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Abstract

Solar power is considered among the leading renlewexiergy technologies. Abundant supply,
flexibility of installation, and decreasing cost kea it an interesting renewable energy resource.
However, there are challenges associated withethability of solar power due to its intermitterdatare.
This work demonstrates the synergies that exisitegrated hybrid systems, where a dispatchabladue
used in conjunction with concentrated solar povimrthis simulation-based study, a parabolic trough
solar concentrator is used to collect solar enefidgye heat collected from the solar field is used to
generate steam in a Rankine cycle. The systenuélszes natural gas combustion in the steam geoera
to provide supplemental steam when the solar iitieissreduced due to cloud cover or at night. altu
gas is also used for superheating the steam, vetfliolvs the system to produce higher temperaturds an
achieve increased thermodynamic cycle efficiencidss flexible design produces 100 MW at nominal
conditions, while it is capable of producing a nmxm of 140 MW when sufficient solar energy is
available. The novel contributions of this worklimbe a complete, systems-level, dynamic model of a
hybrid solar plant. The model is complete with atool system that smoothly transitions the plaotrfr
pure natural gas mode at night to solar hybrid nthd@éng the day. It evaluates innovative desigruiess
such as flexible fuel operation, steam superhedtinigpost efficiency, and preheating by solar ostea
heat. Furthermore, this work demonstrates thatyyitlizing a solar system with a dispatchable eperg
source, both the reliability and efficiency of thelar power production are increased. The anndat-so
to-electric efficiency increases from 15.2% to 384lwith hybridization, which indicates that utiliizan

of the solar energy is effectively increased.

Keywords: concentrated solar power, natural gas plant, hydgystiem, dynamic simulation and control



45

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

83

84

85

Nomenclature

FIT° <>OAVOEX "
=]

SFB

Conv
comb
Eff

STE
BFW
abs

sh
rh

Rabs,g

temperature
time

length

mass flow rate

heat capacity

pressure
temperature

perimeter
area
volume

density

heat transfer coefficient
heat transfer fluid
firebox

secondary firebox

heat radiation
convective

combustion
efficiency

generator

resistance between tube and envelope
solar power

radius
Stefan Boltzman constant
emissivity

high pressure

low pressure
intermediate pressure
solar-to-electric efficiency
boiler feed water
absorber

glass

superheated

reheated

thermal resistance between the absorber tube arglahs envelope

efficiency



86

87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118

1. Introduction

The world is in need of reliable and cost effectieaewable energy sources for a sustainable and
cleaner future. While solar and wind show greatrpse and are decreasing in cost, they are variable
nature and cannot yet be entirely relied upon tetrttee energy demand of consumers on a large scale.
This requires dispatchable energy sources to sasva backup. Natural gas is currently a low cost,
abundant, and relatively clean fuel source andsholdch promise as a fuel that can aid in the tiansi
to a renewable energy economy over the next sedecades. While fossil fuels, renewables, and other
energy sources are generally combined at the gnellto collectively meet electricity demand,
hybridizing energy sources at the plant level isgmnmonly implemented. Hybridization, however, can
allow a plant to exploit the benefits of multipleeegy sources. Solar thermal power, which harnabses
energy of the Sun to create heat, utilizes conwaatipower generation equipment. Because of tlois fa
solar thermal can be easily integrated with otlued Sources [1], [2]. These sources include gaal, co
biofuel, wind, photovoltaics, nuclear, etc. A sunmynaf recent literature studying various hybridipat

schemes of solar thermal power with these othérsiuerces can be found in [1].

Hybridization of solar thermal power with a disgeable fuel, such as natural gas, can also
benefit conventional thermal plants by offsettinge temissions and fuel costs, achieved from
supplementing the thermal plant with sustainablarsenergy [3], [4]. Such plants can be designetth wi
expandable solar capacity by increasing the sizbeoolar field and adding thermal energy stofagie
[6]. This would allow the plant to gradually traimsin to a predominantly solar plant, while utiligitow
cost and reliable natural gas in the interim. Addilly, hybridizing solar plants with fossil ordfuel
can reduce the economic and technical barriersceted with a pure solar plant [7]. Although solar
energy has experienced a substantial reductionogt in recent years, it is still substantially more
expensive than the fossil fuel-based power germgratystems for baseload power generation. Henise, it
economically beneficial to hybridize the solar péawith fossil fuel-fired plants [8], [9]. Alterniakly, in
order to achieve completely renewable energy, biivdd fuels can also be combined with solar thérma

power in a hybrid configuration.

A critically important benefit to hybridizing theoksr plants is the substantially increased
reliability of the plant due to the addition of shtchable fuel. This benefit becomes obviousafeolar
plant technology such as concentrated solar po@8P}. CSP is a mature technology that has synergy
with conventional power generation equipment [XOFP technologies also have many benefits with
respect to large-scale electricity production, kenthe photovoltaic technology, while it also emshlow
cost thermal energy storage (TES) [A1P]. The reliability issue associated with the intdtemt nature

of the CSP technology can be resolved by integyatinvith a fossil or biofuel-fired power generatio
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unit. This hybrid plant can rely mostly on the sgl@wer during the day while fossil fuel can ensare
continuous supply of power during the night andudlp periods, assuming that the system is designed
correctly. Hybridization allows the plant to contously produce power, as opposed to a stand-al&fe C
plant that produces power only during daylight ofiin absence of a substantial TES systigl]), [14].

A strongly synergistic plant will also allow thelaonand fuel components of the system to effectivel
share pieces of equipment, such as a boiler aranstarbine. Sharing equipment also results in a

reduction of the overall capital cost for the sgste

A key field of research is the design of hybrid nita at the systems level. For instance,
hybridizing the parabolic trough with a combustiflel can provide external steam superheating. This
allows the plant to rely on this fuel to achieve tligher temperatures required for a more effighenter
cycle, while allowing the solar collector to operatloser to its optimal temperature. The efficiency
gained by hybridization reduces the required sal@a and the capital cost of the plahb]. The
flexibility of hybridizing a solar plant with a diatchable fuel also leads to opportunities forrojzing
the operation. To achieve this, the solar portibthe plant can be operated at or near its optjpoait,
depending on the ambient conditions [16]. This pErmmarvesting the maximum amount of solar energy
while also reducing the need for the fuel. Addiityy, studies have shown that during periods of low
solar availability, it is more efficient to run thelar field at low outlet temperatures, which reshi
radiative heat losses. In such circumstances, eugstible fuel is utilized to supply a portion ofeth

electricity load and ensure continuous power pridadg17], [18].

Using solar power and natural gas synergisticallg Rankine cycle is a promising concept due
to the inexhaustible supply of solar energy [ZR][and the existence of well-developed steam-based
power generation technologies. A popular solar matiral gas hybrid configuration is the Integrated
Solar and Combined Cycle (ISCC) concept. This cphases the efficient combined cycle technology of
a natural gas combustion turbine with waste heabvwery to produce steam for additional power
generation. This technology can seamlessly incatposolar energy by using a solar field to produce
additional steam to augment to bottoming cyclerol@CC configuration [20], [21]. In fact, there ae
wide variety of hybrid configurations that have beexplored in literature, with a thorough review
provided in [1]. However, there is still a greasearch need for the development of hybrid energy

systems to maximize the overall benefit.

The study presented in this work has multiple dbjes. This study presents a novel design of a
parabolic trough-based solar thermal and naturallgdorid power plant. A key design objective is to
create a system that improves the solar-to-eleetficiency (STE), defined as the ratio of solango to

the available solar energy, by effectively combingolar energy with fuel-based energy. The design
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presented in this work has several innovative featult has a dual source boiler that uses a ged-fi
primary firebox for steam generation and superhgatvhen the plant is in natural gas mode. In solar
mode, the primary firebox is unnecessary as sotarges the heat for steam generation. Howevehiin
mode, the solar temperatures are not sufficienpriovide superheating; thus, the plant utilizes a
secondary firebox to boost the steam temperaturenéwe efficient power production. The system also
provides flexible preheating of the boiler feedwatehich is achieved by a combination of recovered
heat from solar, steam extraction from the turhirsesl waste heat from the boiler via an economizer.
While this work does not focus on ISCC, it coulditiegrated with such a concept by replacing sofme o
the air intake and fuel firing with effluent stresufrom a gas turbine. However, this is outsidehaf t

scope of this work, which seeks to focus on symtigdesigns and control of hybrid steam powertglan

This work pays special attention to the combinatibdesign and control to ensure that the plant
can be economically and reliably operated. Becao$a is very transient, control of the plant isvho
trivial. Switching from natural gas mode to solgbtid mode requires extreme changes in operatiba. T
system is designed to seamlessly handle thesadtimassi.e., it is coupled with a robust contrgktem
that effectively switches between two different igyesources. Often in literature, the control sysfer
solar plants is not developed in detail as the osutypically on design or performance. A dynamic
approach for modeling of solar plants is essebtahuse they are inherently dynamic in nature ngilie
rapid fluctuations of available sunlight. Becausese fluctuations pose great risks to the system
reliability, a robust control scheme is necessargftectively respond to disturbances and contistyou
produce power efficiently. This study is among fhst to investigate hybrid solar/natural gas plant

combination with a closed-loop control scheme.

