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Abstract: India is endowed with a lot of solar radiation as a result of its location. The Indian
government therefore intends to maximize the usage of its solar energy resources through the
development of solar power plants across the country. The concentrated solar power plant (CSP) is
one of the technologies that rely on solar energy for its electricity generation. The type of condenser
model in the CSP technology has the potential to affect its techno-economic viability. In this paper, a
100 MW solar tower power plant (STPP) with two different condenser models, i.e., the dry-cooled
STPP and wet-cooled STPP models, are studied using the System Advisor Model (SAM) at six
different geographical areas in India. The study employed the optimization of the thermal energy
storage and the solar field size to identify the minimum levelized cost of electricity (LCOE) for all six
locations. Results from the simulation show that the LCOE will range between 13 and 17 cents/kWh
under the optimization conditions for the STPP dry-cooled condenser model, while that of the wet-
cooled condenser model will range between 12.40 and 12.96 USD cents/kWh for the study locations.
It was also observed that the optimized solar multiple (SM) for the dry-cooled STPP model ranges
between 1.4 and 1.8, whereas that of the wet-cooled model ranges between 1 and 1.8. The study
identified Bhopal as the best location for installing the STPP plant for both condenser models. In
addition, this paper also discusses major potential barriers and government policies that are needed
to develop CSP technologies in India. The outcome of the study is expected to help both government
and other stakeholders in decision making and policy formulation for the sector.

Keywords: concentrated solar power; solar tower power plant; System Advisor Model; thermal
energy storage; levelized cost of energy

1. Introduction

The need to produce enough energy to meet the world’s increasing energy demand
has become more necessary in recent years due to factors such as growing population,
industrialization, and changing living conditions as a result of economic development. The
world currently generates its energy mainly from non-renewables, which has negative
implications for the environment as a result of the release of greenhouse gases (GHG) [1-4].
Hence, introducing an alternative source of energy generation becomes more pertinent.
Renewable energy is identified as an alternative source of energy generation because of its
abundant nature on earth [4]. Studies have noted the immense potential of solar energy
as an option for generating electricity around the world since it is more economically
viable, especially for developing countries [5-9]. India is among the leading developing
countries where the energy demand rate has grown fast within the last few decades. With a
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population of around 1.5 billion, nearly 43% of India’s population has access to grid-based
electricity, while 57% use either non-grid sources for electricity and lighting or do not use
any electricity at all [4-6]. India intends to address its issues concerning environment and
energy through the promotion of renewable energy use and increased efficiency across the
country. However, to date, only 38% of India’s installed electricity generation capacities
are from different renewable sources (i.e., solar energy and wind power). The government
of India drafted new renewable energy policies in the 2000s to significantly increase the
share of renewable energy sources in the country’s energy mix through the following
measures: Electricity Act, 2003; Tariff Policies, 2006; Natural Rural Electrification Policies,
2006; Planning Commission [10,11].

Concentrated solar power (CSP) is beneficial as a renewable energy source technology
due to its ability to readily incorporate energy storage [12]. A number of studies have been
carried out globally concerning techno-economic assessments of potential CSP systems. For
instance, Tahir et al. [13] evaluated the potential, viability, policy framework, and potential
barriers of CSP generation in Pakistan. The study concluded that regions such as Pishin
and Quetta are favorable for the CSP generation. In a techno-economic assessment of
novel solar receivers in CSP plants and a heat collection model in the parabolic trough
collector system, [14] identified an increase in the annual net electrical energy production
of their studied plant and a decrease in the levelized cost of energy (LCOE). In another
climatic context, Agyekum et al. [15] showed the effectiveness of solar tower technology
in Ghana using a System Advisor Model (SAM). Andika et al. [16] conducted a techno-
economic analysis of an integrated CSP system and reported that the LCOE can be reduced
significantly, depending on the type of salt used in the storage. Another study [17] in
the United Arab Emirates (UAE) evaluated the effect of substituting a natural gas-based
heater with a thermal energy storage system (TES) in a parabolic trough CSP plant. The
study revealed that the installation of TES increases the plant capacity and decreases the
consumption of fuel in the plant. Another study that conducted an analysis of CSP in
the Republic of India concluded that the country has the potential to construct about
1000 GW of CSP capacity [18]. In a techno-assessment analysis of photovoltaic hybrid
power systems/wind energy on the small island of Lakshadweep in India, Ref. [19] revealed
that the photovoltaic (PV)-wind hybrid system is more cost-effective than the PV or wind
system alone. Aseri et al. [20] also evaluated the techno economics, possibilities, and capital
investment cost for the parabolic trough collector (PTC) and STPP models in India. Their
study revealed that solar tower power plants (STPP) are able to deliver higher annual
electricity and reduce LCOE. Furthermore, Sharma et al. [21] and Gakkhar et al. [22]
focused on identifying the design parameters for CSP plants in India. Their outcome,
however, differs from the techno-assessment of Ref. [23], which established a price-driven
strategy for five different types of thermal energy storage in CSP plants within a spot
electricity marketing campaign for Daggett (California). Meanwhile, Lashari et al. [24]
developed a mathematical model for the parabolic solar/dish Stirling method for the region
of Jamshoro in Pakistan, which shows CSP’s suitability for the region. Islam et al. [25]
performed a techno-economic analysis of three different technologies, i.e.,, PTC, STPP,
and solar parabolic dish (SPD), under different economic criteria in Malaysia. Their study
indicated the practical suitability of PTC and STPP for East and Peninsular Malaysia. Rashid
et al. [26] also studied the techno-economics of a hybridized CSP plant using both TES
and Natural gas. The results of their study suggest that the inclusion of a storage system
regulates the production of power by natural gas and solar energy in the daytime. The solar
fraction of the hybrid power plant also increases with little reduction in thermodynamic
efficiency. In Tanzania, Aly et al. [27] suggested that the feasibility of CSP in Tanzania is
dependent on the financial condition, policy mechanisms, and lower debt interest rates.
The study of Wenjin et al. [28] revealed that advanced TES technology based on a mixture of
molten salts and which has higher thermal ability as well as lower and nitrate salt mixtures
bring out the most promising results. Furthermore, Fernandez et al. [29] conducted a
techno-assessment of 16.616 MWh; by using magnetic ore as a heat storage media and
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a Delcoterm solar E15 as a heat transfer fluid. The results of their work show that the
proposed system is able to supply 16 MWh; to the overall power block, which requires
high-cost investment from the government or investors. Parent et al. [30] analyzed a CSP for
Spain and suggested that CSP technology is feasible in Spain under the current electricity
rate and post-subsidy conditions.

