
Optimization of Solar-Coal Hybridization
for Low Solar Augmentation

Aaron T. Bamea, Joseph Furnera, Ian Hoagb, Kasra Mohammadic, Kody
Powellc, *Brian D. Iversona

aBrigham Young University, Provo, UT, 84602
bPacifiCorp, Salt Lake City, UT, 84116

cUniversity of Utah, Salt Lake City, UT, 84112

Abstract

This work presents a process to determine the preliminary optimal configuration

of a concentrating solar power-coal hybrid power plant with low solar augmen-

tation, and is demonstrated on a regenerative steam Rankine cycle coal power

plant in Castle Dale, UT, USA (average DNI of 542 W m-2). A representative

plant model is developed and validated against published data for a coal power

plant. The simplifications that lead to the representative model from a coal

power plant model include combining multiple feedwater heaters, combining

turbines, and using a mass-average calculation for extraction steam proper-

ties. Comparing net power generation and boiler heating estimates from the

representative model to the benchmark power plant, the representative model

predictions are accurate to within ± 2.5% of the accepted value. Methods for

quantifying solar resource based on geography and simulating a concentrating

solar power field arrangment are provided and the solar contribution to electri-

cal power output is estimated using an exergy balance. A financial model is also

included to estimate the solar marginal levelized cost of electricity and payback

time using a cash-flow analysis. A multi-objective optimization routine is then

employed to determine the optimal configuration using the models described in

this study.
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It is shown that a solar augmentation of >3% of boiler heating is required

for a hybrid design to be considered thermodynamically feasible. However,

as the augment fraction is increased, the financial benefit from fuel savings is

insufficient, without a carbon tax, to offset the higher capital cost. Optimization

results, constrained to a maximum solar field size of 20 ac, are also provided

assuming a common carbon tax value (16 USD sh.tn.-1). The resulting optimal

design for the Castle Dale Plant with a carbon tax and no premium indicates the

use of parabolic trough collector technology at an augment fraction of k = 9%

to bypass feedwater heater 6. The resulting marginal solar levelized cost of

electricity is 9.5 x 10−4 USD kWh-1 with an estimated payback time of 25.2

years. With a green energy premium price of 0.018 USD kWh-1 and no carbon

tax, the payback time reduces to 3.9 years. This process can be applied to any

coal power plant for which operating data and meteorological data are available

to evaluate preliminary hybridization feasibility.

Keywords: Hybridization, Concentrating solar power, Coal, Augmentation,

Renewable energy

Acronyms

BFP Boiler Feed Pump

BFPT Boiler Feed Pump Turbine

CC Capital Cost

CO2 Carbon Dioxide

CP Condensate Pump

CSDNI Clear Sky Direct Normal Insolation [W m-2]

CSP Concentrating Solar Power

DA Deaerator

DC Drain Cooler

DNI Direct Normal Insolation [W m-2]

EPRI Electric Power Research Institute

FE Fuel Earnings [USD]
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FS Fuel Saving

FWH Feedwater Heater

GHG Greenhouse Gas

HP High Pressure

HPT High Pressure Turbine

HTF Heat Transfer Fluid

IPT Intermediate Pressure Turbine

ISCC Integrated Solar Combined Cycle

LCOE Levelized Cost of Electricity [USD kWh-1]

LFR Linear Fresnel Reflector

LP Low Pressure

LPT Low Pressure Turbine

NG Natural Gas

NREL National Renewable Energy Laboratory

NSRDB National Solar Resource Database

O&M Operation & Maintenance

OBJ Objective

PB Power Boost

PBT Payback Time [years]

PTC Parabolic Trough Collector

PV Photovoltaic

PVT Photovoltaic-Thermal

SAM System Advisor Model

SCA Solar Collection Assembly

SI Solar Integration

SX Solar Exchange

TES Thermal Energy Storage

Variables

Q̇B Boiler Heating Power [MW]
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Q̇fo Thermal Equivalent of Fuel Offset [MW]

Ẇ Mechanical Power [MW]

η Efficiency [%]

ηc CSP Collection Efficiency [%]

ηsu Solar Use Efficiency [%]

ηth Thermal Efficiency [%]

ηII 2nd Law Efficiency [%]

ω Optimization Objective Weight [-]

A Area [m2]

C Cost [USD]

cp,s Specific Heat of Solar Heat Transfer Fluid [kJ kg-1 K-1]

dr Receiver Diameter [m]

E Total Energy [kWh]

F Conversion Factor

f Optimization Objective [kW-1]

h Specific Enthalpy [kJ kg-1]

hsun Useful Solar Time [hours day-1]

k Augment Fraction [%]

L Length [m]

ṁ Mass Flow Rate [kg s-1]

mef Mass Extraction Fraction [ ]

Nl Number of Solar Field Loops

Na Number of Solar Collection Assemblies per Loop

Ps1 HPT 1st Stage Pressure [MPa]

r Rate or Ratio

s Specific Entropy [kJ kg-1 K-1]

T Temperature [K]

T0 Dead State Temperature [K]

Wp Aperture Width [m]

Ẋ Exergy Rate [kW]
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Subscripts

[ ]c Concentration Property

[ ]d Discount Property

[ ]n Annual Value

[ ]p Aperture Property

[ ]r Solar Receiver Property

[ ]s Solar Field/Solar Contribution

[ ]net Net Property

[ ]opt Optimum Property

Financial Variables (Appendix B)

A Cumulative Cash Flow

FCR Fixed Charge Rate

DC Direct Costs

Cexp Operation and Maintenance Expenses

CFOM Fixed Operation and Maintenance Costs

Cins Insurance Costs

CP&I Principle and Interest Payment

Ct,prp Property Tax Costs

CVOM Variable Operation and Maintenance Costs

CFF Construction Factor

CRF Capital Recover Factor

EPC Engineering-Procurement-Construction

FL Debt Fraction

FS Fuel Savings

IC Indirect Costs

IRR Internal Rate of Return

ITC Investment Tax Credit

Lnet,0 Initial Loan Balance
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NL Loan Period

PFF Project Factor

PTC Project Tax Credit

rd Discount Rate

ri Inflation Rate

rint Loan Interest Rate

S Savings

SCdep Depreciation Schedule

WACC Weighted Average of Component Costs

[ ]an Annual

[ ]con Construction

[ ]cont Contingency

[ ]Fed Federal

[ ]nom Nominal

[ ]r Real

[ ]sal Sales

[ ]SI Site Improvements

[ ]st State

[ ]t Tax
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1. Introduction

Concerns with fossil fuels have sparked an ongoing debate, the result of which

has been the dramatic increase in power generation using renewable resources.

Increases in power generation from solar and wind during 2018-2019 were 140

and 100 trillion BTU, respectively [1]. At first glance, renewable plants seem5

to solve problems associated with fossil fuels in that the resources are naturally

occurring, renewable, and the process for the conversion of the energy to useful

power does not provide harmful emissions. However, renewable energy systems

often suffer from high capital costs and intermittency which can preclude the

penetration of renewable energy systems into many markets [2, 3].10

One solution proposed in 1975 [4] and further explored in 1993 [5] is to break

out of the fossil-renewable dichotomy and implement hybrid power plants. The

source energy for hybrid power plants may be either predominantly fossil-fuel

with renewable augmentation or predominantly renewable with fossil-fuel aug-

mentation. The integration of renewable and fossil fuel sources is able to main-15

tain the necessary energy supply when the renewable resource availability drops

while also reducing the amount of carbon-based fuel used with the associated

emissions.

Concentrating solar power (CSP) augmentation of coal power plants offers

multiple benefits including a reduction of CO2 with some of the energy resource20

coming from a renewable source, a reduction in the overall cost as compared

to a stand-alone CSP plant of the same combined capacity, and an increase

in availability and capacity relative to a stand-alone CSP plant [6]. CSP hy-

brid power plants have been shown to have greater solar-to-electric efficiency

than stand-alone CSP power plants [7–9]. CSP integration also results in higher25

solar-to-electric efficiency, reduced costs for retrofitted projects, higher capacity

factors without thermal energy storage, and improved ramping time [10, 11].

Among the various possible applications of CSP hybridization [12], coal is a

popular candidate because CSP and coal share many of the same power gen-

eration components and because of the large presence of coal throughout the30
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world. However, the possibility of hybridization is affected by more than just

thermodynamic performance [13].

Zhai et al. [14] studied the life cycle of nine power plant combinations for

baseload coal, CSP hybrid, and CSP hybrid with thermal energy storage (TES)

at 300, 600, and 1000 MW outputs. Each configuration was evaluated from plant35

construction to the end of the expected life on a weighted sum of objective scores:

(1) global warming potential, (2) acidification potential, (3) respiratory effects

potential, (4) primary energy consumption, and (5) capital costs. Zhai et al.

showed that for each objective value, every hybrid plant performs better than

a coal-fired plant with one exception, capital costs. This means that, when40

considering hybridization potential, as capital costs become more important

and other economic factors such as carbon tax are neglected, hybrid viability

decreases.

Manente studied the benefits of hybridization and demonstrated which plant

modifications and mode (power boost versus fuel saving) would provide an in-45

crease of 50 MWe [15]. The power boost configurations (in which solar aug-

mentation is used to increase the power generation holding fuel consumption

constant) were shown to be most beneficial for newly constructed power plants.