A final objective of this work is to use the systemodel to quantify the benefits of this hybrid
design over an entire year and summarize the kefpmpeance indicators, such as solar share and STE.
Solar share is also defined as the fraction ofttt@ power production from solar energy. Simulatio
results demonstrate that the hybrid plant has gmawement of 71.9% in STE over a stand-alone solar
plant on an annual basis. This increased STE iausecof the higher thermal efficiency observecin t
hybrid plant, largely due to gas-fired steam supating and the various forms of waste heat recowery
the plant. The overall efficiency of the hybrid mpids only 5.9% lower than a pure natural gas plant

indicating a minimum efficiency loss due to hybralion.

The remainder of the paper is divided into fiveti®ers. Section 2 provides an overview of the
system, followed by a description of the modelspreed in Section 3. In Section 4, an overviewhef

control schemes proposed for the different comptsnehthe stand-alone and hybrid plants is provided
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Then, the simulation results and control perforneaotthe system are illustrated in Section 5. Bnal

Section 6 provides a summary of the results arettans for future work.

2. System Overview

The solar thermal and natural gas hybrid powertpktmown in detail in Figure 1, uses a solar
field to heat up a thermal oil, or heat transfeid|(HTF), which is used to transfer heat to a Raak
power cycle. The nominal power production from Benkine cycle during the night is 100 Mwhile
the plant can produce as much as 140 MW duringldlye depending on the received DNI. The solar heat
is coupled with natural gas, which provides dispakility and reliability by being available on demda
In addition to enhanced reliability, natural gas @so improve the solar-to-electric efficiencythe
plant, by being used in a synergistic manner. Téggth presented in this paper uses a dual-firderbhoi
with solar heat and natural gas being used by téeaTs generator to produce steam at 625 K (170 bar)
while natural gas is also used in a secondary dieto superheat and reheat the steam to higher
temperatures (824 K) [22]. The superheated steatheis depressurized in three turbines to produce
power. This design allows the solar heat to becgffely used within the limits of the heat transfieiid,
resulting in a reduction of the radiative heat ézs®f the solar field and preservation of the HTF.
Additionally, using superheated steam in the Ramkiycle enhances the overall thermal efficiencthef
plant. This synergistic design also provides flditibfor the plant to easily shift between a hybrnode
and a solely natural gas mode at night. This irsredhe overall capacity factor of the plant, alfgnit

to produce power around the clock.
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The plant considered in this study is designedctoesre an instantaneous solar share as high as
possible and utilize solar effectively even at fleak annual solar irradiance for the site. Thetpisn
located in the Southwestern United States, wherecdinormal irradiance (DNI) from the Sun is
prominent. The hourly DNI values are obtained frt@ typical meteorological year (TMY) data for Las
Vegas, NV [23]. Because the plant relies on hykation with a supplemental fuel for dispatchability
rather than TES, it is not desirable to oversiz dblar field or excess solar energy would be urasa
An illustration of the different components of thgbrid system and the assumptions considered fir ea

component is provided in the following sections.
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Figure 1. The hybrid plant including the parabalic trough solar field, steam generation, turbines, boiler, and
feedwater preheaters.
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2.1 Heat Transfer Fluid L oop

The heat transfer fluid is used to generate stedrnch occurs through the pipe coils in the steam
drum. The steam drum produces saturated steamOatd7 and 625 K, corresponding to a design
temperature of 665 K for the HTF exiting from thargbolic trough solar field. After the heat frone th
HTF is used to produce steam in the steam drunfjultk now at 630 K is used for auxiliary preheati
of the boiler feedwater (BFW). The unit used foisthurpose, denoted as the solar BFW preheater in
Figure 1, is a shell and tube heat exchanger andad to extract more heat from the HTF before it
returns to the parabolic trough. The HTF enterimg parabolic trough is nominally at 587 K, although
this temperature varies with time. TemperaturethefHTF, when the DNI reaches 900 V{/mre shown
in Table 1.

Table 1: Temperaturesin the HTF loop during solar operation.

Location Temperature (K)
Solar field outlet/steam drum inlet 665
Steam drum outlet/solar BFW preheater inlet 630
Solar BFW preheater outlet/solar field inlet 587

2.2 Steam Cycle

Steam can also be generated by combusting natasaingthe firebox. The heat of combustion
radiates from the flame and combustion air to thertcomer and riser tubes that are used to circalate
saturated mixture of water and steam in and otlheffirebox. The heat from natural gas combustion i
used to vaporize the water in these tubes. Thiplsagental gas firing can be varied by using theinmzét
gas firing rate as a manipulated variable to ahibe desired steam flow rate. Once the satur&taths
generated by a combination of solar thermal andrabgas combustion heat, exits the steam druis, it
superheated using an auxiliary firing of naturad gaa secondary firebox. Because the paraboligtro
solar field is not capable of achieving temperatunecessary for steam superheating, this is achieve
purely by using natural gas. The availability otural gas for superheating the steam allows thenste
cycle to achieve higher temperatures that resnlts higher Rankine cycle efficiency. The supertetate
steam exits the superheater at 824 K. Steam frensuperheater enters the high pressure (HP) turbine
and the energy released from its depressurizasiarsed to produce power in a generator. Exitingnste
from the HP turbine, now at 35 Bar and 595.6 Ksdst back to the reheater to reach a temperat@24of
K. This is because higher temperatures of the iegtesteam to the intermediate pressure (IP) turbine
result in more power production in the generattie Superheated steam from the reheater is theaedivi

between the IP turbine and the closed heat exchaalge referred as closed feedwater heater. Tdsedl
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heat exchanger uses the superheated steam to wathre uincoming water and sends it to the high
temperature open BFW preheater. The high temper8E%V preheater uses this hot water to heat up the
incoming water from the low temperature BFW prebeaffter power production in the IP turbine,

steam exits the turbine at 7 Bar and 602.5 K.

Between the IP turbine and the low pressure (lUPdine, a small fraction of the steam is
extracted and used to preheat the BFW in the lompézature BFW preheater. While this reduces the
power generation from the LP turbine, it is necessa supplement the heat supply from the economize
to reach the saturation conditions of the feedwatgering the steam drum. The majority of the steam
exiting from the IP turbine is used to generate goim the LP turbine. The stream that exits the LP
turbine is at 0.2 Bar and 333.3 K before enterimg ¢condenser. The condensed water is then pumped
back to 7 Bar. The water is preheated in the d8FW preheater to make use of the available solar
energy, although a fraction of the steam from tRetlrbine is drawn for this purpose when solar gner
is not available. The final stage of boiler feedwapreheating is achieved in an economizer, which
consists of high pressure water tubes passingghrthe exhaust duct to take advantage of the vieste
from the combustion process. The economizer otdlaperature is controlled by the amount of natural
gas firing in the secondary firebox with the obijeetof getting the steam drum inlet temperature to
slightly under the steam saturation temperaturenplegatures, pressures, and the states of the stater!
streams are summarized in Table 2, while a T-Srdmagf the steam cycle is provided in Figure 2. The

control scheme of the entire system is describeftiail in Section 4.

Table 2: Temperatures, pressures, and fluid state throughout the steam cyclein hybrid mode. The position
number s correspond to the numbersdescribed in Figure 1.

