EUROPEAN
MECHANICAL

€"|B SCIENCE

Research Paper

e-ISSN: 2587-1110

@ CrossMark

Comparative Techno-Economic Study of Solar Thermal Power
Plants with Various Capacities: A Case for the Northern Part of

Cameroon

Alain Biboum' @, Ahmet Yilanci?

'Graduate School of Natural and Applied Sciences, Ege University, lzmir, Turkey
Znstitute of Solar Energy, Ege University, [zmir, Turkey

Abstract

Cameroon, located in the Sub-Saharan Africa, has a good direct normal irradiation value of about 2145 kWh/
m?/year, but it has a population living with less than 10% electrification rate in the rural area. The purpose of
this study is to evaluate the commercial use of three different solar thermal power technologies (Parabolic
trough collector, PTC; Solar Tower, ST; Linear Fresnel, LF) with various capacities (5 MWe, 10 MWe, 50 MWe,
100 MWe) in the northern part of Cameroon. A techno-economic analysis which uses technical, economic
and financial parameters is conducted for each technology, so it is able to give options to investors/designers
for evaluating such kind of technologies. In this study, some parameters such as total annual direct normal
irradiation (DNI) values received by solar field, thermal output of the solar field, thermal system transfer rate,
overall energy efficiency and annual electricity production are considered for the technical analysis. Also,
economic and financial results such as payback period (PBP), internal rated return (IRR), net present value (NPV)
and levelized cost of electricity (LCOE) are found out during the economic analysis. Moreover, environmental
and social impact assessment (ESIA) study is considered as a key parameter for multi-criteria decision analysis.
It is obtained that costs per kW for the solar thermal power plants vary between 4550-6745 USD, 5240-9365
USD and 5100-6290 USD for PTC, ST and LEF, respectively. Levelized cost of electricity values are calculated
between 10.22-13.22 USDcents/kWh, 11.07-19.81 USDcents/kWh and 14.63-15.60 USDcents/kWh for PTC,
ST and LF technologies, respectively. ST technology is not efficient compared to others for less than 10 MWe
due to its high initial investment cost. It is important to note that cost per kW in the sub-Saharan region is high
because of high transportation fees, lack of solar thermal manufactures for insulation-piping systems and metal
structures, and high indirect costs such as engineering, procurement, construction and advanced ESIA services.
Financial support mechanisms for such technologies such as tax exemptions, incentives and subventions based
on carbon pricing approach can decrease considerably both payback periods and total costs of the systems, and
contribute to developing the sector by creating an attractive solar thermal power market.

Keywords: Solar thermal power technologies, concentrating solar energy, techno-economic analysis, financial
analysis, economic evaluation.

1.INTRODUCTION

Solar thermal power market is supported by developers, fi-
nancing organizations, manufacturers, engineering-procu-
rement-construction (EPC) companies and institutions that

subsidize solar technologies to address global warming issu-
es. This market is mainly based in the European and Ame-
rican continents where the largest industrial or manufactu-

res are able to produce main components of a solar thermal
power plant like mirror system, receiver, and piping system |
etc. Concentrating solar power (CSP) technologies are clas-
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sified into two groups: The first group is named indirect ge-
nerating technologies containing parabolic trough collector,
solar tower and linear Fresnel, and the second is direct gene-
rating technologies containing parabolic dishes and similar
technologies under development. The first group concentra-
tes solar radiation and converts it to useful heat with a heat
transfer fluid (HTF) or water for a turbine. The other group
works with an engine to generate electricity, and the most
used engine is Stirling. Some studies used an Ericsson engi-
ne instead of a Stirling engine for electricity generation.
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Although the greater support measures initiated by the
energy committee of the European Union (EU) in the solar
thermal power plant, the global capacity could not exceed
5 GW,_ until 2030. For the other existing renewable tech-
nologies in power sector, International Renewable Energy
Agency’s (IRENA) reports predict better values such as 184
GW of PV and 230 GW of wind for the installed capacity by
2030 with a considerable participation of countries in the
sub-Saharan region [1-3]. According to recent studies, dep-
loyment of CSP technologies is facing face a rapid expansion
PV and wind technologies which are also able to meet car-
bon reduction pledges [4,5]. CSPs with storage systems can
be used as backup systems for other technologies to supply
continuously and constantly the electricity required. There-
fore, a rapid expansion of photovoltaic (PV) and wind power
plant should open auxiliary market opportunities for CSP
technologies since this situation will create a new market for
a wider development of storage system for the next generati-
on technologies. Transportation of electricity constraint re-
mains the main challenge for the upcoming decade in these
countries because it is the key obstacle for renewable ener-
gies standalone technologies due to the intermittent profile
of energy supplied to grid utility, which can create serious
issues for most countries in the sub-Saharan region.

The economic incentives and subvention from financing
institution to invest in CSP are studied in many countries
and especially in Africa, where GDP per capita is very low
to ensure access to electricity for everyone by reducing the

energy. Then, to achieve a levelized cost of energy based on
the use of renewable energies standalone technologies in ge-
neral many parameters needs to be adjusted such as, low
initial investment including land released, smart procure-
ment and contracting strategy, tax exemption/exoneration
for plant equipment, strong know-how in the project deve-

the renewable power generation costs, the initial investment
of CSP project become competitive when the studied scale
has to reach 200 MWe capacity for PTC and 100 MWe ST
technologies [3]. Morocco’s CSP feed-in tariff (FiT) prices
have already dropped from 189 USD/MWh for the Noor I
project to 140 USD/MWh for Noor II project. The DEWA’s
CSP project with 700 MWe capacity will be delivered by
China’s Shanghai Electric at a feed-in tarift price of 73 USD/
MWh [6]. While a solar PV project located at Konya with a
capacity of 1 GW, won by the consortium of Kalyon Enerji
and Hanwha Q cells, the generated electricity will be sold at
a feed-in-tariff of 69.9 USD/MWh [7]. These last develop-

