounting for internal consump-
tion by pumps, fans, and other auxiliary components, and Ej,,, is the total
solar energy incident on the system.

5. Mathematical model for a PV system

Photovoltaic (PV) systems convert solar radiation into electrical energy. A
mathematical model based on differential equations can describe the dynamic
behavior of a PV system, accounting for changes in solar irradiance, tempera-
ture, and electrical load [20, 28].

5.1 Electrical model of a PV cell

The output current (I) of a PV cell can be described using the single-diode
model Eq. 13.

V+R;.1

I1=1,—1;—
P Rgn

13)

Where I, is photocurrent (depends on solar irradiance), /; is diode current,
V is the voltage across the PV cell, Ry is the series resistance, and Ry, is the
shunt resistance. The diode current I, is given by the Shockley diode equation
Eq. 14.

V+Rs.1

Iy =t it —1 (14)

Where I, is the Reverse saturation current, ¢ is the elementary charge, n is the
ideality factor of the diode, k is Boltzmann constant, and 7 is the temperature
of the PV cell.

Table 3. Assumed performance values for different components of the PV
system [29,30].

Component Estimated Cost
Solar Field Investment Cost 200 €/m?
Power Block Investment Cost (ORC System) 1000 €/kW

Thermal Storage System Investment Cost
Various Costs
Annual Operation & Maintenance (O&M)

30 €/kWh of storage capacity
15% of the total investment
1% of CAPEX per year

Lifetime 25 years
Interest Rate 6 %
Electricity Selling Price (Ps) 0.11 €/kWh

5.2 Thermal dynamics

The temperature of the PV cell changes due to solar heating and heat dis-
sipation. The temperature dynamics can be described by an energy balance
Eq. 15:

dT

Cpy.— =
P dt

G'(l 7npv)-APV *h-Apv(TfTamb) (15)

Where Cp, is the thermal capacitance of the PV cell, 1, the electrical effi-
ciency of the PV cell, Apy the surface area of the PV panel, / the heat transfer
coeflicient and Ty, is the ambient temperature.

5.3 Electrical Power Output
The power output P of the PV system is Eq. 16:

P=VI (16)

The voltage V and current / are dynamically influenced by load and irradiance,
and their relationships can be described by the above differential equations.

QUES

Since 2008
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6. Economic analysis

6.1 Levelized cost of electricity

The LCOE is a key metric used to evaluate the economic feasibility of a pho-
tovoltaic (PV) power plant. It represents the average cost per unit of electricity
produced over the system’s lifetime, considering all associated costs. The
LCOE can be calculated using the following formula Eq. 17 [31-33].

LCOE = CAPEX + OPEXt + REPEXt/Et 17

where CAPEX refers to the initial investment cost, OPEXt represents th
annual operational and maintenance costs at year f, and REPEXt accounts
for periodic replacement costs (inverter replacement after 10-15 years). The
denominator, Et, corresponds to the total electricity generation (kW h) over the
system’s operational lifetime, typically 25 years. Annual electricity production Jumd
for the PV system: Adrar: 2.65GWh/year Illizi : 2.76GW h/year El Bayadh:
2.39GWh/year.

ed

6.2 Calculation of payback period (PP)

PP represents the time needed to recover the initial investment cost Eq. 18
[34].

ccep

PP = InitialInvestmentCost [AnnualSavings (18

=

If electricity is sold at a price Ps, then Eq. 19:

AnnualRevenue = E X Ps

pt...

For a CSP-ORC system, the LCOE is calculated similarly to other energy. ™

systems, but it must account for additional factors such as the thermal storage
system, heat transfer fluids, and the efficiency of the ORC cycle [35]. An-
nual electricity production for the CSP-ORC system: Adrar: 4.15GWh/year,
Illizi : 42GWh/year, El Bayadh: 3.8GWh/year.

Table 4. Assumed performance values for different components of the CSP-
ORC system [36,37].