L ocation Position | Temp. | Pressure | Specific State
(K) (Bar) Enthalpy
(kJ/kg)

BFW Pump 1 inlet 1 333 0.2 250.6 Slightly sub-

cooled liquid
Low T BFW 2 335 7 259.5 Sub-cooled liquid
preheater input
from Pump 1
BFW Pump 2 inlet 3 438 7 696.8 Sub-cooled liquid
High T BFW 4 439 35 702.7 Sub-cooled liquid
preheater input
from Pump 2
BFW Pump 3 inlet 5 482 35 893.0 Sub-cooled liquid
Solar BFW 6 486 170 916.0 Sub-cooled liquid
preheater inlet
Economizer inlet 7 610 170 1559.0 | Sub-cooled liquid
Steam drum inlet 8 625 170 1690.0 Saturated liquid
Superheater inlet 9 625 170 2547.1 Saturated steam




HP turbine inlet 10 824 170 3429.6 Superheated steam

Reheater inlet 11 595.6 35 3035.1 | Superheated steam
IP turbine inlet 12 824 35 3566.4 Superheated steam
LP turbine inlet 13 602.5 7 3120.1 | Superheated steam
Condenser inlet 14 333.3 0.2 2609.0 Slightly
superheated steam
Closed heat 15 476.7 35 869.1 Sub-cooled liquid

exchanger input
from High T BFW
preheater

Closed heat 16 510.2 35 1023.3 Sub-cooled liqujd
exchanger outlet to
High T BFW inlet

264
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265 Specific Entropy (kJ/kg K)

266  Figure2: A T-Sdiagram of the steam cycle of the hybrid plant that showsthe different ther modynamic states
267 when solar power generation is active. The location numbers correspond to the numbersdescribed in Figure
268 1and Table 2.

269 2.3 Combustion Air Loop

270 Before air enters the firebox, it is preheatedthg exhaust flue gas using a rotating-plate
271 regenerative air preheater, which allows it to gepadditional exhaust heat. The hot air is mixdith w
272 natural gas, as it combusts in the firebox to mtevieat for steam generation. The exhaust fludrgas
273 the firebox travels to a secondary firebox, whetditgtonal heat is added via natural gas combustion

274  superheat the steam in the superheater and ren&hgesystem is designed this way because it allows
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production of steam at a temperature that is aablevwith parabolic trough solar heat (625 K).
However, with natural gas combustion, a steam teatpee of 824 K is also achievable, resulting in an

efficient Rankine cycle.

After the auxiliary firing in the secondary firehathe hot flue gas stream is split into separate
ducts for superheating and reheating. A dampeseésl tio control the fractions of flue gas going acle
duct and gives the system another actuator sotlieasteam temperatures from the superheater and
reheater can each be controlled. This is explainedetail in Section 4. The flue gases from the
superheater and reheater are then recombined Isaictheir heat content can be used in the economize
to preheat the boiler feedwater. Finally, the lowesperature exhaust flue gas is used in theimgtat
plate regenerative air preheater to harness mamygty preheating the ambient air before it entiees

primary firebox.

3. Model Development

The model is developed and simulated in Matlab it8imulink interface using fundamental
energy and material balance equations and thernaoaignrelationships. Control schemes that use
proportional, integral, and derivative (PID) cotligcs are also implemented to regulate the planingu
transient operation. The description of the compthef the hybrid model is given in the following

sections.

3.1 Parabolic Trough Solar Field

The solar trough consists of a 257,256 amea to collect the solar power. This area is the
minimum solar collector area required to produce dbsirable output temperature of the HTF (665 K).
Therminol VP1 is the heat transfer fluid used iis tudy. Before sending the heat transfer fluidhi
steam drum, the goal is to achieve a temperatu@66fK for the heat transfer fluid, noting that the
maximum temperature limit of the HTF is 673 K befategradation occurs. An energy balance on the

heat transfer fluid yields the following equation:

A o s i o Owr e
xsPhtf hth_mhtf nef g, My i (Ther — Tabs) (1)

Thtflxzo = Tinlet

whereTy, is the temperature of the heat transfer fluid eabsorber pipei,; is the inner cross-sectional
area of the absorber tubs, is the HTF density;,,, is the HTF heat capacityy,, is the mass flow rate
of HTF, hy, is the convective heat transfer coefficient betwdenHTF and the inner pipe watl,is the

axial distancet represents time, angl is the perimeter of the pipe. In this equation,ssuipts ‘abs”,
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i",and" htf" refer to the properties of the absorber pipe, ipige properties, and heat transfer fluid,

respectively.

An energy balance on the absorber pipe, assummpgetature variations occurring only in the

axial direction, is used to solve for the tempematf the absorber pipe:

~

aTabs

~ P " 2
Axs,abs pabsCabs 7 = hhtfPi (Thtf - Tabs) - # (Tabs4 - Tg4) +q -w- Nopt ( )
abs,g

where the subscript” means outer,g” refers to glassd,s s iS the inner cross-sectional area of the
absorber tubeg, is the outer perimeter of the pipe, ang; is the optical efficiency of the receiver that
accounts for reflectivity of the mirrors, transnivéty of the glass envelope, absorptivity of thesatber
pipe, and cosine losses, agidis the direct solar flux hitting the parabolic noirrw is the width of the
mirror, andr,,,; , is the thermal resistance between the absorberauthéhe glass envelope, expressed in
terms of the emissivities of the outer surfacehef dbsorber pipe,,) and the inner surface of the glass
envelope ;). The thermal resistance is represented by thewiolg equation:

1 (1=&)Tapse

Eabs gg I‘g,i (3)
o

Rabs,g =

wherer s, is the radius of the outer surface of the absopi@,r,; is the radius of the inner surface of

the glass envelopando is the Stefan-Boltzmann constant [24].

Finally, an energy balance on the glass envelog@ch also only considers temperature

variations in the axial direction, is given by fledowing equation:

P, ; ~ ~
R 2 (Tabs4 - Tg4) - Pg,oogg (Tg4 - Tai‘r4) - hairPg,o (Tg - Tai‘r) (4)
abs,g

aTg —

Axs,g PgCq FT

where4, , is the inner cross-sectional area of the glass. titbthe energy balance Equations 1, 2, and 4,
the temperature$,,,, T,,s, and T, are functions of both time and axial distane¢ @long the solar
collector.?,; andP,, arethe inner and outer perimeter of the glass tubspeetively. The heat transfer
coefficients for the inner absorber pige,.) and outer glass envelopg,{) are calculated using

empirical relations between Reynolds number andd®raumber [24].

To solve the model, the solar field is dividedismaller control volumes, or nodes, and each of
the partial differential equations (PDESs) is apmmated by a set of ordinary differential equations
(ODEs). The number of nodes is selected basedoataace between the model accuracy and complexity

to have a reasonable simulation time. The spagalvatives in Equation 1 are approximated with a
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backward finite difference approximation. The mottebkolved in time using a Runge-Kutta numerical

integration. More details on this methodology arailable in [5], [6].

3.2 Dual-Fired Boiler

3.21 Steam Drum

In solar mode, the hot heat transfer fluid from soéar field enters the steam drum and delivers
heat to the boiling water in the steam drum throongfitiple coils. For an individual coil, the tempéure
down the length of a single coil can be determimgdolving an energy balance. Assuming the tubéswal

to have the same temperature as the fluid indigecmhergy balance and boundary condition are Esfol

aThtf . aThtf ~
Asththhth = =My Cpey “ox + hpeg P(Tsq — Theyr)

()
Thtflxzo = Tinlet

where the subscripsd” refers to the saturated steam conditions in #enstdrum.

Using a pseudo-steady-state approximation, anggnealance around the entire heat transfer

fluid tube bundle within the steam drum can be usesblve for the steam flow rate:

1 _ rhhtf ChifAThefNeoirs (6)
stm,solar — A}_'L
vap

whereaAh,,, is the heat of vaporization (on a mass basis) @stturated mixturey.,;; is the number of
steam drum coils, and the subscrigit, solar” refers to the mass flow rate of the steam duedaiar

heat input.

