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Abstract—The paper deals with the design aspects of a 5-megawatt electrical (5-MWe) parabolic trough based
concentrated solar thermal power plant located in the city of Jaipur, India using energy, exergy, economic,
and environment cost analysis. As a novelty in the study, quantification of the energetic and exergetic poten-
tial of heat transfer fluid has also been carried out. Based on the energetic heat of the heat transfer fluid (HTF)
going into the boiler, the solar field design is then carried out. The energy—exergy analysis shows that the
energetic efficiency of parabolic trough based concentrated solar power plant (PTCSTPP) was 29.38% and
exergetic efficiency was 31.86%. The gross thermal efficiency of the power plant was 31.47% and net thermal
efficiency is 25.07%. Methodology for arriving at a solar-alone operating power plant has also been enumer-
ated and shown that at a levelized cost of energy (LCOE) of US cent 5.6, the total cost of the plant comes out
tobe US $ 53 million payback of 19 years, with an annual coal saving worth US $ 0.96 million and CO, savings
of US $ 0.29 million. Analysis has also been carried out to assess the per-hour increment in the design cost
owing to additional operating hours of the solar plant.
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INTRODUCTION

Power production using solar energy can be done
by way of either solar photo voltaic (PV) technology or
through concentrated solar power (CSP), where Sun’s
energy is focused onto a line or point geometry so as to
result into very high temperatures and high magnitude
of heat. The concentrated heat generated by sun’s
energy can be transported using suitable heat transfer
fluids to heat exchanger where this heat is transferred
to convert water into steam and steam turbine is then
driven to produce electricity. Out of the two options of
solar energy, PV and CSP, CSP based thermal route
offers distinct advantages in bringing down the least
cost of electricity generated by way of providing stor-
age and despatchability of solar power during off-Sun
periods [1].

Energy—Exergy—Economic—Environmental (4-E)
analysis of renewable energy systems such as CSP gives
a holistic assessment of the impact of the system on its
surroundings. 4-E analysis of solar thermal power
plants has been attempted by several authors in the
past. Odeh et al. [2] proposed using direct steam gen-
eration in place of thermic fluid in the parabolic
trough based solar power plant. They utilized a model
based on a study done at Sandia National Lab. of USA

where a synthetic heat transfer fluid was used in the
parabolic trough collector. The model was based on
absorber wall temperature, by determination of the
absorber emissivity, wind speed, radiation level and
internal working fluid convection effects, in place of
the bulk fluid temperature so as to be able to study the
thermal behavior of the collector in the absence of the
working fluid. Reducing the absorber tube diameter
for a given collector aperture area increases the collec-
tor efficiency due to reduced heat loss but improved
internal convection heat transfer only had secondary
influence.

Kaushik et al. [3] carried out second law analysis of
a solar power plant based on exergy as a concept. With
the help of energy and exergy flow diagrams, they
explained the different thermodynamic and thermal
losses in various components of the plant such as par-
abolic trough collectors, receivers, steam Rankine sys-
tem etc. They stated that the maximum energy loss
happens in the condenser while exergy loss occurs in
the receiver—collector assembly of the solar plant.
Klychev et al. [4] developed the calculation method
for the optical-geometric and optical—energetic
parameters and characteristics of parabolic-trough
concentrators (PTC) of solar thermal power plants
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considering inaccuracies of the surface geometry,
mounting and sun-tracking. Kopac and Halachi [5]
applied energy-exergy analysis to an existing Catalagzi
power plant in Zonguldak, Turkey using low calorific
value coal. They analyzed the energetic heat loss and
exergy destruction rates of each component of the
power plant for different ambient temperatures in a
range of 5 to 35°C. They observed that the ambient
temperature had high effect on the changes of the irre-
versibility of boiler but had lower effect on other com-
ponents of plant.

Montes et al. [6] economically optimized the solar
multiple for five different sizes of solar field in case of
solar-only parabolic trough plant with same power
block configuration, without any hybridization as well
as thermal storage. Thermal performance at nominal
and part-load conditions for each solar power plant
has been analyzed and annual electricity produced by
each of the solar plants was calculated. Based on the
annual electricity cost, an optimum solar multiple that
yielded the minimum levelized cost of energy (LCOE)
was obtained. Aljundi [7] carried out the energy and
exergy analysis of a steam power plant and also studied
the effect of varying the reference environment state
on the analysis. The author stated that the maximum
energy loss happens in the condenser. The ratio of the
exergy destruction to the total exergy destruction was
found to be maximum in the boiler system (77%) fol-
lowed by the turbine (13%), and the forced draft fan
condenser (9%). The author concluded that a small
change in the ambient temperature would not have
any impact on the performance of major components
and that the boiler still remained the major source of
irreversibility. Chemical reaction is the most signifi-
cant source of exergy destruction in a boiler system
which can be reduced by preheating the combustion
air and reducing the air—fuel ratio.

Reddy et al. [8] presented the thermodynamic
energy-exergy analysis of a coal based thermal power
plant and a gas based cogeneration power plant. Their
paper also included a detailed review of boilers in coal
based thermal power plants and combustion chambers
in gas-steam cogeneration plant. Gupta and Kaushik
[9] carried out energy and exergy analysis for a con-
ceptual direct steam generation (DSG) solar—thermal
power plant. They too reported that the maximum
energy loss happens in the condenser followed by solar
collector field while maximum exergy loss happens in
the solar collector field. They concluded that for min-
imum exergy loss in receiver the inlet temperature of
water to the receiver, governed by the number of feed
water heaters (FWHs), bleed pressure and mass frac-
tion of bleed steam, must be optimum. In an effort to
maximize the power plant efficiency, they evaluated
various bleed pressures and mass fractions of bleed
steam in a configuration of direct steam generation
solar power plant having 1, 2 and 3 feed water heaters
and observed that as the number of feed water heaters
are increased, gain in plant efficiency is possible.