Finally, ref. [31] also studied the performance of a 50 MW PTC plant wet-cooled con-
denser in Tataouine and a dry-cooled condenser in Tunisia. The results show that the LCOE
of the dry and wet-cooled PTC plants in the two locations are 18.28 EUR cents/kWh and
15.97 EUR cents/kWh. The authors simultaneously compared the wet-cooled condenser
model results with the Andasol-1 CSP plant in Spain. The results from their findings show
that the LCOE can be reduced by 1.45%. Hirbodi et al. [32] analyzed the techno-economics
of a PTC and an STPP along with two cooling models of 20, 50, 100, and 200 MW, capacities
for a plant Shiraz in Iran. Preliminary results from their study show that the dry-cooled
STPP plant, with a capacity of 100 MW,, demonstrated an efficient configuration for the
Shiraz location. Similarly, ref. [33] investigated the effect of deploying wet and dry-cooled
condensers on the performance of STPP plants. The outcome of their study reveals that
using dry-cooled condenser in the STPP plant could result in a reduction of the energy and
exergy by about 4.6%. Yilmazoglu [34] analyzed the effect of the heat transfer fluid on four
condenser models of an STPP plant. The results of that study suggest that the wet-cooled
condenser shows better performance compared to the air-cooled condenser. Arnaoutakis
et al. [35] combined the Wind-Pumped Hydro Storage Plant and the CSP power plants to
assess their effectiveness on the Island of Rhodes. The results from their study suggest
that renewable energy source penetration of about 80% can be achieved annually using
the combination of both plants. An LCOE of 0.20 EUR/kWh was obtained as the best
investment selling price for the electricity produced. Similarly, Arnaoutakis et al. [36]
combined the PTC and the tower plants for an increased day to day performance. They
found a steadier day-to-day performance for the system of the 29 MWe and 25 MWe towers
of the north—south oriented PTC compared to the single-system power plants. Sharma
et al. [37] evaluated India’s solar thermal potential. They developed a comprehensive
framework which took into consideration factors such as the direct normal irradiance,
the availability of wastelands, suitability of wasteland for the generation of wind power,
wastelands that are the habitat of endangered species or prone to earthquakes, and/or tribal
population. Krishnamurthy et al. [38] assessed the cost effectiveness of the PTC technology
in India. Their study indicated that a plant with a TES hour of around 7 h could reduce
the cost of electricity from 0.15 USD/kWh to 0.14 USD/kWh. Using the System Advisor
Model, ref. [39] evaluated the performance of two different solar thermal power plants, i.e.,
the linear Fresnel reflector and the PTC, under Indian weather conditions. They found that
the levelized unit cost of electricity is minimal for the solar multiple (SM), ranging between
1.4 and 1.6 for a DNI of 950 W /m? for the PTC power plant, while the SM for that of the
LFR is 1.8-2.0.

The literature provides a considerable number of studies that have been conducted
globally on CSP technologies. However, from the literature survey, studies based on CSP
technologies in the Indian context under different weather conditions across the country are
limited. This is important since India is vast with different weather conditions, and hence a
study at a particular location cannot be used to predict the performance of such systems
across the country. Therefore, in this present study, we examined the techno-economic
feasibility of a CSP based on STPP for six different locations in India in order to fill this
current research gap, which is useful for research directions and policy interventions [13,15].
According to Aly et al. [27], a dry-cooled CSP plant is modelled at sites far away from a
water source, while a water-cooled CSP plant is modelled at sites near water resources.
Since the type of condenser used has an effect on the performance of the power plant, as
shown in the literature reviewed supra, this study, as part of its objectives, assessed both
dry-cooled and water-cooled models at all of the six selected locations across the country
to help in future planning for the sector.
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With the government of India’s intention to cut down on the GHG emission intensity
of the country’s gross domestic product by 45% by 2030, and its long-term goal of reaching
net zero by 2070 [40,41], we also evaluated the impact of the implementation of the CSP
technology on the country’s GHG reduction targets. This was accomplished by assessing
the avoidable emissions that would have been generated if other conventional power
plants relying on fossil fuels had been used to generate the same amount of electricity
as that generated by the modelled CSP systems across all study sites. In addition, major
potential barriers that hinder the development of such power plants in India are discussed
in this paper using information reviewed from several research works. Thus, this study
is expected to serve as a reference material in relation to techno-economic assessments
and factors affecting the development of the CSP technology in the study country. This,
according to the best of the authors” knowledge, is the first of such a study for the country,
especially with regard to the comparison of the dry and wet-cooled technologies and the
identification of barriers for the sector.

This paper has four main sections. The method and materials used for the analysis
are presented in Section 2, the results and discussion are presented in Section 3, while the
conclusion and recommendations are presented in Section 4.

2. Materials and Methods

The modelling of the CSP was performed using SAM version 2020.2.29, provided by
the National Renewable Energy Laboratory (NREL), funded by the Department of Energy.
SAM is commonly used by researchers for techno-assessment analysis worldwide. The
SAM model also includes the simulation of the parabolic trough, power tower, and linear
Fresnel for electric power generation [42]. In this present investigation, a solar tower power
plant is modeled in India. The flow diagram of the simulation in the SAM software is
presented in Figure 1.

Site selection is one of the important factors considered during planning to develop
large-scale solar power projects [43]. In this current study; site selection for the CSP project
was based on the availability of land, solar resource, and infrastructural accessibility [18,44,45].
The potential sites selected for this study are the following:

(1) Bhopal City: located in the central state of Madhya Pradesh (23.25° N, 77.40° E);

(2) Jhansi City: found in the extreme south of Uttar Pradesh state (25.53° N, 78.65° E);
(3) Jalandhar City: in the north Indian state of Punjab (31.29° N 75.56° E);

(4) Srikakulam City: located in the coastal area of Andhra Pradesh state (18.32° N, 83.91° E);
(5) West Medinipur City: part of West Bengal state (22.42° N, 87.32° E);

(6) Erode City: located in the state of Tamil Nadu (10.90° N, 78.37° E).
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Figure 1. Flow diagram of the simulation process in the SAM software (modified from [31] with
permission from Elsevier).

2.1. Selection of Parameters for the Analysis

In this investigation, a 100 MW STPP CSP plant is studied at the six potential sites
using the SAM model with TES to forecast the performance of STPP at the various sites.
The capacity of the power plant is selected based on recently published works, such
as [15,27]; it must, however, be stated that based on the strengths of the various locations,
the government or the investing body may vary the capacity to suit the study area. The
model in this study operates using a Rankine. The STPP generates its electricity from
solar energy through by focusing concentrated solar irradiation on a mounted tower heat
exchanger. The collector field is made up of an array of mirrors (heliostat) [46], as shown
in Figure 2. Table 1 presents the financial parameters used for SAM simulation, and the
technical parameters are presented in Appendix A (Table Al).
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Table 1. Financial parameters used in the SAM simulation.

Financial Parameters Value Ref.

[15,16,43,45,47-49]

Real discount rate (per year) 10%

Nominal discount rate (per year) 12.42% Calculated value

Project tax and insurance rates

Annual Insurance rate of the ?ﬁizﬁu debt [48,49]
Sales tax (of total direct cost) 18% [50]
Federal income tax rate (per year) 25% [51]
Project term debt
Debt Percent of theioo(;/;l cost [48,49]
Tenor (years) 18 [11]
Annual interest rate 6.5% [52]
Moratorium (years) 5 [33,34]
Up-front fee 2.75% [35]

Figure 2. The configuration of the studied STPP technology (obtained from SAM [42]).