3.2.2 Firebox

The firebox is used for natural gas combustionupptement the solar steam generation. It is
comprised of a large combustion chamber surroutyedowncomer and riser tubes that circulate the
liquid/vapor mixture between the steam drum andfittedox. The firebox is sized such that naturad ga
combustion can fully provide the heat necessaryrfaximum power generation, even when solar energy
is not available. In this mode, the plant essdwptiaperates as a conventional steam power plarg. Th

firebox is modeled as a single-node control voluvita the following energy balance equation:

dT Ty
f .
VFB Pcomb Ccomb E = _mgasesj CPdT + (Qcomb - Qrad - Qconv,fb - Qloss) (7)
Tin

where subscript¢omb” refers to combustiorQ.,,,, refers to the heat of combustion from burning the

gas,p.omp @aNdC.omp refer to the density and heat capacity of the agtibn fuel, respectively,..4 and



350 Q. are the heat delivered from the firebox into ttevdcomer and riser tubes by radiation and
351 convection, respectively),,ss is the heat lost from the firebox to its surroungdi ,Vy5 is the volume of
352  the fireboximg,s refers to the mass flowrate of the flue gas infittedox, andry refers to the outlet flue
353 gas temperature of the firebox. In Equation 7, terafure dependent heat capacities and the intefjral
354 the heat capacities are calculated using relatipasihhom [25]. The individual heat transfer terne a

355 expressed below:

Qcomb = Mpye LHV (8)

Qraa = Apiperaa(€g,rpTeomp” — €pTpipe”) 9)
Qeonv.rb = hepApipe conv(Teomp — Tpipe) (10)
Qioss = UAsp (Teomp — Tamb) (11)

356  where the subscripinb” refers to ambient temperaturey,, is natural gas flow ratéHVis the lower
357 heating value of natural gaand Apiperaq @aNd Apipe cony @re the total pipe area that is exposed to
358 radiation and convection from the firebox gasespeetively. Additionallyg, ¢, is the emissivity of the
359 firebox gasess, is the absorptivity of the pipéy,, is the convective heat transfer coefficient betwie
360 firebox gases and outer pigé,is the overall heat transfer coefficient for hiestises from the firebox to

361 ambient, andqﬂ, is the outer surface area of the firebox.

362 To compute the amount of energy transferred ihto dctual steam, an energy balance is first
363 computed on the downcomer and riser walls, denetid the subscript gipe”. In the following

364  equationmy;,, is the pipe mass:

dT l e
mpipecpipe % = (Qrad + Qconv,fb - Qconv,pipe) (12)
Qconv,pipe = npipehpipeﬁL(Tpipe - Tstm) (13)
365 Steam generation due to natural gas firing is ately delivered to the fluid via convection from

366  the pipe walls Qcony pipe); thus, the steam flow rate due to natural gasdifing »4) iS calculated as:

Qconvpipe

; = 2 14
Mstmng = ]’_lvap ( )

367 The total rate of steam generation is that germ:r\aaethe HTF coils in the steam drum, which

368 delivers solar heat, plus that generated in tlebéix due to natural gas firing:

Mgsem = Mstmysolar + Mstmng (15)
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While not used explicitly in the model, an overatlergy balance on the boiler can be used to

guantify the total amount of heat input into thédrdieedwater to vaporize it:

Qsteam = Qin,solar + Qcomb - Qloss (16)

whereQg.qm IS the total amount of heat input into the boidwater to make steam afigh 514, IS the

total amount of heat delivered to the boiler frdma solar heat transfer fluid.

3.2.3 Secondary Firebox

The secondary firebox is used as an additional hgettion point to ensure that the steam
emerging from the superheater and reheater re&@82#&. The secondary firebox is generally used in
solar mode, when the primary firebox is not needberd the solar heat alone is incapable of supdargeat
the steam to 824 K. The addition of the secondagpdx ensures a high solar share, while still nesg
the steam temperatures required for a high cydieiericy. An energy balance on the secondary fixebo

is provided in the following equation:

Tf Tf
Cp dT _minjected f CPdT - QLoss (17)
Tin

Vseg Peomb Ceomp % = Qcomb,sFB—Mgases fT |
where the subscriptSFB” refers to the secondary firebox afigl,s is the heat lost from the secondary
firebox to its surroundings. The termgs,.,, andC.,,p are also considered to be temperature dependent.
The heat capacities and the integral of the hgadaities are calculated using relations from [28]e
secondary firebox intakes both the effluent gasam the main firebox and additional air and fuel ife
supplemental firing. The firebox is treated asitg sub-model and it does not have any heat dglier

steam pipes. Heat delivery occurs in the subsequgrdrheater and reheater models.

3.24 Superheater and Reheater

The superheater and reheater are modeled as reletadgcts with counter-flow heat exchange
to the steam coils inside of these ducts. Thelbetdas emerging from the secondary firebox ig sgid
two separate chambers: one for the steam superheadeone for the reheater, which are modeled

similarly, albeit sized differently, in order tolaeve the steam outlet temperature of 824 K foheac

T,  9hy R
Axs,pipe_inpsteam Csteam % = Mgtm % + npipespihin (Tpipe - Tstm)
(18)
Tstmlx:O = Tinlet,stm
anipe ) 5)
Axs,pipe_wall ppipecpipe T = hout Po (Tgases - pipe) - Pihin (Tpipe - Tstm) (19)

D 4 4
+Unpipes Po (gngases - apripe )



391
392
393
394
395
396

397
398
399
400
401
402
403
404
405
406

407
408
409
410

411

412
413
414
415

aTgases . aTgases

Axs,ductpgases Cgases ot = Myases Cgases dx ~ Npipes hout Po (Tgases - Tpipe)

—0MNyipes ﬁo ("{(]Tgases4 - apripe4) (20)

Tyases |
gases|,_;

inlet,gases

where the subscriptstm” refers to steam within the nodestéam” refers to the outlet steam,,;,.; are
the number of pipes, ant; yipe in: Axspipe wan, ANA Ay 4, TEfET t0 the area of the pipes inner side, wall,
and ducts, respectively. The specific enthalpysteam,h,,.,, as well as its densityy....., and specific
heat capacity(;...., are calculated from steam tables at the temperatuthe corresponding node at
time t. Subscript 4" refers to outlet while'in” refers to inlet, respectively, and a, refer to the

emissivity of gas and absorptivity of the pipe pedively.

The three coupled partial differential equatioisseld above represent the energy balances on the

steam inside the pipes, the pipe metal, and thesgasthe ducts on the outer side of the pipesabsx

the steam and gases enter from opposite side® @xithangers, their respective boundary conditjans
the inlet of each fluid) are enforced at differents of the exchangers. While these models aretedbe
counter flow heat exchangers, they are configuueth shat the pipe inside the duct winds back anith fo
once per node, so that in each node, the outelective heat transfer coefficieny,, is evaluated using a
correlation for cross flow, available from [24]. 8¢e equations are solved by converting each PRE to
series of ordinary differential equations by sgatiacretization and finite difference approximaiso An
overall energy balance on the secondary fireboxedheater, and reheater yields the following equati

ignoring the heat losses:

Qsh + th = Qcomb,sfb + Qrecovered (21)

whereQ,, and@,, are the heat added to the superheated and rerstated, respectively) omp,srp IS
the heat added via natural gas combustion in thenskary firebox, an®,.covereqa 1S the waste heat
recovered from combustion in the primary fireboxl alelivered to the superheat and reheat steam tubes

via convection.