CSP technologies in the global energy market where develo-
pers, industrial and manufacturer are facing new challenges.
Some sites can benefit from a range of characteristics such
as annual DNI, distance to grid connection and water supp-
ly location that help to decrease the cost of electricity. The
simulation done by Moore and Apt [8] on the ISCC located
in Phoenix Arizona during one year of hourly operations

i showed that levelized cost of electricity (LCOE) from the
solar part of the ISCC varied in the range of 170-380 USD/
i MWh. Calise et al. [9] did a dynamic simulation of a polyge-
! neration system using solar-geothermal. In their study, the
authors found that LCOE varied between 147.5 Euro/MWh
and 172.2 Euro/MWh. Bonyadi et al. [10] studied a solar-ge-
i othermal power plant based on the hybridization of an exis-
: ting geothermal and a solar-powered steam-Rankine. The
use of DNI data from Meteonorm Software helped the aut-
i hors to carry out LCOE for each configuration. According
! to their results, the range of LCOE was between 163 USD/
MWh and 172 USD/MWh. Techno-economic analysis of a
i solar thermal power plant was conducted by Beerbaum and
i Weinrebe [11] to carry out the potential and cost-effective-
ness by comparing existing LCOE. The results showed that
i the cost of centralized CSP system could not exceed 15.8
USDcent/kWh. Silva et al. [12] did thermo-economic design
! optimization of a parabolic trough solar plant for industrial
processes with memetic algorithms. The authors found out
i LCOE of 5 Eurocent/kWh. In the way of LCOE adjustment,
! many suggestions like the increasing of solar multiple (SM),
as an example from 1.0 to 2.4, can be considered as a key
i factor to increase LCOE. The research presented by Bouke-
lia et al. [13] showed that LCOE decreased from 128 USD/
: MWh to 86 USD/MWh for CSP-PTC using molten salt as
heat transfer fluid and main fluid for thermal energy storage
i system with 10 hours operating time. Furthermore, the solar
field area (solar assembly collectors, power block and stora-
prices of electricity through an affordable levelized cost of ge) can be arranged andbmampulated to reduce LC;OE' The
i work conducted by Morin [14] showed a decrease in LCOE
! from 15.71 USD/MWh to 14.77 USD/MWh (6.0%). A study
conducted by Nezammahalleh ez al. [15] based on the use of
Direct steam generation (DSG) system in the solar thermal
i power plant compared to the use of ISG system in order to
demonstrate the competitiveness and effectiveness of using
lopment and EPC work. According to a technical report of ngt.er. .In the study, the authors Sh(,)wed that decreases of
i initial investment and operation-maintenance (O&M) costs
impacted on LCOE. Musi et al. [16] presented a techno-eco-
nomic analysis of CSP by calculating LCOE. In their study,
i they found that the level of technical knowledge and matu-
! rity, developments in the sector of manufacturing, industry,
and existing STTP had a considerable effect on LCOE. Furt-
i hermore, the analysis revealed that plant with the highest
! capacity factor and thermal energy storage (TES) had the
lowest LCOE. In term of technology, linear Fresnel techno-
i logy presented the lowest LCOE compared to the others.
Kost et al. [17] did an economic assessment of CSP techno-
logies based on LCOE considering electricity market condi-
ment in the solar energy sector are showing a statement of tions.."ljhe ﬁtudy demonstrated that LCOE analysis neglecte.d
i a positive impact of thermal energy storage on the electri-
! city price. In a study by Del Rio ef al. [18], it was mentioned
that uncertain, retroactive and insufficient policies related to
i good and clean productions were the most important bar-
i riers related to the high cost of CSP technology compared to
other renewable and conventional power technologies. Lipu
i and Jamal [19] did a techno-economic analysis of a solar
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thermal power plant in Bangladesh using data of the solar
projects, Andosol-1 and PS10, as references. This analysis
was conducted to carry out specific technical and financial
data for the use of CSP technologies to produce electricity.
The authors proposed to set an integrated energy planning
approach for Bangladesh government able to consider bar-
riers for the sustainable development of concentrating solar
power technologies.

2. CONTEXT AND CASE STUDY

2.1 Context

The solar thermal power technologies in Africa can benefit
some funds from different financial institutions like World
Bank, AfrEximBank, African Development Bank, and from
organizations related to these institutions such as Climate
Investment Funds (CIF), Clean Technology Fund (CTF)
through some agreement with national authorities of ener-

gy regulatory agency (ERA) [20]. To obtain those kinds of

funds, local ERA has to process through an accreditation
process of different type of certificate from Green Clima-
te Fund (GDF), Global Clean Development Mechanism
(GCDM) etc. [21,22]. These funds contribute to reducing
LCOE considerably for CSP projects. For example, accor-
ding to ACWA Power, a concessional fund from financing
institutions has been attributed to Noor I's project in Mo-
rocco in order to reduce LCOE to a three quarter [1], A good

negotiation of carbon bonus named CER/TAX in this study
can contribute to promoting the use of the CSP technology

instead of a coal-fired power plant in some sub-Saharan re-
gion like Niger where an important potential of solar irra-
diation and coal are available. This energy policy has been
applied in South-Africa republic, where CSP is becoming a
common technology. Due to that, the aim of this study con-
sists to promote the implementation of new energy policies
including thermal power plant using renewable energy re-
sources taking into account global incentives in partnership
with institution and organization to prevent pollution. Hyb-
rid projects using CSP as a backup system is one of the most
recent perspectives in different studies in sub-Sahara resear-
ch centers. Burkina Faso has already developed a small size

scale to evaluate the potential of its use. Morocco Agency | yind speed and other characteristics. The distance between

for Sustainable Energy (MASEN) has requested propo-
sals for two hybrid solar PV-CSP power plants containing
storage system at Noor Midelt. The sizes of the proposed

projects are 150 MWe and 190 MWe, respectively. MASEN

predicts lower prices of Feed-in-Tariff than current opera-
ting stand-alone CSP project at Noor Ouarzazate The last
developments of CSP projects in Morocco have created an
attractive labor market of the renewable energies for the lo-
cal population through a delocalization of some foreign ma-
nufacture branch contributing in fact in the energy sector
development by employment. Nevertheless the replacement
of some jobs by automation of manufacturing facilities, the
scope of Research and Development (R&D) continue to inc-
rease which may lead to further demands in some resear-
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ch center [21-24]. According to this situation, countries of
sub-Saharan have to adjust the main research topic to future
needs in the area such as project development, design, cont-
rol, and inspection. Existing literature categorizes renewable
energy employment in the CSP sector according to the value
chain and the skill level requirement.