AnusScCr

Component Values 2
Investment Cost of PV panel 4 €/Wp

Investment Cost of the frame 0.4 €/Wp

Investment Cost of the inverter 0.1 €/W ‘U
Various costs 15% of total investment cost Q)
Yearly O&M cost (% CAPEX) 1% ~N—
Lifetime 25 years

Interest rate 6% Q‘
Electricity Selling Price (Ps) €0.11/kWh 0.)
7. Results and discussion Q
7.1 Validation of numerical results <

The proposed system, which consists of a CSP-ORC and PV, was validated
by verifying each component. Figure 4 presents a comparison between the
current numerical results and those obtained by Mario Petrollese and Daniele
Cocco with respect to the ORC. The figure demonstrates excellent agreement,
with a percentage deviation ('¢’) between the numerical results of the current
study and those of Mario Petrollese and Daniele Cocco ranging from 0.2% to
0.4%.

t...
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Figure 4. Comparison between the current numerical results and those obtai-
ned by Mario Petrollese and Daniele Cocco.
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Figure 5. Compares the present study with the study conducted by H.G. Ozcan
etal.

Similarly, Fig. 5 compares the present study with the study conducted by H.G.
Ozcan et al. on solar panels. The results show very good compatibility between
the two studies. Finally, the CSP component was validated results obtained by
Dudley V.E. et al. and the present simulation performed using the TRNSYS
software, as shown in Fig. 6. Therefore, the numerical model effectively simu-
lates the proposed ORC system and serves as a reliable tool for predicting its
performance under various operating conditions, enabling the identification of
optimal locations for deploying this system. The consistent results between
the two studies emphasize the importance of ongoing research in improving
the efficiency of the Organic Rankine Cycle. Future research should explore
other factors, such as the quality of the working fluid and varying operating
conditions, on performance. Additionally, comparative studies using different
types of heat sources should be conducted to better understand their impact on
efficiency
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Figure 6. Compares the present study with the study conducted by Dudley
V.E. etal.

7.2 Results and discussion

On March 21, the efficiency of the CSP-ORC solar plant in the regions of Adrar,
El Bayadh, and Illizi shows positive results. When solar panels are added to
power the pump, an improvement in efficiency is observed when comparing
performance with and without integration. The efficiency increases noticea-
bly around 9 AM, peaks between 12 PM and 2 PM, then gradually declines
until around 4 PM, eventually dropping to very low levels by the end of the day.
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Figure 7. Daily performance trend of the plant on March 21 in Adrar, Illizi,
and El Bayadh.
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Figure 8. Daily performance trend of the plant on June 22 in Adrar, Illizi, and
El Bayadh.
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Figure 9. Daily performance trend of the plant on September 21 in Adrar,
1llizi, and El Bayadh.
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Figure 10. Daily performance trend of the plant on December 22 in Adrar,
1llizi, and El Bayadh.

anuscrip

Efficiency begins to rise around 8 AM, peaks shortly after 11 AM, and re-
mains stable until about 3 PM, reflecting the longer daylight hours near the
summer solstice. In Adrar, the difference in efficiency between configurations
CSP with and without photovoltaic (PV) panels is minimal, suggesting that
local conditions, such as high temperatures or dust, limit the impact of solar
panels. Conversely, El Bayadh shows a noticeable improvement in efficiency
when solar panels are used, indicating that solar energy significantly enhances
performance in this region. The most pronounced improvement is observed i

Illizi, where the addition of solar panels makes the region highly favorable for
solar energy generation. Overall, efficiency on June 22 is higher than in Marc|
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primarily due to increased solar irradiance and extended daylight hours durin
n z 3

the summer months. Efficiency in the three regions follows a similar patter
to previous months, with a peak between 11 AM and 3 PM. 1. Adrar: There is
a slight improvement in efficiency with PV, but the difference remains small,
suggesting that local conditions limit the effectiveness of solar panels in this
region.

