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FOREWORD

The IAEA offers its Member States a wide spectrum of education and training activities. These
include face-to-face training courses and workshops, on-line learning, fellowship programmes
and schools, as well as publications in the IAEA’s Training Course Series, including
handbooks, textbooks and manuals on various nuclear related topics.

Experience shows that education and training supported by hands-on learning by doing using
nuclear power plant simulators is an effective way for a broad range of target groups to meet
education and training standards. The IAEA regularly publishes reference material and holds
training courses to assist professionals in Member States in understanding nuclear power plant
simulators and associated technologies. The education and training courses support an
integrated approach that combines lectures with learning by doing on the specifics of plant
operation, including reactor physics, thermal hydraulics and safety aspects, using basic
principle simulators.

Classification, Selection and Use of Nuclear Power Plant Simulators for Education and Training
(IAEA-TECDOC-1887) provides information for educational institutions, training centres and
suppliers on the proper classification, selection and use of various types of nuclear power plant
simulator. The IAEA also provides opportunities for hands-on learning using nuclear reactor
simulation computer programs, either full plant basic principle simulators or part-task
simulators addressing specific parts of plant operations (i.e. systems or components) or specific
phenomena. The simplified reactor designs of basic principle simulators allow professionals to
grasp fundamental concepts without becoming overwhelmed by the details of a more complex,
full scope simulator. The objective of these basic principle full plant or part-task simulators is
to provide insight into and a practical understanding of the operational characteristics of
reactors as well as plant responses to perturbations and accident scenarios. Access to both types
of basic principle simulator is available to Member States upon request, and thus represents a
valuable resource for teaching and training on a wide range of topics relevant to nuclear power
plant design, safety, technology, simulation and operations.

This publication provides a comprehensive explanation of the nuclear—concentrated solar
power hybrid energy system part-task simulator as well as practical exercises to help readers
become familiar with its use. By engaging in these exercises with the part-task simulator,
readers will gain hands-on experience and a deeper understanding of its workings.

The TAEA acknowledges the contributions of the Department of Nuclear Engineering at
Pakistan Institute of Engineering and Applied Sciences in the development of the part-task
simulator described in this publication.

The IAEA officer responsible for the creation of this publication was T. Jevremovic of the
Division of Nuclear Power.
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1. INTRODUCTION

1.1. BACKGROUND

In support of human resource development in Member States, the IAEA has established
education and training programmes on active learning about nuclear technologies using basic
principle nuclear power plant and part-task simulators. As part of this programme, the IAEA
arranges for the development and distribution of its suites of basic principle simulators
including the manuals and related documentation, supports education and training courses and
workshops on physics and technology of advanced reactors, methodology on technology
assessment and technology relevant databases.

Hands-on learning using nuclear power plant simulators has become an essential tool for
education and training programmes worldwide. Experience shows that simulators are effective
in allowing a broad range of target groups to meet education and training standards. The
International Atomic Energy Agency (IAEA) has been at the forefront of promoting and
supporting the use of simulators for education and training purposes. The IAEA TECDOC-
1887 on Classification, Selection and Use of Nuclear Power Plant Simulators for Education and
Training provides guidance for educational institutions, training centres, and suppliers on the
proper classification, selection, and use of various types of simulators [1]. The IAEA assists
Member States by providing education and training courses on the physics and technology of
nuclear power plant operation through hands-on learning with nuclear reactor simulation
computer programs. The programs may refer to full plant basic principle simulators or to part-
task simulators addressing specific parts of plant operations (systems or components) or
specific phenomena. Both types of basic principle simulators are available to Member States
upon request, representing an accessible resource for teaching and training on a wide range of
topics relevant to nuclear power plant design, safety, technology, simulation, and operations.
The basic principle simulators available through the TAEA often feature simplified reactor
designs, allowing professionals to grasp fundamental concepts without becoming overwhelmed
by the details of a more complex, full-scope simulator. The objective of these simulators is to
provide insight into and a practical understanding of reactor operational characteristics and
plant responses to transient and accident scenarios. This type of learning is critical for nuclear
power plant personnel, who must be trained to respond quickly and appropriately in transient
and accidental conditions. The TAEA regularly publishes reference material and holds
education and training courses to assist professionals in Member States in understanding
simulators and associated technologies. Education and training courses support an integrated
approach that combines lectures with learning by doing on the specifics of plant operation,
including reactor physics, thermal hydraulics, and safety aspects, using basic principle
simulators.

This publication provides description relevant to understanding basic principles of hybrid
energy systems (HES) configuration and working, in which nuclear power plant and renewable
energy source are coupled to work in synergy to produce desirable outputs. Detailed description



of nuclear-concentrated solar power (CSP) HES part-tasks simulator is provided together with
the exercises applicable to education and training courses and workshops, or self-learning.

1.2. OBJECTIVE
The objectives of this publication are to:

— Serve as a reference for lectures on basic principles of HES configuration and operation;

— Support Member States intending to use IAEA part-tasks simulators in national
education and training programmes with a resource for necessary background
information on theory of HES operation,;

— Serve as a reference for students and trainees, who may be unfamiliar with reactor
operation in synergy with renewable energy source (e.g., engineering safety, physical
sciences, non-nuclear engineering fields, and including non-technical fields) to
understand the integration of nuclear and renewables at a basic level;

— Provide exercises for use in education and training courses, use by Member State
institutions, or direct use by students or trainees.

1.3. SCOPE

The scope of this publication is to explain the underlying phenomena, modelling methodology,
and application of nuclear-solar HES. Explanations and examples are limited to light water
reactors. Other similar publications address different types of nuclear-renewable HES.
Following an overview of HES configuration and operation, this publication provides
explanations about the part-task simulator and examples to study.

1.4. STRUCTURE
This publication contains the following descriptions:

— Hybrid energy systems (Section 2) which provides general purpose overview and
designs, such as the basic configuration and function of systems and components,
relevant to later explanations;

— General Instructions (Section 3) regarding nuclear-CSP part-task simulator including
its configuration, modelled systems, and installation;

— Examples (Section 4) containing practical exercise of various HES analysis and
functions, with explanations about parameter trends and values.

2. HYBRID ENERGY SYSTEMS

2.1. HISTORICAL BACKGROUND

Global energy demand is increasing driven by increasing population, comfort standards and
rapid industrialization. World energy demand is estimated to increase by 34% at the year 2035
[2]. Energy needs are mostly met using conventional energy sources, though other energy



sources also emerged. Traditional energy sources add large proportion of CO; emissions to the
environment and are chief contributor to global warming. Carbon emissions rose from 21 Gt
COz in 1990 to 34 Gt CO2 in 2019 [3]. Alternative energy sources have, therefore, emerging
popularity. Such options include nuclear and renewables.