The direct employment of such kind of project is resulting
from project design and ESIA studies and EPC works like
construction, installation, and maintenance. The indirect
employment is related to manufacturing and supply of equ-
ipment, materials, services for the plant facility and other
services provided by the organizations, financial institu-
tion and banking sectors to the owner of the facility. The
indirect services can contribute more to employment when
the countries have an important total capacity installed. To
ensure a sustainable development in this sector, it is very
important to follow the evolution of the market in Western
countries.

2.2 Case Study

Cameroon plans to mix the use of energy produced by using
renewable energy resources. According to the electricity
sector regulation agency (ARSEL), the national electricity
production can be divided among different natural resour-
ces such as hydro, biomass, solar, wind, and other resources
used for thermal installation as fossil resources (fossil fuels,
natural gas and coal).

In order to contribute to increasing of alternative for Came-
roon energy mix target, this study presents a solution using
CSPs to meet energy demands and industrial purposes. The
methodology of this study focuses on the development of
solar thermal power plants in the sub-Saharan countries like
Cameroon. To achieve this objective, Multi-Criteria Deci-
sion Maker (MCDM) method is used to identify potential
sites for a solar thermal power plant in the northern region
of Cameroon. The following towns have been selected: Dia-
mere, Logone and Chari, Mayo Danay and Mayo Sava. The
main difficulties in the site selection are classified as factors
containing several sub criteria such as access to grid con-
nection and road, annual direct normal irradiation (DNI),

the site of the studied plant and the main road is one of the
most important sub-criteria because is related to cost and
losses of the transmission line, water conduit. The terrain
slope will be associated with the local meteorological condi-
tions to optimize the generated electricity as sub-criteria of
the geographical factor. Given the growth in energy demand
over the years, it is important to note that the migratory
flows in the far north represent a quarter of its population
due to Nigerian and Central African Republic conflicts.

3. DESCRIPTION AND METHODOLOGY

3.1. Site selection

This study uses Analytic Hierarchy method (AHP) for the
identification of the suitable site using various sub criteria in
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order to develop CSPs. A techno-economic analysis is con-
ducted for the comparative evaluation of the CSPs.

The sub-criteria and the main criteria used during the AHP
method will be treated with more detail in the following se-

ction to show the simplicity and the final aims of our work.
To classify solar technology used for solar thermal power
plant construction compatible with the selected site and the
expected size of plant; many considerations are taken into

Step 1: Imvestization of the szelected site I
using MCDA-AHF approach

-Preliminery analyzizs of geoemphical
criteria; Grid connection (sxisting sccess,

Step 2: Meteorological data

Metz=onoam 7.0 2nd BVGIE)

-Sopler resource (DML from NASA,

Step 3: Economic aspects
-Avzilsble l=nd: cost per m°

stability) ~Other costs (studiss. eid =t}
| F )
CSP technology: plant and field specifications
- Bizs, thermal ofici=ncy =nd oporsting
14 1 ) conditions of CEP technolosy nead.
Di“":l__‘l?j ]‘“Z'_,n-' af‘{’ - Boler fisld: cherscteristic of HTF, total active
g st < 3 mis arza, thermal enerey transferred, desizned loop
Pyt
Technical data of STTE
NO - Fequired land for CEP technolosy
- - Yemrly slactricity generating. power plant efficiency, thermal output enerey of the solar fisld (peing SAND

- Eztimated thermsl energy zenerating, oversll =ficiency (using MATLAR).

Financial data

-Totsl installed cost per EW (TIC),
Estimated FiT =nd bonus, OPEX,
Insurance cost, discount mmte, and
others (cazs 1)

Req land> Av. Land

e

Criteria

Geographical

Economical

Social

Environmental

e |l
]

Site datn: O&M cost per m’ of A ofher costs
(HTF znd Water usad) oer m- of the active ass.

| Case 1 of study: [RR, PEP, COE, NPV - Internntional or government Incentives

Ceartified Tax Carbon Company

.

=,

Case 2 of study: IRE, FER, COE, NEV

Results
- Impact of use CER/TAX in the local energy policies for CSP in the Sub-Saharan countries (comparative graphic).
- Identification of the most suitable technology according fo energy policies.

Figure 1. Methodology of the selection of the site and the technologies.

Table 1. Factors and criteria used in MCDM method for the selection of the site [25].

Consistency Eigenvalues,
and Weight

CR:0.00079
Cl1:0.00071
A:4.002

CR:0.32
Cl: 0.0017
A :3.003

CR:0.0002
Cl: 0.001
A :3.002

CR:0.0038
Cl: 0.020
A :3.004

Sub-criteria and Weight (%)

Access to raw material (ARM)-16.2
Direct normal irradiation(DNI)- 40.5
Wind speed (WS)-16.2

Stability& access to the grid (SAG)-27.1

W:31.25 %

Land cost (LC)-30.7

Fees for grid connection (FGC)-46.2
Project development cost (IPD)- 23.1

W:18.75 %

E. access to land/water (EALW)-26.8
Communities attitudes (CA)-35.7
External factor- safety (EFS)- 35.7

W:27.08%

Wildlife protection cost (CWLP)-29.8
Effect of pollution (EP)-30.2

Infrast. development level (IDL)-40

W: 19.92%

A EA S
0.7 0.85 1 1 1 1
0.99 0.996 0.995 0.996 0.974 1
1 1 00.96 1 0.93 0.91
1 1 0.6 0.8 0.8 1
29.7% 30.5% 27.3% 29.5% 28.5% 30.1%
0.7 0.8 1 1 1 1
1 1 0.6 0.7 0.7 0.8
1 1 0.9 0.6 0.6 0.6