UMISH SRIVASTVA et al.

Palenzuela et al. [10] did a thermodynamic evalua-
tion of the possibilities of coupling parabolic trough
based CSP plants with different water treatment tech-
nologies. They compared the effect of coupling low
temperature multi-effect distillation plant receiving
steam from the outlet of the turbine instead of the con-
denser and another combination of CSP with reverse
osmosis (RO) plant. They also evaluated a new con-
cept of CSP with distillation which is powered by the
steam from a thermal vapour compressor (TVC) using
the exhaust steam of the CSP plant as entrained
vapour and steam extracted from the turbine as the
motive vapour of the ejector. Marigorta et al. [11] uti-
lized the exergy analysis as a potent tool in developing,
evaluating and improving the power cycle of a 50 MWe
solar thermal power plant by comparing two different
types of cooling systems, a cooling tower and an air
cooled condenser. Utilizing Gate Cycle software, the
authors simulated the Rankine cycle and analyzed the
location, magnitude and sources of thermodynamic
inefficiencies thereby suggesting improvements in the
overall efficiency of the power system. Xu et al. [12]
theoretically analyzed the energy and exergy of solar
power tower using molten salt as the heat transfer fluid
by testing it against the design such as direct normal
irradiation (DNI), concentration ratio, and the type of
power cycles. Their results show that the maximum
exergy loss occurs in the receiver system, followed by
the heliostat field system, while maximum energy loss
happens in the power cycles. They stated that the
energy and exergy efficiencies of the receiver and the
overall system can be increased by increasing the DNI
and the concentration ratio and also found that the
overall energy and exergy efficiencies of the solar tower
system can be increased marginally by integrating
advanced power cycles including reheat Rankine
cycles and supercritical Rankine cycles. Kaushik et al.
[13] studied the exergy analysis to understand the per-
formance of coal fired and gas fired combined cycle
thermal power plants and identified possible effi-
ciency improvements through power plant component
design modifications. They observed maximum
energy loss happens in the boiler of coal thermal power
plant and in combustion chamber of gas fired com-
bined cycle thermal power plant. The authors stated
that owing to the state of technology available at that
time, there were some intrinsic unavoidable irrevers-
ibility in the boiler or the combustion chamber. They
suggested certain design modifications in the heat
exchanger but also cautioned on the increase in cost
versus improvement potential of such power plant
components.

Kumar and Reddy [14] studied the 4-E aspects of
stand-alone line-focusing Linear Fresnel as well as
Parabolic Trough based concentrating solar power
plants in capacities ranging from 1 to 50 MWe. They
concluded that the maximum energy loss occurs in the
solar field and power block while maximum exergy
loss happens in both the type of solar fields. This paper
APPLIED SOLAR ENERGY  Vol. 56
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also quantifies the environmental benefits by annually
off-setting about 1800 tons of CO,, 12.5 tons of SO,,
6.23 tons of NO, etc. through a 1 MWe sub-critical
power plant. The levelized electricity cost varies from
4.77 to 10.19 Rs for the LFR and 14.7 to 8.48 Rs for the
PTC-based stand-alone solar power plant when the
plant capacities vary from 1 to 50 MWe. Reddy and
Devaraj [15] studied the 4-E aspects of stand-alone
solar thermal power plants to establish their techno-
economic viability in comparison to a coal-fired and a
solar-coal hybrid power plant. They considered a coal
fired 50 MWe power plant as a reference and com-
pared the solar stand-alone and solar-coal hybrid
power plant with the same. They concluded that
owing to low plant efficiencies and high cost of elec-
tricity generation, the stand-alone solar power plants
are not much viable in comparison to solar-coal
hybrid plants. The solar-coal hybrid power plant helps
in reduction of CO,, ash generation and lower level-
ized cost of electricity (LCoE) compared to stand-
alone solar plant. They also mentioned that owing to
higher LCoEs and low energy and exergy efficiencies
at lower plant ratings of 1 to 5 MWe, the stand-alone
solar power plants are preferable in higher capacities
beyond 20 MWe. Reddy et al. [16] carried out the
energy and exergy analysis of parabolic trough based
solar thermal power plant coupled with steam Ran-
kine engine under two operating pressures of 90 and
105 bar. They found that by increasing the operating
pressure from 90 to 105 bars, the energy and exergy
efficiencies of the power plant increases to 1.49 and
1.51% respectively. They considered two geographical
locations of Jodhpur and Delhi and on the basis of
solar radiation intensity and incident angle effect,
concluded that location of Jodhpur is better in terms of
land requirement for the same capacities, energetic
and exergetic efficiencies etc. Han [17] simulated
study for coupling a parabolic trough based concen-
trated solar power plant with a power tower and found
that solar energy can be utilized effectively and effi-
ciently. The parabolic trough plant produced mid tem-
perature from saturated steam at 390°C while the
tower generated super-heated steam at 574°C. In this
study they found improvement in thermal efficiency
by 1.7% and cost of electricity generation lower by 4%.
Avezova et al. [18] studied the dynamics of the cre-
ation and operation of solar power plants with the
thermodynamic conversion, and the criteria for
reducing cost of electricity produced from them.
Kuchkarov et al. [19] studied a module of parabolic-
cylindrical composite mirror concentrating system
with an optimal aperture angle and an optimal size of
the focal spot of flat mirror elements.