Nuclear energy is high energy density, green and proven technology that is widely employed
across the globe. Besides, nuclear power plants (NPPs) are baseload plants, and have high
amount of capital costs when compared to renewable energy sources. NPPs have lower carbon
footprint as compared to renewable energy sources for the same amount of energy [4]. Many
NPPs are designed to load-follow and are originally outfitted with automatic grid control
features [5]. In the meantime, modern NPPs are designed to have strong manoeuvring
capabilities unlike some old power units [6]. Small modular reactors (SMRs) are advanced
nuclear reactor designs that have a power capacity of up to 300 MWe per unit, which is about
one-third of the generating capacity of traditional large water cooled NPPs [7]. Several SMR
units can be employed to provide flexible power output. Their short refuelling periods, less
capital investment, safety systems and more flexibility make them feasible to be employed in
remote areas and towns where load demand is not flat [7]. Currently there are over 80 SMR
designs [8].

Fossil fuel based energy sources especially coal, are a major contributor in world’s energy
blend. About 80% of total global energy supply is affiliated with conventional energy sources
based on fossil fuel by the end of 2019 [9]. However, these traditional energy sources are
responsible for global warming, pollution, and greenhouse gas emissions. Renewable energy
sources include solar energy, hydro, wind, geothermal, and tidal energy [10].

Solar energy is uniformly distributed energy source which is freely available and sustainable.
It is believed to be the green and passive energy source. There are many configurations for
harnessing the solar power. Major types include photovoltaic cells, and CSP. Both types have
their own pros and cons [11]. In CSP plant, sunlight is concentrated on an absorber material by
making use of reflecting surfaces where the energy from sunlight is stored in a working fluid
(molten salt, liquid sodium, and water) as thermal energy. The thermal energy from the working
fluid is then used either for in Rankine cycle or in process heat applications like desalination,
district heating, hydrogen production, or steam methane reforming.

The concept of integrating two or more energy sources to form a cooperatively controlled
multisource system providing responsive generation to the power grid is referred to as hybrid
energy systems (HES) [12]. Nuclear-renewable HES consider opportunities to couple these
energy generation sources to leverage the benefits of each technology to provide reliable,
sustainable, and flexible electricity to the grid and to provide low carbon energy to other energy
use sectors as discussed in the IAEA Nuclear Energy Series on Nuclear-Renewable Hybrid
Energy Systems [13]. Nuclear-renewable HESs can produce heat, electricity, and other
products that society requires while supporting higher penetrations of variable renewable
generation. Such systems therefore can provide energy to support various applications, such as
seawater or brackish water desalination, hydrogen production, district heating or cooling, the



extraction of tertiary oil resources, and process heat applications such as cogeneration, coal-to-
liquid conversion, and assistance in the synthesis of chemical feedstock [12]. By connecting
renewable power plant with a nuclear power plant, the plant can be operated in both static and
dynamic load conditions. Nuclear power plants serve as base load providers. Renewable serves
to provide fluctuating power output because of their hourly and seasonal intermittency. Various
researchers presented the ideas for thermodynamic coupling of nuclear energy with solar
energy. These include superheating and reheating in Rankine cycle with solar thermal energy
[14], distributed power sourcing [15], and exergy calculations of hybrid energy system using
phase change material storage [16].

2.2. PROMINENT CHARACTERISTICS OF NUCLEAR-SOLAR HYBRID ENERGY
SYSTEM WITHIN THE PART-TASK SIMULATOR

The nuclear-solar HES provides thermodynamic coupling between Rankine cycle and a CSP
plant. Rankine cycle power plant is mainly operated using thermal energy of attached SMR.
CSP plant provides the assistance to Rankine cycle power plant. Thermal energy obtained from
heliostat field of CSP plant is used in Rankine cycle for preheating the feedwater before it enters
steam generator of the SMR. This preheating allows feedwater to reach a state close to the
saturated liquid by consuming most of sensible heat in the preheater. Since, more heat is now
added into the Rankine cycle (SMR and CSP plant), there are two choices to cater this additional
energy. The first one is to allow the steam exiting from steam generators to reach more degree
of superheat, whereas the second one is to inject more liquid mass per second into the system
to restrict turbine inlet temperature at design point. In former choice, turbine observes
temperature fluctuations at its inlet which causes thermal shocks and thermal fatigue on the
turbine blades and casing. While, in latter choice, mass flow rate of the Rankine cycle seems to
vary according to heat addition in the Rankine cycle, which can cause inertial fatigue on plant
components. In general, power plant is also associated with leakage of feedwater from its
components and a makeup water system is always there to cater its needs. Thus, variation of
feedwater mass flow rate in a power plant is not new and can easily be dealt with. Therefore,
the second choice seems more reasonable, safe, and easier to handle. Varying amount of steam
entering the turbine produces varying power output. This fluctuating output power can be
efficiently utilized for areas where power demand curve is wavy.

FIG. 1 shows nuclear-solar HES schematics'. It consists of Rankine cycle integrated with CSP
plant. Subcooled water is initially pumped to high pressure (stream 1 — 2) and sent to a
preheater which is thermally coupled with CSP plant. Thermal energy accumulated in CSP
receiver provides major portion of sensible heat to the feedwater coming from pump and
increases the feedwater temperature near to saturated temperature (stream 2 — 3). This
feedwater leaves the preheater and flows into steam generator (stream 3 — 4) to be converted
into superheated steam. Superheated steam expands in the turbine thereby rotating its blades to
produce power. The two-phase (liquid-vapour) mixture of water leaves the turbine (stream 4 —
5). This mixture then gives off its latent heat in the condenser (stream 5 — 1) and subcooled

! SMRs have built-in steam generators
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liquid leaves the condenser which is then pumped again into the feedwater-preheater (stream 1
— 2) to complete the cycle. The underlying principle behind thermodynamic coupling of SMR
and CSP plant, is that the thermal energy produced in CSP plant is utilized in the preheating
section of Rankine cycle (i.e., preheating of feedwater is performed by solar energy instead of
turbine bleeds). This method injects more heat into the Rankine cycle due to which power
conversion in turbine is increased. Thermal energy obtained from CSP plant is intermittent; it
varies hourly and daily because of rotation of earth around its own axis and around the Sun. By
varying the amount of preheating to feedwater, the mass flow rate flowing through Rankine
cycle varies which results in fluctuating power output. The variable power output can be
beneficial for sites which possess wavy load demand. However, the base load is always
provided by the SMR irrespective of the power output from the CSP plant.

Turbine

CSP

Rankine 5
cycle

Solar Tower

.............

Preheater

TTTT H———— i g

Heliostat field

FIG. 1. Configuration and layout of the nuclear-solar HES.
2.2.1. Concentrated solar power plant

There are various configurations of CSP plant technologies. They include:

— Line focusing: parabolic trough and linear fresnel,
— Point focusing: parabolic dish and solar power tower

Each of these technologies has its pros and cons, and can be employed considering various
factors including site feasibility, solar potential, capital availability, and technology readiness
level. CSP plant within the HES part-task simulator uses solar power tower located centrally in
a large heliostat field. The heliostat fields may have multiple spatial arrangement. The solar
power tower acts as a receiver that collects energy from sunlight reflected from heliostats. It
contains a heat transfer medium/working fluid that stores the heat as a thermal energy. In this
way, solar thermal energy is concentrated or accumulated in the receiver. This stored thermal
energy is then transferred to Rankine cycle for preheating the feedwater, via a series of pumps
and heat exchangers. Governing equations for solar power tower of CSP plant are found in [17].