Fuel saving modes (in which solar augmentation is used to hold power genera-

tion constant and decrease fuel consumption) were evaluated for configurations50

that required no equipment changes (FS1) and for the case of an upgraded tur-

bine (FS2). Upgrading the turbine allowed the plant to meet the goal of +50

MWe power boost. However, although the FS1 condition required slightly more

augmentation than power boost conditions, it provided a greater power boost

and higher solar radiation-to-thermal efficiency.55

Hybrid performance is also affected by the fossil-fueled power station to

which the renewable plant is attached and the amount of solar energy used, as

shown in Huang et al. [16]. Results suggest that hybridization is feasible when

the baseline plant output is greater than 300 MW. It is also shown that for plant

power ratings greater than 300 MW, there is an optimal augment fraction to60

minimize the levelized cost of electricity (LCOE).
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Studies into flexible heat generation have shown the benefits of alternat-

ing the integration of solar thermal energy from CSP collection into a fossil

fuel power plant based on the amount of instantaneous solar resource available

between steam generation, steam superheating, and feedwater heater (FWH)65

bypass [17, 18]. Both Behar et al. [19] and Libby [20] suggest that, among other

options, solar can be integrated at a FWH where steam, extracted from a tur-

bine, is typically used to preheat some other working fluid. Downstream effects

can be mitigated by selecting the augment fraction such that the heat transfer

limits of the FWH are not surpassed. This method is known as FWH bypass and70

has been shown to be a feasible candidate for CSP-coal hybridization [6, 21–24].

Like the integrated solar combined cycles discussed in Manente [15], coal plants

can integrate solar thermal energy by means of FWH bypass and operate in FS

mode.

Okoroigwe and Madhlopa summarized solar hybrid sites around the world as75

of 2016 [25]. There are currently 12 CSP hybrid plants throughout the world in

operation or under construction, with the addition of the Al-Abdaliyah plant in

Kuwait, the Waad Al Shamal and Duba 1 plants in Saudi Arabia, and the Dadri

plant in India all under construction since Okoroigwe and Madhlopa [25–28]. All

operational plants use parabolic trough collectors (PTC) and offset natural gas80

with the exception of the Dadri Hybrid Plant in India (under construction)

which will be the only hybrid plant in operation to use linear Fresnel reflectors

(LFR) and the only plant augmenting coal [29]. Studies demonstrating the use

of CSP in integrated solar combined cycles with natural gas show considerable

benefits in hybrid performance [30], but a way for developers to evaluate hybrid85

feasibility has not been explored.

While several studies have demonstrated the process of evaluating hybridiza-

tion feasibility for specific locations [22, 26, 31–36], there is no known generalized

method available to evaluate hybridization feasibility while simultaneously esti-

mating changes in desired parameters such as efficiency, LCOE, and reduction90

in GHG emissions. The purpose of this study is to develop and demonstrate

a generalized method for evaluating CSP-coal hybrid feasibility based on ther-
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moeconomic performance that can be applied to any coal power plant with

feedwater heating and reheating. A representative model of coal power plants

is presented and validated by data available in archival literature. The meth-95

ods of estimating solar resource, solar field size, and financial performance are

described. An exhaustive search using thermoeconomic optimization methods

are shown with discussion about fitness function development including the cal-

culation of solar contribution (Ẇs) to plant power output. The optimization

methods are demonstrated using Hunter Unit 3 in Castle Dale, UT, USA as a100

representative coal power plant. This study focuses primarily on retrofit aug-

mentation projects and is most related to fuel saving mode [15] to reduce the

cost and complexity of retrofitting a power plant with solar collectors while still

increasing efficiency.

2. Methods105

Each coal plant differs somewhat from the next, but several hardware com-

ponents are common to most power plant configurations. A representative plant

model is developed that generally operates in a similar way to most coal plants

but with simplifications that make it broadly applicable. The solar exchange

(SX) model simulates the collection of solarthermal energy and its transfer into110

the representative model. The solar integration model developed in this study,

consisting of the representative plant and SX model, assumes the coal plant of

interest has at least one FWH in the low pressure (LP) condensate stage and

one FWH in the high pressure (HP) feedwater stage. Specific examples are

calculated based on data for the Hunter Unit 3 in Castle Dale, UT, USA and115

validated by data published in archival literature.

2.1. Power Plant Model

Data made available by PacifiCorp on the Hunter Unit performance pro-

vides a reliable source to benchmark the representative model introduced in

this report. The Hunter power plant has a nominal power generation rate of120

511 MW.
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Figure 1: Schematic of the solar integration model consisting of a representative
plant model plus a solar exchange (SX) model. Locations for integration of the
SX model are illustrated at points A-D and are discussed further in Section 2.3.

The major focus of the plant simplifications center around reducing the num-

ber of FWHs as well as the amount of steam and the pressure at which the steam

is extracted to run the FWHs. The representative plant model approximates

coal power cycles by combining multiple LP and multiple HP FWHs into a125

single LP FWH run by steam extracted from the low pressure turbine (LPT)

and a single HP FWH run by the high pressure turbine (HPT) exhaust. The

representative model is shown in Figure 1 in addition to the 4 options for solar

integration (A-D), discussed further in Section 2.3.

The FWHs used in the representative plant model are modeled as open130

FWHs, similar to those found in published articles and in the Hunter heat

balance diagram. The drain cooler (DC) is used to fix the operating parameters
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in the representative plant model and sets the temperature difference between

the drain outlet and FWH inlet streams.

A mass-averaged approach, as explained below, is used to approximate the135

DC for both the HP and LP FWH. As a sample case, consider a system of

three LP FWHs that extract steam from the LPT at three different pressures.

The extraction mass flow rates are converted to percentages of the total mass

of steam extracted for that stage. Each LPT extraction is divided by the total

mass flow rate from the three LPT extraction streams to obtain mass fractions140

A, B, and C (where A+B+C=1). The overall DC is determined by multiplying

each mass fraction (A, B, and C) by the corresponding FWH DC and adding

the three mass fraction-DC products. If the hypothetical FWHs have a DC of

5 °C (stream A), 7 °C (stream B), and 10 °C (stream C), then the overall DC

to be used in the representative plant model would be DC = 5A + 7B + 10C.145

This process is repeated for the HP FWH overall DC and both LP and HP DC.

It is efficient to incrementally heat the feedwater in multiple stages where the

temperature of the extracted steam increases alongside the increase in pressure

stage. The pressure of the feedwater ideally does not change significantly as

it passes through each FWH. Each FWH can then be modeled as a simplified,150

isobaric heating process. There are changes to the exergy destruction when the

feedwater is not heated incrementally by progressively higher temperatures, but

the FWHs are modeled as a single heating process.

As noted by Choudhary [37], heat transfer devices (FWHs and boiler) are

significant sources of entropy generation, so reducing the number of and operat-155

ing parameters for the FWHs is expected to have a non-negligible impact on the

overall entropy generated in the cycle and, consequently, the 2nd law efficiency.

This change in entropy generation will be captured in calculations of Ẇs.

Another simplification for the representative model is modeling the boiler

feed pump turbine (BFPT). The inlet and exhaust pressures of the BFPT are160

the same as the LPT inlet and exhaust. Rather than modeling a branch from

the IPT exhaust, the amount of steam that would go through the BFPT is sent

through the LPT. To compensate for the additional mass going through the
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LPT, the power required for the boiler feed pump (BFP) is added to the gross

work output requirement from the representative model.165

A method of calculating extraction steam properties from combined turbines

and for combined FWHs is necessary. From the Hunter heat balance diagram

and a comparable plant reported in Adibhatla and Kaushik [24], all LP FWHs

use extracted steam from the LPT. The steam used for the LP FWH in the rep-

resentative model should be steam extracted from the LPT. The mass-averaged170

pressure of the extraction lines in the Hunter plant is used as the extraction

pressure in the representative model. More detail about how the mass-average

method is applied to calculate the extraction steam pressure is presented in

Appendix A.

The HP FWHs in coal plants use varying combinations of steam extracted175

from both the HPT and IPT. The representative model assumes that the HP

FWH uses steam extracted from the HPT exhaust before the reheat process

and is throttled to the mass-averaged pressure. The inclusion of the throttling

valve adds entropy generation unique to the representative model. Compared to

modeling the HP FWH steam as extraction from the IPT in the representative180

model, throttling the HPT exhaust to the mass-averaged pressure was selected

to achieve model accuracy and preserve simplicity.

The efficiency of each turbine is also determined using the mass-averaged

approach between the inlet pressure and each extraction and exhaust pressure.

The mass-averaged efficiency and the pressures discussed above are sufficient to185

determine the other fluid properties throughout the cycle. The methods of cal-

culating each individual state point and the inputs needed for the representative

model are provided in Appendix A.

Coal power plants control the total power generation of the cycle by adjust-

ing the HPT 1st stage pressure (Ps1) and the working fluid mass flow rate. The190

representative model was modified to calculate the plant performance, limited

by a maximum power output constraint, when allowing bypass of a single FWH

by solar heating (i.e. solar bypass). After simulating the turbine power gen-

eration with the recalculated extraction pressure, power output constraints for
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the overall plant and each individual turbine can be compared to the respective195

calculated values. If a constraint is violated, Ps1 is incrementally reduced by

5% until all constraints are satisfied.