More recently, Kariman et al. [20] carried out the
exergy analysis of an industrial desalination system
powered by electricity and reported that most exergy
destruction occurs in the boiler compartment and
central heat exchanger of the system. The researchers
used a two-objective genetic algorithm to optimize the
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system so as to reduce energy consumption and
increase freshwater production. Hoseinzadeh et al.
[21] carried out exergoeconomic analysis of a reverse
osmosis desalination system powered by integrated
carbon dioxide power cycle through geothermal
energy and reported that desalination system, sodium
hypochlorite generator, carbon dioxide turbine, and
natural gas turbine have the highest rate for the sum of
capital gain and exergy destruction cost.

Kariman et al. [22] further studied the different
types of desalination systems and their governing
equations and modeled the presented evaporative vac-
uum easy desalination system with brine tank for its
energy consumption. They also carried out economic
modeling and feasibility study of the system for three
cities, Abu Dhabi, Las Palmas, and Perth and reported
that the difference in electricity prices has a profound
bearing on the cost of fresh water produced. Hoseinza-
deh et al. [23] further thoroughly investigated a solar
thermal based cogeneration system of electricity and
freshwater and modeled a gas power plant thermody-
namically and verified the results with an actual power
plant data. The researchers also observed an increase
in energy from 35 to 46% and exergy efficiency
increase to 48 from 37% while studying a solar thermal
based multi-effect desalination with thermal vapor
compression. Yargholi et al. [24] studied the inte-
grated carbon dioxide power cycle based reverse
osmosis desalination powered by geothermal energy.
They carried out the exergy analysis and observed that
the condenser has the highest exergy destruction rate
and the same should be focused upon to improve the
exergy destruction in the whole system. Kariman et al.
[25] carried out the exergy analysis of a high perfor-
mance multi-effect desalination system and reported
that the brine tank has the highest performance and
very little exergy destruction and can be focused upon
to improve upon the overall system performance.
Kuchkarov et al. [26] proposed a calculation and opti-
mization algorithm for operating modes of composite
parabolic trough mirror-concentrating systems and
reported the thermal and exergy efficiency values of
0.4438 and 0.0932, respectively.

CONCENTRATED SOLAR THERMAL POWER
PLANT

Energy—exergy—economics—environmental (4-E)
analysis of a mini-grid connected parabolic trough
collector based captive solar power plant (PTCSTPP)
located in Jaipur, India, has been carried out. The geo-
graphical coordinates of Jaipur are a latitude of
26°55719.4520” N and longitude of 75°46’43.9860” E.
The location of Jaipur was considered as the city lies
on the fringe of high direct normal incidence (DNI)
region of India. Also because it is a city where individ-
ual income of the general populace is comparatively
high so that driven by ethical values, they can set a
trend of affording for their own power instead of
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Fig. 1. Layout of the 5-MWe parabolic trough concentrated solar power plant.

depending upon the government’s support. The power
plant consists of a parabolic trough based concen-
trated solar thermal field and a 5-megawatt electrical
(5-MWe) power block running on steam Rankine
Cycle. The low capacity of the power plant coupled
with its location in the city is considered owing to the
fact that the electricity produced can be utilized in the
vicinity without a need to be transported to long dis-
tances through transmission lines. This study is car-
ried out with an assumption that the humanity in gen-
eral will become increasingly aware of the climate
change and general public along with the governments
shall start to play more proactive and responsible role
in managing their energy needs. Whether mankind
will want it or not, the extremities of climate being
experienced in greater frequencies in the recent times
will warrant stricter action with a very high moral
ground on the part of public as well as authorities to
off-set the negative effects of energy being produced in
the conventional manner [27—29].

Parabolic trough CSP are deployed with suitable
one-axis tracking systems which move from east to
west with the solar plant generally installed in north—
south (N—S) direction. The direct normal solar rays,
which are perpendicular to the surface of the collector
are useful to heat the thermic fluid flowing inside the
receivers. The angle of incidence is the angle between
the direct beam of Sun falling on the surface of the col-
lector and a hypothetical plane normal to that surface.
Since, the trough collectors are set in horizontal
plane, the incidence angle varies continuously
throughout the day with the tracker movement. The
incidence angle falling on the collector also varies on
different days with the orientation of the collector in a
location and Sun’s position in the sky.

The layout of the 5-MWe parabolic trough concen-
trated solar power plant is shown in Fig. 1 and various
state-points of the power plant are enumerated in

Table 1. The hot oil from solar field is assumed to be
entering the boiler at 399°C and re-entering the solar
field at 205°C after imparting its heat into the boiler.

The concentrated solar thermal plants are generally
designed optimally for the shortest day of the year so
that it can produce sufficient energy to be able to run
the power plant in worst case scenario. The solar plant
once designed will then be able to produce excess
energy in other months that can be taken up for storage
so that the plant can also run during off-Sun hours.
For the design basis, the winter solstice which has the
shortest length of day is taken during the design stage.
For the location of Jaipur, winter solstice occurs on
21st December while the summer solstice, having the
longest length of the day, falls on 21st June. Hence the
incidence angle variation with time of the day is calcu-
lated for these two days of the year and the same is
shown in Figs. 2 and 3. In the analysis for solar inci-
dence angle, the direct solar beam radiation (DNI)
data has been taken from latest solar radiation map of
India [30].