To perform calculations for heliostat field, position of Sun must be known. Sun position is given
by solar altitude angle as and solar azimuth angle 4; which are determined as follows [18]:

ag = sin(cos @ - cosd - cosw + sing - sin ) (1)
Ag = arccos ((Sincﬁ:lzz;zn 5)) 2)
where:
o: solar hour angle
@: local altitude
o: declination angle.
The solar hour angle w and declination § are given by:
w = 15n(t —12)/180 (3)
. (2m(284+n)
5=23.45-n-% )

where n is ordinal date starting at 1% January and 7 is solar time. Optical efficiency of heliostat
field is calculated from HFLCAL (Heliostats Field Layout Calculations) model [19], [20].
Sunlight flux reflected on to the receiver by each mirror (heliostat) is approximated to form a
circular Gaussian distribution given by:

F(er) = DNI * ppe; - COSW * farm * fsab 'fref(x'y) %)

where, freA x,y) is the interception efficiency loss, w is the angle between incident ray and the
normal to heliostat surface, fs» is the shadowing and blocking factor associated with
neighboring heliostats calculated by MCRT method [21]-[23][22], , prei is the reflectivity and
cleanness efficiency, DN/ is direct normal irradiance, and fm is the atmospheric attenuation
factor. The interception efficiency loss is reflected energy from the heliostats that does not fall
onto the receiver, and it depends on both, the heliostat field and the absorber design. It can be
written as follows:

2 (v )2
exp(—(x x0)*+(=yq) )
20tot
2
210y

fref(er) = (6)

where (x4, V) is the center of cavity aperture, and oy, is the dispersion of Gaussian distribution
which accounts for Sun shape. Gaussian dispersion factor can be determined as follows:

. 2 2 2 2
\/dz (Usun+4aslo +Uast+atra)

Otot = (7)

cosrec

where:
rec: angle between reflected ray and normal to cavity aperture.



Osuns Oslo»> Otrq. provided in TABLE 1;
04s¢: determined as follows:

O' =
ast 4d

where:

W, width of the mirror;

Ly: length of the mirror

d: distance between heliostat and the receiver;
frer: focal distance of the heliostat surface.

TABLE 1. NUCLEAR-SOLAR HES PARAMETERS

Parameter Value
Ambient pressure (P,) 101 325 Pa
Ambient temperature (75) 25°C
Rankine cycle Turbine inlet temperature (74) Teosmr - 10
Rankine cycle condenser pressure (P1) 6.9 kPa
Rankine cycle boiler pressure (P2) 6.9 MPa
Steam generator pinch point temperature

. 10 °C
difference (4T, sq)
Turbine isentropic efficiency (#.5) 1.0
Pump isentropic efficiency (#pum) 1.0
Cavity aperture length (Lape) 12m
Cavity aperture width (W) 12m
Number of effective mirrors (Ny) 1856
Mirror length (L) 12m
Mirror width (W) 12m
Reflectivity factor 0.9
Cleanness factor 0.97
Effective tower height (H,) 120 m
Tracking error deviation (0¢,q) 0.1 mrad
Slope error deviation (o) 0.1 mrad
Sun shape error deviation (g,;) 9.3 mrad
Interception efficiency 0.95

®)

To reduce the calculation time, a constant value of 0.95 is assumed for the interception

efficiency [24]. The DNI can be calculated as follows, [23]:

DNI = [1367 : [1 +0.033 - cos (2"7’;)] %]

Atmospheric attenuation factor can be calculated by:

farm = 1099321 — 0.00176 - d + 1.97 x 1078 -d?,  d < 1000m

fatm = exp(—0.0001106-d) , d = 1000m

©)

(10)
(11)



cosw = g [sinag - cos A — cosas - sind - cos(8, — Ag) +1]°° (12)

where 6, is the azimuth angle of a given heliostat and A is an angle between gravity direction
and straight line connecting the heliostat and the receiver. Finally, optical efficiency of heliostat
field is defined as:

N
_ Qnelout _ Zizhl JI F(x,y)dxdy

Nhet = =N
Qhel,in ¥, DNI Ly W,

(13)

FIG. 2 shows distribution of heliostat field of the CSP plant utilized in the HES.

1856 Mirrors{12x12)

400 [

.....................

Poistion north-south (m)
8
T

-200 -

400 1 L 1 1 L

Poistion east-west (m)
FIG. 2. Heliostat field of the CSP plant.

2.2.2. Rankine cycle

Basic Rankine cycle consists of four major components: steam generator, turbine, condenser,
and pump. Governing equations for each of the component are provided as follows:

— Heat balance across steam generator (Rankine side) is expressed with:
ng = Y mhyye — X mhyy (14)

where m is the cycle mass flow rate.

— Condenser heat duty (Q.ynq) can be found using following heat balance expression:



Qcona = > mhi, — > Mhgyt (15)

— Turbine power can be calculated using enthalpy balance of streams entering and exiting
the turbine:

We=m - (hin — hout) (16)
— Pumping power can be obtained from:
Wy =m vp (P, = P1) =m + (hoye — hin) (17)
where, P; and P,are condenser and boiler pressure, respectively.
2.3. LIMITATIONS AND ASSUMPTIONS
The nuclear-solar HES part-task simulator observes the following limitations and assumptions:

— Ambient pressure and temperature are 1.01 MPa and 25°C, respectively;

— In Rankine cycle, the boiler and condenser pressure are kept at 6.9 MPa and 6.9 kPa,
respectively;

— Frictional pressure loss is neglected in all subsystems;

— Heat losses from system components to surroundings are assumed to be negligible;

— Net thermal energy accumulated at the receiver of the CSP plant is assumed to be
entirely consumed by a preheater of the Rankine cycle;

— All heat exchangers involved in the system are designed based on the approach
temperature model.

3. GENERAL INSTRUCTIONS

3.1. INSTALLATION

The simulator software is available as an executable installer. The installer will install the
application needed to enable user to run the nuclear-solar HES part-task simulator. A zipped
file with “.rar” extension is provided to the user which can be extracted to any folder.

3.2. START UP

Once the part-task simulator is installed, follow these steps:
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— After the extraction is complete, the folder must contain an “.exe” file named
“CSP.exe”;

— Opening this file will run the simulator and the home page will appear as shown in FIG.
3;

— Click “Start” button (highlighted in FIG. 3) at the bottom of the window to begin using
the simulator;



— A window shown in FIG. 4 will appear with required total of seven input fields. First
three inputs are related to the specifications of NPP listed under “NPP Specifications”.
The NPP is to be utilized as a base load source in HES, which will usually be an SMR,
though another large nuclear reactor can also be used. The other two inputs under “Solar
Specifications™ are for the coordinates and time zone of the HES site. These coordinates
are used for finding parameters of CSP plant;

— After entering the required inputs, click the “Calculate” button (FIG. 4) which solves
the thermodynamic model of HES.

Nuclear-Concentrated Solar Power
Part Task Simulator

FIG. 4. Nuclear-solar HES part-task simulator: input parameters.
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3.3. MODES

Nuclear-solar HES part-task simulator provides two modes: global plots mode and simulator
mode under the “Output panel” as shown in FIG. 5. Descriptions of these modes are provided
in the following sections.