3.3 Turbines, Generators, and Pumps

The system has high, medium, and low pressure st@dmes, which produce mechanical power
by expanding the steam. Each of the turbine modsés real-time lookup table [26] for superheated
steam to evaluate the specific entropy,)(and specific enthalpyhrf,) at the inlet temperature and

pressure. The steam then undergoes a near isengxqmansion with a specific increase in entrop.af
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kJ/kgK for the high and medium pressure turbines, asrebddrom the TS diagram of Figure 2. This
corresponds to an isentropic efficiency of 87.1% 88.3%, respectively, under nominal conditionse Th
TS diagram also shows that the low pressure turbasea greater increase in entropy (k3&gK) to
prevent the steam from condensation, resulting ninisgentropic efficiency of 73.1% under nominal
conditions. It is also important to note that thlisdy does not consider the change in isentrofiiciericy
with time, which occurs due to operation conditionkis is because the change in isentropic effayien
for the time intervals considered in this studynegligible compared to the overall turbine effidgn
while this assumption could be easily modified wheronger time horizon (~30 years) is being
considered. The specific enthalpy at the outigt X along with the design outlet pressure are usdihdo
the outlet temperature and outlet enthalpy,§, again via live-lookup steam tables. Using a gemoera
efficiency (14¢,) Of 95%, the power produced from each combinatibturbine and generatoPyy) is

given as:

Pgen = mstmngen(ﬁin - Eout) (22)

The power consumed by the boiler feedwater pumpsen as:

My rw (Pouc — Pin)
Ppu‘mp — fw\lout in (23)
npump- pbfw

wherepyr,, is the water density},,m, is the pump efficiency (55%), ai, andP,,,; are the inlet and
outlet pressures of the pump, respectively. Theebtemperature of the water from the pump can laéso
determined from the following equation, whé¥g is the temperature of water inlet to the pump:

Poump * (1- npump)

Tout = Tin + 2 (24)

My rw Cp

3.4 Economizer, Solar BFW Preheater, and Open BFW Preheaters

Similar to the reheater and superheater, the ecizeo and solar BFW preheater are modeled as
counter-flow heat exchangers. Their dynamic modestsderived by computing an energy balance on the
inner fluid (fluid 1), the pipe wall that divideke fluids, and the outer fluid (fluid 2). Thesedales are
shown below, where subscripts 1 and 2 refer to watel flue gas, respectively. Following are the
equations for the economizer wi}.,, . being the heat loss due to radiation from the ecorer.
Qraa_e IS calculated using a similar relationship as @nésd by Equation 9 by using,,. andT,.

oT,  0dhy

Axs,pipe?inplcl E =m E + npipespihin (Tpipe - Tl) (25)
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Tilx=0 = Tinlet,l

aT,; ~ o
Axs,pipe_wallppipecpipe %}JE = hout Po (TZ - Tpipe) - Pihin (Tpipe - Tl) + Qrad_e (26)

Axs,ductpzcz E =m; W - npipeshout ]30 (TZ - Tpipe) - Qrad_e (27)

Toly=y = Tintet,2
The solar preheater uses the heat transfer fltioimeg from the steam generator to heat up the
incoming water to the preheater. In the solar BF#&hpater, water is directed through a tube that is
surrounded by a casing while the heat transfed fllaws through the space between the tube andgasi

The equations governing the solar preheater afalag:

0T, ur , ORyar .
Ain,pipepwatercwater % = Myyqgter % + npipesPihin (Tpipe - Twater) (28)
A Cypo L2 _ hout (Ther = Toipe) = Ampipehin (Tpipe — T
pipechppipe pipe ot — Sout,pipe’tout ( htf pipe) in,pipe'’tin ( pipe water) (29)
aThtf . aThtf ~
Aout,pipephtfchtf T = mhthhtf W - npipeshhtf Po (Thtf - Tpipe) (30)

whereA,i,e ca » Aoutpipe @ANdA;, i are the annular cross sectional area between nbeasing, inner
surface area, and the outer surface area of thenaitpipe, respectivelyAn overall energy balance for

each of these boiler feedwater heat exchangergscteyj losses would yield:

Qbfw = Qhot (31)

whereQy, is the total amount of heat delivered to the bdiéedwater andy,,, is the total amount of
heat recovered from the corresponding hot stredra.cbrresponding hot streams are exhaust gas in the
case of the economizer, extraction steam in the oashe low and high temperature BFW heaters, and

solar heat transfer fluid in the case of the sBRRW preheater.

The low and high temperature BFW preheaters mixsteam and water and the output is hot
water to be pumped to the next stage. The follovdggation represents the energy balance of these

preheaters:

% C aTwater out _ . f_l . ]—1
water “water — Mwater,in"‘water in steam,in'*steam in —
PHP o +m (32)
32

mwater,outhwater out
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4. System Controls

Because this work considers the complete dynaofidbe plant, it is important to develop a
robust control scheme such that the plant canbigliachieve the desired operational state regadiés
the external conditions. This is particularly chalhjing for a solar hybrid plant as it undergoesomaj
changes in operation from a sunny day, when thetlas a high solar energy contribution, to cloud
cover or night time, when the plant would rely egiti on natural gas for its energy input. The caintr
scheme of the plant with all of the major contadps is shown in Figure 3 and is described in Hetai

the following sections.



463

464

465

466
467
468
469

Power output Mechanical power

- () (Pt = = = = = = Generator |-

XD
4
i
¢

@ PN I Secondary I |superheater
i »| firebox Ly — ﬂ
L e || !
> 1
Bl |
Steam
drum |

Reheater

LA
—\M‘- Closed

E v heat
" conomizer | |exchanger
Air [
reheater
” o TON
Pump 3 =1
Fresh
air

|

! Low T

| BFW

1 preheater C
|

Pump 1 Condenser

T

1 Solar energy

: ¥

1 Solar field Pump 2
' ¥

1

I
|

| 1 I Heat transfer fluid —_—
|

Steam/water N—
( ‘ ’ ) "@ Air >

I ‘ Natural gas
Power -
Control signal - i

Figure 3: The control scheme of the hybrid plant.

4.1 Solar Field Outlet Temperature Control

The key disturbance to the plant is the DNI avddaat the site. This changes drastically over the
course of a day, as observed in Figure 4; thus,imhportant to have a control system that cancéffely
respond. The first variable impacted by changing EWNI is the solar field outlet temperature. This
temperature is regulated using the total HTF flate rthrough the field as a manipulated variable. A



470 feedforward plus feedback control scheme is utlizeere. The control scheme uses real time
471  measurements of DNI with an irradiance transmitdseled as IT in Figure 3) to proactively respoad
472 changes in DNI. This is coupled with a feedbacktmdnloop that uses the measured field outlet
473 temperature, collected by the transmitter TT inuFég3. The feedback portion of the controller is a
474  proportional-integral (PI) controller that is tunedsing internal model control (IMC) tuning
475 recommendations [27]. Temperature is controlle@@d K as the field temperature when there is enough
476  sunlight. The controller (labeled TC in Figure 3es the DNI measurements to proactively adjust HTF
477 flow before a deviation in outlet temperature iseted. The feedback part of the Pl controlleretfs
478 the effect of additional disturbances such as wgeled and ambient temperature. Figure 4 highlitjets
479 temperature control of the solar plant going frommrsse to sunset and demonstrates that this control
480 scheme is quite effective in achieving a constahpsint temperature when the Sun is shining. #i$s®

481 observed that when sunlight is not available, th#ebd temperature of the heat transfer fluid readoe

482 values as low as 350 K.
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485 Figure 4: DNI and solar field outlet temperature over the cour se of a day (March 27).
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4.2 Power Control

Without energy storage, the total solar energywdetd to the system cannot be controlled. To
meet the overall power demand, the power from sah@rgy must be coupled with a supplemental fuel
source, which is natural gas in this study. To l&guthe total power output from the plant, a cdeca
control arrangement is used. Power output is medsand sent to a power controller (labeled PC in
Figure 3). This PI controller determines the stdbw rate required to achieve its power set poliite
signal for the desired steam flow rate is then ssma set point to a steam flow controller (labét€din
Figure 3). This steam flow controller is also acBhtroller and uses the firing rate of the natges in the
firebox to achieve the prescribed steam flow r&ach of these controllers is tuned using the IMC
method. This control scheme allows the plant tdkhkat on natural gas firing in the firebox undeghi
DNI conditions. Under these conditions, natural fag is nearly zero, although a minimum flow is
required to keep the firebox hot. When DNI is lowzero, the firing ramps up to its maximum and the

plant transitions from the solar mode to purelyuratgas mode.

4.3 Superheater and Reheater Temperature Control

The temperature of steam entering the HP turbinstrbe carefully regulated to the design
conditions, which require an inlet temperature 24 &. To accomplish this, the superheater steatetout
temperature is linked as a controlled variable (@/he natural gas firing rate in the secondamgbiox.
The firing rate in the secondary firebox also diseinfluences the reheater steam outlet tempesatur
which must also be controlled to 824 K. Becausesiistem needs another manipulated variable (MV) to
control two CVs, the reheater steam outlet tempegais linked to the damper position in the flues ga
ducting. When the reheater steam outlet tempergeietoo low, the damper will shift to direct mdwet
exhaust flue gas to the reheater duct. Each okthestrol loops is tuned using the IMC method. The
temperature of the steam in both reheater and Isegir are well maintained at 824 K using the two

controllers.