The DNI for Jaipur is very low in December com-
pared to June and the incidence angle variation is
more in December. This causes a drastic decrease in
the effective DNI falling on the collector surface in
December and hence the parabolic trough solar field
for the 5 MWe power plant has been designed taking
the month of December as the basis. Eurotrough col-
lector is considered in the design [31, 32]. The weather
conditions of Jaipur for June and December months is
summarized in Table 2.

ENERGY-EXERGY CALCULATIONS

The energy and exergy values presented in Table 3
for individual points of the Rankine cycle power block
were calculated using the Engineering Equation
Solver (EES) [33] where the governing equations for
APPLIED SOLAR ENERGY  Vol. 56
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Table 1. Various state-points of the parabolic trough collector based solar thermal power plant

a | High temperature solar thermic fluid at the inlet of boiler
1 | High pressure and temperature steam inlet at HP turbine
2 | Low temperature and pressure steam outlet from HP turbine
3 | Low pressure and high temperature steam inlet at LP turbine
4 | Low temperature and pressure dry saturated steam inlet at condenser
5 | Low temperature and pressure saturated liquid outlet from condenser.
6 |Intermediate pressure and temperature liquid water after condensate extract pump (CEP)
7 | Saturated liquid after low pressure water heater
8 | Saturated liquid after deaerator
9 | High pressure and temperature liquid after boiler feed pump (BFP)
10 | Saturated liquid water outlet from high pressure water heater
11 |Bleed steam coming out from high pressure turbine
12 | Bleed steam coming out from low pressure turbine
13 | Saturated liquid water outlet from low pressure water heater to condenser
14 | Saturated liquid water outlet from high pressure water heater to deaerator

energy and exergy calculations are presented in
Appendix A.

Role of Heat Transfer Fluid

The steam cycle from the power block imparts
some residual heat energy into the steam entering the
boiler from the power block side. This is the energy
retained by the steam coming out from the turbines
and passing through feed water heaters, boiler feed
pump etc. The remaining energy requirement in the
boiler is fulfilled by the HTF coming from the solar
field. Thus, only partial stored energy of HTF from the
storage tank is released into boiler by controlling the
flow of hot oil into the boiler.

Two-tank thermal storage energy system (cold-oil
tank and hot-oil tank) was utilized in the study with
heat transfer fluid acting as the thermal energy storage
medium also. Since the 5 MWe PTCSTPP was being
designed for the location of Jaipur in a cost-effective
manner, which is moderately high DNI endowed geo-

1500 -~ - — - DNI —— DNIcos® —-— cosO - 1.1
Q1300 F —— — " ~_ -110
Z 1100 | 199
2 o 10.8 2
8 00T T 107"
= 781 S ’
% 700 - =g, 74 700 o 0.6
500 Il 1 1 1 1 1 1 0'5

1 1
8§ 9 10 11 12 13 14 15 16
Time, h

Fig. 2. Variation of DNI and DNIcos6 with the Hourly
change of incidence angle on 21st June 2016 at Jaipur.
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graphical region, achieving very high temperature thru
solar field and storing the solar thermal energy into
other high temperature medium such as molten salts,
metal blocks etc would have made the design too
costly and cumbersome. Hence, heat transfer fluid
was chosen as the heat storage medium as well as the
heat transfer medium.

In the analysis, the inlet oil temperature was taken
as 205°C and outlet HTF temperature was restricted to
399°C. The restriction on maximum outlet HTF tem-
perature is mandated owing to the chemical nature of
the HTF wherein it would undergo faster thermal and
oxidative property deterioration beyond this tempera-
ture. The parabolic trough solar field is designed with
an aim to reduce the number of solar collector assem-
blies to as minimum as possible owing to the engineer-
ing challenges related to alignment and leakages from
the joints. Thus, the design of solar field is attempted
by an effort to increase the number of rows and reduc-
ing the number of solar collector assemblies. There-
fore, the solar field in the present study was designed
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Fig. 3. Variation of DNI and DNIcos6 with the Hourly
change of incidence angle on 21st December 2016 at Jaipur.
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Table 2. Weather conditions of Jaipur for June and Decem-
ber months

Month June 2016 | December 2016
Incidence angle, deg 16°3448” 52°15'36”
DNI, W/m? 886 730
Ambient temperature, °C 40 22
Wind velocity, m/s 3.5 1.06

so as to accommodate HTF at lower temperature upto
205°C only.

The criteria to choose the oil based heat transfer
fluid are for minimizing the cost and maximizing the
profits. Amongst the known various types of heat
transfer medium used in parabolic trough based con-
centrated solar power plant, oil based HTF is generally
chosen. This is owing to the fact the oil based HTF can
result into sufficiently high temperatures of 400°C so
as to generate the desired steam quality, is easy to
maintain, easy to pump and has minimum require-
ment of pipeline & pump metallurgy as compared to
other HTFs such as molten salts, etc.