17.0% 17.6% 14.8% 14.4% 14.4% 15.3%

1 0.9 0.6 0.8 0.8 0.9
1 1 1 1 1 1
1 1 0.6 0.6 0.8 0.4

2.6.7% 25.6% 19.9% 23.3% 23.3% 20.14%

1 0.9 0.9 0.8 0.8 0.8
0.4 0.6 1 0.9 0.9 0.8
1 0.7 0.5 0.7 0.7 0.8

24.5% 21.8% 23.0% 23.6% 23.6% 23.9%
97.9 % 95.5% 85.0% 90.8% 89.8% 89.4%
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Table 2. Main specifications of the solar fields based on solar thermal conversion technologies.
CSP - PTC: Loop design for PTC technology for 50 MWe (SM: 2.00)

operating temp.(C) flow rate (kg/s) ﬂovz;e/lso)qty Ap(:;tz;lre Optical efficiency Conversion efficiency
Min 293 1 0.2685
0.7405 0.7082
Max 391 12 3.744

CSP - ST: Specifications of heliostat and receiver used for simulation (SAM Software)

specifications of Heliostat Tower and receiver specifications specifications of Heliostat Tower and receiver specifications

Heliostat Width  (m) 12.2 Heliostat Width  (m) 12.2
Heliostat Height (m) 12.2 Heliostat Height (m) 122
The ratio of reflective area to profile | 0.94 The ratio of reflective area to profile | 0.94
Single heliostat area (m?) 140 Single heliostat area (m?) 140
Reflected image conical error 4.327 mrad Reflected image conical error 4.327 mrad
Number of heliostat facets-X 2 Number of heliostat facets-X 2
Number of heliostat facets-Y 8 Number of heliostat facets-Y 8
CSP - ST: Specification of solar field used for Solar Tower power plant for 100 MWe (SM: 2.00)
Operating temp. Ratio height Heli- | Distance (m) | Aperture area Syst. Cap. Tower height Receiver dia.
ostat7Tower. | Heliostat7Tower (m?) Receiver height Nb. of panels
Min 290°C 9.5 131.216 139.95 100 MWe 174.95 17.35
Max 574°C 0.75 1662.07 1216 500.00 20.95 20
CSP - LF: Specifications of collector and receiver used for simulation (SAM Software)
specifications of Collector Receiver specifications
Reflective area of the collector (m?) 470.3 Absorber tube inner diameter (m) 0.066
Length of collector module (m) 44.8 Absorber tube outer diameter (m) 0.07
Length of crossover piping in a loop 15 Glass envelope inner diameter (m) 0.115
(m)
The piping distance between module (m) 1 Glass envelope outer diameter (m) 0.12
Mirror reflectivity 0.935 Internal surface roughness 4.5e-005
Number collector module per loop 16 Absorber material type B42 cooper

CSP - LF: Specification of solar field used for Linear-Fresnel power plant for 50 MWe (SM: 1.25)

Operating temp. Mass flow rate | Velocity of HTF | Loop optical Syst. Cap. Land aperture D. Area of loop
per loop  (kg/s) (m/s) eff. (Solar Multiple) Total land (m?) | (Number of the loop)
Min 293°C 3.01 2
0611 - 0595 50 MWe 993 300 7524.8
Max 525°C 14.47 3 (1.25) (1590 000) (132)

account. The combined method using AHP method and te-
chno-economic evaluation consists to set an optimal proce-
dure able to analyze the most suitable combination between
a solar plant characteristic and site location.

AHP method structures the analysis in hierarchical levels by
using sub-criteria, criteria and many levels necessary for a
suitable determination. After the identification of the prob-
lem, weight evaluation of the criteria and sub-criteria pairs,
these locations can be compared to determine the best size
of project according to the available resources and CSP te-
chnologies type as shown in Figure 1.

For the site selection in the province of Garoua, multi-criteria
decision making (MCDM) method has been chosen among
other methods. AHP is one of the common approaches used
for the determination of site location and solar power pro-
ject evaluation [25,26]. The conventional AHP method used
in the study has a particularity to wise comparison for each
level with respect to the best goal, to carry out the best site.
In AHP method, the main criterion and sub-criteria of each
factor should be well defined. Main and sub-criteria can be
obtained in literature, governmental report, an investigati-
on on the ground. Consistency ratio (CR) can be estimated
using the consistency index (CI). The appropriated sites in
the north provinces of Cameroon are specified with various
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criteria shown in Table 1. This table presents the importance
of each criterion and sub-criteria used for AHP method by
evaluating their weight taken into account during the simu-
lation. The level-headed sub criteria vary according to the
site location and others specific considerations.

3.2. CSP technologies

Parabolic trough collector (PTC) consists of many module
assemblies supported by a metallic structure. The collec-
tor concentrates incoming sunlight into an absorber linear
tube considered as a focal line. The length of the mirror per
loop depends essentially to the size and number of module
used. The module specifications in this study are presented
in Table 2. The tracking system orients collector toward the
solar by using a single axis technology in order to optimi-
ze the electricity generation. Loops are usually configured
along North-South direction, and tracking system allows the
collectors to move from East to West.

Linear Fresnel (LF) reflectors have many similarities with
PTC technology due to loop constitution and focal line uti-
lization to concentrate sunlight. LF technology uses flat or
slightly curved mirror placed at a different angle to concent-
rate sunlight to a linear tube located in a fixed position. Each
line of the mirror is equipped with a single axis tracking sys-
tem. The technical specifications and design of the receiver
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are almost the same as the one used for PTC technology.

Solar Tower (ST) technology consists of assemblies of a
number of small computer-controlled mirrors called helios-
tats. The ground mounted-based field is fixed and the heli-
ostat on top of each pillar focuses the direct irradiation onto
the central receiver mounted higher on a tower. To optimize
the electricity generation, each heliostat tracks the sun indi-
vidually using a two-axis tracking system.