4.4 Steam Drum Inlet Temperature Control

The steam drum consists of a saturated mixtureadér and steam. The downcomer and riser
tubes are exposed to the heat in the firebox amiktire circulates and produces a continuous fdw
steam. Because the steam drum requires a spegfsyre and temperature, it is critical to continel
temperature of the incoming boiler feedwater. Témmperature of the steam outlet of the steam drum
stays around 62K. Because the boiler feedwater passes through tieat exchanges, including the
highly variable solar preheater, control of thimperature is nontrivial. The temperature outlethuf

solar preheater fluctuates drastically becausepedds entirely on the flow rate of the HTF frore th
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solar trough, which is a function of the availal&ll. The economizer outlet temperature can also
fluctuate significantly because it depends on tkie temperature and flow rate of the exhaust flas g
from the steam drum. The steam flow rate, thereferaeeded as an MV to regulate the low tempegatur
BFW temperature. This comes at the cost of powedymtion from the LP turbine, but it is necessary t
ensure that the feedwater enters the steam drdine qiroper temperature. Because the temperatune aft
the economizer is the most critical, this is sedas the CV. This temperature is controlled to patow

the steam drum temperature to keep it from vapaginn the tubes. A single-input single-output (S)SO
feedback controller that links the outlet tempematof the economizer to the fraction of the steam
directed from the IP turbine inlet, adequately colstthis temperature. This controller is also thmeth

the IMC tuning relations.

45 Controller Performance

Operation of the plant is complex and the corgrsllhave many interactions. With the DNI
values changing drastically over the course of y tlae entire operation must adapt to regulate the
system as these disturbances occur. As a demaomstadtthe robustness of the control system outline

here, transient responses of the major CVs to desudnd drastic change to DNI are shown in Figure 5

h <
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Figure5: Step changeresponsesfor the major CVsin the plant simulation.

As a step change from 400 to 500 Wisiintroduced to the DNI profile, all of the cauiters
must act to overcome the disturbance and retuiin bgpective CVs back to their respective set tsoin

As Figure 5 demonstrates, while all CVs are impadig this sudden change, none of them experiences
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major set point deviations; i.e., they all retusrtheir steady-state values within a few minuteswelver,
it is notable that the temperature of the HTF tdkager to reach to the desired set point in comsparto
other CVs.

While the distributed SISO controllers obviouskyperience a lot of interaction, this scheme
demonstrates that it is adequate for regulatidhése circumstances. However, such interactiongesitig
that control performance could be improved by obesng a multivariable control approach, such as
model predictive control. It should be noted, homrevthat this paper is focused on the dynamic
simulation and demonstration of the benefits ohplaybridization and advanced control of the hybrid

plant may be considered in future works.

4.6 Stand-Alone Solar Plant

4.6.1 System Overview

For comparison purposes, a stand-alone solar pknélso simulated. While it has no
supplemental fuel source, it is equipped with a-tark direct TES system to ensure dispatchabilitys
plant uses a parabolic trough solar field with @ltarea of 257,250 frfor solar collection, which is
equivalent to the hybrid plant. Unlike the hybridamt, operation of the stand-alone plant is not
continuous. The parabolic trough solar field begipgrating when the Sun comes up and generates
enough heat to achieve the desired outlet temperafu665 K. When this occurs, the HTF flow valve
opens to regulate this temperature. In the morhmgs, there is not enough DNI to generate power; i
the power block remains inactive while the hot T&SX fills with the hot HTF. Once there is an adsequ
amount of stored fluid to begin generating powerFHbegins flowing from the hot TES tank, through th
superheater, into the steam generator, and thrtheylsolar preheater before returning to the col® TE
tank. Because this plant does not have supplemeatatal gas firing (as in the secondary fireboxhef
hybrid plant), it is limited to a steam temperatofe653 K and a pressure of 40 Bar. The superheated
steam generated in this process passes throughoéaleh turbines, which produce a total of 23 MW.
While the storage unit is dynamic in nature andllitws the plant to use energy on an as-needed,basi
the power generation is steady in operation bagseatieddemand. The stand-alone solar plant is sliown

Figure 6.
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Figure 6: The stand-alone solar plant used for a perfor mance comparison with the hybrid plant.

4.6.2 Stand-Alone Solar Plant Controls

As in the hybrid plant, the solar field outlet {@@nature is controlled by using a feedforward plus
feedback controller, where measured DNI is usedive the controller a predictive element. The HTF
flow rate through the field is used as the MV tgulate the outlet temperature. As the HTF tempegatu
in the field rises, flow commences and the fluidibe collecting in the hot TES, while the cold T&8k
begins draining. When enough fluid is availabléh@ hot TES to generate power continuously, thegoow

control loop is activated. This loop uses the Hibwfrate from the hot tank as an MV to regulate pow

5. Results and Discussion

This section provides the results of the model el in this study. The two plants are
simulated for an entire year to compare the perfoce of the solar/natural gas hybrid plant to tfidhe
stand-alone solar plant with TES, using the TMYadiabm Las Vegas, NV for DNI and other ambient
weather conditions. While the results for the satioh of an entire year are summarized later, tifrose
a single day (with the DNI profile shown in Figutg are presented first to highlight the transidanp
behavior. Next, a classic thermodynamic analysihefhybrid and natural gas plants is used to yénié
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predictions of the dynamic model developed in $&cH, The dynamic model is then used to evalumege t
performance of the hybrid and stand-alone solantpldased on an entire year. Finally, an economic

analysis of the three plants considered in thidysisi provided.

5.1 Transient Resultsfor a Single Day

First, an analysis of the hybrid plant performaf@mea single day (March 27) is presented to
highlight the short term plant behavior. The powaad heat input profiles are shown in Figure 7. e t
figure shows, the plant runs entirely on fossillfaenight, holding at a steady 100 MW. Because the
plant is heavily integrated with the solar and gasrgy inputs, the power generation from each fuel
source must be estimated. This is achieved by ubmgominal fuel efficiencyn(,.;), which is defined
as the gas to electric efficiency when the plamursing in pure natural gas mode. The power priboluc
from natural gasH,g;;) is the product of nominal fuel efficiency, natugas firing rate fs,.;), and its

lower heating value:

Pfossil = nfuelmfuelLHV (33)
The solar power is the power generated from thar deeat input and is defined as following,

whereP;,:4; IS the total power generated from the hybrid plant

Psorar = Protar — Prossit (34)

As the Sun comes up, the hot HTF begins flowingugh the field and enters the dual-fired
boiler and produces steam, which results in sorte power production. The hot HTF flowing through
the steam generator immediately causes the totaémpto rise (due to a higher steam flow rate). The
higher power production causes firing in the priynfarebox to back off. With less gas being burned i
the primary firebox, there is less heat leavinthm exhaust gas. This would cause a decrease stdam
temperature leaving the superheater and reheattenakural gas firing increases in the secondagpéix

to keep these temperatures at their set point24K3
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Figure 7: Power production and gasfiring ratesvs. time for the hybrid plant for a day at the end of March.

During peak sunlight hours, the total power exsette 100 MW set point. This is because the
flow of HTF through the solar fields gets too high it is used to regulate temperature. Firing & th
primary firebox ramps down to nearly zero, althoagminimal flow is actually used in order to keap t
firebox hot. The main power controller becomes st and cannot reduce the main gas flow belaosv thi
point, causing it to go above its set point, asiFdg7 shows. The rest of the plant (superheatbeater,
turbines, etc.) are designed to be able to accoratadtlis extra heat and continue to produce poiwer.
alternative operating scenario (and the topic ddirel work) would be to raise the total power setpo
during peak demand hours so that power can be efteetively regulated and the plant can be readily

dispatched to ramp up or down as required by tlteagrerator.

Figure 7 also highlights interesting behavior wiéispect to the power produced by the various
turbines. At night (in pure gas mode), the highspuee turbine (HP) produces the most power, bst thi
changes to the intermediate pressure (IP) turbuméngl solar hours. The cause of this behavior is
attributed to the steam extraction needed for &N preheating. In pure gas mode, extraction edirst
is needed to preheat the BFW,; steam is extractimtebthe IP and LP turbines to feed the high and lo
temperature BFW preheaters, respectively. Thisesatisee power output from each of these to decrease
when the plant operates in gas mode. In solar mbdeause the HTF exiting the steam drum is
sufficiently hot, it also adds heat to the solarVBpreheater, largely eliminating the need for steam
extraction during sunlight hours. The steam exiwacis used in the economizer outlet temperature
control, only when it is needed. As the solar BFYéhgater uses solar heat, extraction of steam
automatically backs off, allowing the plant to @esergy in the most effective way, while the stehat ts

produced previously can be used solely for powedyction.
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Figure8: HTF flow ratethrough the solar field (above) and steam flow rate (below) for a day at the end of
March.