The amount of energy required from the HTF by
the boiler is dictated by the power block requirement.
For the given turbine rated capacity, the energy
required by the boiler “BQ;” is sum of energy being
acquired by the steam “ABQ, ,owerbiock from the
power block’s balance-of-plant components such as
high pressure feed water heaters, boiler feed pump,
low pressure feed water heaters etc and the balance

Table 3. Energy-Exergy Analysis of 5 MWe PTCSTPP

UMISH SRIVASTVA et al.

energy taken from the hot fluid coming from storage
tank of the solar field as shown in Table 4. The ener-
getic potential of the HTF can be calculated by divid-
ing the total heat stored in the HTF by the heat
released by HTF into the boiler per cycle. Similarly,
the exergetic potential of the HTF is calculated by total
exergetic heat stored in the HTF divided by the exer-
getic heat released by HTF into the boiler per cycle.

The 5 MWe solar field power block combined sys-
tem being studied, the design conditions considered
had the boiler efficiency as 85%, efficiency of high
pressure turbine as 85% and isentropic efficiency of
low pressure turbine as 89.5%, steam inlet temperature
of 325°C at 110 bar in high pressure turbine and steam
inlet condition at inlet of low pressure turbine as
300°C at 110 bar. The condenser pressure was kept at
10 bars. The steam entering the turbine after complet-
ing the cycle was at 240°C and 25 bar pressure. Based
on the calculations through EES, following are the
salient observations:

* The energetic efficiency of the system is 29.38%
and the exergetic efficiency is 31.86%.

* The maximum percentage energy loss happens in
the condenser, followed by the solar collector and then
in the turbines and the boiler.

*As compared to the concentrator, exergy
loss/destruction in the condenser is minimal. In the
condenser, the amount of useful energy available to
convert into work is less. Hence, exergy loss is less.

*In an irreversible process, exergy is always

destroyed, for example loss of heat to the environment
in the condenser. This destruction is proportional to

Component Energy input | Energy output | Energyloss | Exergyinput | Exergy output | Exergy loss
kW kW kW kW kW kW

Collector 122873 92155 30718 113717 85288 28429
Receiver 92155 86648 7376 85288 38476 46813
HTF 86648 18145 68503 38476 16504 21972
Boiler thru hot HTF tank 18145 13057 3859 16504 13053 3451
Boiler thru power block 7583 7583 0 6504 6504 0
Boiler 25728 21869 3859 23008 19557 3451
HPT 21869 18715 3154 19557 16542 3015
LPT 20225 16790 3435 18074 14634 3440
Condenser 16024 4195 11829 14002 3707 10295
Condensate extract pump 4195 4727 —532 3707 4239 —532
Low pressure feed water heater 5826 5826 0 5203 5096 107
Deaerator 6026 6026 0 5318 5338 -20
Boiler feed water pump 6026 6833 —807 5340 6582 —1242
High pressure feed water heater 7583 7583 0 7726 7017 709
Boiler reheater 17432 20225 —2793 15259 18047 —2815
Total 377683 134658 126732 377683 120345 117070
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Table 4. Calculation of energy and exergy from heat transfer fluid to boiler

Component Energy input Energy output Exergy input Exergy output
Collector o, Ong Ex; E.Mqg
Receiver Omq 0, ExNg Ex,

HTF 0. Onit Ex, EXpyr

Boiler thru hot Onr= Ohif-o = BQy — My, X Ex; s = BEx; EXpt.o = BEX,
HTF tank BQ; — ABQj_power block ABQj_power block — ABEX{_power block — NbABEX;_power block
Boiler thru ABQj_power block M ABQ;_power block ABEX;_power block MbABEX,_power block
power block

Boiler BQ; BQ, BEx; BEx,

the increase in entropy of the system together with its
surroundings.

* The energetic/exergetic potential of HTF is cal-
culated by dividing the total energy/exergy available in
the HTF stored in the tanks by the amount of
energy/exergy desired in the boiler through HTF.
Thus, the energetic potential of the HTF is 4.78 and
the exergetic potential of HTF is 2.33.

* The reheated steam entering the boiler from the
power block side does not lose its energy and exergy
because no heat transfer takes place in its case in the
boiler.

* Within the power block configuration, condenser
is one component where maximum energy and exergy
lose happens.

* The energy and exergy gets added into the system
from boiler reheater, boiler feed water pump and con-
densate extract pump.

* The gross thermal efficiency of the power plant is
31.47% and the net thermal efficiency is 25.07%.

CONFIGURATION OF PARABOLIC TROUGH
SOLAR FIELD

The latest cost figures from Indian sources for par-
abolic trough based concentrated solar thermal plants
is not available in the open domain and hence the
same has been taken from various literature sources
[34, 35] as shown in Table 5. For the land cost, the
guidelines issued by Central Electricity Regulatory
Authority of India, has been considered [36].

It can be seen from Table 3, that the energy
required from HTF into the boiler is 18145 kW and the
exergy of HTF into the boiler is 16504 kW. It is based
on this value of 18145 kKW energy required by the boiler
from HTF that the solar field has been designed. Ini-
tially, the parabolic solar field is adjusted by assem-
bling the collector elements serially so that the outlet
temperature of the HTF just reaches 399—400°C on
the shortest day of the year, taken as 21st December for
the year 2016 at Jaipur. Then, the number of rows are
selected so that enough solar energy is produced to
have an energy input of at least 18 145 kW going into

APPLIED SOLAR ENERGY Vol.56 No.6 2020

the boiler from the solar field, at least till such time
that the Sun is available on that day. This gives the
number of solar collector assembly as 10 and number
of rows of such solar collector assemblies as 9. Table 6
lists out the solar field configuration for the months of
December and June.