The towns in the province of Garoua have a direct normal
irradiation around 2145 kWh/m? Five towns have been se-
lected with almost same potential considering geographi-
cal criteria. Therminol VP-1 has been selected during the
simulation as a heat transfer fluid (HTF) for PTC techno-
logy, assembled by Luz LS2 and Schott PTR80 as receiver
and absorber respectively. Solar multiple (SM) value is se-
lected as 2.0 for the thermal plant with a capacity equal or
more than 50 MWe. Main specific data of the designed loop
can be found in Table 2. The molten salt chemically named
60%NaNO_40%KNQO, is the HTF used to simulate thermal
plant using ST technology. The solar field contains heliostats
in the T geometry and each one has 16 facets with 140 m? as
a total area. Technical data of used heliostat are presented in
Table 2. During the simulation, the main aim is to optimize
annual energy produced by the power plant. The molten salt
is used as HTF for a thermal power plant using LF techno-
logy. Using this technology, some data have been found for
solar field configuration. The analysis is conducted to car-
ry out characteristic of the designed loop, a piping distance
between the sequential module and the number of modules
per SCA presented in the table above. The solar multiple for
LF technology with a size bigger than 50 MWe is 1.25, and

land use and water consumption are very low compared to
other technologies. The solar field preparation for plant si-
mulation has been taken into account according to the tech-
nology used. Thermal output, solar field aperture area, land
area, annual electricity production and mass flow rate of the
heat transfer fluid have been found in the simulation. Others
technical parameters like Annual DNI received by the solar
field aperture area, overall efficiency, power plant produc-
tion efficiency, estimated thermal energy production, ther-
mal efficiency and thermal energy transferred are calculated
using the Matlab software.

3.3. Techno-economic analysis

Techno-economic analyses of the studied solar thermal
power plants consider all used parameters during the site
selection and the technical analysis plus financing data in
order to optimize LCOE. Table 3 shows the equations and
assumptions used in the technical analysis. Annual O&M
cost is estimated between 1.5% and 2.5% of the direct initial
investment of the project according to the type of CSP tech-
nology [4,5,27]. In 2010, the energy technology perspective
reports revealed that it was necessary to choose a conserva-
tion value of discount rate according to the practical reality
of the project location. Therefore, in this study, discount rate
is selected to be 7% for any technology independently of the
project size [20,21,25]. As mentioned before, the agency su-
ggests insurance cost in the range between 0.5%-1% of the
total income per year. Therefore, in this study, value of in-
surance cost is assumed to be 0.5%. The specific land cost
of the studied location is estimated to be 1.50 USD/m? for
30 years project lifetime with annual degradation factor of
1%. The total installation cost of the solar thermal power

Table 3. Equations and assumptions used in the technical assessment.

Equations

The annual DNI received by the solar field aperture area:
EPsp = Y.DNI X Solar Field aperture area

The solar field efficiency:
_ Solar Field apertur earea
s Site area

The power plant production efficiency:
Annual Electricity Production (GWhe)

N step =

Yearly thermal energy produced by aperture Solar field (GWht)

The overall efficiency of a studied thermal system:
o = System capacity( MWe)
S Solar Field Thermal output (MWt)

The estimated thermal energy production of the studied system:

TEPisrp» = Annual Electricity Production (GWhe) X ¢1
STPP

The thermal efficiency of a solar field:

- TEPspp
n-sr = Annual DNI received by thesolar field apertur earea
The thermal energy transferred by the solar power plant:
TETo s = Solar Field Thermal Output (MWL)
5P Annual DNI received by thesolar field aperture area

The performance factor:
_ Annual Electricity Production per installed Watt
- Utilized solar resource

The capacity factor:
OF = Annual electricity produced)
~ Nameplate X 24 X 365

Assumptions

It depends on the DNI of the plant location (2145 kWh/m?) and the area of
the plant according to and the CSP technology used during construction
(SAM).

The solar field efficiency is the main data use during ESIA and feasibility stu-
dies to optimize the use of an available natural resource like water, land etc...
This ratio has to be above 0.3.

The power plant production and overall efficiency are key values in develo-
ping countries with high demography. Despite the necessity to use renewable
it also important to optimize production. Then, we assumed that and have
to be respectively above to:

12% and 13.5% for CSP — PTC technology

10% and 18.5% for CSP — ST technology

10% and 26.1% for CSP — LT technology

Thermal energy produced by the system depends on the type of CSP techno-
logy used.

The thermal energy transferred rate has to exceed
30 % for CSP-PTC technology, 50 % for CSP- ST technology, 55 % for
CSP-LT technology

The capacity factor is the main value used by experts to evaluate the hybridi-
zation option of the installed plant.
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Table 4. Equations and assumptions used in the techno-economic analysis [25,27].

Equations
E=E(100-1%)

DR: Degration factor.
Ey : Electricity produced at the beginning

Gross Profit = Discounted Cash flow + Discounted Residual value

X AFEP X (1

Discounted Cash flow = (W)

_ #)
a+oy
Discounted Cash flow = (RealFiT + Bonus) X AEP
Bonus : 3 USD Cents/kWh

Discounted Residual Value = Real installed cost * Residual Value %

EBIT = (Gross Profit — Discounted OPEX)
EAIT = EBIT + Discounted CER/TAX
Discounted CERTAX = AEP (MW,) X 7.14CO, % 4.397

« _EBIT
ZFI 1+ry

ROI'= Real installed cost

NPV =— Real installed cost + ; (?EIZ:),,
. _< EBIT
Real installed cost = ; (A +IRR)

Real discount cost(1 + OMcost + TIRcost + AMRcost)
(Annual Energy generated) ..

LCOE; =

plant takes into account the direct and indirect cost such as
project development, permits, and land cost. In this study,
there are not financing and real installation cost assumpti-
on, then the total real installation cost is not considered. FiT
price is estimated based on type of used technology, initial
investment and support from the financing institution ‘car-
bon pricing approach’ FiT prices as 27 USDcent/kWh and
21 USDcent/kWh are assumed without any bonus of solar
thermal power plants with a capacity less than 10.0 MWe
and more than 10.1 MWe, respectively. To carry out its va-
lue, the equations presented in Table 4 are used by taking
into consideration some key parameters, most of which are
from the technical reports [3-5,7,21,22].

4.RESULTS AND DISCUSSION

Sites in Faro location present many advantages for a solar
project with a priority order of 98-95% compared to other
selected locations for this study. These sites are suitable for
stability, fees and access to grid connection, security, and ac-
cess to water. Among all selected locations, Vaimba presents
85% as a priority order which is the worst performance com-
pared to other sites. However, it remains the best location
for hybridization with a biomass power plant.