2. El Bayadh: Efficiency shows a significant improvement with PV, highligh-
ting favorable conditions for solar energy use.
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3. Illizi: The use of solar panels significantly boosts efficiency, indicating that
Illizi is well-suited for solar energy generation.

Efficiency in September is lower than in June due to a decrease in solar irra-
diance as autumn approaches. However, Illizi continues to benefit the most
from PV, followed by El Bayadh, with Adrar showing the least improvement.
The graph for December 22 shows the absence of results for El Bayadh. Adrar:
There is a slight improvement in efficiency with PV, but the difference is not
significant. El Bayadh: There is no efficiency with the use of PV, suggesting
that local conditions may limit their effectiveness. Illizi: Efficiency with PV is
significantly enhanced, making Illizi the region most suited for solar energy
generation even in winter. Efficiency in December is lower in Illizi and Adrar
compared to September, and there is no efficiency in El Bayadh, due to the
decrease in solar irradiance as winter approaches. However, Illizi continues to
benefit the most from PV. The results show that solar panel efficiency varies si-
gnificantly by region and season. Illizi is consistently the most favorable region
for solar energy, followed by El Bayadh, while Adrar benefits the least. These
findings highlight the need for tailored strategies to optimize solar energy use,
considering regional differences and seasonal variations in solar availability.
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Figure 11. Variation of electric power and solar power on march 21 in: Adrar,
1llizi, and El Bayad.
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Figure 12. Variation of electric power and solar power on June 22 in: Adrar,
Illizi, and El Bayadh.
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Figure 13. Variation of electric power and solar power on September 21 in:
Adrar ,Illizi and El Bayadh.
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Figure 14. Variation of electric power and solar power on December 22 in:
Adrar ,Illizi and El-Bayadh.
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The graph shows the power electric and solar power over time on March 21
for three regions in Algeria: El Bayadh, Illizi, and Adrar. Each region has
different markers and line colors representing various measurements: Both
the power electric and solar energy collection reach their peaks around mid-
day (12:00 to 13:00), reflecting the sun’s highest intensity. El Bayadh Shows
the highest power generation among the three regions, followed by Illizi and Q‘
e
o

A

Adrar. This graph suggests that El Bayadh has the most favorable conditions.
or systems for solar power generation on March 21, as indicated by both the

higher power electric output and solar thermal energy collection. Illizi follows,

while Adrar shows comparatively lower power output, possibly due to diffe- O
rent solar intensity or system efficiency in this region. This graph illustrates )
power electric and solar thermal energy on June 22 for the same three regions :
in Algeria (El Bayadh, Illizi, and Adrar). Overall Increase in Solar thermal
Energy Collection and Power electric Generation, Compared to March 21, the Q
energy collected and power generated in all regions on June 22 are noticeably
higher. This aligns with higher solar irradiance during summer. Adrar show:

the highest peak in solar energy collection around noon, followed by El Bayadh 2
and Illizi. This pattern is different from the March graph, where El Bayadh ha

higher energy collection. Adrar’s power generation reaches the highest peak,
surpassing El Bayadh and Illizi, which is a significant shift compared to the‘U
March 21 data. El Bayadh, which had the highest output in March, shows lower q)
power output than Adrar but remains higher than Illizi. Adrar’s solar energy +
collection and power output peak sharply around midday and decline rapidly,

which is typical in regions with intense solar exposure and quick temperature Q‘
rises. Illizi and El Bayadh have a more moderate peak, with the curve rising

and falling more gradually. The graph depicts power and solar thermal energy o
values on September 21 across three Algerian regions: El Bayadh, Illizi, and

Adrar. All regions exhibit peak power and energy collection around midday O
(12:00-13:00), aligning with the sun’s trajectory. Illizi achieves the highes\<
power generation and solar energy collection, indicating optimal solar resource
availability or system efficiency, followed by El Bayadh, which outperforms .
Adrar. Adrar shows the lowest performance, consistent with its output in March °
but contrasting with its strong summer performance in June. The curves display esd
sharp, symmetrical patterns, suggesting stable solar conditions with minimal
daily variability. Overall, Illizi demonstrates superior performance, while El|
Bayadh remains productive, and Adrar experiences notable seasonal variation.
These observations underscore the importance of tailoring renewable energy o
technologies to regional and seasonal solar conditions in Algeria’s arid zones.