2.2. Principle of Operation for the STPP

The STPP type of power generation operates by transmitting solar irradiation on to
a central receiver mounted on a tower, which attains a high temperature heat transfer
medium via several heliostats [53]. The sunlight is tracked and reflected onto the receiver
by the heliostats, which are computer controlled. The solar radiation that is collected is con-
verted into heat in the receiver by HTE. The HTF energy is transferred to water/steam via
exchangers, and it is then used for the generation of electricity in a turbine generator [54,55].

The receiver comprises of wall pipes that play the role of heat exchangers. The heat
transfer fluid that is generally used is molten nitrate salt, it is also used as a storage fluid.
The molten salts are mostly used by solar tower systems as a result of its energy storage
and superior heat transfer capabilities. The molten salts are stored using storage tanks so
that it can be used when sunlight is not available [15,54].
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2.3. DNI Performance of an STPP in Different Locations in India

The solar radiation resource, i.e., direct normal irradiance (DNI), for India is presented
in Figure 3. Figure 4 shows the monthly average data of DNI for the six selected potential
sites. The study area’s hourly solar radiation and weather data used for the simulation
were obtained from the EnergyPlus weather database [56]. The data reveal that for most of
the sites, dry season occurs from October to May; hence, the beam of irradiance is very high
during those periods. It was also observed that for the other months, there is relatively low
irradiance because of the rainy season. In addition, Erode and Jalandhar also experience
a relatively low irradiance from November to February; this is because the Jalandhar site
experiences cold weather conditions, whereas the Erode site experiences heavy rainfall

during the period from November to February.
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Figure 3. DNI map of India [57].
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2.4. Mathematical Relations Used for Modelling STPP

The heliostat efficiency is contingent on its location in relation to the receiver. In the
central receiver system, the cosine effect depends on both the position and location of the
sun. This is different from that of the parabolic trough collector, which depends only on the
hour of the day. The cosine angle is computed using Equation (1) [58,59].

1+ cos(26;
cos(0;,) = 2(1,;:) ¢y

The total yearly energy Es (Wh/m?) for each mirror area can be estimated using
Equation (2).
8760
Es = ) DNI; x cos(6;, ) )
i=0
where the hour is denoted by i, and the location of the point is represented by p.

The heliostats are practically arranged with gaps in between them; this is to allow for
maintenance and to prevent shadowing. The packing density can be expressed as the ratio
of the minor area to the area of the land; this varies for different locations in the heliostat
field. Therefore, in the case of an STPP, the impact of the packing density has to be taken
into consideration to calculate the actual energy that is reflected. The actual yearly reflected
energy for each land area for a point p at the base field, taking into consideration the impact
of the packing density, can be computed using Equation (3).

8760
E, = (PD) ) DNI; x cos(6;, ,) (3)
i=0

The thermal power of the HTF under design conditions, wherein the plant produces
the design electric power, can be computed using Equation (4).

Paes X 10°
thmfdes — s — 4)
’ NEps < 'THE
The thermal power that can be collected from the heliostat field is mathematically
expressed as follows:

Ethht f.des

©)

Ew,,, =
d .
o 171’6(3611767‘

Equation (6) would be obtained if Equation (4) is substituted into Equation (5).

Pps x 10°
Nreceiver X MHE X WEpp

(6)

Ethdes =

Equation (7) can be used to compute the concentrating ratio (CR) [15].

_ Areaof the receiver (m?)
* Total area of the heliostats (m?)

@)

The capacity factor (CF) of a power plant is a key parameter that is used to evaluate
the performance of the system. The CF can be estimated using Equation (8) [49,58].

CE— Gross annual electricity generated ®)
Pyes x 100 x 8760
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Total electric power to grid (MWe)

140

The receivers nominal thermal power is determined by the solar multiple (SM). It is
defined as the ratio of the receiver thermal power to the cycle thermal power. Systems
without storage should have an SM close or equal to 1 [42].

Receiver thermal power (MWt) = SM x Cycle thermal power (MWt) )

3. Results and Discussion

This section presents the obtained results from SAM for a 100 MW STPP. The section
is divided into different sub-sections to cover the different cooled models used for the six
selected potential sites. Furthermore, this section provides sensitivity analyses for both
models. The potential barriers that could hinder the development of the renewable energy
sector in the country are also discussed.

3.1. Electricity Generation of STPP (Dry-Cooled Model) at Six Potential Sites in India

Figure 5 shows the hourly electrical power output for the STPP dry-cooled model
for the six potential sites. Results indicate that the maximum electrical power output is
achieved during the first quarter and last quarter of the year, which comprise the dry
season period. Meanwhile, from the month of May to August, there is a slight decrease
in electrical power for all the selected sites. This observation could be attributed to the
effect of the monsoon season, which produces less solar radiation within that period. From
the month of September to February, the power output starts increasing slowly at all sites,
except at the Erode site. This is because of frequent high rainfalls at Erode during this
period. The electricity export to the grid from the STPP at the six potential sites achieved
about 100 MWe during the dry season. Total electric power output to the grid in the second
and third quarters of the year, which are also the rainy months, decrease due to less solar
radiation within that period.

A total of 376.26 GWh, 364.84 GWh, 300.67 GWh, 353.15 GWh, 301.156 GWh, and
349.09 GWh with capacity factors of 41.5%, 40.2%, 33.2%, 39%, 33.2%, and 38.5%, respec-
tively, were recorded in the first year of the project for Bhopal, Jhansi, Jalandhar, Srikakulam,
West Medinipur, and Erode, respectively, for the dry-cooled condenser model. It can be
seen in Table 2 that the Jalandhar and West Medinipur sites recorded the same capacity
factor of 33.2% and a very small difference in electricity generation. On the other hand, sites
such as Bhopal and Jhansi as well as Srikakulam and Erode recorded a minimal difference
in the capacity factor of 1.5%.
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Figure 5. Total electric power output to grid (dry-cooled) for the six potential sites.
Table 2. Economic results from the simulation in SAM for the STPP (dry-cooled) plant.
. . West
Bhopal Jhansi Jalandhar Srikakulam Medinapur Erode
Metric Value Value Value Value Value Value
Annual energy 376.269 364.845 300.678 353.159 301.156 349.090
(GWh)
Capacity factor (%) 41.5 40.2 33.2 39 33.2 38.5
Annual water 84,945 84,321 79,548 83.074 79,470 83,470
Usage, m
Power purchase
agreement (PPA)
(Year 1), USD cents 13.87 13.70 15.93 14.35 16.74 14.28
per kWh
Levelized PPA
price (nominal), 15.74 16.23 19.53 16.75 19.50 16.93
USD cents per kWh
Levelized PPA
price (real), cents 13.22 13.62 16.40 14.065 16.37 14.21

per kWh
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Table 2. Cont.