Table 5 shows the main technical and economic data used
in the techno-economic analysis and obtained results of the
analysis.
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Assumptions

The annual electricity produced by the STPP depends only on the CSP
technology en parametric values of the main component used before the
commissioning of the plant.

The weight average cost of capital can be calculated using proportionate
interest and equity rates by the best:

But in our case study, we assumed that the owner of the solar power plant
didn't get any debt from financing institution.

Real FiT:27 USD Cents/kWh - less than 10 MWe

Real FiT:21 USD Cents/kWh - between 10.1-100 MWe

The residual value is not taking account in this case study because there is no
interaction with the financing institution.

Gross profit margin is calculated by deducting the cost of goods sold
(electricity generation cost) from the revenue generated by the sale of the
energy produced. The earnings before interest and tax (EBIT) are calculated
by deducting the operating cost from the gross production. After interest
and tax (EAIT) are calculated by adding related to the possibility to sell CO,
to environmental institutions or a Coal power plant owner (1IMWh per 7.14
tCO,and 1tCO, - 4.4 USD) using a CER/TAX. The EAIT had been used in the
techno-economic analysis to determinate abatement of the payback period.
The value of ROl is one of the best indicators for the investor.

As explained above, the next present value is a very good indicator and has to
be a positive value for a bankable project.

In our case study, we used 7 % as discount rate value and we assumed that:
a solar thermal project became full bankable when the IRR is more than 11%
due to some inconvenient related to this new market (Insurance, Inspection,
PPA negotiation related to inflation in the countries etc.)

The calculation of LCOE was our main goal in order to carry out the Real FiT
value for Solar thermal power plant independently to CSP technology. We
assumed that in the beginning maximum value of LCOE calculated can'’t be
under the half of real FiT fixed.

4.1. Technical analysis

The implementation of CSP projects in the northern part
of Cameroon can be done since it owns a high DNI estima-
ted at 2145 kWh/year/m* Their environmental and social
impact assessment is essentially based on the use of avai-
lable resources such as active area of the solar field. The ef-
fectiveness of the solar field can be estimated through the
sustainability of the project and its respect for the environ-
ment. For this purpose, the power projects based on ST or
PTC technology have a ratio equal to 41.6% while the ratio
of solar projects based on the LF technology has a ratio of
62.5% which makes it an environmental friendly technology.
In addition, annual energy production per unit area fluctua-
tes between 191.70 kWh/m? and 317.97 kWh/m? for the so-
lar thermal power plants of 10 MWe capacity using ST and
PTC technologies, respectively. Based on these results, LF
technology responds well to the environmental conditions
compared to other CSP technologies used in the projects
simulation as shown in Figure 2.

The overall efficiency values of the solar thermal power
plants are calculated for each size, and they are found to be
11.58% for 5 MWe-PTC as a lower efficiency system, and
28.37% for 100 MWe-LF as the best value. In terms of power
plant production efficiency, the highest value is calculated
to be 12.38% for 5 MWe-PTC. Furthermore, this plant has
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Table 5. Main technical and economic data and the results of techno-economic analysis of the solar thermal power plants.