On December 22, power output in all regions of Algeria—El Bayadh, Illizi, 70
and Adrar—peaks around midday (11:00 - 14:00), coinciding with the highest
levels of solar irradiance, a typical pattern for solar-based systems. Electrical
power (P) shows regional variations, with each region producing different
outputs due to factors such as solar irradiance and system efficiency. Solar
thermal power (Q) values, however, differ significantly, with Illizi reaching thz

highest thermal output, followed by El Bayadh and Adrar, indicating that CSP-
ORC systems in Illizi have the greatest potential for capturing solar energy#
The comparison between CSP-ORC and PV systems reveals that CSP-ORC
systems (represented by Q) capture more solar energy but convert less of it
into electrical power than PV systems, which show relatively lower electrical
power outputs on this day. The performance of both systems is influenced by
the season, as the lower solar angles in winter reduce energy capture efficiency.
This highlights the regional and seasonal variations in solar power generation
across Algeria’s arid zones, suggesting that CSP-ORC systems offer advantages
for thermal energy capture even during winter months.
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7.3 Configuration 2

In this proposed arrangement, the curves showed acceptable results in rai-
sing the value of the electrical energy produced by 40 kW. The graph shows
the electrical power output (P) on March 21 for El Bayadh, Illizi, and Adrar,
comparing systems with photovoltaic (PV) integration for pumping and those
without PV. Power output peaks around midday (11:00 - 14:00) in all regi-
ons, which is typical for solar-based systems. PV-integrated systems show a
slight increase in power output compared to those without PV, especially in El
Bayadh and Adrar, where the output reaches higher values at midday. While
Tllizi benefits from PV integration, its overall energy production remains lower
than that of El Bayadh and Adrar, likely due to less favorable solar conditions
or differences in system design. Compared to winter, the spring equinox in
March provides more balanced sunlight, resulting in a more symmetrical power
output curve. Overall, the integration of PV systems improves electrical power
production, with El Bayadh and Adrar showing greater benefits, highlighting
the effectiveness of PV systems in boosting energy output in Algeria’s arid
regions.
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Figure 15. The produced thermal and electrical power is affected by the evo-
lution of direct normal irradiation throughout the day on March 21 in Adrar,
Ilizi, and El Bayadh.
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Figure 16. The produced thermal and electrical power is affected by the evolu-
tion of direct normal irradiation throughout the day on June 22 in Adrar, Illizi,
and El Bayadh.