The top graph in Figure 8 shows that the HTF startBiow as the DNI increases. This is the
result of the control action of a feedback-feedfamdvcontroller that is used to regulate the HTHebut
temperature. The bottom graph of Figure 8 showsstkam flow rate in the steam generator that is
constant while the plant operates during the nigkit no disturbance. During day time, the totalkste
generation from the solar power and reheater apérbeater starts to ramp up with increasing DNIlevhi
an initial dip is also observed, which is becausthe control system starting to intervene. Additdy,
the extracted steam from the LP turbine inlet sljgimcreases during day time. This is becausddad
on the primary firebox reduces during day time, witee solar power is available. Thus, less hot §ag
is obtained from the primary firebox leading to @ed to extract steam from the LP turbine inlet to

maintain the hot water temperature in the low tenaijpee BFW preheater.

Figure 9 indicates an excellent temperature coritnothe steam/water exiting the superheater,
reheater, and economizer with only minor blips jafier the sunrise. The solar field HTF outlet
temperature also exhibits good control during gimlihours and temperature gradually decreases
overnight as the solar field cools.
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Figure9: Temperaturesof the HTF, boiler feedwater, and steam at various pointsin the plant for a day at the
end of March.

As expected, the solar share is zero at nightjtbotreases substantially during daylight hours,
as shown in Figure 10. The solar share peaks anaime at a value close to 48% for a long portiothef
day, which is of substantial importance. The oveefficiency of the plant#,,erqi1), defined as net
power @) produced divided by the sum of the total energthefgas burnedi{s, ., LHV) and the total

solar energy incidenD(NI * As;e14) ON the field is calculated as following:

— Pnet
Noverall =5, \LHV + DNI * Arzerq

(35)

It is observed from Figure 10 that the overall plefficiency is roughly constant at night, as the
plant operates as a gas plant, while it drops dulleylight hours. The drop in efficiency is becatrse
parabolic trough CSP technology has a much loveerdsalone solar-to-electricity efficiency (typigaih
the range of (13-18%) [28] as compared to the dlvefficiency of the conventional Rankine cycle
technology (typically in the range of 32-36%) [2f80]. Close inspection of Figure 10 also shows tha
the real-time overall efficiency drops before tlotas share rises. This is because the initial gnéagn
the sunlight at dawn is used to raise the temperatiithe solar field components; HTF does notalbtu

flow to generate steam during that period.

Although the overall efficiency is reduced in hgbmode, the real objective of the hybrid plant
design is to improve the efficiency of solar enedgyivery. Solar-to-electric efficiency, also refst as
the solar plant stand-alone efficienay;f.,), IS @ key metric that is used for this purposke BTE

metric is defined as:



Psolar
nSOlaT - DNI *Afleld (36)

662 It is observed from Figure 10 that the STE reach@saximum, steady value of 28.4% for the
663 majority of the day. While it is lower at sunrisedasunset, 28.4% represents a substantial impraweme

664  over existing stand-alone parabolic trough powan{d.
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666 Figure 10: Solar share, solar-to-electric efficiency and overall efficiency vs. timefor a day at the end of
667 March.

668 5.2 Thermodynamic Analysisof the Plant

669 This section provides a thermodynamic analysihefdystem configuration shown in Figure 1 at
670 steady-state conditions. The purpose of this arsalygo validate the predictions of the model deped

671 in Section 3 with similar Rankine-based cycles.atbieve this target, a thermodynamic analysidef t
672 power cycles that is based on enthalpy calculatisngilized, which is consistent with previous diks
673 [31]. The overall power cycle efficiency is congiele as the main validation metric for the purpdsihis

674 analysis. Two cases are considered for this arsal¥¥sihybrid solar/natural gas plant, 2) natura glant.
675 The basis for the hybrid mode is a constant DN®@@ W/nf while a DNI of zero represents the natural
676 gas plant. To calculate the power cycle efficiettguation 35 as well as the energy balance equatibn
677 turbines and pumps (Equations 22 and 23) areagfjilicable for this analysis. Additionally, the adg-

678 state energy balance of major heat exchangersgofé-il completes the thermodynamic analysis of the

679 power cycle, although they are not explicitly usedhe overall efficiency calculation. The steadgte
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energy balance of all heat exchangers (on steaev\sate) is obtained as follows, whelé is the heat
gain/loss from steam/water. Heat losses from tta¢ echangers are also ignored in the thermodynamic
analysis of this section. For more details on tleetynamic modeling of Rankine cycles, reference khou
be made to [31].

moutﬁout = minrlin + Qg (37)

In this thermodynamic analysis, enthalpies of taans are obtained from steam tables [26]. It is
critical to mention that the enthalpies of all atres for the hybrid plant are obtained at the same
temperatures and pressures reported in Table @ofwsistency with the results obtained in Sectidn 5
Table 3 provides a summary of the energy balanceabr equipment of the configuration shown in

Figure 1:

Table 3: Power plant energy balance (steady-state thermodynamic analysis)

Hybrid Solar/Natural Natural Gas M ode

GasMode

Equipment Enthalpy | Enthalpy | Enthalpy @ Enthalpy

In(MW) | Out (MW) | In(MW) | Out (MW)
BFW Pump 1 22.61 23.41 20.74 21.47
BFW Pump 2 73.86 74.49 67.76 68.33
BFW Pump 3 102.25 104.88 117.88 128.22
Solar BFW preheater
(BFW side) 104.88 178.51 128.22 161.74
Economizer (BFW
side) 178.51 193.51 161.74 202.29

Steamdrum (BFW 19351 | 20164 = 20220 | 304.90

side)

;‘é‘;‘;rhe""ter (steam | 591 64 39260 | 30490  446.33
Reheater (steam side 347.52 408.35 378.10 426.90
HP turbine 392.69 347.52 446.33 378.1(
IP turbine 378.04 330.73 346.80 303.40
LP turbine 281.50 235.38 258.19 216.67
ggg?enser (steam | 535 38 22.61 216.62 20.74
Primary firebox 0 - 353.0 -
Secondary firebox 188.20 - 0 -
Parabolic trough 231.53 - 0 -

Using the enthalpy information of pumps and turbifiom Table 3 as well as the associated
efficiency of each equipment, the overall stea@yesefficiencies of the hybrid and natural gas tslame

29.61% and 35.23%, respectively. Both values adéwvthin the range of similar cycles with a simple
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Rankine cycle [30], [32], [33]. The overall efficiey of the hybrid plant obtained from the dynamic
model of Section 3 (as shown in Figure 10) is alsosistent with the thermodynamic efficiency o th
cycle throughout the day; i.e., when in natural gemle (night time), the efficiency obtained frone th
dynamic model is approximately 34.79% while itrighe range of 24.6% to 34.78% in hybrid mode (day
time). This demonstrates that the dynamic modelirately predicts the overall efficiency of the glan
within the range of thermodynamic efficiency of plm Rankine cycles. With the dynamic model

validated thermodynamically, it is next used todstigate the plant behavior for an entire year.

5.3 Annual Performance Results

The closed-loop hybrid plant and the stand-aldaatpwith storage are simulated for an entire
year with a maximum DNI of 994 W/mand their results are provided in this sectionthdmatical
definitions used to compare the results are ansnlatl share, annual STE, and annual overall efffigie

and they are defined below:

t=365 days P dt
= solar
Annual Solar Share = =& ti%s days, (38)
t=0 net t
ftt:0365 days Psolardt
Nsolar,annual = =365 days (39)
Jico (DNI  Agie1q)dt
ftt:0365 days Pnetdt
Noverall,annual = —1=365 days, . (40)
Jico (MpyetLHV + DNI * Agjo1q)dt

Figure 11 provides the monthly results for the ylpfant. As expected, the solar share increases
drastically in summer months (approaching 25%) canmeg to winter months (6-15%). The annual solar
share for the hybrid plant is 0.167, as indicated able 3. While this number appears to be lovis it
important to consider that the plant is operatih@ d@aseload of 100 MW for the entire year, while a

stand-alone solar plant would only be operatioaabfsmall fraction of the year.