Changing Ps1 has downstream effects on the mass flow rate, boiler operat-

ing temperature, and pressure ratios between the inlet to a turbine and each

respective extraction or exhaust stream. Relationships between Ps1 and each200

operating property must be determined and included in the model. Specifically,

the properties for which a correlation is required include:

• Condenser pressure

• All FWH extraction pressure ratios

• Boiler inlet pressure205

• Boiler outlet pressure

• Boiler operating temperature

• Boiler inlet mass flow rate

• Deaerator (DA) inlet water mass flow rate

• Extraction fractions for each FWH210

• HPT, IPT, LPT isentropic efficiencies

• IPT, LPT extraction pressure ratios

Specific correlations for each property listed above are provided in Table A.1

along with a detailed description of how each state point is calculated in Ap-

pendix A.215

In order to validate the representative model, the power output, boiler heat-

ing power, and thermal efficiency were calculated using the representative plant

model and compared to data from Hunter Unit 3 and Adibhatla and Kaushik

(Table 1) [24].
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Ẇnet

[MW]

Q̇in

[MW]

ηth

[%]

H
u
n
te
r Reported Cycle Performance 511 1273 37.3

Representative Model 505 1276 39.6

Relative Change (%) -1.2 0.2 6.2

A
d
ib
h
a
tl
a

&
K
a
u
sh

ik Reported Cycle Performance 500 1300 38.5

Representative Model 511 1332 38.3

Relative Change (%) 2.2 2.5 -0.4

Table 1: Results of applying the representative plant model to the Hunter 3
Unit and the data provided in Adibhatla and Kaushik [24].

The largest error between the representative plant model and data for the220

Hunter Plant is in the thermal efficiency. This error likely stems from using

mass-averaged values and other simplifications listed in this report or from

the databases and methods used to calculate steam and water thermodynamic

properties. Using mass-averaged values approximates the changes in turbine

efficiency with flow rate which affects the reported power output. Assuming225

constant pressure through FWH stages also reduces the power required by the

CP and BFP. However, the net power output error is consistent between the two

examples, so altering input parameters, e.g. solar augmentation, should have a

consistent effect on the reported net power output. The boiler heating model is

more accurate and will closely approximate the heating load on the system and230

corresponding emissions reduction from solar augmentation.

It is important to also note how the representative model compares to Hunter

and Adibhatla and Kaushik’s data for the entire cycle in addition to the param-

eters outlined in Table 1. More accurate approximations of the power plant in

Adibhatla and Kaushik may be attainable with operating data similar to the235

data made available for the Hunter Unit 3. Figure 2 shows the comparison of

the predicted state points from the representative model with the Hunter Unit 3

(Figure 2a) and Adibhatla and Kaushik (Figure 2b). The representative model

sacrifices some accuracy to achieve consistency in modeling power plants with
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different configurations. Thus, results for this study will be obtained by varying240

the amount of solar augmentation to produce results that can be compared to

each other based on changes in fuel consumption
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Figure 2: T-s diagrams comparing the performance of the representative model
with (a) Hunter 3 Unit and (b) data in Adibhatla and Kaushik [24].

One notable difference is the discrepancy between the temperature of the

mass entering the condenser of the Hunter Unit, located at the bottom right of

the cycle diagram in Figure 2a. The data used to define the Hunter Unit main245

loop is obtained directly from the heat balance diagram. The Hunter operating

data suggests the LPT exhaust is actually at a lower pressure than is reported

on the diagram. Using experimental data for the LPT exhaust would improve

the Hunter comparison in Figure 2a. The error in power output can be seen

in Figure 2 by the space between the vertical lines on the far right of each250

diagram denoting the IPT and LPT processes. As noted above, the error in

estimates of power generation is expected when mass-averaged values are used

for efficiencies. The Ẇnet error is compounded as the same method of using

mass avergaed values is applied to all turbines. However, the actual plant and

respective model diagrams match well and appear to be consistent, regardless255

of plant configuration.
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2.2. Solar Resource

The amount of solar resource available per unit area is referred to in this

study as the direct normal insolation (DNI). Since DNI is susceptible to fluc-

tuations due to weather, the maximum possible DNI for a given time is based260

on calculations for a clear sky (CSDNI), such that DNI≤CSDNI. The following

sections describe methods to estimate the expected DNI at any given geography

and the use of DNI in the SX model.

The National Renewable Energy Laboratory (NREL) reports solar resource

data for a number of locations in the United States, Canada, and South Amer-265

ica in the National Solar Resource Database (NSRDB) [38]. Sengupta et al.

describes the method of retrieving data from the online NSRDB data viewer in

depth [39]. The NSRDB has data from several meteorological measurements.

For the methods to evaluate solar resource availability, DNI [W m-2], CSDNI

[W m-2], solar zenith angle (θz) [degrees], temperature [°C], and pressure [mbar]270

are utilized.

A MATLAB script has been written to process data downloaded from the

NSRDB as described below. The average DNI for each day is calculated ac-

cording to Equation 1 where N is the number of possible daylight data points.

N is determined for each day by counting the number of data points for which

CSDNI>0.

DNIavg =
1

N

N∑
i=1

DNIi (1)

The MATLAB operation uses the average from each day to compute a yearly av-

erage and then calculates the average across all years for which data is provided

(multi-year average).

For Castle Dale, UT, USA, the calculated multi-year average DNI and day-275

light time are 542 W m-2 and 11.9 h, respectively. The calculated value for

multi-year average solar energy then is 6.45 kWh m-2. The NSRDB reports

6.48 kWh m-2 as the nominal energy flux value for Castle Dale, UT, USA. The

calculated error then is 0.5% of the reported value by NREL. This multi-year

average accounts for days of varying solar resource strength and useful time. For280
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Table 2: Typical dimensions for one PTC or LFR module used in power plants
currently in operation [43].

Technology
dr

[m]

Wp

[m]
rc

Lr

[m]

PTC 0.08 5.6 20 10

LFR 0.08 15 60 10

the steady state application in this study, it is assumed that the solar resource is

available at the multi-year average DNI for a duration of the multi-year average

solar time (hsun [hrs day-1]).

PTC and LFR are both categorized as line-focusing CSP technology because

they use mirrors to focus the solar irradiation onto a linear receiver. While the285

performance of LFR systems are comparable with PTC [40], PTC has had the

benefit of design improvements and reduction in equipment costs over a longer

period. While it has been shown that the performance of PTC exceeds that

of LFR in hybrid systems [41], LFR is included in this analysis as a secondary

feasible hybrid design option.290

Translating the multi-year average DNI to useful energy in the SX model

requires sample values for solar collection technology equipment including the di-

ameter and length of a single receiver tube (dr, Lr), the aperture width (Wp) and

corresponding concentration ratio (rc). Values used for this study are presented

in Table 2 and are found from information provided on the NREL SolarPACES295

site [42].

A solar collection assembly (SCA) is the assembly of multiple modules in

series. The projected solar field size is calculated by iterating through different

SCA array configurations as described in the development of Equation 5.

The heat transfer fluid selected for this analysis is based on the range of300

typical temperatures expected in FWHs of the coal power cycle. Increased

performance has been shown for advanced LFR with solar salts as the heat

transfer fluid [44], but the capital costs associated with this design may critically

hinder the feasibility of LFR hybridization. Vignarooban et al. performed an
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extensive study on heat transfer fluids available for CSP systems [45]. The data305

in Vignarooban et al. suggests that a thermal oil is the ideal choice for the design

points in this study. Therminol-VP1 is selected for analysis in this study due to

the reported stability of Therminol-VP1 and thermal properties at typical CSP

operating temperatures for FWH bypass [46].

It is also important to simulate the layout of the solar field to estimate the310

amount of land used for hybridization. The amount of energy contributed by

the solar field is dictated by the augment fraction (k), defined as the ratio of

solar energy input to coal energy input to the coal power plant
Ä
k = Q̇s/Q̇B

ä
.

The solar power received by the coal plant (Q̇s) is dependent on the effec-

tivness (ε) of the heat exchanger between the solar receiver power (Q̇r) and the315

power plant.

Q̇s = εQ̇r (2)

The performance of the collection technology can be quantified using a col-

lection efficiency (Equation 3), where Ar is the total solar field receiver area and

ηc is the overall collection efficiency determined by the technology and estimated

operating temperature [44, 47].320

ηc =
Q̇s

DNI rcAr
(3)

The total required length of receiver tube can be determined by combining

Equations 2 and 3 with the equation for the surface area of a cylindrical receiver

tube [48].

Lmin =
Q̇s

DNI εηcrcπdr
(4)

For an assumed SCA length of 30 m, the minimum number of required SCA to

meet the specifications set by k is the ratio of Lmin to LSCA, rounded up to the

nearest whole assembly.

In order to simplify the calculation of solar energy collection, it was assumed

that SCAs are installed in a rectangular array with multiple loops of uniform325
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length. Consistent with commercial CSP projects and a study published by

Channiwala and Ekbote, it was assumed that each loop is installed with a pitch

of Ls = 15 m between each receiver tube [49]. Since LFR does not require

spacing for shading, an additional 5 m (s.t. Ls = Wp + 5m) is added between

loops to ensure maintenance access.330

The number of SCA required according to Equation 4 is rounded up as

necessary to achieve complete rectangular arrays. Using the total surface area

of the receiver tube in Equation 4 leads to an underestimation of required area

which is partially accounted for in rounding up to achieve rectangular arrays.