This graph displays the electrical power output (P) on June 22 for three regions:
El Bayadh, Illizi, and Adrar, comparing systems with and without photovoltaic
(PV) integration for pump feeding. Power output in all regions peaks around
midday (11:00 to 14:00), reflecting the effects of the summer solstice, with
the longest daylight hours and the highest solar elevation angle of the year.
Systems integrated with PV show increased output, with Illizi reaching the
highest production level when PV is integrated, suggesting favorable solar
conditions or enhanced system performance during the summer. El Bayadh
also shows a notable increase in output with PV, especially during peak hours.
Adrar benefits from PV integration as well, but to a lesser extent, indicating
moderate solar irradiance or system performance. The summer solstice, with
its extended daylight hours and high solar angles, contributes to the increa-
sed and broader power output curve, particularly for PV-enhanced systems.
Opverall, the integration of PV systems significantly boosts power generation,
especially in Illizi and El Bayadh, highlighting the potential of PV systems
in enhancing energy production in Algeria’s arid regions during periods of
high solar irradiance, such as summer. This graph illustrates the electrical
power output (P) on September 21 for three regions: El Bayadh, Illizi, and
Adrar. It compares systems with and without photovoltaic (PV) integration
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\mm
for pump feeding. In all regions, power output peaks around midday (from ;—1
11:00 to 15:00), reflecting the effects of the summer solstice, which brings the O
longest daylight hours and the highest solar elevation angle of the year. The
PV-enhanced systems show a significant increase in power production. Illizi
achieves the highest output when PV is integrated, indicating favorable solar
conditions or enhanced system performance. El Bayadh also experiences a
notable increase in power, especially during peak hours. Adrar benefits from C@
PV integration as well, but to a lesser extent, suggesting moderate solar irra-
diance or system efficiency. Overall, the summer solstice, with its extende
daylight hours and high solar angles, leads to a wider power output curve
particularly for PV systems. The integration of PV systems notably boosts
power generation, especially in Illizi and El Bayadh, highlighting the potentiabU
of PV systems to improve energy production in Algeria’s arid regions during
high solar irradiance periods like summer. The graph compares the electrical Q)
power generated by the solar power plant with an optimized Organic Rankine
Cycle (ORC) system, which includes solar panels to power the pump, and
the electrical power generated by the solar power plant with a conventional q.)
Organic Rankine Cycle (ORC) system on December 22. The absence of re-
sults for Adrar is due to low solar irradiance during this period, leading to o
no power generation. For the other regions, such as El Bayadh and Illizi, the
optimized system shows better performance compared to the non-optimized
system, especially during peak solar hours, indicating a better utilization o
the available solar energy in these regions.
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Figure 17. The produced thermal and electrical power is affected by the evolu-
tion of direct normal irradiation throughout the day on September 21 in Adrar,
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Figure 18. The produced thermal and electrical power is affected by the evolu®
tion of direct normal irradiation throughout the day on December 22 in Adrar,
Tllizi, and El Bayadh.

7.4 Result PV

This histogram compares two energy values, electrical energy and solar energy,

across the months of the year in the Illizi region. The values exhibit seasonal

variation, peaking between May and August due to increased solar irradiance

in summer and declining during the winter months. The significant diﬁerencz
d

anuscrip

between the two values highlights the seasonal nature of energy production an

the potential to improve system efficiency for better energy utilization. The lin

graph illustrates energy trends across three locations in Algeria: Adrar, Illizi

and El Bayadh, over the months of the year. The values represent the generatem
electrical energy and solar energy for each site, showing seasonal variation

with peaks during the summer months (May to August) and declines in win-

ter. Illizi consistently exhibits the highest energy values, indicating favorable Q‘
conditions for energy production, while Adrar and El Bayadh display similar
patterns with slightly lower values. Thermal energy values exceed electrical
energy values at all sites, highlighting potential losses in energy conversion O
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or utilization. Overall, Illizi is the most efficient site, with opportunities to
enhance energy utilization efficiency across all locations. The graph compares
the efficiency of a photovoltaic (PV) system over a single day (March 21) in
three Algerian regions: Adrar, Illizi, and El Bayadh. Efficiency rises rapidly
in the morning, stabilizes around midday, and declines sharply after sunset.
Illizi and Adrar demonstrate nearly identical and superior efficiency levels,
indicating favorable solar conditions. In contrast, El Bayadh exhibits slightly
lower performance, likely due to regional climatic differences. Overall, whi-
le all three regions are suitable for PV installations, Adrar and Illizi show a
marginal advantage, particularly during peak solar hours.
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Figure 19. (a),(b) and (c) Comparison of electrical energy and solar energy of
the photovoltaic solar plant throughout the year in three locations.
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Figure 20. Variation of electrical power of the photovoltaic solar plant throug-

hout the year.
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Figure 21. Daily performance trend of the PV plant in Adrar, Illizi, and El

Bayadh.

The graph shows the efficiency of photovoltaic (PV) systems on December 22
in three Algerian regions: Adrar, El Bayadh, and Illizi. Efficiency rises after
sunrise, stabilizes midday, and drops to zero at sunset. El Bayadh exhibits the
highest efficiency throughout the day, making it the most favorable locatio
for PV systems during winter. Adrar follows closely, with slightly lower per-
formance. Illizi consistently shows the lowest efficiency, likely due to regional
climatic factors or reduced solar irradiance. Overall, the analysis highlights E!
Bayadh’s advantage for solar energy production during this winter period.