Subsequently, taking into consideration the longest
and hottest day of the year, 21st June 2016 for Jaipur,
the storage tank capacity is designed so that the excess
solar energy can be stored using the same solar field
configuration. The calculated time for which the
energy in June can be stored compared to that of
December month is 6.89 h. In order to increase the

Table 5. Cost components of the solar field

US $
Site preparation 2
(exclll)ldil;g land cost) (perm?) 25
Collector structure (including
assembly) 66
Pylons and foundations 22
Drives, control and sensors 7
Mirrors 22
Receivers 27
Cabling 4.2
HTF fluid 21
HTF system (excluding fluid) 38
Land cost from CERC 1.75
Total solar field cost (per m?) 233.95
Storage medium (per kW h) 23
Tanks 12
Pumps and heat exchangers 5
Balance of plant storage
Total storage cost (per KW h) 42
Power plant (per kWe) 830
Balance of plant 110
Total power block cost (per kWe) 940
O&M fixed cost by capacity (per kWe year) 65
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Table 6. Solar field performance with SCA X Row of 10 X 9

December June
HTF energetic input, kW 19427 43143
HTF exergetic input, kW 9937 19238
Excess energy to storage, KW h 6411 124989
Time of storage, h 0.33 6.89
Mass flow rate of HTF, m/s 4.45 9.9
Pump power, kW 27.59 303.78

Table 7. Solar field configuration for solar-alone operation
in June

SCA X Rows =10 X 18

HTF energetic input, kW 86648
HTF exergetic input, kW 38476
Excess energy to storage, kW h 341611
Time of storage in month of June, h 18.66
Land, acres 36
HTF quantity, ton 150

HTF cost, US $
HTF system cost, US §
Power block cost, US $

1.07 million
5.52 million
4.71 million

Solar field cost, US $ 34 million
Storage system cost, US $ 14.29 million
Total PTCSTPP cost, US $ 53 million

storage time for 24 h’ operation of the solar-alone
power plant, the solar collector assembly was retained
at 10 only so as to restrict the temperature of the outlet
heat transfer fluid. However, in order to collect more
energy from the solar field, number of rows was
increased to 18. In doing so, the solar field got

UMISH SRIVASTVA et al.

increased by 36 acres from 18 acres of initial design
and accordingly the storage tank capacity also got
increased. It is to be pointed out here that had the ini-
tial solar field design based on the month of June
instead of the month of December, the storage system
capacity would have been too large and wasteful when
the plant was to operate on December. It is addition-
ally assumed that the storage tank can still get hot oil
through other sources of energy such as biomass or
biogas combustion as per need during off-Sun periods.
The solar field so designed could cater to solar-alone
operation for 24 h as shown in Table 7.

ECONOMIC AND ENVIRONMENTAL COST

Calculations for assessing the economic and envi-
ronmental benefits of the solar-alone power plant hav-
ing 24 h operation has been carried out. The coal qual-
ity considered in the study is Grade-A Indian non-
coking coal with GCV of 27004 kJ/kg @ cost of US $
45 per ton [37]. CO, emissions of 2.82 tons per ton of
coal was considered. Though, the price of carbon
credits based on information mentioned in this paper,
hovered around US $ 20—25, it was also learnt that the
market for carbon trading is very irregular and erratic
[38—40]. Hence, a carbon price of US $ 5 was consid-
ered into calculations. Table 8 summarizes the saving
from coal and earnings from carbon credits by install-
ing the PTCSTPP.

The cost of the PTCSTPP has been arrived at by
taking into considerations certain financial assump-
tions such as the discount rate of 10%, annual escala-
tion of 5%, debt-to-equity ratio of 70:30, life of the
plant as 25 year, plant capacity factor of 85% and an
auxiliary power consumption of 7.5%. With these
assumptions, the least cost of electricity (LCoE) ofthe
plant is US cents 5.6 per unit of electricity produced
[41, 42]. Out of the total PTCSTPP cost, the cost of
the power block, balance of plant including land for

Table 8. Saving from coal and earnings from carbon credits for PTCSTPP

Energy input from solar field and HTF into boiler kJ 18 145
Gross calorific value of coal kJ/kg 27 004
Amount of coal required to substitute per unit solar energy kg 0.67
Price of coal US $/ton 45
Assuming 5 h of sunshine for 300 solar days
Energy from solar field per day MW hy, 200
Energy from solar field per year MW hy, 59 879
Amount of coal required per year to substitute solar energy Tons 21193
Financial cost of coal required per year to substitute solar energy Million US $ 0.96
Cost of solar plant with storage Million US $ 62.6
CO, emission per ton of coal Ton 2.82
CO, saved per year from solar plant Ton 59 765
Earnings @ 5 USD per ton of carbon credit Million US $ 0.29
APPLIED SOLAR ENERGY  Vol. 56 No. 6 2020
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Table 9. Cost benefit and payback for different operational hours of PTCSTPP

PTCSTPP hours of operation 12 13 24
Land requirement, acres 18 20 36
Plant configuration (SCA X Rows) 10x9 10 x 10 10 X 18
Number of receiver tubes 3240 3600 6480
HTF quantity, tons 74.63 83 150
Cost of HTF, million US $ 0.53 0.59 1.07
HTF system cost, million US $ 2.76 3.07 5.52
Energy into storage tank, kW h 125443 149 461 341611
Storage cost, million US $ 5.27 6.28 14.29
Solar generated electricity per year, kW h 14152500 15331875 34437750
Coal based electricity generation figures, kW h 20285250 19105875 —
Annual electrical units produced, kW h 34437750 34437750 34437750
Yearly revenue from electricity @ LCoE of US cent 5.6, million US $ 1.92 1.92 1.92
Amount of coal saved, ton 10597 11480 21193
Quantity of coal saved per year, million US $ 0.47 0.52 0.96
Amount of CO, saved per year, ton 29883 32372 59765
Earnings at 5 USD per ton of carbon credit, million US $ 0.15 0.16 0.29
Total savings from coal and CO,, million US $§ 0.63 0.68 1.25
Total earnings from electricity, million US $ 2.55 2.6 3.17
Total cost of solar plant with storage, million US $ 32 35.43 53
Payback, year 13 14 19
the power block is US $ 4.92 million. With the arrived CONCLUSIONS