FIG. 5. Nuclear-solar HES part-task simulator: global plots mode and simulator mode.

3.3.1. Global plots mode

“Global Plots” mode provides graphical interpretation of the HES major parameters which
includes:

— DNI,

— Concentrated power;

— Net electric output power;
— Cycle mass flow rate;

— Cycle efficiency.

11



Clicking on any one of these parameters and pressing “Show Plot” displays yearly trend of that
parameter, as shown in FIG. 5 and FIG. 6. The x axis in FIG. 6 represents 12 months in a year
and y axis represents quantity for which yearly variation is displayed (selected from the list).
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FIG. 6. Nuclear-solar HES part-task simulator: global plots mode example - plot of direct normal irradiance.
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FIG. 7. Nuclear- solar HES part-task simulator: global plots mode example — plot of concentrated power.
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Similarly, yearly variation of concentrated power can be obtained by selecting “Concentrated
Power” from the list and clicking “Show Plot” button, as shown in FIG. 7. In a similar way,
yearly variation plots of net output power, cycle mass flow rate and cycle efficiency can be
obtained.

3.3.2. Simulator mode

This mode is selected by clicking on the option below “Global Plots”, FIG. 8. “Simulator” mode
enables user to visualize oscillating responses of the HES at a particular time in a year.
Schematics diagram for the coupling of CSP plant with secondary side of a NPP is as well
displayed. At any time, the mode can be switched from “Simulator” to “Global Plots” and vice
versa.

Two graphs will be displayed as shown in FIG. 9 based on NPP and solar specifications initially
provided, as shown in FIG. 4. These graphs allow to visualize variations in electric power from
CSP plant as well as net power output during certain time span in the year. The user can also
zoom in using the “Span” slider. The x axes of the graphs represent the hours of the year (with
maximum limit as the total number of hours in all days in a year). The x axes values can be
selected using “Select Hour of the Year” slider value exactly in center of the x axis. The number
of hours shown in x axes are controlled by the value selected using the “Select Span of the
Graph” slider. The y axis represents the concentrated power obtained from CSP plant whereas
the y axis of a second graph represents the net power output of the complete HES.
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FIG. 8. Nuclear-solar HES part-task simulator: simulator mode.
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FIG. 9. Nuclear-solar HES part-task simulator: simulator mode outputs.

4. EXAMPLES

All figures in this publication are screen shots of the simulator display and plots generated by
the nuclear-solar HES part-task simulator in addition to other illustrations. The following are
the examples workable for self-learning and to be used in education and training workshops.

4.1. MONTHLY POWER VARIATION (GLOBAL PLOTS MODE)

Monthly variation of direct normal irradiance, CSP, HES total power output, cycle mass flow
rate and the cycle efficiency are studied in this example. FIG. 10 shows schematics of relative
position of earth with respect to sun and seasons in northern hemisphere. During the summer
the earth is near the farthest point from the sun (aphelion) but tilted towards it, whereas during
the winter it is near the nearest point from the sun (perihelion) but tilted away from it. Because
of the earth tilt, northern hemisphere receives larger amount of sunlight during the summer as
compared to winter (i.e., the days during the summer are relatively longer when compared to
winter at the same location on earth in northern hemisphere). The opposite is true for the
southern hemisphere. At equinoxes (both spring and autumn) the length of days and nights are
almost the same, and the opposite location on earth receives almost equal amount of sunlight
in northern as well as southern hemisphere. In this example, monthly variation of output
parameters for nuclear-solar HES part-task simulator is studied incorporating relative position
of the earth around the sun and seasonal variations (earth tilt). The location of CSP plant on
earth is shown as point ‘a’ (FIG. 10) at 30° latitude and 67° longitude at +5 GMT.
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FIG. 10. Relative position of earth with respect to sun throughout the year used in the example on monthly power
variation.

4.1.1. Simulation steps

In Step 1, run the nuclear-solar HES part-task simulator by clicking the ‘Start’ button and wait
until the simulator is initialized. The simulator is initialized with some default input values. In
Step 2, Change “NPP Thermal Power” from 575 MWth to 347 MWth, and “Number of
Modules” from 2 to 1. Keep the remaining inputs to default values. In Step 3, click on the
“Calculate” button as shown in FIG. 4. This will calculate the output parameter values for the
global plot mode. In Step 4, select the “Direct Normal Irradiance” from the list of plots and then
click on “Show Plot” (FIG. 11). In Step 5, click on the “Reset Global Plots” button to remove
the current graph. Repeat step 4 and 5 for all output parameter to visualize the graphs as shown
in FIG. 12 to FIG. 15.

4.1.2. Analysis of the output parameters

FIG. 11 shows the monthly variation of direct normal irradiance on clear sunny days at the
specified latitude, longitude, and time zone. It is the most important aspect in assessing the
power output of CSP plant and depends on geographic location, time of the day, season, and
the earth’s location in the elliptical orbit around the sun. The specified location lies in the
northern hemisphere (30° latitude, 67° longitude), for which the winter solstice is in month of
December meaning that northern hemisphere is tilted away from the sun. Additionally, the earth
will be at perihelion in January. The minimum value of direct normal irradiance should be in
these months. The graph shows that the value of direct normal irradiance is minimum in
December. The end of March is the spring equinox in northern hemisphere. During this period
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sunlight is directly hitting the equator and the earth is moving away from perihelion, which
results in maximum direct normal irradiance at the end of March or beginning of April. The
summer solstice occurs in June, which means the northern hemisphere is tilted towards the sun.
But the earth is near the aphelion during this month. Thus, the combined effect is the small
decrease in direct normal irradiance value. The value increases by small amount as the earth is
moving towards the autumn equinox (September) and away from aphelion. The value of direct
normal irradiance starts to decrease again as the earth moves towards perihelion and winter
solstice.

NPP Specifications
NPP Thermal Power (MWih) 347

Cors. Cflet Terpaaline [2) 320 Direct Normal Irradiance

Number of Modules i 1000 4 — — DNI

“\\\
Solar Specifications g
Latitude (Degreas) 30 e
Longitude (Degrees) 67 '
Time Zane (GMT) +5

Calculate

~Outputs -
& Global Plots

960

DNI (W/m2)

© Simulator 940 4

Select Plot from List

920 4

2 4 6 8 10 12
Months

FIG. 11. Nuclear-solar HES part-task simulator: direct normal irradiance for the example on monthly power
variation (global plots mode).

FIG. 12 shows monthly variation of concentrated solar power at the solar power tower after
incorporating the effects of atmospheric mass, size and number of heliostats, shape of heliostats,
and atmospheric turbidity in direct normal irradiance. The CSP plant is producing maximum
power during the summer and minimum power during the winter at specified location in the
northern hemisphere. The minimum power output from CSP plant is 139 MWth in December,
whereas peak power output from CSP plant is 151 MWth in June. The heliostat field used in
calculating the CSP is shown in FIG. 2 and the total number of mirrors of 1856 is a fixed value.