The resulting calculation of total solar field size (Equation 5) is dependent on335

the number of SCA in each loop of the array (Na) and the number of loops in

the array (Nl).

At = (LrNa)[WpNl + (Ls −Wp)(Nl − 1)] (5)

2.3. Solar Exchange

Figure 1 is a sample schematic of the representative model with solar inte-

gration in the LP FWH process (Option A). As discussed previously, the repre-340

sentative model used in this study assumes the FWH process is done by a single

FWH at constant pressure, so changes are required for property calculations in

order to capture the effect of a single FWH being bypassed.

The steam extraction pressure is calculated using the mass-averaged pres-

sure approach assuming all flow rates are unchanged with the exception of the345

extraction line tied to the bypassed FWH and the main line. In the solar in-

tegration model, this is illustrated by placing the solar heat exchanger (SX) in

series before the constant pressure FWH (Options A and C in Figure 1) with

thermal input from the solar field to the SX if the FWH being bypassed is fol-

lowed by another FWH in the real cycle. For FWHs not followed by another350

FWH (i.e. before the boiler or BFP, as in Options B and D in Figure 1), the

SX was modeled after the combined FWH in the representative model. State 4

(Figure 1) represents the mixing done in the DA. While the DA may be thought
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of as an open FWH, only closed FWHs are considered as candidates for solar

integration. However, the FWH numbering scheme common to coal power plant355

schematics is preserved in this study and FWH 4 is omitted from FWH bypass

results discussed in Section 3.

2.4. Solar Contribution

Hou et al. defined a method to calculate the solar work contribution, Ẇs,

involving an exergy analysis on subsystems of the overall hybrid plant [50]. An360

adaptation of their approach for the current solar integration model is presented

here.

Subsystem boundary lines are selected based on the pressure level of the

turbine stage included in the subsystem as shown in Figure 3a with extraction

and exhaust pressures. However since steam is not extracted from the IP tur-365

bine, the boundary line corresponds with the pressure at state 13. Figure 3b

illustrates the boundary lines for each subsystem when plotted on a T-s dia-

gram and shows the highlighted area under the subsystems which is integrated

to calculate Ẇs. Each subsystem remains consistent across multiple solar in-

tegration configurations (Options A-D in Figure 1). The only modification is370

the inclusion of the SX model in different subsystems as the integration loca-

tion changes. For example, Subsystem 4 always contains the lower stages of the

LPT, the condenser, CP, and drain cooler throttling after the LP FWH. For the

lowest pressure solar integration (Figure 3a), the SX occurs before LP FWH

and splits that boundary between subsystems 3 and 4. Similarly for options375

B-D, the subsystem boundaries are drawn to exclude the solar integration.

To test the model for Ẇs calculation, the model was compared to the case

study by Hou et al. for a 600 MW hybrid plant with FWH 7 bypass, at k =

5.5% [50]. The study by Hou et al. yielded a Ẇs of 25.70 MW which results

in a Ẇs fraction of 4.28%. A similar model presented in this study for FWH380

7 bypass at k = 5.5% and using our representative model yielded a Ẇs of 21.7

MW from a calculated Ẇnet = 494 MW and Ẇs fraction of 4.4%. With this

validation, Ẇs can be used as a parameter to evaluate CSP hybrid performance.
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Figure 3: (a) Subsystem division for LP FWH 1 or FWH 2 bypass and (b) T-s
plot of Ẇs for FWH 7 bypass at k = 1%.

2.5. Financial Model

This study uses an annual cash flow analysis, based on the methods used385

in the System Advisor Model (SAM) by NREL, to calculate the LCOE and

payback time (PBT) based on the time it takes for fuel savings to overcome

total project costs. Unless otherwise stated, the equations and values provided

for the financial model are retrieved from the SAM documentation [51]. The

LCOE calculated from this study is treated as a marginal solar value that can390

be added to the LCOE of the parent coal plant to estimate the overall hybrid

LCOE. The annual cash flow (Cnet) is calculated (Equation 6) using annual

costs (Cn) from operation and maintenance (O&M), financing, and taxes scaled

by a nominal discount rate (rd,nom). Input values used to determine Cn are

provided in Table 3.395

Cnet =

N∑
n=0

Cn

(1 + rd,nom)n
(6)

Details on the use of the values in Table 3 can be found in Appendix B.

The LCOE is calculated by dividing the annual costs by the annual Ẇnet,
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Table 3: Selected input values used for the cash flow cost analysis.

Parameter Name Variable Selected Input Source

Capital Cost

Site Improvements FSI [USD m-2] 25 [51]

Solar Field FSF [USD m-2] 170 [51]

Heat Transfer Fluid FHTF [USD m-2] 60 [51]

Heat Exchanger FHX [MMUSD] 1.73 [52]

Contingency rcont [%] 7 [51]

Engineer-Procure-Construct rEPC [%] 11 [51]

Sales Tax Amount Ft,sal [% of CC] 80 [51]

Sales Tax Rate rt,sal [%] 5 [51]

Annual Operating Expenses

Fixed O&M FFOM [USD kWe
-1] 12 [53]

Variable O&M FVOM [USD MWh-1] 4 [54]

Property Tax Amount Ft,prp [% of CC] 80 [54]

Property Tax Rate rt,prp [% of basis] 0.6 [55]

Insurance Rate rins [% of CC] 0.5 [54]

Annual Loan Payment

Loan Amount FL [% of CC] 50 [56]

Total Loan Period P [years] 25 [54]

Loan Interest Rate rint [% of remaining balance] 5 [54]

Annual Tax Credits and Incentives

Federal ITC Rate rITC,fed [% of CC] 10* [57]

State ITC Rate rITC,st [% of CC] 0 [54]

Annual State and Federal Income Tax

Depreciation Schedule SCdep [% of CC] MACRS** [54]

Federal Tax Rate rt,Fed [%] 21 [54]

State Tax Rate rt,st| [%] 5 [55]

*rITC was set in 2019 to depreciate from 30% to 10% by 2022 [57].
**The modified accelerated cost recovery system (MACRS) is the name given
to the federal depreciation schedule and has a separate value for the first
five years of the project as shown in the following vector (20, 32, 19.2, 11.52,
11.52, 5.76).
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energy (En), and adjusting to a net present value (Equation 7), where rr is the

real discount rate.

LCOE =
Cnet

N∑
n=1

En

(1+rr)
n

(7)

O&M costs, tax costs, and loan payments are approximated using values shown400

in Table 3, with more information provided in Appendix B.

The PBT used for the current analysis assumes that the fuel savings resulting

from operating a hybrid plant in fuel saving mode provide the benefit that

offsets all accumulated costs inherent in the hybridization process. The fuel

savings are calculated using the fuel offset and the lower heating value of the405

coal (Equation 8). Annual fuel savings are subtracted from the annual costs

until the savings are greater than or equal to the cumulative costs.

FS =
EsavFF

LHVF
(8)

The development of this financial model closely reflects the calculations per-

formed within SAM by NREL; comparative tests during development showed

agreement between the models on the order of rounding error. Savings obtained410

from fuel offset is a departure from the scope of SAM. The effect of augmentation

and integration site on LCOE and PBT are explored further in Section 3.2.

Carbon tax is an incentive that has been introduced in certain countries and

areas of the US to boost renewable energy projects over fossil fuel projects by pe-

nalizing the emission of greenhouse gases [58]. Though not widely implemented415

in the US, hypothetical values for a carbon tax are publicly available [59]. In

this work, the effect of the carbon tax income is calculated from Q̇fo and the

useful solar operating conditions. Results from the implementation of a solar

premium and carbon tax are provided in Section 3.2.

Another option for improving financial feasibility is the consideration of a420

premium rate applied to the electricity consumer. A study by O’Shaughnessy et

al. states that the average green energy premium paid by residential electricity
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consumers in 2016 was 0.018 USD kWh-1 [60]. In this study, the income from

increasing the electricity price for the consumer and the carbon tax are bene-

fits that are treated similarly to income in the calculation. For each year, the425

premium benefit is calculated from the premium rate and the total energy pro-

vided by the power plant during average operating conditions. Alternatively,

the green premium can charge the consumer based on the solar contribution

to the power generation. Since the Ẇs reported in Table 4 are up to 25 MW

for higher k, the effect of the green premium price decreases but the consumer430

would only be paying for the electricity attributed to the renewable resource.

2.6. Optimization Methods

All models presented to this point comprise the hybrid model. The hybrid

model has been designed such that the only inputs, or design variables, required

to calculate hybrid performance are technology type (PTC or LFR), the num-435

ber of the bypassed FWH, and k. All other model outputs or required inputs

are calculated within the hybrid model and are passed between the internal

functions as necessary.

Instead of looking at the hybrid plant as a problem with two discrete vari-

ables (FWH number and Technology) and one continuous variable (k), the prob-440

lem can be expanded to be a series of continuous problems resulting in an opti-

mization searching method referred to as an exhaustive search. The exhaustive

search allows for the optimal configuration to be determined at each integration

site in order to find the global optimum for the design space.

To implement the exhaustive search, all possible combinations of the discrete445

variables are treated as individual designs and processed as continuous problems.