. . West
Bhopal Jhansi Jalandhar Srikakulam Medinapur Erode
Metric Value Value Value Value Value Value
Levelized Cost of
Electricity (LCOE) 1522 15.69 18.88 16.18 18.84 16.36
(nominal), cents
per kWh
Levelized Cost of
Electricity (LCOE) 12.77 13.17 15.88 13.59 15.82 13.74
(real), cents per
kWh
Net present value
(NPV), USD 15,312,089 15,311,053 15,307,957 15,310,368 15,307,712 15,310,214
Internal rate of 242 24.01 24.17 2413 2421 24.19
return (IRR), % ’ ’ ) ’ ’ '
Year 1nx1.estor IRR 20 20 20 20 20 20
achieved
IRR at the end of 25.7 25.07 25.05 25.06 25.05 25.06
project, %
Net "%’;gl cost, 823,137,408 823,105,792 823,000,384 823,084,864 823,003,904 823,080,192
Equity, USD 247,109,488 297,141,136 247,109,488 247,134,848 247,110,544 247,133,456
Debt, USD 575,890,880 575,964,672 575,890,880 575,950,016 575,893,312 575,946,752

3.2. Economic Performance of the Dry-Cooled System at the Six Studied Sites in India

The economic results from the simulation are summarized in Table 2. The results
suggest that the modelled power plants at all sites are economically feasible since all sites
recorded a positive NPV. Bhopal, however, recorded the highest NPV among all the six
sites, which indicates that a project at that site will break even at a faster rate than the other
sites. The financial optimization of the 100 MW STPP solar thermal power plants are also
represented in Figure 6. From the data of each potential site, LCOE is optimized by varying
the SM from 1 to 5, with an increment 0.2. The results indicate that the value of LCOE
decreases as the SM increases for the given TES capacity. The decreasing trend is followed
until a minimum LCOE value is achieved, after which the trend starts to increase again.
The SM at which the minimum LCOE is obtained can be said to be the optimal SM for
that TES.

Figure 6 shows the economic comparison of the six sites in this study. The LCOE
under the optimization configuration in the Bhopal, Jhansi, Jalandhar, Srikakulam, West
Medinipur, and Erode sites can be minimized to 12.01 cents/kWh, 12.25 cents/kWh,
13.87 cents/kWh, and 12.51, 13.74, 13.11 cents/kWh for SM within the region of 1.4-1.8.
Comparing the outcomes at the various sites with the literature, the obtained LCOE are
seen to be relatively higher in terms of residual fuel oil (RFO), which is around 10 USD
cents/kWh for India. Therefore, in the current analysis, we have included an additional
fee of 25-30 USD/tCO, emission, which is the average cost of CO, emission for 37 coun-
tries [60]. After adding the CO, emissions cost for RFO-based power generation, the
resulting LCOE becomes comparable to the LCOE obtained under the optimized configura-
tion of the proposed CSP plant. Therefore, the government of India needs to adopt several
policies based on CSP generation technologies.
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Figure 6. Effect of SM and TES on the LCOE (dry-cooled model) in different cities of India.
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3.3. Electric Generation Analysis of STPP (Wet-Cooled) Plant at Six Potential Sites in India

Figure 7 shows the total electric generation power output for the STPP wet-cooled
model at the selected sites. The output performance of the wet-cooled model is not sig-
nificantly different from the dry-cooled model presented supra. The major drawback of
utilizing the wet-cooled STPP model is that it consumes more water compared to the
dry-cooled STPP model. However, the annual maximum electric energy power output is

higher for the wet-cooled STPP as compared to that of the dry-cooled STPP.
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Figure 7. Total electric power output to grid (wet-cooled) for six potential sites.

3.4. Economic Analysis for the STPP (Wet-Cooled Model) for the Six Potential Sites in India

The economic results for the wet-cooled STPP are presented in Table 3 The results for
all sites show a positive NPV, which is an indication that such a project at any of the sites
will be a viable investment. Results from the analysis presented in Figure 8 show that the
optimized SM falls in between 1 and 1.8. The construction of such a power plant at the six
studied areas can be developed within this range of SM values to help cut down on cost.
This is because an increase in the SM increases the total capital cost for the entire plant. The
outcome also shows that the LCOE for the wet-cooled STPP is relatively higher than that
for the dry-cooled due to the cost associated with the water used. Based on the results, the
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optimum SM for a system located at the Bhopal, Srikakulam, and Erode sites at 8 h TES is
1.8, whereas the Jalandhar and West Medinipur sites optimized at 6 h TES have an optimal
SM of 1.6. The Jhansi site had an optimized TES of 6 h, with an SM of 1 at an LCOE of
11.53 USD cents/kWh.

Table 3. Economic results from the simulation in SAM for the STPP (wet-cooled) plant.

. . West
Bhopal Jhansi Jalandhar Srikakulam Medinapur Erode
Metric Value Value Value Value Value Value
Annual energy (GWh) 410.740 401.175 330.133 382.817 329.713 387.021
Capacity factor (%) 453 442 36.4 422 36.4 42.7
Annual ngger Usage, 1,156,174 1,147,154 967,110 1,121,001 976,948 1,142,278
Power purchase
agreement (PPA) (Year 13.05 13 14.21 13.78 14.52 14.85
1), cents per kWh
Levelized PPA price
(nominal), cents per 14.77 15.37 16.00 15.18 15.17 15.43
kWh
Levelized PPA price
(real), cents per kWh 12.40 12.90 13.44 12.75 12.73 12.96
Levelized Cost of
Electricity (LCOE) 14.15 14.55 16.88 14.95 16.54 14.92
(nominal), cents per
kWh
Levelized Cost of
Electricity (LCOE) 11.88 12.21 14.09 12.55 13.89 12.52
(real), cents per kWh
Net present value
(NPV), USD 19,464,646 25,342,286 19,734,204 16,915,063 15,083,772 15,477,209
Internal rate of return
(IRR), % 25.52 25.21 25.10 25.11 25.01 25.11
Year inv'estor IRR 20 20 20 20 20 20
achieved
IRR at the end of 26.29 27.82 26.52 27.80 27.05 25.11
project, %
Net capital cost, USD 823,419,968 823,360,000 823,256,704 823,327,040 823,273,984 823,339,648
Equity, USD 247,235,472 247,217,456 247,186,488 247,207,568 247,191,648 247,211,360
Debt, USD 576,184,512 576,142,528 576,070,272 576,119,488 576,082,368 576,128,320
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Figure 8. Effect of SM and TES on the LCOE (wet-cooled model) for potential sites in India.