FIG. 13 shows the net power output from the HES which is the total electrical power output
from the nuclear-solar HES. The trend for net power output is exactly similar to the one obtained
for power output of CSP plant because the SMR is always operating at constant power. The
minimum net power output from HES is 188 MWe in December, whereas the maximum net
power output from HES is 193 MWe in June.
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FIG. 12. Nuclear-solar HES part-task simulator: concentrated solar power for the example on monthly power
variation (global plots mode).

Net Output Power

Ll
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FIG. 13. Nuclear-solar HES part-task simulator: net output power for the example on monthly power variation
(global plots mode).
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The cycle mass flow rate also follows exactly the similar trend (as shown in FIG. 14). With
increase of power output from CSP plant (FIG. 12), there is more amount of heat that is being
added in the Rankine cycle. This addition of heat, if at constant mass flow rate, causes increase
in temperature at the turbine inlet, which is assumed to be fixed in this example. Thus, the mass
flow rate must increase in order to carry the energy from the preheater to steam generator and
then to the turbine inlet. The increase in mass flow rate increases the amount of heat transfer
and the net amount of the electrical power produced at the generator.

The variation in mass flow rate is between 178 kg/s and 183 kg/s throughout the year. However,
this monthly variation does not account for the night time during the month and hence does not
represents the average value. Better variation in mass flow rate can be obtained by incorporating
the hourly variation (as discussed in Section 4.2).

The efficiency of the Rankine cycle remains constant throughout the year as can be seen in FIG.
15, which is 38.6 % because of the fixed turbine inlet temperature. The Rankine cycle efficiency
can only vary if the temperature at the turbine inlet or the outlet changes in this case. The part-
task simulator takes sum of the thermal power from both the SMR and CSP plant as the input
thermal power available.

~NPP Specifications

NPP Thermal Power (MW/th) 347
Mass Flow Rate

Core Outlet Temperature (C) 320
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FIG. 14. Nuclear-solar HES part-task simulator: cycle mass flow rate for the example on monthly power
variation (global plots mode).
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FIG. 15. Nuclear-solar HES part-task simulator: cycle efficiency for the example on monthly power variation
(global plots mode).

4.2. HOURLY POWER VARIATION (SIMULATOR MODE)

To visualize the hourly variation, nuclear-solar HES part-task simulator is operated in
‘Simulator’ mode. This mode is developed to incorporate the hourly position as well as monthly
position of the sun relative to earth. The part-task simulator calculates the power at the CSP
plant and the net output power from the HES in one complete year.

4.2.1. Simulation steps

Repeat Step 1 to Step 3 described in Section 4.1.1. In Step 4, click on the “Simulator” button
positioned below “Global plots™ as shown in FIG. 8. A new window will open asking to wait
until the calculations are complete. This is shown in FIG. 16. In Step 5, close the calculation
progress window after the graphs appear on the main window as it can be seen in FIG. 17. In
Step 6, set the “Select Hour of the Year” slider to 23 by clicking on “>>" button, which will
increment the hour value by 10 and keep the “Select Span of the Graph” slider to its default
value (i.e., 24). The obtained graph is shown in FIG. 18. In Step 7, drag the “Select Hour of the
Year” slider to 3185 hour, and the “Select the Span of the Graph” slider to 332 as shown in
FIG. 19.
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FIG. 16. Nuclear-solar HES part-task simulator: simulator mode calculation in progress.
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FIG. 17. Nuclear-solar HES part-task simulator: simulator mode calculations completed.
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4.2.2. Analysis of the output parameters

FIG. 18 shows the nuclear-solar HES part-task simulator output parameters for the specified
inputs. The graph at the bottom left side represents the hourly variation of the concentrated solar
power in kWth, and the graph at the bottom right side represents total power from the HES in
kWe. The CSP plant power output between hour 18 to 31 (1 January from 6 pm to 2 January to
7 am) is zero, because it is a nighttime at the specified location and the HES does not incorporate
any electrical power storage device. During this time, the total electrical output is only from
SMR, i.e, 131 MWe (38% of 347 MWth). As the sun starts to rise after hour 31 (2 January at 7
am), the thermal power output from CSP plant starts to increase, which results in an increase in
total power output from the whole HES. The peak power output from CSP plant on 1 January
is 135 MWth. The schematic at the top shows the values of thermal power from CSP plant,
cycle mass flow rate, the net output power of the HES and the hour value at which values are
displayed. At 23" hour, the thermal output power from CSP plant is zero, whereas the total
power output is 134.2 MWe and the mass flow rate is 127 kg/s.
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FIG. 18. Nuclear-solar HES part-task simulator: output parameters for the example on hourly power variation
(simulator mode).

FIG. 19 shows the output of HES at 3185% hour. The span of the graph is set to 720 and the
graphs show the hourly variation for one complete month (720 hours). Because of the simplified
models the total output power exactly follows the CSP curve. The peak on the graph at bottom
left shows that the maximum CSP is near 160 MWth, whereas the total peak electrical output
power is 195 kWe, although the SMR used 347 MWth. This is because of Rankine cycle thermal
efficiency of 38%. The peak electrical power is 38% of total thermal power from both SMR
and CSP plant. The cycle mass flow rate at this hour is 170.5 kg/s.

21



NPP Specifications
” Net Output Power
NPP Thermal Power (MWt 34 PIRORN  179951.06 kWe

Core Outlet Temperature (C) 320 4

r/'" csp

Number of Modules 1 \»?_, Hour Value

- 3185
Solar Specifications Rankine Cycle
Latitude (Degrees) 30 ia

r T r

Longitude (Degrees) 67 ‘B
Time Zone (GMT) +5

Calculate | : '_ ' .
L - 9
¢ ot _ ’T ’—r T T
Heliostat field
& Simulator

Select Hour of the Year _ Concennmedtomertoms? _— et Outout Pomer

> H!!lIH!HH.I!H!”HHH!H! - |_lllHI|ll|llllllll!ll|lllll||l
13 1473 2933 4393 5853 7313 mooco | HIAARAAKRAHA ‘ | iRl | wwoooo §. 1AL L0001 0000000000 ‘
wwd”w X, i Hitb ..i.._ — = | ‘ wm.m.:bw-m

720 ) ao00 4 (1IN (i

' L] i
— oo LI | |
W00 HH N

L o P ‘V‘J‘)";‘:—ﬁ' I').v‘ -:'v.l;' ;‘Iv'_‘f".

FIG. 19. Nuclear-solar HES part-task simulator: values of output parameters at 3185™ hour of the year for the
example on hourly power variation (simulator mode).

4.3. EFFECT OF LATITUDE ON OUTPUT PARAMETERS (GLOBAL PLOTS MODE)

In this example different latitude values are used and the part-task simulator is run in its “Global
Plots” mode.

4.3.1. Simulation steps

This simulation follows the same steps as described in Section 4.1.1 except for changing
“Latitude” to —30.

4.3.2. Analysis of the output parameters

FIG. 20 shows monthly variation of direct normal irradiance in southern hemisphere. The trend
is completely opposite to that in the northern hemisphere (compare to FIG. 11). This is because
of seasonal variations in the southern hemisphere that is completely opposite to that in the
northern hemisphere. The maximum direct normal irradiance is in month of December
(Perihelion + tilt towards the sun) whereas minimum direct normal irradiance is in June
(aphelion + tilt away from the sun).
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FIG. 20. Nuclear-solar HES part-task simulator: direct normal irradiance in southern hemisphere (global plots
mode).