7.5 Compared PV & ORC_CSP
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Figure 22 presents the annual electrical power output (8760 hours) of Concen-
trated Solar Power (CSP) and Photovoltaic (PV) systems in the arid regions of
Algeria, specifically Adrar, El Bayadh, and Illizi. The graphs show seasonal
variations in energy production, with output peaking mid-year (summer) and o
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decreasing during winter, reflecting the influence of seasonal solar irradiance.
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Figure 22. Evolution of the electricity produced throughout the year by (a)
the PV power plant and (b) the CSP-ORC plant.

A daily pattern is also evident, with production rising during daylight hours
and ceasing at night, reaching peaks of approximately 1500 kW during summer.
When comparing different configurations of CSP and PV systems, both exhibit
similar seasonal trends but differ in their response to solar conditions. CSP
systems show fewer fluctuations and higher efficiency in areas with high Direct
Normal Irradiance (DNI), while PV systems are simpler but less efficient at
elevated temperatures. Both systems reach a peak output of around 1500 kW,
facilitating the comparison of annual performance and efficiency. The study
highlights CSP systems’ suitability for providing stable energy in arid regions,
while PV systems are more economical and straightforward. It emphasizes the
importance of evaluating annual performance to determine the effectiveness
of these systems. The curves illustrate in Fig. 7 shows the evolution of the
power electric generate during one day, we took four different days of the year
(21st march, 22nd june, 21st September and 22nd December) to notice the
difference between the electrical energy produced in the Ilizi region, exami-
ne performance outside of peak sunlight hours. This graph shows the power
output (Pe) of both Concentrated Solar Power and Photovoltaic systems in
Adrar, Algeria, throughout the days. Both systems follow a bell-shaped curve,
peaking at midday when solar irradiance is highest. PV systems reach higher
maximum outputs compared to CSP systems, indicating they may be more
efficient under Adrar’s solar conditions, especially during midday. Different
configurations show better performance with higher peak outputs and steeper
curves, suggesting improved efficiency or larger-scale setups. Although CSP
systems have lower maximum power outputs, they may offer benefits in ther-
mal energy storage, providing reliability during non-peak hours when paired
with appropriate storage systems. Overall, PV systems seem more suitable
for meeting midday power demands, while CSP could complement them in a
hybrid system to leverage thermal storage. The graph illustrates the evolution
of the electric power generated by Concentrated Solar Power (CSP) systems
with various configurations and Photovoltaic (PV) systems in the Illizi region,
Algeria, during the days of March 21, June 22, September 21, and December 22.
Both technologies follow a bell-shaped curve, peaking at midday. However, PV
systems outperform CSP in terms of maximum power output, particularly in
the more efficient configurations such as December 22 and September 21. CSP
configurations also show improved performance with more advanced setups,
as seen in December 22. PV systems appear more suitable for maximizing
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production during peak sunny hours, while CSP systems, despite lower peak
performance, can be advantageous due to their thermal storage capabilities,
ensuring power generation continues after sunset.
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Figure 23. Comparison of the electrical energy generated by the CSP-ORC®
and PV systems over four days in three locations.