3.5. Sensitivity Analysis
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A sensitivity analysis is key in studies such as this since it provides the opportunity to
check the effect of various parameters or factors on the technical and economic performance
of the power plant. In this study, three factors were considered for the sensitivity analysis;
these are the sales tax, up-front fee, and solar multiple, used to access their impact on the
viability of the project. The first sensitivity analysis determined the sales tax rate for the
economic feasibility, with a sales tax rate ranging from 1% to 18%. The second sensitivity
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analysis looked at the up-front fee in the range of 1-5%. The last sensitivity analysis looked
at the effect of SM on the net capital cost (NCC), within a range of 1-5.

Figure 9 shows that varying sales tax rates create a significant impact on the LCOE
for both the dry and wet-cooled models for the six potential sites. The results indicate that
the LCOE of the power plants increases with increasing sales tax. The effect of sales tax on
the LCOE of the Jalandhar site is more than that of any of the other selected sites for both
models as a result of the relatively less DNI in that enclave. However, Bhopal recorded
the lowest LCOE, even with an increase in the sales tax rate for the dry and wet-cooled
models. In the case of the Srikakulam and Erode sites, the effect of increasing sales tax
on the LCOE of the wet-cooled model was almost insignificant as it followed the same
trend with a minimal difference. The impact of sales tax on LCOE was observed to be more
impactful on the dry-cooled plant than that of the wet-cooled module.

Figure 10 presents the effect of the up-front fee on the cost of energy from the power
plants for all sites. It shows an increase in LCOE for all sites. However, its effect on the
LCOE is very minimal at all the six sites for the wet-cooled model as compared to that
for the dry-cooled model. Similarly, the highest cost of electricity is expected to occur at
the Jalandhar site, which shows an increase in the up-front fee for both models. Bhopal,
however, recorded a lower LCOE for both models and an increase in the up-front fee.

Figure 11 shows the effect of SM on the NCC of the various power plants; it can be
seen from the figure that the SM has a major effect on the NCC of the STPP for all selected
sites. The NCC for the dry-cooled model increases sharply from an SM of 1 to 2; however, it
decreases after reaching an optimum SM. The maximum NCC achieved for the dry-cooled
model at the Bhopal, Jhansi, Jalandhar, Srikakulam, West Medinipur, and Erode sites are
6.83789 USD/W, 6.83777 USD/W, 6.83772 USD /W, 6.8377 USD/W, 6.83754 USD/W, and
6.83636 USD/W at the SM range of 2. On the other hand, the maximum NCC for the
wet-cooled model are 7.32521 USD /W, 7.32519 USD/W, 7.32399 USD /W, 7.3247 USD /W,
7.95507 USD /W, and 7.3243 USD/W for the various STPP sites, respectively.
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Figure 9. Effect of sales tax rate on the LCOE of both models, (a) dry-cooled and (b) wet-cooled, at
6 h TES for SM of 2.
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Figure 10. Effect of up-front fee on LCOE of both models, (a) dry-cooled and (b) wet-cooled, at 6 h
TES for SM of 2.
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Figure 11. Effect of solar multiple on NCC on both models, (a) dry-cooled and (b) wet-cooled, at
6 h TES.

3.6. Environmental Impact Assessment

The environmental aspect of the studied power plants at the various locations are
estimated in this section. The avoided CO, emissions from electricity generation due to the
use of the STPP for electricity generation can be computed using Equation (10) [61].

Mitcoz = Eg X F, (10)
where the mitigating CO, emissions is represented by Mitco,, Eg denotes the annual pro-
duced electricity from the RES, and F, is the emission factor, taken as 0.8274 kgCO, /kWh [62]
for India in the current study:.

The outcome of the estimations are presented in Table 4. Based on the calculations, it
appears that the integration of the STPP into the Indian energy mix could lead to a signifi-
cant cut in the country’s GHG emissions. Bhopal would record the highest reduction in
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emissions for both the dry and wet-cooled systems. Avoided emissions of 31,132.50 metric
tons and 33,984.63 metric tons of CO,e are expected to be recorded per year at the Bhopal
region. In total, if a system with a dry-cooled condenser were to be implemented at all
six locations with similar capacities, as presented in this study, then India could reduce
the country’s emissions by some 169,219.62 metric tons of CO,e per year. Similarly, if the
wet-cold power plants were to be deployed across all six areas, then the avoided emissions
for all six locations could be as much as 185,469.90 metric tons of CO,e per year. Consider-
ing the government’s recent commitment to reduce the emission intensity of the country’s
gross domestic product by 45% by 2030, and its long-term goal of reaching net zero by
2070 [63], the deployment of STPP in the country would significantly help the country to
achieve its targets.

Table 4. Avoided emissions due to the use of the CSP technology.

Dry-Cooled Wet-Cooled

SN gt gy ) (TP gt Eergy iy b Foopi
Bhopal 376,269,000 31,132.50 410,740,000 33,984.63
Jhansi 364,845,000 30,187.28 401,175,000 33,193.22
Jalandhar 300,678,000 24,878.10 330,133,000 27,315.20
Srikakulam 353,159,000 29,220.38 382,817,000 31,674.28
West Medinipur 301,156,000 24,917.65 329,713,000 27,280.45
Erode 349,090,000 28,883.71 387,021,000 32,022.12

Finally, in Table 5, the results of the proposed STPP modelled system are com-
pared with those of previous studies according to different CSP technologies/parameters/
configurations/economic criterion, i.e., Simulation software, TES, and LCOE. The results as
presented in the current work fall within the range of values obtained in other studies, as
demonstrated in Table 5. The slight variations in economic output in the results obtained
in this study could be attributed to the differences in weather characteristics, type of CSP
technology, and the economic parameters used as inputs for the simulations. A higher DNI
value for a study area could affect the technical and economic output of the power plant in
a more positive way.
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Table 5. CSP technology in other published works, for comparison.

S. No Ref Location, Country CSP Technology Title of Literature Simulation TES, LCOE
Software Hours
Quetta, 15.3 USD cents/kWh;
Quetta, Pishin, Gotki, Techno-economic assessment of Pishin, 14.7 USD cents/kWh,;
Nawabshah, Parabolic Trough concentrated solar thermal power Gotki, 26.9 USD cents/kWh;
1 [13] Rahim Yar Khan, & . . powel SAM 15 Nawabshah, 23.9 USD cents/kWh;
Collector (PTC) generation and potential barriers in .
Bahawalpur, its depl t in Pakist Rahim Yar Khan, 27.9 USD
Pakistan 15 deployment i Fakistan cents/kWh;
Bahawalpur, 29.2 USD cents/kWh
Navrongo and Ozfstslcr:sl;ﬁ:r?tn Oiti;igiﬁii?g;gc 13.67 and 14.73 USD cents/kWh for
2 [15] g STPP, and PTC . SAM 12 STPP; 28.83 and 25.83 USD
Tamale, Ghana power (CSP) in South-Western cents/kWh for PTC
Africa: A case study on Ghana
The performance prediction and
parabolic solar techno-economic analyses of a
3 [24] Jamshoro, Pakistan dish/Stirling system stand-alone parabolic solar SAM - 0.13 USD/kWh
(PSDS) dish/Stirling system, for Jamshoro,
Pakistan
Is Concentrated Solar Power (CSP) a
Dodoma site feasible option for Sub-Saharan
. . L. 13.0-14.4 USD cents/kWh for PTC,
?
4 [27] Sulunga §1te PTC, STPP Africa? Im./estlga.tmg the SAM 4 11.6-12.5 USD cents/kWh for STPP
Tanzania techno-economic feasibility of CSP
in Tanzania
Central receiver Comparative Analysis of Rankine
. Cycle Linear Fresnel Reflector and
. system (CRS), linear . 9.44 USD cents/kWh for CRS,
5 [47] Ethiopia Fresnel reflector Solar Tower Plan.t Technolggws. SAM 12 1035 USD cents,/kWh for LFR
(LFR) Techno-Economic Analysis for
Ethiopia
Dish Stirling technology: a 100 MW
6 [64] Algiers, Algeria STP solar power plant using hydrogen SAM - 0.235 USD/kWh

for Algeria
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Table 5. Cont.