Concentrated Solar Power
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FIG. 21. Nuclear-solar HES part-task simulator: concentrated solar power in southern hemisphere (global plots
mode).

FIG. 21 shows monthly variation of the concentrated solar power at the specified location which
exactly follows direct normal irradiance. The minimum concentrated solar power is 158 MWth
during the month of June whereas the maximum concentrated solar power is about 172 MWth
during December. The net power output and cycle mass flow rate from the nuclear-solar HES
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follows similar pattern to that of direct normal irradiance as shown in FIG. 22 and FIG. 23,
respectively. The peak net power output and minimum power output is 201 MWe and 195 Mwe,
respectively. The cycle mass flow rate varies between 185 kg/s and 190 kg/s.
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:

FIG. 22. Nuclear-solar HES part-task simulator: total power output in southern hemisphere (global plots mode).
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~
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FIG. 23. Nuclear-solar HES part-task simulator: cycle mass flow rate in southern hemisphere (global plots
mode).
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4.4. EFFECT OF CORE OUTLET TEMPERATURE ON CYCLE MASS FLOW AND
EFFICIENCY (GLOBAL PLOTS MODE)

In this example, the “Global Plots” mode is used to study the effects of different core outlet
temperatures on cycle mass flow rate and efficiency. The values of direct normal irradiance,
CSP, and net output power remains the same as described in Section 4.1.

4.4.1. Simulation steps

Repeat the Step 1 and 2, as described in Section 4.1.1. In Step 3, change the “Core Outlet
Temperature” from 320°C to 290°C and then click on calculate button (as shown in FIG. 24).
In Step 4, select the “Cycle Mass Flow Rate” and then click on show plot to view the graph as
shown in FIG. 25. In Step 5, click on “Cycle Efficiency” and then click on show plot to view
the graph. In Step 6, click on “Reset Global Plots” to remove the current graphs. Repeat Step 3
to Step 6 for “Core Outlet Temperature” of 300°C and 310°C.

NPP Specifications
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FIG. 24. Nuclear-solar HES part-task simulator: input parameters for the example of the effect of core outlet
temperature on cycle mass flow rate and efficiency (global plots mode).
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4.4.2. Analysis of the output parameters

FIG. 25 shows the variation of cycle mass flow rate for 290°C core outlet temperature. Although
the SMR thermal power and the location of CSP plant is the same as used in the example
described in Section 4.1, the values of cycle mass flow rate are different.

The cycle mass flow rate is higher in this case because the thermal power from SMR and CSP
plant are still the same as in the example described in Section 4.1, but the core outlet temperature
is decreased, thus the high mass flow rate is required to transfer the same amount of thermal
power. The peak value of cycle mass flow rate is 193 kg/s in June whereas the minimum value
of cycle mass flow rate is 188 kg/s in December.
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FIG. 25. Nuclear-solar HES part-task simulator: cycle mass flow rate at 290°C for the example on effect of core
outlet temperature on cycle mass flow rate and efficiency (global plots mode).

FIG. 26 shows the cycle efficiency monthly variation for 290°C core outlet temperature. The
cycle efficiency is constant throughout the year (similar to the one shown in FIG. 15). However,
the value of efficiency is reduced from 38.5% to 36.5% as the core outlet temperature is
decreased from 320°C to 290°C, because the turbine inlet temperature is decreased from 310°C
to 280°C.

It is assumed that the pinch point temperature difference for the steam generator is 10°C (as

shown in TABLE 1). Thus, the turbine inlet temperature varies only with core outlet
temperature.

26



-NPP Specifications

NPP Thermal Power (MWth) 347 N

Core Outlet Temperature (C) 290 Cycle Efficiency

Number of Modules 1 — eta
| 0.380 -
- Solar Specifications

Latitude

atitude (Degrees) 30 o
Longifude (Degrees) 67
Time Zone (GMT) +5

0.370

oy
Calculate a:J
Outputs E 0.365 -
w
& Global Plots 2z
>
 Simulator O 0.360
| SelectPlot from List | 0.355
Direct Normal liradiance
Concetrated Solar Power
Net Output Power 0.350 A

Cycle Mass Flow Rate
e i ency

0.345 4

T T T T T T
2 e 6 8 10 12
Months

FIG. 26. Nuclear-solar HES part-task simulator: cycle efficiency at 290°C for the example on effect of core
outlet temperature on cycle mass flow rate and efficiency (global plots mode).

TABLE 2 shows the values of minimum cycle mass flow rate, peak cycle mass flow rate and
the cycle efficiency for three different core outlet temperatures. The cycle mass flow rate
decreases with increase of a core outlet temperature, whereas cycle efficiency increases with
increase of a core outlet temperature.

TABLE 2. NUCLEAR-SOLAR HES PART-TASK SIMULATOR: OUTPUT PARAMETER
VALUES FOR THE EXAMPLE ON EFFECT OF CORE OUTLET TEMPERATURE ON
CYCLE MASS FLOW RATE AND EFFICIENCY

Core Outlet Peak Cycle Mass Flow Minimum Cycle Mass Flow Cycle Efficiency
Temperature (°C) Rate (kg/s) Rate (kg/s) (%)

290 194 188 36.4

300 189 184 374

310 186 182 38.1

4.5. EFFECT OF LONGITUDE AND TIME ZONE ON DIRECT NORMAL
IRRANDIANCE (GLOBAL PLOTS MODE)

In this example, the effect of longitude and time zone on direct normal irradiance is analyzed.
FIG. 27 shows the position of the earth relative to sun and the position of nuclear-solar HES at
two different locations: point ‘a’ at 30° longitude and 30° latitude, and point ‘b’ at 90° longitude
and 30° latitude. The earth completes one revolution (360°) around its axis in 24 hrs, thus
covering 15° longitude in one hour. For the same latitude, the direct normal irradiance at any
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longitude remains the same (neglecting the atmospheric effects), as each point on the constant
latitude line receives the same amount of solar radiation but with a time shift.

30° Latitude

30° Longitude
+2 GMT

90" Longitude N
+6 GMT

Equator
0" Latitude

FIG. 27. Nuclear-solar HES part-task simulator: location of nuclear-solar HES at 30° and 90° longitudes for
same latitude 30° (global plots mode).

4.5.1. Simulation steps

This simulation using the “Global Plots” mode follows the same steps as described in Section
4.1.1. The only difference is in Step 2, in which the longitude value is changed to 30° and time
zone to +2. Then click and plot the direct normal irradiance as shown in FIG. 28. As the
additional step, change the longitude to 90° and time zone to +6. Run the simulation again to
obtain direct normal irradiance as shown in FIG. 29.

4.5.2. Analysis of output parameters

FIG. 28 shows monthly variation of direct normal irradiance at 30° latitude, 30° longitude and
+2 GMT. The direct normal irradiance increases from minimum in month of December to
maximum in month of April as the earth revolves around the sun. The variation of direct normal
irradiance obtained for 30° latitude, 90° longitude and +6 GMT is exactly same throughout the
year as shown in FIG. 29, because at constant latitude the sunlight received at any longitude
throughout the day is same. Thus, changing the longitude does not affect the variation of direct
normal irradiance at constant latitude.