Crip

A hybrid approach could therefore achieve optimal energy efficiency in this A
region. This graph shows the power output of a range of Concentrated Solar
Power (CSP) and Photovoltaic (PV) systems throughout the days of March

21, June 22, September 21, and December 22 in the region of El Bayadh, in g
Algeria. The power output in both CSP and PV systems indicates differences

in system design or capacity. Both systems follow a bell-shaped curve, with

peak at midday, but CSP systems outperform PV systems significantly. Decem- g
ber records the highest power output, followed by September, then June an
March, showing a direct relationship between the system size or efficiency and
performance level. Similarly, PV systems perform better with higher numbers’U
with December ranking first, but they still have lower efficiency compared to

CSP. The dominance of CSP systems in El Bayadh reflects their alignment

with the region’s environmental and solar conditions, benefiting from the in- Q‘
tensity of direct sunlight. Although PV systems perform less well compared to

CSP, they can serve as a complementary source in hybrid systems to enhance
stability and reduce dependence on CSP during periods of lower sunlight. o
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This analysis highlights CSP systems’ suitability for the solar conditions in
El Bayadh, making them the optimal choice to meet midday energy demand,
with PV as an additional source for stability, Table 5.

Table 5. Comparison of LCOE and payback period for PV and CSP-ORC
systems across different sites.

Site LCOE PP (Years) LCOE (€/kWh) PP (Years)
(€/kWh) PV. PV. CSP-ORC. CSP-ORC

Ilizi 0.0311 3.62 0.0860 9.52

Adrar 0.0323 3.77 0.0871 9.64

El Bayadh 0.0359 4.18 0.0951 10.53

7.6 Results of the Economic Analysis
7.6.1 Photovoltaic system

Tllizi is the most cost-effective site, with the lowest LCOE (0.0311 €/kWh),
ensuring the cheapest electricity production, and the shortest payback period
(3.62 years), making it the best investment option. Adrar follows closely, being
slightly less efficient but still highly competitive, with an LCOE of 0.0323
€/kWh and a payback period of 3.77 years. In contrast, El Bayadh has the
weakest performance, featuring the highest LCOE (0.0359 €/kWh) and the
longest payback period (4.18 years), likely due to lower annual electricity
production.

7.6.2 CSP_ORC System

Illizi demonstrates the best performance among the three sites, with the lowest
LCOE (0.0860 €/kWh), ensuring the most cost-effective electricity produc-
tion. It also has the shortest payback period (9.52 years), making it the most
attractive investment. Adrar follows closely behind, with an LCOE of 0.0871
€/kWh and a payback period of 9.64 years, indicating slightly lower efficiency
than Illizi but still a competitive option. In contrast, El Bayadh has the highest
costs and the longest payback period, with an LCOE of 0.0951 €/kWh and a
payback period of 10.53 years, making it the least favorable site for investment.
Comparison of PV and CSP-ORC Systems in Algeria.

8. Conclusion

This study underscores the importance of harnessing solar energy for electricity
generation, particularly in isolated and arid regions of Algeria. By comparing
the Concentrated Solar Power system with Organic Rankine Cycle (CSP-ORC)
and the Photovoltaic (PV) system, valuable insights into the performance of
each system under different environmental conditions have been presented.
The results indicate that the PV system exhibits superior performance, espe-
cially during the colder months, making it an attractive option for meeting
energy needs in remote areas. While the CSP-ORC system shows promising
potential, it requires further enhancements, such as integrating energy storage
systems or utilizing hybrid solutions, to improve its effectiveness and reliability
throughout the year. These findings open avenues for future research, where
hybrid configurations or alternative energy storage solutions could be explored
to bolster the performance of the CSP-ORC system during periods of low solar
irradiance. This would contribute to providing sustainable and reliable energy
sources, thereby enhancing economic and social development in Algeria’s
remote areas. In summary, the study reflects the significant potential of solar
energy as a sustainable solution for addressing energy needs, emphasizing the
importance of ongoing research and development to maximize the benefits of
these natural resources. The economic analysis highlights the cost-effectiveness
of PV systems, which have lower investment and maintenance costs, as well
as a lower LCOE compared to CSP-ORC. The PV system in Illizi achieves
the lowest LCOE, while CSP-ORC records the highest in El Bayadh. From an
environmental perspective, PV reduces CO; emissions by 55.2 tons in Illizi,
whereas CSP-ORC prevents 84 tons due to its higher electricity generation.
Both systems significantly reduce emissions compared to diesel generators,
reinforcing their sustainability.
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