Simulation

TES,

S.No Ref Location, Country CSP Technology Title of Literature Software Hours LCOE
Feasibility of 25 kw parabolic
7 [65] George, Malaysia PSDS dish—sterling engine based MATLAB - 3.432 MYR/kWh
concentrating solar power under
Malaysia environment
Performance analysis of stand-alone
8 [66] Maan, Jordan PSDS solar dish Stirling system for SAM - 0.115 USD/kWh
electricity
generation
Performance prediction and
9 [67] Tianjin, China PSDS techno-economic analysis of solar MATLAB - 0.2535 USD/kWh
dish /Stirling system for electricity
generation
Techno-economic investigation of
10 [68] Oujda, Morocco PTC parabolic trough solar power plant MATLAB - 0.25 EUR/kWh
with indirect molten salt storage
Techno-Economic and Life Cycle
STP. LFR Analysis of Energy Generation 17.71 USD cents/kWh for STPP,
11 [69] Sokoto, Nigeria P:f C Using Concentrated SAM - 26.33 USD cents/kWh for LFR,
Solar Power (CSP) Technology in 18.04 USD cents/kWh for PTC
Sokoto State. Nigeria
Preliminary feasibility evaluation of
12 [70] Ahmedabad', Barmer, PTC solar thermal power generation in SAM 16-21 USD/kWh
New Delhi, India .
India
LFR Concentrated solar power: 0.14 USD/kWh for LFR,
13 [71] China STP. PIC technology, economy analysis, and SAM 6-15 0.17 USD/kWh for PTC,
! policy implications in China 0.15 USD/kWh for
Techno-economic Analysis of Solar
. 13-14 BDT/kWh for STPP
13 [72] Bangladesh STPP, PTC Concentrating Power (CSP) SAM 15-17 BDT/kWh for PTC

in Bangladesh
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Table 5. Cont.

Simulation

TES,

S.No Ref Location, Country CSP Technology Title of Literature Software Hours LCOE
Performance optimization of
14 (73] Bangladesh PTC parabolic trough solar thermal SAM - 9.86 USD cents/kWh
power plants—a case study in
Bangladesh
Solar thermoelectric power
15 [74] Larnaca, Cyprus PTC generation in Cyprus: Selection of SAM 4 18.14-19.26 USD cents/kWh
the best system
Impacts of solar multiple on the
16 [75] Sevilla, Spain STPP performance of direct steam SAM 3 21.77 USD cents/kWh
generation solar power tower plant
with integrated thermal storage
Concentrated Solar Power Solar
Tower with Oversized Solar Field
17 [76] Neom, Saudi Arabia STPP and Molten Salt Thermal Energy SAM 16 7.84 USD cents/kWh
Storage Working at an Annual
Average Capacity Factor of 95% in
NEOM City
Bhopal, 13.22 USD cents/kWh;
Bhopal, Jhansi Jhansi, 13.62 USD cents/kWh;
]aIljan,dhar ' STPP Jalandhar, 16.40 USD cents/kWh;
18 Srikakulam V’Vest Drv Cooled Current Study SAM 12 Srikakulam, 14.065 USD cents/kWh;
Mo e y West Medinipur, 16.37 USD
p cents/kWh;
and Erode, 14.21 USD cents/kWh
Bhopal, 12.40 USD cents/kWh;
. Jhansi, 12.90 USD cents/kWh,;
B}}c;ﬁ);ll’ d]l}:;:lSl’ STPP Jalandhar, 13.44 USD cents/kWh;
19 . ! Current Study SAM 12 Srikakulam and
Srikakulam, West Wet Cooled ..
Medinipur and Erode West Medinipur, 12.75 USD

cents/kWh;
Erode, 12.96 USD cents/kWh
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3.7. Major Barriers and Policy Implications in India

The main aim of this section is to discuss the various barriers and challenges that
are facing the development of CSP technology in India. There are several barriers that
affect the installation of CSP technologies all around the energy markets. However, the
ultimate goal of these markets is to match CSP technologies to the cost, services, demand,
and energy supply. Therefore, the CSP system needs to demonstrate all the three necessary
aspects, namely, TES costs, dependability as an auxiliary solution, and power dispatch
ability, for the system to stay competitive as compared to other possible power production
technologies. Therefore, the government of India needs to legislate polices even though five
different CSP plants are under full operation throughout the country, and even with five
CSP plants under construction, which are presented in Table 6 [77]. The major reasons for
the lack of CSP plants in India include high cost of investment; uncertainty in energy, power,
and renewable energy policies; lack of awareness among the citizens; lack of infrastructure
in potential areas; lack of local manufacturing units [78,79]. Therefore, to promote CSP
plant technologies for power generation in India, the government needs to adopt new
policies in order to achieve long-term goals. These have been summarized into a list of
recommendations in Table 7.

Table 6. Details of developed and under-developed CSP projects in India [77].

Serial Project . Capacity Operational
Number Name Location Owner Area (Acres) Technology (MW) Status (Year)
Bikaner, Solar
1 ACME Rajasthan ACME Group 12 Tower 2.5 2011
National
Solar .
2 Thermal Gurugram,  pp g bay Not Parabolic 1 2012
Haryana Available Trough
Power
Facility
. . Godawari .
3 Godawe}rl ]algalmer, Green Energy 370 Parabolic 50 2013
Solar Project Rajasthan L Trough
Limited
Megha
Anantapur, . . .
4 Megha Solar Andhra Engineering 600 Parabolic 50 2014
Plant and Trough
Pradesh
Infrastructure
Dhursar Jaisalmer, . Linear
5 Project Rajasthan Reliance Power 840 Fresnel 125 2014
6 Abhijeet Jaisalmer, Shriram EPC 388 Parabolic 50 Under
Solar Project Rajasthan LTD Trough Construction
Dadri ISCC Dadri, Uttar . Not Linear
7 Plant Pradesh Thermax, India Available Fresnel 14 2019
8 Diwakar Jaisalmer, DIVEZI(OE}EOSOIM Not Parabolic 100 Under
Project Rajasthan p Available Trough Construction
Developer
CARGO Power
. and .
9 Gujarat Solar thch, Infrastructure, 190 Parabolic 25 Under.
One Gujarat Trough Construction
and Markus
Balz
KVK Energy Jaisalmer, KVK Energy Not KVK Energy Under
10 . . Ventures Ltd., . Ventures Ltd., 100 .
Solar Project Rajasthan Available Construction
Lanco Lanco
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Table 7. Summarized barriers in the development of CSP technologies in India and list of recommen-