For the hybrid model, this means that for i possible CSP technologies and j

possible integration sites, there will be i× j continuous optimization problems

processed to determine the overall optimum for all possible technology/FWH/k

combinations. This exhaustive search is laid out in Figure 4 where each circle is450

a design variable and each line is a possible value of that variable. Only FWH

bypass is considered for this study, so j is equal to the number of closed FWHs.

25



CSP
Tech

PT
C LFR

FWH
no.

FW
H
1

FW
H
2

F
W
H

3

F
W
H

5

FW
H
6

FW
H
7 FW

H
1

FW
H
2

F
W
H

3

F
W
H

5

FW
H
6

FW
H
7

koptkoptkoptkoptkoptkoptkoptkoptkoptkoptkoptkopt

FWH
no.

Figure 4: Visualization of the exhaustive search implemented in determining
the optimal k (kopt) for each technology/FWH combination.

Two feasible CSP technologies are considered: PTC and LFR. Thus, i = 2 and

j = 6 because FWH 4 is an open FWH/deaerator (Section 2.3), and the total

number of combinations analyzed is i× j = 12.455

The various optimization objectives that have been analyzed in other studies

capture important parameters but do not necessarily consider all the factors

that impact the overall quality of a design [61–68]. The following parameters

have been identified as candidates for the optimization objective. The objective

parameters are selected based both on the impact on either thermodynamic460

or financial performance and the ability to maintain consistent dimensions as

described below.

• Solar work contribution (Ẇs) [MW]

• Fuel offset (Q̇fo) [MW]

• Levelized cost of electricity (LCOE) [USD kWh-1]465

• Payback time (PBT) [yrs]

• Fuel earnings (FE) [USD]

The MATLAB function ‘fmincon’, included within the MATLAB optimiza-

tion package, has been selected to perform the continuous search for this study.

Because ‘fmincon’ searches for the minimum value of the specified objective,470

care must be given to combine the variables above such that the ideal value

will be a minimum. For best performance, multiple objectives should also have

consistent units and be of comparable orders of magnitude.
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Objective parameters are separated in two categories based on impact of

plant thermodynamics or economics. In this case, objective 1 is defined as475

OBJ1 = Qfo Ẇs/CC Ẇnet and objective 2 is defined as OBJ2 = 1/LCOE (365 PBT hsun).

The total objective (f) can then be expressed in terms of the objective param-

eters (Equation 9) where Ẇs is scaled by the net work output by the plant

(Ẇnet) and each separate objective is scaled by a weight value (ω) such that

ω1 + ω2 = 1. The financial parameters are combined to achieve dimensional480

homogeneity.

f = −ω1
Q̇fo Ẇs

CC Ẇnet

107 − ω2
1

LCOE (365 PBT hsun)
102 (9)

Additional constants are multiplied with the objectives as necessary to reach

comparable orders of magnitude and dimensional homogeneity, such as convert-

ing PBT from years to hours by multiplying 365 days/year and hsun. For best

optimization results, the starting point given to ‘fmincon’ should be within the485

feasible design space.

Additional constraints were placed within the individual models used in the

optimization to ensure the outputs were feasible, such as confirming the compo-

nents within the hybrid model simulation met requirements for the conservation

of energy. However, additional constraints are required to ensure the designs490

generated in the optimization search are feasible for the desired application.

Two additional constraints have been applied restricting the size of the solar

field and the duration of PBT. The current optimization constrained the designs

to limit the size of the solar field area below a maximum size specified by the

user. For this analysis, it is assumed there is an area of 20 ac (81,000 m2)495

available for a solar field. A second constraint specifies that the PBT be less

than the expected project lifetime specified by the user. A project life of 30

years is assumed for this study.
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3. Results

The results presented here are for the models described in Section 2. Unless500

otherwise specified, the specific values reported and conclusions drawn are based

on data for the Hunter Unit 3 coal power plant in Castle Dale, UT, USA.

3.1. Solar Contribution

The methods used to calculate Ẇs were tested for several values of k at

each integration site. The energy transferred in each FWH accounts for ap-505

proximately 3% of the overall heating power done in a coal power plant. Thus,

k = 3% CSP effectively replaces each FWH while providing the same amount

of thermal power as the bypassed FWH would and k = 1% and 6% are used as

lower and upper bounds, respectively. Table 4 shows that increasing k and in-

creasing the pressure stage of FWH bypass generally increases Ẇs, as expected.510

Of note is the relative effect of k on Ẇs as compared to integration site. While

Ẇs depends on the amount of steam typically extracted from the bypassed

FWH, the increase from changing integration site is small as compared to the

increase in Ẇs with increasing k. The choice between k and integration site

allows for flexibility in design and operation decisions. Determining the size of515

a solar field is a decision that must be made in the design stage of a project, but

the results in Table 4 suggest that the choice of integration site is much more

flexible in that changing the integration from bypassing one FWH to another

FWH at a similar pressure stage should not significantly affect the performance

of the hybrid plant.520
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Table 4: Results for solar contribution based on FWH number bypassed and
the solar augment fraction (k). Compare with results for k = 0% in Table 1.

FWH #
k

[%]

Ẇs

[MW]

Q̇B

[MW]

ηth

[%]

1 1.24 1313 38.6

LP FWH 1 3 4.53 1287 38.5

6 11.42 1276 37.7

1 1.24 1293 39.0

LP FWH 2 3 4.53 1276 38.8

6 11.40 1276 37.6

1 2.74 1293 39.1

LP FWH 3 3 8.88 1263 39.2

6 18.24 1213 39.2

1 3.23 1309 38.7

HP FWH 5 3 10.35 1279 38.7

5 21.97 1233 38.9

1 3.23 1299 38.8

HP FWH 6 3 10.38 1270 38.9

5 22.12 1223 39.1

1 3.48 1297 37.7

HP FWH 7 3 110.4 1267 37.8

5 24.02 1221 37.9

For the HP configurations that have been shown to be feasible, ηth increases

slightly. This behavior was predicted in Section 2.1, though ηth is lower than

the nominal values reported in Table 1.

3.2. Financial

A sample of financial results is provided in Figures 5 and 6. Of note in Fig-525

ure 5 is the LCOE order of magnitude. The LCOE reported here is a marginal

value representing the ratio of the costs associated only with the integration

of CSP to the total hybrid plant energy output. Considering the total LCOE
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for CSP-coal hybrid systems is on the order of 0.03-0.12 USD kWh-1 [27], the

marginal fraction reported in this study is a small increase as compared to the530

LCOE of a total coal or CSP-coal hybrid power plant. This marginal value can

then be added to the LCOE of the coal plant to approximate the overall hybrid

LCOE. Figure 5 shows that the LCOE depends mainly on k and does not vary

considerably for different locations of solar integration in the plant. The general

trend for integration options is that the LCOE is less for LP integration.535

The fuel offset power (Q̇fo) is the parameter than has the largest effect on

PBT. The variation in PBT with k is shown in Figure 6 for HP integration

options and 0 USD sh.tn.-1 (or short ton) carbon tax. As was shown in Sec-

tion 2.6, Q̇fo was negative for FWH 1 and FWH 2 but became positive for all

other FWHs once k passed the kFWH. Until k > kFWH, there is no benefit for540

PBT. However, the costs of the plant continue to increase with k so integration
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options only become feasible when Q̇fo gets sufficiently large. The Q̇fo for HP

integration configurations does not vary greatly between each FWH, resulting

in nearly identical PBT results for each HP configuration (Figure 6).

Figure 7 shows the effect of carbon tax on the LCOE (Figure 7a) and on545

PBT (Figure 7b) for FWH 3 and FWH 7 bypass. Values for the carbon tax

used to generate Figures 7a and 7b are moderate (16 USD sh.tn.-1; similar

to California Emission Trading System), aggressive (30 USD sh.tn.-1; similar

to Iceland carbon tax) and very aggressive (50 USD sh.tn.-1; France carbon

tax) [58, 59]. Even for a moderate carbon tax (16 USD sh.tn.-1), significant550

changes in both LCOE and PBT are seen in Figure 7. This sensitivity to carbon

tax suggests that hybridization is more likely to have a wider range of feasible

designs for locations with carbon taxes in place. Having an LCOE less than

0 (as in Figure 7a) occurs when the financial benefit exceeds the cumulative

costs. After the initial investment, the annual net costs must be negative (net555
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Figure 7: Effect of carbon tax on (a) LCOE and (b) PBT. FWH 6 is used as
an example of HP integration. LCOE and PBT trends for other bypass options
are similar to those shown in Figures 5 and 6.

financial gain) in order for the project to make money. For projects without

carbon tax, the initial investment and annual loan payments are large enough

that the summation of each negative LCOE does not make up the difference.

With a carbon tax in place, the negative LCOE for each year in the cash flow

analysis will increase in magnitude with increasing carbon tax to the point that560

the summation of negative LCOE for each year surpasses the cumulative LCOE

from the initial investment and annual loan payments. In this study, negative

LCOE typically corresponds with an aggressive carbon tax or large Q̇fo.

Applying a green energy premium value of 0.018 USD kWh-1, as reported in

O’Shaughnessy et al. [60], reduces PBT for PTC bypass of FWH 6 at k = 9%565

with a 0 USD sh.tn.-1 from 62.1 to 3.9 years (94% reduction), resulting in a

feasible condition for that k/technology/FWH configuration. As is shown in

Figure 8, the PBT with the premium based on Ẇs still decreases but at a lower

rate than the PBT with the premium based only on Ẇnet. For FWH 6 at

k = 9%, no carbon tax, and the average green energy premium value of 0.018570

USD kWh-1, the PBT comparison from Figure 8 is 3.9 years when based on
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Ẇnet and 22.5 years when based on Ẇs.