As a result of the increased solar heat injectioring the summer months, the overall efficiency
dips slightly in these months (Figure 11). While thnnual overall efficiency for the hybrid plant is
slightly less than a fuel-only plant, the differeris small, as Table 3 indicates. The overall ifficy for

the hybrid plant, however, is more than double tidhe stand-alone solar plant.
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Figure 11: Monthly solar-to-electric efficiency, solar share, and overall efficiency for the hybrid plant.

The solar-to-electric efficiency for the hybridapt is above 25% in most months, with the

exceptions being predominantly winter months. Esthmonths, a higher percentage of solar energy goe
into the initial heating of the HTF in the solaelfi before the power production from solar becomes
operational. The annual value for the solar-toteleefficiency for the hybrid plant is 26.13%. Fhis
substantially higher than the 15.2% observed ferdtand-alone solar plant. This is a key resuthisf
work. By operating the plant in hybrid mode, theocamt of energy extracted from the Sun is 71.9%
higher than if the plant was operated solely oarsehergy. When integrated on a grid-level, thiséase

in the solar energy harvest can significantly iaseeits contribution and value to the power grid.

Table 4: Annual results of solar share, solar-to-electric efficiency, and overall efficiency.

Solar Share Solar-to-Electric Overall

Efficiency Efficiency
Fuel Only 0 N/A 0.3477
Solar Only 1 0.152 0.152
Hybrid 0.167 0.2613 0.3273

The key reason for the solar-to-electric efficietm be higher than in a stand-alone plant isithat

has the ability to deliver heat to the power cyatl@ higher temperature. The stand-alone platimited
to a lower steam temperature of 653 K and is nt# tbreach the higher cycle efficiencies, which ar
dependent on the temperature at which heat istegedhe hybrid plant collects solar heat at theesa
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HTF temperature (665 K) as the stand-alone plaotvéver, the hybrid plant utilizes natural gas firin

the secondary firebox (when in solar mode) to btwsssteam temperature from 625 K to 824 K, which i
in line with a conventional plant. The plant is réfere able to simultaneously use solar heat aitld st
achieve a high cycle efficiency for power productimecause it benefits from natural gas combustion t

upgrade the solar heat.

5.4 Economic Analysis

Economic analysis is important for understandirgghactical implementation of the hybrid plant.
This study considers the capital and operationatscof the different components of the three plants
mentioned previously to calculate the levelized abslectricity (LCOE). The LCOE is calculated mgi

the following equation:

(41)

Cost;ap + Cost;p
aQ+ry

Z'y"{
LCOE =
Xy By

where m is the lifetime of the plar(tpst;“p is the capital cost for the yeay”;, r is the discount rate,

Cost;p is the operational cost for the year “y”, and tb&l energy generated from the plant in the year
“y” is represented b¥,. A summary of the major economic factors, at ssuased natural gas price of
$2.73/MMBTU, is provided in Table 5.

Table 5: LCOE of different configurations

System Interest for Upfront Fuel Cost | Operation and Total LCOE
theYearly | Capital Cost | (USD/year) | Maintenance | Annualized | ($¥MWh)
Upfront (USDl/year) Cost Cost
Capital Cost (USD/year) (USD/year)
Natural 7% $ 28,353,638 $8,504,087 $9,578,035 | $46,435,760 55.29
Gas Plant
Hybrid 7% $ 40,748,804 $7,096,392 $12,338,166 $60,183,3670.93
Plant
Solar 7% $ 11,536,320 N/A $ 8,333,815 | $19,870,134 $261.17

As observed from Table 5, the LCOE of the natgas$ plant is less than the hybrid plant,
suggesting that the power production from the mdtgas plant is still cheaper with the current isola
technologies. A sensitivity analysis on the LCOEsatural gas and hybrid plants with respect to the

natural gas price is also implemented with theltesinown in Figure 12.
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Figure 12 : Theimpact of natural gasprice on the L COE of hybrid and natural gas plantsfor a 100 MW
plant

Figure 12 shows that when natural gas price reaahgrice of $31.2/MMBTU, the LCOEs of
both plants break-even at $145.2/MWh. Considerihg turrent natural gas prices, a value of
$31.2/MMBTU is far from reality. Hence, this resirtplies that the natural gas price is not a legieg
measure for the hybrid plants to compete with rhtgas plants. Rather, other financial metrics sagh
renewable energy credit and carbon tax might beemeffective variables to enable hybrid plants with
justifiable financial metrics against natural géenps. A detailed economic study on the financiability
of different plant configurations, while considegithe life cycle assessment and the impact of reiffie

green power production policies, is the focus ddifiel work.

6. Conclusions and Future Work

Frequently, renewable energy sources are portragefleing in contention with fossil fuels.
While it is critical to inject more renewables intee infrastructure of the world over time, a titioa
plan may be to consider hybridization at the planél. This work demonstrates that by designindgatp
that synergistically uses solar energy and natyaal 71.9% more solar energy is harvested on amhnn

basis. This is achieved by comparing a hybrid plaith a stand-alone solar plant under identical
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environmental conditions and with equivalently-sizparabolic trough solar fields. The design also
allows for flexible operation; when natural gas mod active, the plant essentially operates as a
conventional steam cycle power plant, which inctiddficiency-enhancing design features. These
include heat recovery from the firebox for supetimgn steam reheating to extract more power, steam
extraction for efficient boiler feedwater prehegtiheat recovery by using an economizer, and addiki
heat recovery by inlet air preheating. When soladenis active, additional heat at higher tempeestis
injected to the cycle through a secondary fireddxs allows the plant to achieve high cycle efficis
while also utilizing the proven parabolic troughasdechnology and injecting high fractions of esing-

free energy into the system.

Another key benefit of the hybrid plant is relidtyil Because it uses a dispatchable fuel (natural
gas in this study), which can be fired up as negtlexlhybrid plant is able to produce base loadgrow
As the plant makes major transitions from the gagenduring the night) to solar mode (during thg)da
on a regular basis, it requires a reliable and sbbantrol system to account for the transient neatdi the
solar energy. This work develops a dynamic modal taptures the dynamic behavior of the solar plant
while a control system is also presented for ttaorsng between the gas and solar modes of opetatio
Accordingly, the simulation results for a typicahyddemonstrate that the control system is able to

smoothly shift the operation from the gas to sotade without any major process disruptions.

Although the annual solar share (16.7%) of the ildyplant is modest, it is important to consider
that it is based on baseload power, which req@idé&iring of the natural gas system at night. kgtthat
the grid power demand is typically lower during thght, the plant may not be needed to operateliat f
capacity. Thus, power production from the plant banramped down at night to a fraction of the 100

MW design point, resulting in a higher solar share.

With the hybrid design, the contribution of theaoknergy in power production can also be
increased by increasing the size of the solar .fidlith time, the plants that are utilizing hybridion
concepts can gradually transition to renewablecasurThis enables them to become less and leastreli
on fossil fuels and move toward emission-free popreduction. Alternatively, this design can be used
directly with biologically-derived gas, making tpé&nt run completely on renewable energy. In additi
to increasing the size of the solar field, therreakrgy storage can be added. While hybridization
provides much of the benefits that thermal enetgyage would otherwise provide (e.g. reliabilitydan
dispatchability), energy storage would be necesgapchieve near-unity solar shares. The abilityse
hybridization and TES synergistically in order t@ximize the impact of solar energy will also be
considered in future work. It should also be nadteat this design relies on natural gas to imprdwe t

efficiency of the solar contribution. Higher sofdrares in this configuration would result in lessegrall
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and solar-to-electric efficiency. Other configuoais to boost the efficiency would be a solar tower
configuration, which can reach higher temperatwigls solar and achieve a higher cycle efficiencisT

is another topic of future work.

Another critical consideration in plant design aogeration is the economics of power
production. Future work will also include a detdileechno-economic analysis of the hybrid plant in
comparison to a fuel-only power plant and a stdndeasolar plant. Economics and efficiency of power
production can be improved by utilizing the fleXilyi of hybridization to optimize operations in féene

subject to the environmental conditions.
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