The power output from CSP plant directly depends on direct normal irradiance. It remains same
at two different locations on earth with same latitude. Hence, the other output parameters such
as the total power output and efficiency of the nuclear-solar HES also remains the same.
However, local climate conditions (humidity, air quality, turbidity etc.) can affect the direct
normal irradiance at different longitudes, but the major factor affecting variation in direct
normal irradiance, and the power output from CSP plant is the latitude.
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Direct Normal Irradiance

-

FIG. 28. Nuclear-solar HES part-task simulator: direct normal irradiance at 30° longitude and +2 GMT for the
example of the effect of longitude and time zone on direct normal irradiance (global plots mode).

Direct Normal Irradiance

-

FIG. 29. Nuclear-solar part-task simulator: direct normal irradiance at 90° longitude and +6 GMT for the
example of the effect of longitude and time zone on direct normal irradiance (global plots mode).
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ANNEX I
VAPOUR POWER CYCLE

The most efficient power cycle working between two specified temperatures is the Carnot cycle
[I-1]. It is not the realistic and suitable power cycle for power generation, because of the several
impracticalities such as the maximum temperature limit, high moisture content of the steam,
and the compression of liquid-vapour mixture. These impracticalities can be eliminated by
using the Rankine cycle, which is the ideal power generation cycle for power plants using
water/vapours (both fossil fuel, and nuclear power based).

I-1. IDEAL RANKINE CYCLE

The ideal Rankine cycle components and the associated temperature-entropy (7-s) diagram is
shown in Fig. I-1 (a) and (b), respectively. It consists of four processes associated with four
components. It does not consider any internal irreversibility as the heat transfer processes are
assumed to be very slow. Water is used as the working fluid.

Heat in
4

Steam <
generator

2

Constant pressure
heat addition

Work in )
Isentropic Isenlroylc
Pump compression expansion

Fy

Temperature (1)
(3% ]
S

Constant pressure
heat rejection

4 . Entropy (s)

Condenser Heat out

fa) (b)

FIG. I-1. Ideal Rankine cycle: (a) components, (b) T-s diagram.

Water enters the pump as saturated liquid (state 1) and is compressed isentropically from the
condenser pressure (P;) to the steam generator pressure (P2). The compression (process 1-2)
increases the water temperature by small differential as shown in Fig. I-1 (b). Due to increase
in pressure, water as a subcooled liquid (state 2), enters the steam generator, where it is
converted to superheated steam (state 3) following the constant pressure line P> (process 2-3).
The superheated steam then expands isentropically through the turbine blades and produce work
by rotating the turbine shaft (process 3-4). The isentropic expansion reduces the pressure and
temperature of the steam to condenser pressure and saturated temperature (state 4). The liquid-
vapour mixture (state 4) transfers the heat to the heat sink through the condenser at the constant
pressure (process 4-1), and saturated liquid is obtained at the exit of condenser (state 1). The
area under the process curve 2-3 represents the amount of heat added to water, whereas the area
under the process curve 4-1 represents the heat rejected in a condenser. The area enclosed by
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these curves is the work out in the Rankine cycle. The efficiency of the ideal Rankine cycle is
simply the ratio of work out to heat added [I-1].

The cycle efficiency can be increased by decreasing the condenser pressure, increasing the
turbine inlet temperature, or increasing the steam generator pressure. Decreasing the condenser
pressure increases the amount of heat required to achieve the state 3 in Fig. I-1 (b), but it also
increases the work output from the turbine and the net effect is the higher efficiency. Increasing
the turbine inlet temperature at constant pressure shifts the state 3 in Fig. I-1 (b) and increases
the turbine output work and efficiency. Increasing the steam generator pressure increases the
temperature at which heat is added, thus resulting in decreased input heat required to attain state
3 shown in Fig. I-1 (b), and increased efficiency.

I-2. ACTUAL RANKINE CYCLE

The ideal Rankine cycle can only be obtained if there are no frictional losses and irreversibility
associated with cycle components, which is not practical. The actual Rankine cycle is shown in
Fig. [-2 in comparison with the ideal Rankine cycle [I-1]. It deviates from ideal Rankine cycle
because of following:

— Pressure losses in steam generator (process 2-3), condenser (process 4-1) and the
connecting components (pipes, valves, etc.);

— Heat loss in steam generator (process 2-3) and the connecting components;

— Irreversibility in pump (process 1-2) and turbine (process 3-1).

Pressure losses in the steam generator and the connecting pipes are compensated by pumping
the fluid at higher pressure than required, which needs a relatively larger pump input power.
Heat losses are compensated by transferring more heat to the fluid than it is required. However,
the irreversibility in the pump and the turbine are dealt by introducing the isentropic
efficiencies.

Ideal Rankine cycle

P>

Actual Rankine cycle

Temperature (7)

v

Entropy (s)

FIG. I-2. Comparison of actual Rankine cycle with ideal Rankine cycle (adopted from [I-1]).
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I-3. IDEAL REGENERATIVE RANKINE CYCLE

The analysis of the ideal Rankine cycle (Fig. [-1) reveals that the sensible part of the heat is
supplied at low temperatures during the constant pressure heat addition (process 2-3), which
decreases the average temperature at which heat is added to the Rankine cycle and decreases
the efficiency. To increase the average temperature for heat addition feedwater heaters (open,
close, or combined) are used by taking a portion of steam (called bleed steam) from turbines at
various points. This results in increase in average temperature at which heat is added to the
Rankine cycle and thus increases the cycle efficiency [[-2].
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FIG. [-3. Ideal regenerative Rankine cycle: (a) components (adopted from [I-1]), (b) T-s diagram (adopted from
[1-1]).

Figure -3 (a) and (b) represents the ideal regenerative Rankine cycle components and the
associated 7-s diagram, respectively. The bleed steam at intermediate pressure (P3) is taken
from the turbine at state 6 for providing the sensible heat during constant pressure heat addition
process. The remaining steam continues to expand isentropically through the turbine (process
6-7); rejects heat through the condenser (process 7-1) and then pumped to the intermediate
pressure by pump 1 (process 1-2). The subcooled water at state 2 and the bleed steam at state 6
mixed in open feed water heater to give saturated liquid at state 3. The saturated liquid is then
pumped to state 4 before entering to the steam generator, which then heats the water to
superheated steam. The portion of the heat (process 2-3) is supplied internally to the liquid,
reducing the external heat addition to the Rankine cycle (process 4-5). This results in increased
cycle efficiency [I-2].