dations.
S.No Barrier Category Major Barrier Future Recommendations
(a) Government should provide
1 Financial Barriers (a)  Lack of local manufacturing units 2;1 3nMCzl;li<1eHilr$elﬁzzlae”s;iﬂcc)lh“cﬁftisuch
(b) Financial institutes Aayog” should be strictly
implemented
2 Technical Barriers (@) Lack of skilled and operating (@) Initiate training from experts
facilities (b) Utilize institutes and universities
3 Infrastructural Barriers (a) Non-availability good maps @ ?rov1de 1nf0rmat10r} to the
investors on potential areas
(@) Unaware of benefits of power (a) Trainings and workshops need to
4 Lack of Social Awareness generation polices and renewable educate the public about the
energy projects benefits of renewable energy
(a) Government should invite
. . E-bidding
5 Policy barriers (@) gireeteiﬁims and license will (b)  Alter for existing energy policies
(c) Financial assistance for small
scale industries
(@) Local politicians should engage
6 Special Status (@)  Lack of development from with the central government for

various sectors .
special status

3.7.1. Economic Barriers or Financial Barriers in India

Economic and financial barriers are one of the major drawbacks in developing CSP
technology in India. This is due to the lack of investors and financial institutions. In
addition to this, the government of India needs to encourage the local manufacturing
industry to meet the demand for and supply of CSP technology in order to lower imports
from international manufacturing units. This is in line with recent major national programs
called “Make in India” and “Atmanirbhar Bharat” [80,81]. The main aim of these programs
is to support the local manufacturing units. Such government initiatives cannot be isolated
from broader national issues such as security issues, debt, and state and central political
issues, which can drive away potential entrepreneurs or investors. The central government
of India thus needs to provide an additional incentive to state governments, such as “special
status”, which will be discussed in further Section 3.7.6, so that state governments can
benefit from it and more investors can be attracted, which will consequently help to boost
the country’s economy. The government also needs to provide further financial benefits to
investors, such as exemption from the good and service tax (GST), loans from the banks,
and guarantees. Such benefits will encourage investors and entrepreneurs to invest in
renewable energy-related technologies.

3.7.2. Technological Barriers in India

There are numerous technological barriers against the deployment of CSP technology
in India, such as lack of knowledge in operation and maintenance of the plant, lack of
research and development, and complexities such as storage of energy, power, etc.; there
is also a lack of knowledge among the local manufacturers with regard to the latest tech-
nology [82,83]. Such impediments force entrepreneurs or investors to import from the
international market. Therefore, the Ministry of Energy in India needs to create policies for
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research and development and local manufacturers in order to improve energy storage in
CSP plants. The government or project proponents initiate programs related to the CSP
and TES technologies through experts from the field to educate the manufacturers and also
local workers [84-86]. India is endowed with good researchers and scientists coming from
reputable universities and institutes; however, the country imports most of its technical
components from countries and regions such as the United States, Europe, China, Russia,
and Israel.

3.7.3. Infrastructural Barriers in India

In India, there is the lack of infrastructural development; investors are therefore
required to spend a lot of research and time to locate the potential sites for the construction
of CSP plants [1]. Another challenge is that after identifying the potential sites, investors
require approval from various authorities in order to develop CSP technologies [11,13,80,86].
To address this matter, the government needs to support the entire project implementation,
including the allocation of potential sites, funds, transportation facilities, water resources,
and other development measures required for the infrastructure. This will be beneficial in
the development of the economy and also the infrastructure of the state [87].

3.7.4. Social Barriers in India

In India, local communities tend to be unwilling to adopt renewable energy-related
technologies. The acquisition of lands from these communities for the development of CSP
technology plants are a little difficult, and the results can generate funds for compensation
as well as more job offers from investors or from the government of India. Therefore, it
is important to foster an awareness of renewable energy among the Indian communities,
with a critical focus on their social culture practice.

3.7.5. Policy Barriers in India

India is a vast country, with 28 states and 8 union territories [88]. These states are ruled
by local ministers, and the eight union territories are under the control of the President of
India. According to the constitution of India, states can frame their own energy policies [80].
Because of the lack of renewable energy technology policies, investors need to wait for a
long period of time [80,85]. Meanwhile, this is connected to several procedures; for instance,
generating a proper agreement from the Ministry of Energy Resources, exemption from
taxes from the state Ministry of Finance, and locating the potential sites from state Ministry
of Industries and also providing security to the agreed selected sites are the major time
delay factors that will prevent investors from implementing CSP technologies in the various
states [89]. Therefore, the local ministers should alter their present energy policies and
give full support to investors through initiatives such as the invitation of tenders through
E-bidding. The idea of E-bidding, however, has only been introduced in recent times and
is not yet fully functioning in India [78]. In recent studies and sources, the Tamil Nadu
government promoted a new energy policy wherein local communities could set up their
own renewable energy system for use in domestic, commercial, and small-scale industries;
the state government will then compensate half of the amount of the total investments [90].
This initiative in the energy policy will encourage manufacturing units, local communities,
and other developing industries to set up renewable energy technologies.

3.7.6. Present Scenario on “Special Status” in India

The government of India is facing problems in various sectors such as the primary,
secondary, and tertiary sectors, which could negatively affect the country’s economy. As
of 2014, few states in India are eligible to opt for the “special status”. The benefit of
the status is that the state will be exempted from taxes in order to attract companies,
firms, and investors all around the globe, and also to create additional employment for
the local communities within the state. From the recommendations of the 14th Planning
and Finance Commission, the National Development Council of India along with the
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Ministry of Home Affairs of the central government of India decided to dissolve the
“special status” for all the states [91,92]. A “special status” will be given only to the states
that have poor infrastructure and low economic background, those sharing land with
neighboring countries (e.g., China, Bhutan, Nepal, Pakistan, Bangladesh, Myanmar, and
Afghanistan), hilly states and those with a sizable share of tribal population, or newly
formed states [91,92]. Therefore, to overcome the economic problems, and after several
appeals from the local communities, local ministers, along with recommendations from
the Finance and Planning Commission and other union ministers, the central government
agreed to provide special assistance to some state governments in India [91-93]. However,
this assistance is applicable only to the centrally funded schemes, with a central to state
share ratio of 90:10 [93]. Meanwhile, all the eligible state governments that fall under
this scheme agreed to the special assistance, and these incentives can be provided only in
the form of debt repayment and interest for the externally aided project, which is valid
for 10 years from the actual start date [88,91-93]. This special assistance share ratio from
the central government will not provide any additional benefits to the state governments
nor to the investors. The local ministers of each state need to be continuously engaged
with the Planning Commission of India, the Central Ministry of Finance, and the National
Development Council of India to ultimately achieve “special status” for the state, which
can then increase its deployment of renewable power sources [93].