Consumer electricity rates are highly dependent on location, so the sensitiv-

ity of feasibility to green premium price can be seen in Figure 8 for PTC bypass

of FWH 6 at k = 6, 9, and 10% with a 0 USD sh.tn.-1 carbon tax. The main575

conclusion from Figure 8 is that applying a premium considerably decreases

PBT with all else constant. However, there is a limit at which increasing the

premium price no longer shows significant decreases in PBT. For Figure 8, the

change in PBT is less than 2% when it is increased beyond 0.0155 USD kWh-1.

The premium of 0.0155 USD kWh-1 is sufficient to reduce PBT to 4.3 years for580

k = 9%.

Looking at the effect of a carbon tax (Figure 7b) and a green premium

electricity price (Figure 8) show similar trends in the effect on PBT from carbon

tax and green premium. Increasing a carbon tax or green premium will decrease

the PBT, but adjusting the green premium has a greater impact than increasing585
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the carbon tax. This is due to how each value is implemented in this study, as

discussed in Section 2.5. A carbon tax is applied to the coal saved by solar

augmentation, typically as high as 100 MW for low-solar augmentation. The

green premium, however, is applied to all the electricity generated during hsun

throughout the year. For the Hunter Unit 3 plant with a nameplate generation590

of almost 500 MWe, the green premium is effectively applied to a greater source

of power.

3.3. Optimization

As described in Section 2.6, hybrid performance is divided in thermody-

namic and economic categories. Figure 9 shows the relationship between the595

two objectives for weights in increments of ω = 0.2 (i.e. ω1 = [0, 0.2, 0.4, · · · ,

1], and ω2 = [1, 0.8, 0.6, · · · , 0]) for HP FWHs and 16 USD sh.tn.-1 carbon

tax. The curves represented by the trendlines fit to the calculated optimums

are Pareto fronts. The Pareto front for two-objective optimization is a curve

that represents the hypothetical boundary for feasible designs. In the case of600

this study, the optimization objective was written such that the optimal design

would trend towards the minimum of each objective. In Figure 9, the Pareto

fronts suggest that the majority of other feasible designs result in a higher value

for at least one of the two objectives. As expected, the trendline reflects an

inverse relationship and the objectives contradict each other. The trendline fit605

to the sample simulations demonstrates the expected pareto front of feasible

designs for different possible ω combinations. The results in Figure 9 result in

the majority of the ω combinations lying closer toward a thermodynamic min-

imum, suggesting that OBJ1 may be dominating the optimization. In general,

the trendline representing the Pareto front for FWH 6 bypass lies below all other610

designs, suggesting FWH 6 bypass is most likely to be the optimal integration

site for a hybrid plant when compared to results for each of the other FWHs.

Results from Section 3.2 show that k, directly tied to the capital cost, has

the largest impact on financial performance and overall feasibility of a hybrid

project once Q̇fo > 0 (Figure 5). Thus, more weight is given to the financial615
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objective, or ω1 = 0.2, ω2 = 0.8. Optimization results for each FWH and

technology type are given in Table 5 assuming a project life of 30 years and a

maximum allowable solar field of 30 ac. As shown in Figure 4, kopt is found for

each FWH bypass option combined with either PTC or LFR for the solar field.

The optimization results in Table 5 show the kopt for each technology/FWH620

combination. The overall hybrid optimal design is found by selecting the con-

figuration resulting in the lowest (most negative) value for f (Section 2.6). For

this study, k = 9% PTC bypassing FWH 6 is the optimal configuration for 16

USD sh.tn.-1 carbon tax. This result is consistent with similar work published

in archival literature suggesting hybrid performance improves as the integration625

site approaches the boiler stage [33, 69]. It was expected that LFR integration

would be generally less feasible than PTC due to higher capital costs. This is

evident in that none of the optimal designs for LFR had feasible PBT. However,

the efficiency of LFR land use is apparent throughout Table 5, but particularly

for FWH 5 bypass where the estimated solar field for the LFR configuration630
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Table 5: Optimums for each FWH bypass option for ω1 = 0.2, ω2 = 0.8, and
16 USD sh.tn.-1 carbon tax. f is a minimizing function, so the smallest value
(or most negative) is considered the best.

FWH #
kopt

[%]

Q̇fo

[MW]

Af

[ac]

LCOE

[10-4 USD kWh-1]

PBT

[years]

f

[kW USD-1]

PTC

5 14.5 202.7 517.9 16 23.7 -0.79

6 9 112.6 301.4 9.5 25.2 -0.92

7 9 105.1 301.4 9.6 27.1 -0.84

LFR

5 14.8 208.5 366.5 24 > 30 -0.46

6 13.2 188.6 320.9 21 > 30 -0.48

7 14.7 209.2 364.2 23 > 30 -0.46

is similar to the PTC configuration despite a higher kopt than PTC FWH 5

bypass [70].

3.4. Geography

Changing the geographic location of hybridization also has a significant ef-

fect on financial parameters. DNI is highly dependent upon geography, which635

has a strong impact on the size of the solar field required (Equation 4). Chang-

ing location also may change state or federal tax information. As an example of

the effect geography has on the optimization results, Table 6 shows the optimal

configurations for a plant with parameters consistent with Hunter Unit 3 oper-

ating in a city with lower DNI (Cleveland, OH, USA) and a city with higher640

DNI (El Paso, TX, USA) for FWH 6 bypass and the California carbon tax (16

USD sh.tn.-1).

In comparing the optimization fitness, the minimal f is expected to be in

El Paso, TX, USA, depending on the specific operating procedure of a power

plant in that area. This confirms the high dependence of CSP technology on645

installation geography. A proposed hybrid project is most likely to be feasible

if the location of interest has high DNI.

The data presented shows that the integration site in the power plant causes

the greatest effect on plant performance; k and CSP technology type have the

greatest impact on financial performance. Hybridization has an impact beyond650
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Table 6: Effect of geography on hybrid performance with PTC bypassing FWH
6 with 16 USD sh.tn.-1 carbon tax and no green energy premium. Castle Dale,
UT is the benchmark with Cleveland, OH and El Paso, TX as examples of lower
and upper DNI, respectively (all USA). Local tax and financing parameters are
not included.

Location
DNI

[W m-2]

kopt

[%]

Asf

[ac]

LCOE

[10-4 USD kWh-1]

PBT

[yrs]

f

[kW USD-1]

Cleveland, OH 326 14.7 875 30 > 30 -0.35

Castle Dale, UT 542 9 301.4 9.5 25.2 -0.92

El Paso, TX 624 9 263.4 8.0 21.5 -1.26

just plant efficiency and LCOE.

4. Discussion

The US Energy Information Administration reports that the amount of CO2

emissions from a coal power plant can be estimated by the conversion factor 205

lb. CO2 MMBTU-1 for bituminous coal [71]. With FWH 6 bypass as an exam-655

ple, Table 5 shows that 52 MW worth of coal is offset during hybrid mode.

Using the effective solar time to convert from MW to MMBTU and projecting

throughout the year, the conversion from the Energy Information Administra-

tion results in a CO2 emissions reduction of approximately 171 tons per year.

According to Bernal et al. [72], a typical temperate, dry conifer forest (the most660

prominent forest in UT) removes approximately 6.4 t CO2 ha-1 year-1. Thus,

CSP augmentation in UT reduces emissions equivalent to approximately 27,000

ha of dry conifer forest for k = 9% PTC augmentation at FWH 6 bypass.

This study analyzes a retrofit hybrid model operating in fuel saving mode,

but Manente showed that plants constructed with hybrid capabilities, typically665

operating in power boost mode, can also see considerable benefits [15]. Ma-

nente’s study, focused on integrated solar combined cycles, shows that the in-

clusion of solar in the power generation process can add 50 MWe to an existing

plant without changing any equipment. Included in Manente’s study was the

requirement to upgrade the turbine to account for the potential increase in ca-670
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pacity. This suggests that a power boost analysis is best for initial construction

and plants anticipating upgrades to turbines or electrical transformers due to

the added capital cost of higher capacity components whereas fuel saving mode

is best for retrofit projects.

The impact of hybridization can be extended with the addition of thermal675

energy storage (TES). Storage technology has been studied for use in building

energy efficiency [73] as well as CSP. Common options for storage materials

include phase change materials [74, 75], large collections of rock [76], and molten

salts [77]. Studies show that TES can add considerably to the hybridization

benefit [78–81]. The inclusion of TES would cause changes in the financial680

performance of a hybrid plant necessitating edits to the model presented in the

current study. The operation of the plant would largely be the same with the

exception that the hybrid plant would be able to operate in fuel saving mode

for a longer period of time. This increase in effective solar time is expected to

increase the total amount of coal saved over time and cause a potential decrease685

in LCOE and PBT depending on the selection of TES technology.