In actual cycles combination of open and closed feedwater heaters are used for regenerative
purpose to reduce the cycle irreversibility. The bleed steam from the turbine can also be used
for cogeneration purpose which can increase the overall efficiency of the combined system.
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I-4. RANKINE CYCLE IN PRESSURIZED WATER REACTORS

Figure I-4 shows a simplified Rankine cycle in pressurized water reactor. The schematic of
complete system used in Rankine cycle is shown in Fig. [-4 (a). The reactor coolant pump and
the pressurizer are not modelled, because pressure losses are neglected inside the reactor
pressure vessel, steam generator and the connecting components. In the primary loop, water is
heated from temperature 7} (state ‘b’) to 7, (state ‘a’) inside the reactor pressure vessel under
constant pressure P3 as shown on 7-s diagram in Fig. -4 (b). The water in primary loop then
enters the steam generator and transfer the heat to the water in secondary side. In the primary
side only the temperature of the water decreases (state ‘a’ to state ‘b”), whereas in the secondary
side the temperature as well as the phase of the water changes (subcooled water at state 2 to
superheated steam at state 3 as shown in Fig. [-4 (c)). The superheated steam expands
isentropically through the turbine producing the work, which then rejects heat through the
condenser and converts to saturated liquid (state 1) and pumped again to the steam generator

pressure (state 2).
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FIG. I-4. Rankine cycle in pressurized water reactors: (a) components, (b) T-s diagram for primary side
(adopted from [I-1]), (c) T-s diagram for secondary side (adopted from [I-1]).

The 7-s diagrams for both the primary and secondary system is combined in a single 7-s
diagram inside steam generator as shown in Fig. [-5. The temperature at state ‘a’ in the primary
loop is higher than temperature at state ‘3’ in the secondary loop. Similarly, the temperature at
state ‘b’ in the primary loop is higher than the temperature at state ‘2’ in the secondary loop.
The minimum temperature difference (state ‘c’ in primary loop) occurs when the temperature
in secondary loop reaches the saturation temperature and is called pinch point temperature
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difference. It dictates the performance and irreversibility in steam generator [[-2]. A similar 7-
s diagram can also be drawn for the condenser in the Rankine cycle to show the irreversibility
and the performance of the condenser.
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FIG. I-5. T-s diagram for the steam generator of pressurized water reactor (adopted from [I-1]).
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ANNEX II
CONCENTRATED SOLAR POWER PLANTS

Concentrated solar power (CSP) technologies use reflectors to focus and concentrate the solar
radiations onto a solar energy receiver, where the solar radiations are absorbed and converted
into heat. Unlike photovoltaic cells which generates electricity, CSP produces heat which can
be either used directly for industrial processes (hydrogen production, fertilizers etc.) or to
produce the steam for generating electricity through turbine and generators [II-1]. CSP plants
when integrated with energy storage devices become dispatchable potential application for
electricity production [I1-2].

Large number of reflecting mirrors with sun tracking controls are used to get highly
concentrated solar radiations at the receiver. The higher concentrations lead to higher
temperatures for steam generation and thus the better efficiency. However, a major
technological challenge with CSP is to get the required optical precision and minimum
environmental influence with lowest cost.

II-1. TYPES OF CSP TECHNOLOGIES

In practice four different basic technologies are used for CSP plants that include parabolic
trough reflectors, linear Fresnel reflectors, dish type reflectors and the solar power tower.
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FIG. II-1. Parabolic trough reflector CSP plant.
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Figure II-1 shows a schematic of the parabolic trough reflector CSP plant. In this type of CSP
plant, parabolic mirrors are used to concentrate the solar radiations on an axial absorber tube
passing through the focal point of each parabolic trough. The absorber tube is specially designed
and contains a thermal fluid which allows heating up to 400°C. Solar field piping carries the
heated thermal fluid to thermal energy storage, where the energy is stored and used for
electricity generation. Uniaxial control is provided to the parabolic troughs for tracking the
location of the sun [1I-2].

Figure I1I-2 shows a schematic of linear Fresnel reflector CSP plant which is similar to the
parabolic trough reflector. It consists of single centrally located fixed absorber tube, on which
the solar radiations are concentrated through Fresnel reflectors.
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FIG. II-2. Linear Fresnel reflector CSP plant.

Figure II-3 shows a schematic of dish type reflector CSP plant. In this type of CSP plant several
dish type concave mirrors are used to concentrate the solar radiation on small power conversion
units. The power conversion units are located at the focal point of each dish and converts the
directed solar thermal radiation directly into electrical power [II-1]. The electrical power is then
distributed to the final users.

Figure 114 shows a schematic of solar power tower CSP plant. In this type of CSP plant,
biaxially controlled, thousands of heliostats are used to concentrate the solar radiations on
centrally located solar power tower receiver. The energy from the concentrated solar radiations
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can increase the increase the temperature at receiver beyond 1000°C. The heat is absorbed by
the heat transfer medium in solar power tower, which transports the energy to the thermal
storage in the range 300—700 °C depending on the type of heat transfer medium (water/steam
or molten salt). The size of single heliostat can be as large as 200 m?, and it consists of large
number of mirrors placed side by side on a single platform. The stored thermal energy is used
for electricity production, which is then distributed to final users.
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FIG. II-4. Solar tower CSP plant.

41



II-2. ENVIRONMENTAL IMPACTS OF CSP PLANTS

Several factors need to be considered to analyse the environmental impact of CSP plants. The
first one is the greenhouse gas emissions. The advent and integration of thermal storage systems
with CSP plants results in increased availability without using fossil fuel power plants, thus
resulting in decreased greenhouse gas emissions throughout the CSP plant life cycle. Almost
all the greenhouse gas emissions in new CSP plants comes from the manufacturing of
construction materials like glass, steel, concrete etc [1I-1].

The second important factor is the land requirement which is about 0.01 km?>/GWh per year for
CSP plants [II-3]. Since they are primarily built in desert areas or on non-arable land; the land
requirement is not an issue. However, there exists a risk to birds and insects’ life. The studies
have showed that appropriate control of mirrors can lower this risk [1I-1].

Another important factor is the visual impact of CSP plants. The reflections from the heliostats
and the strong brightness of the solar power tower can be disturbing to surrounding areas.
However, the hazard values are much lower than one caused by sun itself. In summary, the
overall environmental impact of CSP plants is very low as compared to the fossil fuel power
plants.

II-3. CSP PLANTS ACROSS THE WORLD

Global CSP generation capacity at the end of 2020 was 6.7 GW [II-4], from several CSP plants
that are in operation across the world. Solar power and chemical energy systems (SolarPACES),
an international program of the international energy agency have prepared a comprehensive
data on CSP projects around the world that includes several technologies (parabolic trough,
solar tower, linear-Fresnel, and dish type), which are either operational, under construction or
under development [II-5]. Table II-1 shows the details of few CSP plants that are currently in
operation. Analysis of database reveals that the parabolic trough based CSP plants are the most
common across the world, followed by solar tower CSP plants, whereas none of the dish type
CSP plant is operational yet.

TABLE II-1. OPERATIONAL CSP PLANTS ACROSS THE WORLD [II-5]

Power station Location Technology Nominal Storage
Type Capacity (MW) Capacity (hrs.)

Noor III Morocco Solar power tower 150 7

Khi Solar One South Africa  Solar power tower 50 2

Kathu Solar Park South Africa  Parabolic trough 100 5

La Florida Spain Parabolic trough 50 7.5

Augustin Fresnel 1 France Linear Fresnel 0.3 0.25
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NPP
SMR

ABBREVIATIONS

Concentrated Solar Power
Hybrid Energy Systems
Nuclear Power Plant
Small Modular Reactor
Temperature-Entropy
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