4. Conclusions

This work provided a techno-assessment analysis of six potential sites for an STPP
with two different condenser models in Indjia, i.e., the dry-cooled model and the wet-cooled
model, in order to guide policy-making and future research prospects. A 100 MW STPP
was simulated for two condenser models at sites located in Bhopal, Jhansi, Jalandhar,
Srikakulam, West Medinipur, and Erode. The simulation results for the six potential
sites revealed that the STPP dry-cooled model at Bhopal generated the maximum energy
of 376 GWh and a capacity factor of 41.5%, followed by Jhansi, Jalandhar, Srikakulam,
West Medinipur, and Erode, which generated a maximum energy of 364 GWh, 300 GWh,
353 GWh, 301 GWHh, and 349 GWh and capacity factors of 40.2%, 33.2%, 39%, 33.2%, and
38.5%, respectively. In contrast, for the STPP wet-cooled model, the maximum energy for
the selected sites was 410 GWh, 401 GWh, 330 GWh, 382 GWh, 329 GWh, and 387 GWh,
with a capacity factor of 45.3%, 44.2%, 36.4%, 42.2%, 36.4%, and 42.7%, respectively. It was
also observed that the optimum SM for the STPP dry-cooled model ranged between 1.4
and 1.8 for all the selected sites. However, in the case of the STPP wet-cooled model, the
SM was optimized in the range between 1 and 1.8; this is because the lowest LCOEs for the
different TES converge within those SM values before increasing again.

From the simulated results, the STPP wet-cooled model is the best technology to be
constructed at the six potentials sites as it recorded the highest annual energy generation
with the least LCOE. Furthermore, the Bhopal site was identified to be the best site for the
construction of both technologies.

To develop such systems, developing countries such as India need to alter their energy
policies. The Ministry of Energy in India needs to draft new policies that would encourage
local manufacturing, initial financial assistance for investors, training programs from the
experts in the field, and social awareness among the local communities. Therefore, we
recommend the review and regulation of ongoing policies on renewable energy sources and
the implementation of proper guidelines for investors as well as for research and develop-
ment in CSP generation in India, which are to be performed by the respective authorities.

Finally, this study recommends performing a techno-assessment analysis of the six
given sites for other CSP configurations (i.e., parabolic trough collector, linear Fresnel
reflector, and parabolic or parabolic dish Stirling). This study will help to locate the
possible CSP configurations at those sites. As future study recommendations, we also
suggest the use of a combination of various multi-criteria decision-making approaches
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and geographical information systems to identify optimum sites for the development CSP
technologies across the country in order to help with the siting of such facilities.

The current study has a limitation that needs to be highlighted: the current research
did not consider the cost of land in the economic analysis. However, as this may affect the
economic output, future studies could consider the effect of cost of land on the viability of
the studied power systems at the various sites.
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Abbreviations

CF Capacity factor

csp Concentrated solar tower power plant
CR Concentrating ratio

DNI Direct normal irradiance

GHG Greenhouse gases

GWh Gigawatt hour

HTF Heat transfer fluid

IRR Internal rate of return

KWh Kilowatt hour

LCOE Levelized cost of energy

NCC Net capital cost

NPV Net present value

NREL  National Renewable Energy Laboratory

PPA Power purchase agreement
PTC Parabolic trough collector
PV Photovoltaic

RES Renewabble

SAM System advisor model
SM Solar multiple

SPD Solar parabolic dish
STPP Solar tower power plant

TES Thermal energy storage

Es Total yearly energy

$ Dollars

¢ Cents

i Hour

p Location of the point
Mitco, Mitigating CO,

Eg Annual produced electricity

F, Emission factor
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Total Tower Cost = Fixed Tower Cost X e

Appendix A

The technical input parameter for STPP is categorized in to six parameters and pre-
sented in Table A1, while the financial parameters used for the SAM simulation presented in
Table 1 are fixed by the SAM or taken from other research works. Therefore, the total tower
cost and the total receiver cost are calculated by using Equations (A1) and (A2) [27,94-96].

Table Al. Technical parameters used in calculation.

Bhopal, Jhansi, Jalandhar, Srikakulam, West Medinpur,

Location and Resources
and Erode

Plant Capacity: 100 MW; Heat transfer Hot and Cold temperature:
574 °Cand 290 °C; TES: 2to 12 h

Number of Heliostats: 8790; Heliostat Height and Width: 12.2 m;
Heliostat field Minimum and Max Heliostat distance to tower heigh ratio: 9.5 m
and 0.75 m; Water usage per wash 0.70 L/m?

System Design

Solar type: 2.40; Receiver thermal power: 670 MWt; Material type:

Tower and Receiver Stainless steel AISI316; Heat transfer fluid: Salt (60% NaNOs,
40% KNO;)
Power Cycle Boiler operating pressure: 100 Bar; Type of Condenser:

Dry-cooled and wet-cooled

Type of storage: Two tank; Height of tank: 12 m; Tank fluid

Thermal Storage minimum height: 1 m; storage tank volume: 17,000 m3

Tower cost scaling exponent x (Tower height— Towwzh"ight-i- Heliostat height (A1)
‘ ’ Receiver Area Receiver Cost Scaling Exponnent
Receiver Cost = Receiver Refrence Cost X - (A2)
Receiver Refrence Are

The LCOE plays a crucial role in determining the viability of a power plant. Therefore,
in the case of the SAM software, it calculates both LCOEs (nominal and real). The major
difference between both LCOEs is that the nominal LCOE is calculated when the project is
for a short-term period analysis, which also uses a present dollar rate; on the other hand,
the real LCOE is used for a long-term period analysis and uses a constant dollar rate. In the
present study, the authors opted for the real LCOE because the analysis was considered for
a long-term period, i.e., 25 years. Therefore, the equation for the real LCOE is presented in
Equation (A3) [15,47,59-88].

LG
(1+dnominal)n

Y Qn

(1+dreu1)n

_CO

LCOE (real) = (A3)

where Cy denotes the project’s equity investment; C, is the total annual cost of the project in
number of years; N is the period of analysis; Qj, is the total electricity produced by the plant
in N number of years; d,oyina is the nominal discount rate ($); d,.,; is the real discount
rate ($).

Other important financial parameters are NPV and NCC in relation to the economics of a
CSP plant project. NPV indicates the absolute value of profitability of CSP Projects [27,47]. The
NPV [47] and NCC [27,79] are calculated according to Equations (A4) and (A5), respectively.

N C
NPV =) — A4
50Dy .
NCC = Working Capital Reserving Funding + Financial costs and Fees+ (A5)

Total Installed Cost — Total Based incentives
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