5. Conclusion

While benefits of hybrid technology have been explored in published liter-

ature, this study has contributed a simplified method to evaluate preliminary

hybridization feasibility based on a representative coal power plant. The repre-690

sentative model was shown to be applicable to Hunter Unit 3 in Castle Dale, UT,

USA and a separate coal power plant with a different configuration [24]. Using

solar data from NREL and standard equipment dimensions, the solar resource

for the hybrid geography was quantified and combined with the representative

model in the solar integration model. The fraction of power out of the hybrid695

power plant that can be attributed to the solar integration was calculated using

an exergy analysis. A financial model was used to calculate comparative param-

eters including LCOE, PBT, and fuel earnings. The performance of the solar

heat exchange model is combined with the financial performance to define the
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optimization objective used to find the optimal configuration for a proposed hy-700

brid retrofit project. Results from simulating CSP integration into Hunter Unit

3 suggest that hybridization may be feasible considering the expected thermo-

dynamic benefits to the power plant and the LCOE and PBT for small values

of k. LFR requires less land for a solar field than PTC, but higher capital

costs universally preclude the use of LFR in hybrid projects according to the705

assumptions of this analysis. As expected, areas with higher average DNI are

more promising candidates for Ẇs and areas with lower DNI are less feasibile.

It is shown that for a possible scenario including a carbon tax, the LCOE and

PBT will decrease accordingly and increase the feasibility of hybridization. The

impact of a green premium on consumer electricity prices is also demonstrated710

to have a dramatic effect on decreasing PBT. Carbon taxes and green premium

prices are common in communities across the world [58, 60], so a combination

of both incentives makes CSP-coal hybridization feasible and competitive with

other power generation options.

The calculated optimum scenario is using PTC at k = 9% to bypass FWH 6715

with a 16 USD sh.tn.-1 carbon tax without considering a green energy premium.

The resulting optimum LCOE and PBT are 9.4 × 10−4 USD kWh-1 and 25.2

years, respectively. Applying the green energy premium 0.018 USD kWh-1 with

no carbon tax reduces the PBT for k = 9% PTC augment of FWH 6 from 62.1

years with no premium to 22.5 years based only on Ẇs and 3.9 years based on720

the total power output.

The method presented in this paper, while simplified, is largely irrespective

of any particular coal plant, geography, or local tax code. The results suggest a

generous range of feasible hybrid configurations, but do not provide an explicit

commentary on public policy. While the effects of carbon tax on feasibility725

as defined in this analysis are substantial, there are many and various effects

of carbon tax on an economy and social structure such that this study alone

cannot be used to argue for or against the implementation of a carbon tax or

other applicable policies. Instead, it is only suggested that hybridization be

considered where such policies may be in place.730
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Appendix A State Properties1095

Simulating the performance of the simplified model requires multiple in-

put values, relationships, and equations relating to equipment performance or

operating behavior of the hardware being modeled. A derivative of the state

postulate requires two independent, intensive properties to fix the state of a sim-

ple compressible system [82]. Thus, for each state in the representative model,1100

two properties that are independent of each other and do not depend on mass

(intensive) must be provided to determine the other properties of interest at

that state.

For the model presented in this work, we are particularly interested in the

following properties.1105

• Pressure (P [MPa])

• Temperature (T [K])

• Specific enthalpy (h [kJ kg-1])

• Specific entropy (s [kJ kg-1 K-1])

• Steam quality (x)
mvapor

mtotal
1110

The information required to obtain these properties can be separated into four

categories

1. Correlation provided by user (Table A.1)

2. Process design points

3. Conservation of energy1115

4. Efficiency

We have selected the HPT 1st stage pressure as the control parameter used

to adjust the power generation of the plant. Because this pressure is the inde-

pendent variable, all correlations (category 1) used to calculate the properties

for the simulation of the Hunter plant are related to the HPT 1st stage pressure1120

(Table A.1).

The description of state point values are provided sequentially below begin-

ning with state 1. When the properties of a state are dependent on a process

related to a later state, some conditions are introduced out of order.
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The pressure at state 1 is equivalent to the condenser operating pressure,1125

provided as a correlation in Table A.1 (category 1). The water in condensers is

designed to exit as a saturated liquid, so the second property to fix state 1 is x

= 0 (category 2).

The feedwater in the condensate stage of real power plants incrementally

increases in pressure as it is heated until it enters the DA. In the simplified1130

model, the condensate stage is assumed to take place at constant pressure (P2

= P3 = P4), as opposed to the gradual compression experienced in the real

plant. This pressure is approximated using a correlation in Table A.1 for the

DA extraction pressure (category 1). The CP is assumed to have a constant

isentropic efficiency. The isentropic efficiency of a pump is defined as the ratio1135

of the isentropic work (∆s = 0) to the actual work. For pumps with an outlet

enthalpy (he) and inlet enthalpy (hi), the work done by that pump can be

derived from conservation of energy to get Equation A.1.

Wpump = ṁ(he − hi) (A.1)

The isentropic efficiency can then be written in terms of the actual work (Wa)

and isentropic work (Ws) in Equaion A.2.

ηpump =
Ws

Wa
=
he,s − hi
he,a − hi

(A.2)

After finding the isentropic enthalpy of state 2 (he,s = h(P2, s1)), the actual

enthalpy can be calculated using the isentropic efficiency (Equation A.2), which1140

fixes state 2 (category 4).

The enthalpy of state 3 is determined using the FWH efficiency. This method

can be written in terms of states 2, 14, and 15 in Equation A.3 (category 2).

h3 =
ηFWH

ṁ14(h14 − h15)
+ h(2) (A.3)

State 3 is then fixed knowing h3 and that P3 = P2, as stated previously

(category 2).1145
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State 4 is a simplified model of the DA used in coal plants to remove air

from the feedwater before it enters the boiler. The ideal version of a DA is a

mixing chamber. In the case of state 4, condensate stream 3 and FWH drain

exit (state 12) enter the chamber at equal pressure and exit at the same pressure

(P3 = P4 = P12, category 2). State 4 is fixed after finding the enthalpy of state1150

4 using the conservation of energy (category 3). For a steady, open system with

no external heating or work interactions, N inlet streams, and M exit streams,

M∑
j

(ṁjhj)exit =

N∑
k

(ṁkhk)in (A.4)

and, therefore,

h4 =
1

ṁ4
(ṁ3h3 + ṁ12h12) (A.5)

However, h12 is still unknown for this process. In order to calculate states 4,

11, and 12, a temperature for state 5 is assumed and used with a correlation for

pressure in Table A.1 (category 1) to fix the state. The temperature for state 111155

is determined using the Drain Cooler (DC) temperature difference specification

for FWHs. The DC approach assumes that the drain of the FWH exits at a

specified temperature difference above the feedwater inlet temperature. In the

case of the HP FWH, T11 can be related to the assumed T5 using Equation A.6

(category 2).1160

T11 = T5 +DC (A.6)

It is assumed that the steam exits the FWH for state 11 at the same pressure

as the extraction inlet (P11 = P10, category 2). State 11 is then fixed and can

be used to determine state 12.

It has been identified previously that state 12 is at the same pressure as

states 3 and 4. A relationship for the throttling process is useful to fix state 121165

(category 3). A general expression for a control volume at steady state with no

external heating or work interactions is presented in Equation A.5. Equation A.7

shows the results for a single inlet and exit. Since ṁ12 = ṁ11, the enthalpy at
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states 11 and 12 are equivalent.

M∑
j

(ṁjhj)exit =

N∑
k

(ṁkhk)in (A.7)

State 4 is then fixed as previously described and can be used to evaluate1170

the assumed T5. The new state 5 is fixed using the boiler feed pump (BFP)

efficiency (category 4), as described for state 2 (Equation A.2) and a pressure

calculated from a correlation in Table A.1 (category 1). The temperature from

the new state 5 is compared to the assumed state. A tolerance of 0.1% is applied

for sensitivity when comparing the assumed and calculated state 5 temperatures.1175

The properties of the calculated state 5 are then used to iterate through the

calculations for states 4, 11, and 12 until the tolerance requirement is met.

State 6 is calculated assuming a FWH efficiency (ηFWH) based on the con-

servation of energy (category 3). For a FWH, the amount of energy transferred

between the streams can be determined by analyzing the heat transfer material,1180

or the space between the extraction and feedwater streams. Since the extracted

steam and feedwater heat rates are related by ηFWH,

ηFWH ṁ10−11(h10 − h11) = ṁ5−6(h6 − h5) (A.8)

and, therefore,

h6 = h5 + ηFWH
ṁ10−11

ṁ5−6
(h10 − h11) (A.9)

State 6 can then be fixed using Equation A.9 and the pressure, assuming

ηFWH ≈ 99%. Similar to the LP FWH, the feedwater exit is assumed to be at

the same pressure as the inlet (P6 = P5, category 2).1185

State 7 is at the exit of the boiler. For lack of a model for pressure losses in

the boiler, a correlation is provided for the boiler outlet pressure in Table A.1

(category 1). It is assumed that a boiler operates at constant temperature

(category 1).

The exhaust or extraction properties from a turbine are dependent on turbine1190

pressure limits and isentropic efficiency. For the example of the HPT exhaust
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(state 8), the inlet pressure has already been calculated (P7). The pressure ratio

from the inlet of the HPT to the exhaust varies with Ps1, but it is assumed that

the pressure ratio from Ps1 to the HPT exhaust is constant. Since the 1st stage

pressure is set for a plant operating condition, the HPT exhaust pressure can1195

be calculated using a constant pressure ratio (category 1).

The isentropic efficiency of an adiabatic turbine is similar to Equation A.2

for compressor efficiency.