Unit PTC ST LF PTC ST LF PTC ST LF | PTC ST LF
Capacity (MWe) 5 MWe 10 MWe 50 MWe 100 MWe
Design gross output 5.6 5.5 5.6 11.5 11 11.11 56 55 56 111 111 111.11
gross to the net conversion factor 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.905 0.9 0.9
Estimated net output design 504 | 495 | 504 103 9.9 10 50.4 495 50.4 100.45 99.9 100
Yearly DNI (kWh/m?) 2145 | 2145 | 2145 - - 2145 - - 2145 - - -
Land area (m?) 155232 | 203 | 89600 268128 393600 | 176000 1250720 K 1954080 819000 2356704 2919 1590
520 600 000
Solar field aperture area (m?) 64680 | 84800 56000 111720 164000 | 110000 488064 & 814200 | 512000 = 981960 | 1216500 993300
Solar field outlet temp (C) 391.1 574 525 391.1 574 525 391.1 574 525 391.1 574 525
Number of loops 1 606 8 19 1172 15 87 5819 68 167 8790 132
Annual DNI received by SF(TWh) | 0333 | 0436 | 0192 | 0575 | 0844 | 0377 | 2683 | 4.191 1.757 5.055 6.288 3.410
Field thermal output (MWth) 4352 | 267 | 2136 | 7517 | 5340 | 4005 | 33232 | 2670 | 17891 | 660.681 | 5388 | 352.48
Annual electricity prod. (GWh) 1709 | 1695 | 1416 | 3144 | 35524 | 2687 | 14284 | 181631 120177 | 28241 | 32079 | 246735
Overall energy efficiency (%) 1158 | 1854 | 2359 | 137 1854 | 2497 | 1516 | 1853 | 2817 16.80 1854 | 2837
Est. system thermal prod.(MWh) | 147.57 | 91.42 | 60.01 | 229451 | 19159 | 10761 | 941837 @ 97970 | 42658 | 168093 | 1730.14 & 869.69
Cycle thermal output (MWth) 1121 | 1335 | 1411 | 2107 267 2798 | 10307 | 13350 | 14106 & 20467 | 269.42 | 279.87
The mass flow of power plant (kg/s) ~ 65.4 74.88 - 1343/ | 1497/ - 6539/ | 748.79/ - 1296.7/ | 151119/ =
per loop /594 | /0.123 7.07 0.12 7516 | 0.128 7.764 0.171
The mass flow of thermal cycle(kg/s) 31.20 40.2 62.40 79.7 312.00 401.8 629.70 797.1
Annual DNI rec. by A ap. (TWh) 0138 | 0181 | 0120 | 0240 | 0351 1098 | 1118 | 1746 | 1098 | 2106 262 2,131
Thermal efficiency of SF (%) 443 | 936 | 3125 | 399 22.7 2427 | 3510 | 2337 | 2427 | 3325 2751 2550
Power plant production eff (%) 1238 | 112 | 118 13.1 1012 | 1094 | 1277 | 1040 | 10.94 13.50 12.24 11.57
Power block rated conversion (%) 35.6 50.4 39.7 35.6 41.2 39.7 35.6 41.2 39.7 35.62 412 39.7
Thermal system efficiency (%) - 50 50 9560 | 5458 | 3884 | 8424 | 5611 | 3884 | 7981 66.03 40.80
Thermal syst. transfer rated (%) 29.7 9.36 66.29 32.76 50 78.84 353 50 78.84 39.31 50 79.40
Capacity factor (%) 387 | 391 | 321 34.7 41 27.2 32.4 419 27.2 32.1 36.7 282
Annual water usage (m?) 3449 | 4333 | 1278 | 4781 8573 | 10932 | 34785 | 43070 | 10932 | 68733 | 68134 | 22442
(wash times per year) (52) (52) (72) (52) (52) (72) (52) (52) (72) (52) (52) (72)
Total Installed Cost Million USD 37766 | 51507 | 34.585 | 65205 | 77.616 | 64.416 @ 26174 | 345400 @ 292.686 @ 505.112 | 580.863 | 565.661
Estimated TIC (USD/kW) 6744 | 9365 | 6862 | 5670 7056 6442 | 4674 6280 4550 5233 | 5656
ATC [%] 1131 | 997 | 1122 | 1113 | 1008 | 1055 | 13.71 1977 | 1098 14.01 125 11.29
Payback Period [Years) 848 | 1033 | 90 7.72 734 8.62 8.68 8.8 892 8.42 7.68 8.41
Payback Period considering CERTAX| 7.52 9.3 7.99 6.86 6.6 7.71 7.49 7.06 7.94 7.24 6.72 7.46
IRR [%) 1092 | 848 | 1018 | 1213 | 1286 | 1065 | 1070 | 1158 | 1023 11.16 12.27 11.03
IRR [%] considering CERTAX 1254 | 97 116 | 1380 | 1436 | 1205 | 1126 | 1338 | 1167 13.08 14.15 12.56
Net Present Value [Million USD] 1478 | 634 | 1084 | 3379 | 4572 | 2329 | 9941 | 11115 | 9330 | 21691 | 31379 | 22761
Levelized Cost of Electricity [USD 1322 | 1981 | 156 | 1211 1393 | 1530 | 1047 | 1239 | 1520 10.22 11.07 14.63
cents/kWh]
also the highest value thermal efficiency of about 44.3%. But 330 L. X X ™
the heat transfer rate is above 66.2% for LF technology. The g . ON \ P
. . . E 250 AN A £ 50% =
location of the solar field has to be chosen carefully in or- ? RN \'Y/ \ e o §
der to avoid a high consumption of water for cleaning issue. C. o B
Our study reveals that CSP using LF technology needs to be g 100 . e B
clean more than other technologies. O&M cost of the solar sti 50 77.7W::I:;larﬁc]dcmcmy v 3
thermal power plant varies with the size and the type. In ig 0 C b o5 v o5 5 £ o5 o5 8 5 & %
this study, O&M cost is assumed to be 0.25 USD cents per & E é é E é é’ E é é g 2 §
kWh [4,5]. O&M cost is mainly due to the replacement of 2o v 2 =5 = 2 8 8 Z &8 8

the glass breakage and the cost of mirror washing including
water cost. In the economic analysis, the insurance fees inc-
luding O&M cost is about 0.5% of the total annual income.

4.2. Performance analysis

According to the results obtained from the simulation of
the solar thermal power plants by using SAM software [28],
performance analysis is done by using its annual energy pro-
duction, installation cost and plant capacity.

Figure 2. Electricity productions per unit area and solar field efficiencies
of the solar thermal power plants.

The capacity of the selected CSP technologies is almost in
the interval of 27.2% and 41.9% as shown in Figure 3. Howe-
ver, the lowest capacity is found for the technology LF with a
value between 27.2 and 28.2%. The overall efficiency for solar
thermal power project using PTC is calculated for each size,
it is found to be 11.58% for 5 MWe-PTC as a lower efficiency
system, and 28.37% for 100 MWe-LF as the best value. In
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terms of power generation efficiency, 12.38% is obtained to
be the highest value for 5 MWe solar projects. Therefore,
CSP project based on PTC technology can be considered as
the best technology for small scale projects.

Figure 3 presents the worst scenario for 5 MWe solar power
project based on the ST technology. In the scenario, the spe-
cific efficiency is a few times lower than the ratio between a
total installed cost per yearly energy generated in kWh of the
studied project which leads to a long-term payback period.

Also, as seen in Figure 3, the best scenario is for both 50
MWe and 100 MWe project using PTCs. Interval between
the total investment and the solar field efficiency in Figure 3
remains quietly constant when the size of the solar thermal
power plant using LF technology increases while it decre-
ases very fast with the increase of the plant size using ST
technology.

12000

—o—Specific cfficiency [KWhkW]
10000

—e—Total cost [USD/ kW]

Specific efficiency [kWh/kW] and Total cost [USD/KW]
1 o
8 8
s =3

SMWe-PTC
SMWe-ST
SMWe-LF

10 MWe-PTC
10 MWe-ST
10 MWe-LIF
50 MWe-FTC
50 MWe-ST
50 MWe-LLF
100 MWe-PTC
100 MWe-ST
100 MWe-LIF

Figure 3. Total costs per kW and specific efficiencies of the solar thermal
power plants.

According to the results shown in Figure 4, the investment
cost of the CSP technologies is almost the same when the

plant has around 10 MWe. However, the investment cost of

the studied projects using linear Fresnel and parabolic col-
lector technologies is generally low compared to using solar
tower technology.
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Figure 4. Investment costs for the solar thermal power plants.

Figure 5 presents annual energy production values from the
solar thermal power plants. It can be said that annual energy
productions are following the same profile of the investment
cost presented in Figure 4, which clearly justifies the total
installation cost per kW as presented in Figure 3. CSP-LF
projects have the lowest initial investments while annual
energy production values are less compared to the other te-
chnologies.
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Figure 5. Comparative analysis of annual energy production values from
the solar thermal power plants.