LCoE of US cents 5.6 at an installed capital cost of US
$ 5.43 million, the coal-only based power plant will
have a payback period of about 3 year. For all the fur-
ther analysis in this paper pertaining to the cost of
solar plant, reference shall be made with the coal-only
power plant producing electricity at an LCoE of US
cents 5.6 for the purpose of calculations.

ANALYSIS OF A STAND-ALONE SOLAR
THERMAL PLANT COST

The solar plant designed in the previous sections
runs on stored energy for a total of 19 h; assuming 5 h
of Sun shine. At present there is no concentrated solar
power plant based on parabolic trough technology
operating 24 X 7 in the world [43]. However, as part of
the present study, an analysis has been carried out to
assess the per hour storage cost of the concentrated
solar power plant by designing it for 12, 13 and then
24 h of storage capacity as summarized in Table 7.
From Table 9, it can be seen that for per-hour
enhanced solar-hour operation of the PTCSTPP, the
revenue from the plant remains constant at US § 1.92
million. There is a benefit of coal saving to the tune of
Rs 0.28 crore and carbon credit earnings of Rs 0.08
crore at an additional solar field cost of Rs 24 crores.

APPLIED SOLAR ENERGY Vol.56 No.6 2020

The paper deals with the design aspects of a 5 MWe
parabolic trough based concentrated solar thermal
power plant located in the city of Jaipur, India,
employing the energy, exergy, economic, and environ-
ment analysis. Following are the salient points of the
study:

» Several researchers and solar energy scientists
have carried out 4-E (energy, exergy, economic, envi-
ronment) analysis of different configurations of solar
thermal power plant located in various parts of the
world. However, none of the past publications have
quantified the energetic and exergetic potential of heat
transfer fluid and the present study also discusses the
methodology of calculating the energetic and exergetic
potential of heat transfer fluid.

* Based on the energy—exergy analysis, the ener-
getic efficiency of PTCSTPP was found to be 29.38%
and exergetic efficiency was 31.86%. The gross ther-
mal efficiency of the power plant was 31.47% and net
thermal efficiency is 25.07%.

*The solar field design methodology has been
enumerated and shown that the winter month is gen-
erally to be considered while designing the solar col-
lector assembly layout and rows are then adjusted to
achieve the desired energetic heat capacity from HTF
going into the boiler. For running the solar plant
entirely dependent of the solar energy, i.e. solar-alone
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mode, the number of rows are then increased keeping
the SCA same so as to control the outlet temperature
of heat transfer fluid.

* The solar-alone designed PTCSTPP has 10 x 18
collector assembly and rows configuration, occupies
36 acres of land, has the designed 24 h energy storage
capacity costing US $ 14.29 million, a total financial
cost of US $ 53 million and owing to having the addi-
tional potential of annually saving coal worth US $
0.96 million and CO, savings of US $ 0.29 million, has
a payback period of 19 year when the levelized cost of
electricity is US cents 5.6 per unit.

* Analysis has also been carried out to assess the
per-hour increment in the design cost owing to addi-
tional operating hours of the solar plant. The per hour
addition of energy storage in the solar plant shall result
in a benefit of coal saving to the tune of US $ 0.05 mil-
lion and carbon credit earnings of US $ 0.01 million.

APPENDIX A

ENERGY AND EXERGY CALCULATIONS
Solar Field

The solar power incident on the collector system
(Q,) is given by the equation
0O, = DNIA,cosON,

where N is the product of number of collectors in a
row, number of modules in a collector and number of
rows of collector array in the solar field.

Actual aperture area (A4,) is given by
Aa = (W - DCO)LN’
where w is the aperture width, L is the aperture length
and D, is the outer diameter of absorber (receiver)
cover.

The exergetic solar power input to parabolic trough

is given by
4
Bx, =0 |1-4 D) 1o}
3\7,) 3\IT,

where 7, = 5600 K is apparent black body temperature
of sun and 7; the ambient temperature.

The solar power absorbed by the receiver (absorber
tube) is given by

0, = DNIA(O)NA, v, 7,0, 1Fn EL,

k(0) is known as the incidence angle modifier for the
collector and is calculated by

k (8) = cos(8) — 2.859621x 107(6)’
—5.25097 x10(0).
End losses (EL) factor is given by

EL =1 —itanG,
L
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where fand L are focal length and length of the collec-
tor.

The exergetic solar power absorbed by the receiver
is given as
_5
7_; b

where 7. is the receiver temperature (K).

Ex, = Qa(

The useful thermal power gain (Q,) by the heat
transfer fluid is given by

Qu = Fr[Qa - ULAr (7—; - Tb)],
Qu = mfcpf(ﬂ - TO):
A, =nDiL.