ηturb =
Wa

Ws
=
he,a − hi
he,s − hi

(A.10)

For a specified turbine efficiency (category 1), the exit state can be fixed by

rearranging Equation A.10 to solve for he,a (category 4).1200

The boiler reheating is assumed to be a constant pressure process (P9 =

P8, category 2). As discussed previously, the boiler operates at a consistent

temperature, thus it is assumed that T9 = T7 (category 2). As long as the

water is not a saturated liquid-vapor mixture, pressure and temperature are

independent and state 9 is fixed.1205

Multiple options for modeling state 10 have been considered; the selected

option is to throttle a fraction of the steam extracted from the HPT exhaust

to the mass-averaged pressure. The process to calculate the mass-averaged

pressure is based on a generalized schematic in Figure A.1.

In the case represented in Figure A.1, there are 3 HP FWHs with a single

extraction from the HPT exhaust (A) and 2 extractions from the IPT (B, C).

First, the FWH mass fraction (mf ) is calculated using a ratio of the respective

extraction mass flow rate to the total mass extracted, as in Equation A.11 for

the FWH mass fraction of stream A.

mf A =
ṁA

ṁA + ṁB + ṁC
(A.11)

The mass-averaged pressure is assumed to be the combination of each of the1210

individual extraction pressures (Equation A.12) while the extraction mass flow
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HPT IPT

Boiler/
Reheat

A CB

To
LPT

Reheat

Figure A.1: Generalized schematic to illustrate the process of calculating the
mass-averaged pressure used in the simplified model.

rate in the simplified model is assumed to be equal to the sum of the extraction

flow rates.

Pmavg = mf APA + mf BPB + mf CPC (A.12)

This mass-average process is implemented using the correlations for turbine

pressure ratios and mass fractions listed in Table A.1 (category 1) to determine1215

the throttling pressure and extraction mass flow rate for state 10 (category 2).

State 10 is fixed using the isenthalpic valve assumption as in Equation A.7

(category 3).

The extraction mass flow rate used in the mass-average process is calculated

using extraction fractions (mef). For HP extractions, mef is the fraction of the1220

mass differential between the main steam flow (ṁ7) and the DA inlet (ṁ3). The

LP mef are the fractions of the mass flow into the LPT (ṁ13). Values for mef

are determined by plant operating data.

The pressure at the exit of the IPT (state 13) is specified by a correlation

for the IPT pressure ratio in Table A.1 (category 1). The enthalpy for state 131225

is determined using the turbine isentropic efficiency (Equation A.10, category

4).
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States 14 and 17 are also fixed using exit pressures and the LPT isentropic

efficiency (Equation A.10, category 1). The extraction pressure (P14) is assumed

to be at the mass-averaged pressure from the real power plant LP FWHs as1230

described in Equation A.12 (category 2). The LPT is assumed to exhaust to

the condenser, i.e. P17 = P1 (category 2).

States 15 and 16 are determined in the same way as states 11 and 12, using

the DC approach (Equation A.6, category 2) at constant pressure (P15 = P14,

category 2) and isenthalpic valve assumption (Equation A.7, category 3) exiting1235

at the condenser pressure (P16 = P1, category 2).

In summary, below is a list of inputs the model requires in order to simulate

the power plant performance:

• Condenser pressure

• All FWH extraction pressures1240

• Boiler inlet pressure

• Boiler outlet pressure

• Boiler operating temperature

• Boiler inlet mass flow rate

• DA inlet water mass flow rate1245

• Extraction fractions for each FWH

• HPT 1st stage-exhaust pressure ratio

• HPT, IPT, LPT isentropic efficiencies

• IPT, LPT extraction pressure ratios

A.1 Correlations1250

The extraction fraction for the FWH mass flow rates are the amount of

mass extracted compared to a design point reference. For the HP extractions,

the fractions are constant (FWH 5: 0.19, FWH 6: 0.15, FWH 7: 0.37) and refer

to the extraction as compared to the difference between the HPT inlet flow rate

and the DA inlet flow rate. The LP extraction fractions are also constant (FWH1255

1: 0.057, FWH 2: 0.035, FWH 3: 0.037) and refer to the extraction as compared

to the LPT inlet flow rate. The performance of the cycle based on the new Ps1
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is then simulated according to the process outlined above and the conservation

of energy constraint is applied to the combined FWHs.
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Appendix B Financial Parameters1260

This Appendix provides the information required to use the values presented

in Table 3 to calculate capital costs and annual costs for the cash flow analysis.

As noted in the main body of this work, the financial model was developed

to replicate the NREL Solar Advisor Model (SAM) [51]. Similarly, in this

supplemental material, equations are obtained from SAM documentation unless1265

otherwise noted. All cost values calculated using the equations in this section

are added to approximate the overall capital and annual costs to be used in

Equation 7 to calculate LCOE or as part of the cash flow analysis to estimate

PBT.

B.1 Capital Costs1270

Overall capital costs use the factors and rates itemized in Table 3. More

specifically, the different direct and indirect costs are listed in Table B.1 along

with the equation to calculate each cost.

B.2 Operating and Maintenance (O&M) Expenses

Annual O&M expenses (Cexp) include fixed (CFOM) and variable (CVOM)

O&M costs, insurance (Cins), and property tax (Ct,prp). The total expenses

for each year are the sum of the previously mentioned cost values as shown in

Equation B.1.

Cexp = CFOM + CVOM + Cins + Ct,prp (B.1)

B.3 Loan Payments1275

Annual loan payments are a constant yearly payment that are equal to the

sum of the debt interest and the principle payment. Equation B.2 calculates

the principle and interest payment (CP&I) from the loan rate (rint), initial loan

balance (Lnet,0), and loan period (NL) [83].

CP&I =
rint · Lnet,0

1− (1 + rint)NL
(B.2)
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Table B.1: Methods used to calculate the capital cost.

Cost item Variable Calculation method [USD]

Direct Costs (CDC)

Site improvements CSI* CSI = FSIAp

Solar field CSF
† CSF = FSF ·Ap

HTF system CHTF
‡ CHTF = FHTF ·Ap

Heat exchanger CHX
§ CHX = FHX · 1000000

Contingency Ccont Ccont = rcont(CSI + CSF + CHTF + CHX)

Total direct costs CDC CDC = CSI + CSF + CHTF + CHX + Ccont

Indirect Costs (CIC)

EPC and owner costs CEPC CEPC = rEPC·CDC

Sales tax Ct,sal Ct,sal = rt,sal · Ft,sal · CDC

Total indirect costs CIC CIC = CEPC + Ct,sal

Total Capital Cost CC CC = CDC + CIC

*CSI: Costs for site preparation and other expenses not included in the solar
field.
†CSF: Costs related to the installation and purchase of parts related to the
solar field.
‡CHTF: Costs accounting for installation of pumps and piping of HTF sys-
tem, including labor and equipment.
§CHX: Costs accounting for the installation and purchase of a heat ex-
changer.

B.4 Tax Credits

Tax credits are an important variable when considering renewable energy

sources. This study focuses primarily on the federal Investment Tax Credit

(ITC) and Project Tax Credit (PTC). Other incentives used in the SAM fi-

nancial model but not included in this study are: Investment based incentives,1280

capacity based incentives, and production based incentives [51]. These incen-

tives were omitted because there is no recent history of them being applicable

for CSP in the United States.

ITC is a percentage of the investment for solar energy equipment, and is

included in the tax refund for the year the investment was made. Equation B.3

shows the calculation of the ITC based on the capital cost and the ITC rate
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(rITC).

ITC = CC · rITC (B.3)

The PTC is less relevant for this study since the Consolidated Appropria-

tions Act of 2016 terminated the federal PTC for solar power generation [84].

However, Equation B.4 demonstrates how to calculate the federal PTC, in the

case that it is reinstated, or if a similar program is applicable in other countries,

by using the PTC rate (rPTC), the electrical capacity of the solar augmentation

(Ẇsol) and the amount of hours in a year. The PTC is only applied throughout

a government specified term.

PTCn = 365 Ẇsol rPTC hsun (B.4)

ITC is included in the income tax savings during the first year of the project.

PTC is included in the income tax savings during the duration of time specified1285

by the applicable tax law.

B.5 Income Tax

Once the operating expenses, loan payment, and tax credits have been de-

termined, it is then possible to calculate the federal and state income taxes. The

calculation for both the federal and the state income taxes are almost identical,1290

however, the state income tax is calculated before the federal income tax so that

the state tax will be considered when calculating federal deductions.

Income taxes, including income tax savings (St), are based on state and

federal income tax rates, depreciation schedule, taxable income, operating ex-

penses, interest payments, and applicable tax credits. The method for calculat-

ing each value may also vary depending on project location. Once calculated,

Equation B.5 shows that St is equal of the sum of ITC, PTC (where applicable),

and federal (St,Fed) and state (St,st) income tax savings.

St = St,Fed + St,st + ITC + PTC (B.5)
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B.6 After Tax Costs

After calculating the operating expenses, loan payment, tax credits, and

income taxes, Ctot can then be determined for each year as shown in Equation

B.6.

Ctot = Cexp + CP&I − St (B.6)

The total capital costs for each year (Ctot,n) can then be used in Equation 6

to calculate Cnet which is then used in Equation 7 to calculate LCOE.1295
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