4.3. Economic analysis

Figure 6 shows the internal rate of return (IRR) values for
the solar thermal power plants with various capacities. The
value of IRR is higher than the discount rate. The lowest va-
lue is found to be 8.48% for 5 MWe plant using ST tech-
nology. The value of IRR is between 8.48% and 12.86% for
the solar thermal power plants without CER/TAX. It is seen
from Figure 6 that 10 MWe-ST has the highest value of IRR
with CER/TAX application. The value of IRR is between
9.7% and 14.36% when CER/TAX is applied for good energy
production.

m 5 MWe power plant = 10 MWe power plant
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Figure 6. Internal rate of return analysis of the solar thermal power plants
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The value of bonus carbon is assumed to be 3.14 USDcents/
kWh based on the technical data of each technology presen-
ted in Table 2. FiT, IRR and the size of the solar projects are
determining factors which allow the project to be financed.
The solar thermal power plants of 5 MWe and 10 MWe with
FiT price of 27 USD/kWh have IRR values between 12.05%
and 14.36%. The solar thermal power plants of 50 MWe and
100 MWe with FiT price of 21 USDcents/kWh (without
any carbon pricing) have IRR values between 11.03% and
14.15%. It is important to note that the selection of locations

i will affect considerably on annual energy production.

4.3.1. Levelized Cost of Energy

Levelized cost of energy (LCOE) contributes to the estimati-
on of FiT price. Then, we can process for the determination
of other key parameters necessary for the economic evalu-
ation. Considering the values obtained during the financial
simulation of these projects, we can determine the relations-
hip between LCOE and FiT according to the size and tech-
nical specifications of the used CSP technologies. Thus, the
technical and financial parameters have been used to carry
out this information able to optimize the main values of the
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techno-economic analysis. According to the values such as
payback period, IRR and LCOE found in the techno-econo-
mic analysis, FiT of the solar thermal power plant projects
can be revised. In Figure 7, LCOE values and estimated FiT
price are presented for CSP technologies with various capa-
cities.

35

LCOE and FiT price [USDcents
B
./

—¢ - Estimated FiT+Bonus —=—PTC -LCOE

—— ST-LCOE @ LF-LCOE

0

5 MWe power plant 10 MWe power plant 50 MWe power plant 100 MWe power plant

Figure 7. FiT price and LCOE values of the solar thermal power plants.

For this purpose, it is seen certain regularity on the LCOE
evolution curve of LF technology. This regularity of the cur-
ve is almost perfect for sizes between 5 MWe-50 M'We whi-
le an inconstancy of the regularity is noticed for the other
technologies. This irregularity is more important for the ST
technology, particularly for the plant size between 5 and 10
MWe. PTC technology has a low value of LCOE compared
to the other technologies with the range from 10.22 USD-
cents/kWh to 13.22 USDcents/kWh. Furthermore, this te-
chnology has a significant irregularity between 10 MWe and
50 MWe. Considering the results of some other studies in
the literature, LCOE remains acceptable when it is slightly

electricity or others governmental institutions. Otherwise,
the value of FiT has to be decreased as mentioned above.
This study shows that the different fixed FiTs are very well
applicable to the use of PTC technology compared to the
others. In addition, this value could be revised when the
project receives any support to promote the use of CSP te-
chnologies for good in the sub-Saharan region.

4.3.2. Payback Period

The economic analysis of solar thermal power plant projects
without carbon pricing approach presents the longest pay-
back period with some irregularity. It can be noted that the-
re is a great irregularity on the curve of the payback period
evolution for solar projects with sizes between 5 MWe and
10 MWe, while it has a better regularity for those with 50
MWe. Unlike the previous analysis, the conclusion cannot
be extended to projects with the range between 50 MWe
and 100 MWe. In this case, the difference is much smaller
and the irregularity of the curves remains proportional. Fi-
gure 8 shows the payback periods of CSP projects with the
capacity between 5 MWe and 100 MWe.

ST technology has IRR of about 10% while the other tech-
nologies remain well above this value. In addition, optimal

50 MWe. CSP projects with the capacity above 50 MWe ba-

i sed on ST technology has the highest IRR followed by PTC
i technology independently to the application of carbon pri-
i cing approach. LCOE for these projects is leading by CSP
¢ projects using PTC technology and followed by ST techno-
logy for the size below 100 MWe. For solar project equal or
i above 100 MWe, ST technology presents better LCOE valu-
i es compared to the other technologies. Also, it can be said
that ST and PTC technologies are mature and appropriated
i technologies for large scale projects as seen in Figure 8.
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Figure 8. Payback periods with/without CER/TAX and FiT price of the
solar thermal power plants.

| 5.CONCLUSION

i In conclusion, the findings from the techno-economic
¢ analysis of the studied CSP technologies according to tech-
nical and financial parameters such as the size, location, car-
¢ bon pricing application and environmental considerations
i can be can be summarized as below:

higher than half of FiT proposed by a regulatory agency of

+ The application of the raised principles of analysis
has led to obtaining a large margin of FiT between
4 USDcents/kWh and 6 USDcents/kWh for each
technology in the study that could help the negotiation
issues for IPP companies.

o The determination of a carbon pricing impacts on
the levelized cost of energy and consequently on FiT
negotiation.

+ LCOE able to match with the estimated FiTs of solar
project less than 10 MWe is LF technology.

+ LCOE able to match with the estimated FiTs of solar
projects above 50MWe is ST technology.

« PTC is the only technology which can be used for all
capacities, and achieves the bankability aspect of the
CSP project even without carbon bonus application.

These measures may vary according to public incentives de-
i termined by the energy policy of the countries such as the
i land leasing fees of charge, tax exemptions for the electricity
transportation and distribution during a specific period of
the day, application of the carbon pricing approach as the
i bonus for good production, and tax exoneration for the equ-
: ipment during the construction phase. Moreover, the car-
parameters have been found for project with the capacity of bon pricing approach contributes to clean and sustainable

i energy generation taking into account environmental issues.
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