The collector heat removal factor Fr for the seg-
mental length of the collector is given by

Fr = mf_Cp 1- e_(%j

L Ar

The collector efficiency factor F' is given by

-1
Fr=21 L+&+&ln Dy .

The heat loss coefficient U; for various values of
receiver temperatures have been found iteratively [20]
using the following set of equations:

-1
UL = |:—d0 + L:| b
Dco(hw + hg—o) hg—a
where
hyo =0T + T,) (T2 +T,),
h,_, heat transfer coefficient from glass tube outer sur-

face to ambient, (W m~2°C!).

(T +T)(T + T)

g-a >
i + & L -1
er Dco Eg
h,_, heat transfer coefficient from glass tube inner sur-

face to absorber, (W m2°C™').

The outside convective heat transfer coefficient by
wind 4, [20] for flow of air across a tube can be
obtained from the correlations

thco =0.40+0.54 (pairVchoj’
Mair

air

for the the range of 0.1 < (Mj <1000,
uair
or
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) I,
thco — 0.3[pa1rVchoj’ nll,LPT — 1 _ destroyed
air Wair my (W3 = Wyy) + (my — myy) (W1, — W)
A /4
For the range of 1000 < (Mj < 5000. = LPT .
Mair my (W3 = W) + (my — myy) (Wi = Wy)
Power Block Condenser
[Refer the schematic of the Parabolic Trough based Energy equation: Q= my(hy — hs).
Concentrated Solar Power Plant (PTCSTPP) with E fl i
5 MWe turbine rating as per Fig. 3]. xergy How equation
T,
Boiler 0= my (W4 WS) ;(1 - ka TF — TSgen’
Energy equation:
Iesroe TSen_mh_ —EmS—S
Oher = myo(hyg — hy) + my(hy, — h3). destroyed ¢ [ 4( ! hs) ( 4( > 4))]
Exergy flow equation Z (1 -2 Oures
0= m (W, —Wy) — myo (Wi — ;) =
_ _ 1
m, (WZ ) TSgena nll,Con =1= - (destroied )
Idestroyed TSgen, 4 \II4 WS
T, Seen = [{me(hy — hy) + myg(hyy — hy) — my(hy — hs)}
Condensate Extract Pump (CEP,
— T {me (s, — sp) + myo(s10 — 81) — my(s, — 83)}, i ump (CEP)
Energy equation: —Wgp = ms(hs — hg) — energy
M1 poiter = 1 — aesoyea loss.
’ me (W, — ) Exergy flow equation
—_ + —
) - (\UIO lI(Il) Y (;Uz W3) _WCEP = mS(WS WG) T gen>s
mg (Y, — Yy
TSgcn = ms (WS - W()) + WCEP!
High Pressure Turbine (HPT) Liestroyed = ToSeen = Toms (86— 55),
: . — _ + _
Energy equation: Wypr = m(h; — hy, + (m, . Tiestropea 5 (Ws — W)
my)(hy — hy). M1 cep = W = % .
Exergy flow equation CEP CEP
Wher=m (Wl - \Ifll) + (m - mll)(\l’n lIfz) Seens Boiler Feed Pump (BFP)
Liesiroyed = TaSgen Energy equation: —Wgpp = mg(hg — hy) — energy loss.
=T, [my (si = ;) + (my = my ) (5, = sy1)], Exergy flow equation

n =1- Laestroyed “Werp = mg(Wg = Wy) = T,Sen,
11,HPT _ +(m —m )( _ )
" (\III WII) ! 1 \ll” WZ T gen m8(‘|’8 W9)+ WBFP = EmS(S’Q - S8)=1destroyeda
WHPT

B my (W =)+ (my —my) (v, _‘Ifz)‘

_ Ideslroyed — mX(WS — W9) .
WBFP WBFP

My gup = 1

Low Pressure Turbine (LPT) _
Energy equation: Wipr = my(hy — hyp) + (ms — High Pressure Feed Water Heater (HPH)

mp)(hyy — hy). Energy equation: 0 = m,(hy; — hyy) + mo(hg — hy).
Exergy flow equation Exergy flow equation

Wier = my (W3 = Wpo) + (m5 — my, Wy, — y) =TS,

gen> 0= my (W, — Yia) + me(Wo — Wyg) — ToSgen,
[destroyed TSgen Ideslroyed TSgcn - [{mll (hll - h14) + my (h‘) - th)}
=T, [ms (512 = 53) + (my — myp)) (512 = 54)], = T, {myy (14 = 811) + my (51 —59)}]a
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_ my (Yo — o)
my (Wi = Wia) oy (Wi — W)

I destroyed

Pywpn =1 —

Low Pressure Feed Water Heater (LPH)
Energy equation: 0 = m,(hy, — h3) + mg(hg — h7).
Exergy flow equation

0= my; (WIZ - WIS) + mg (Wé - W7) - T;ngen,

];Sgen = Idestroyed = [{ml2 (hlZ - h13) + mg (hﬁ - h7)}
= T, {myy (515 — 512) + mg (57 — 56)}],
n =1- Idestroyed _ Mg (W7 B Ur!é)
1LLPH — = .
my (Wi = Vis)  my (W —Wys)
Deaerator

Energy equation: mghg = m,h 4 + m;h,.
Exergy flow equation
0 = my; + myu\y — mgWs — T, S,eps
T,Sgen = m\i7 + myg\iy, — mg\g

= T,Imgsg — mys; — myus14] = Idestroyed’

_ UA'E
m\; + my\Yy

Ideslroyed
m;\; + myg\y

M| DER = 1-
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